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ABSTRACT 

In the year 2000, the United States will consume about 3.2 x 10 15 

BTU to produce the seven major nonferrous metals covered in this study: 
aluminum, copper, zinc, lead, nlckel, magnesium and titanium. Of this 
amount,-82% will be used in the production of aluminum. It is projected 
that 0.6 x 1.015 BTU will be saved by the recycle of secondary metals. 
Major opportunities exist for increasing the extent of recycle and there- 
by increasing the energy savings. 

An inherent feature in the energistics of recycle is that physical 
processes such as niaglletic separation, density separa~ions, melting and 
in some instances vaporization are far less energy intensive than are 
chemical processes associated with dissolution and electrowinning. It is 
in the domain of scrap of complex composition and physical form, difficult 
to handle by existing technology, that opportunities exist for new chemical 
recycle technology. 

Kecycle of scrap metal of adequate grade is currently achieved 
through pyrometallurgical processes. Chemical reactions in reverberatory 
and blast furnaces are rapid, capable of removing significant impurity 
contents, and in many cases not very energy intensive. Hydrometallurgical 
processes when applied to scrap metals, on the other hand, involve chemical 
dissolution of the metal and its subsequent reduction. This route requires 
us to pay the energy price of metal reduction which is inherent in the free 
energy differences between the metal in Its oxidized state and the metal in 
the metallic state. Reduction by rlcctrowinlklng is particular1.y capital and 
energy intensive. The necessity of controlling gaseous pollutants from 
pyrometallurgical processes may, however, provide additional impetus to the 
development of hydrometallurgical recycle routes. One can foresee situa- 
tinns where the increased cost and complexity of the process required to 
reduce emissions to acceptable levels will make L11e hydromctsllur~ical. 
alternative more competitive. 

Almost a11 nf the aluminum currently recycled, both cast and wrought 
metal, is reclaimed as cast alloys. At some future date, it will likely be 
necessary to have technology available to rccycle scrap to wrought alloys. 
Toward that end development of the electrorefining technology of aluminum 
in the solid phase at low temperature fn an aluminum chloride-sodium chloride 
salt bath appears particularly interesting. 

Preliminary flowsheets are presented for the recovery of value metals 
from batteries considered for use in vehicular propulsion and load leveling 
applications. The battery types examined are leadlacid, nickellzinc, nickel1 
iron, zinc/chlorine, lithium-aluminumliron sulfide and sodium/sulfur. 



A flow sheet has been outlined for an integrated hydrometallurgical 
process to treat low-grade copper scrap. While this process requires less 
energy than used for the production of primary metal, the energy and cost 
requirements are such that there is little incentive to develop this process 
to replace existing pyrometallurgical technology. However, a signi.fj.cant 
part of 'the energy requirement and cost associated with the hydrometallurgical 
flow sheet is in the electrowinning section. Development of chemical reduc- 
tion alternatives to the electrowinning of copper are technically feasible 
and could lead to a more competitive position for hydrometallurgical recycling 
of copper scrap. 

. . Only a small fraction of obsolete zinc scrap is currently recycled. 
A major untapped resource exists in metallurgical process dust which are 
collected in bag houses by the steel, copper, and zinc industries. Both 
pyrometallurgical and hydrometallurgical routes have been examined for 
reprocessing the dusts. A fully integrated hydrometallurgical process has 
been outlined by us, and costs and energy consumption derived, to recover 
,zinc metal from electric furnace flue dusts. Costs and energy are high and 
the process does not appear to warrant development at this time. 

Improvement in the recycle of magnesium is associated primarily with 
improved recycle in the aluminum industry where magnesium is an important 
alloy additive. Nickel and titanium recycle are associated with improved 
collection and sorting of stainless steel and specialty alloys. 
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1.0 INTRODUCTION 

1.1 Purpose of Study 

Thi's study was undertaken to identify where new technology, especially 
that associated -with hydrometallurgy and electrochemical technology, can 
lead to improved recycling of those metals commonly associated with the 
electrolytic industries. 

A second part of the study is a preliminary examination of technology 
for recycle of metals contained in batteries which are being considered for 
vehicular propulsion and load leveling applications. 

1.2 General Background 

The interrelation among materials, energy, environment, and economics 
. is no place better exemplified than in the field of metal recycle. The 
rationale for the recovery of scrap metals is almost intuitive. We have 
come to regard metals as a valuable commodity, expensive to mine and pro- 
duce. In some instances the metals may be in short supply on a world-wide 
basis. In other cases domestic,resources may not be available to use and 
we must rely upon imported ore or metal. Disposal of old scrap is an environ- 
mental problem which,in addition to aesthetic concerns, is'quite expensive. 
Lastly, there is an enormous waste in energy when scrap metal is not reclaimed. 
It is this latter factor that is the prime motivating force in this study. 

Institutional barriers to metal recycle have been well documented. 
Lack of financial incentive, insensitivity of industry and ignorance of the 
consumer all contribute to deficiencies in the recycle of metals. Ultimately 
however, the economics of recycle comes to bear directly on what may be 
achieved in a free economy. Scrap metal, flue dusts, drosses, etc. all 
represent ore materials. To the extent that they are concentrated and readily 
purified they are desirable ores and command a high price which may be a sig- 
nificant fraction of the primary metal price. While price fluctuations of 
scrap may also reflect the current marketability of a metal, over the long 
term the ability to economically process a particular scrap will determine 
whether or not it is recycled. 

Tn recent years the rising costs of energy and the enforcement of 
even more stringent regulations designed to prevent environmental deteriora- 
tion have begun to play an important role in metal recycle. The energy 
saving feature of metal recycle will be documented quantitatively below. 
As concern for the environment grows and as the standards for safe disposal 



of t o x i c  m a t e r i a l s  become more s t r i n g e n t ,  t h e  d i s p o s a l  c o s t  of waste  meta ls  
w i l l  cont inue  t o  i nc rease .  It is  then  common sense  t o  a t tempt  t o  r e c y c l e  a s  
much secondary meta l  as is  f e a s i b l e  and i t  is  t h e s e  new f o r c e s  which impact 
t h e  economics of meta l  r e c y c l e  t h a t  w i l l  p rovide  increased  i n c e n t i v e  t o  
improve r e c y c l e  technology. 

While me ta l s  can be  recyc led ,  energy cannot be recyc led ,  except  f o r  
t h e  u t i l i z a t i o n  of  some was te  process  hea t .  Metal r e c y c l e  can t h e r e f o r e  
g r e a t l y  reduce t h e  energy c o s t  a s s o c i a t e d  wi th  a g iven  l e v e l  of metal  
usage. I n  an  expanding economy where energy a v a i l a b i l i t y  w i l l  be  an  
i n c r e a s i n g l y  s i g n i f i c a n t  f a c t o r ,  t h e ' a b i l i t y  t o  u t f l i z e  i nc reas ing  q u a n t i t i e s  
of m e t a l  each year  w i l l  b e . a s s o c i a t e d  wi th  an  energy penal ty .  The e x t e n t  t o  
which recyc led  metal ,  havlng a lower energy component, is  u t i l i z e d  w i l l  de t e r -  
mine t h e  e x t e n t  of t h i s  energy pena l ty .  Metal r e c y c l e  of course  has  i t s  own 

' l i m i t a t i o n s  i n  t h a t  even t o t a l  r e c y c l e  of metal  cannot meet t h e  demand i n  a 
growth economy where t h e  use  of meta l  i s  growing a t  a rate  of 2-65 pe r  year  
and consumer end products  may have l i f e t i m e s  of 10  t o  30 yea r s .  

Technologica l ly  t h e r e  is  a l i m i t  t o  t h e  amount of a metal  t h a t  can 
be  recyc led  j u s t  as .  t h e r e  is a l i m i t  t o  t h e  grade of an  o r e  which can be 
processed economically.  A s  t h e  s c rap  m a t e r i a l  from which t h e  metal  i s  
de r ived  becomes more and more d i l u t e ,  i t  becomes both  more expensive and more 
energy i n t e n s i v e  t o  r ep roces s .  Furthermore, a s  meta l  s c rap  becomes a s soc i a t ed  
w i t h  d i f f icu l t - to- remove i m p u r i t i e s ,  both t h e  c o s t  and t h e  energy requi red  
t o  e f f e c t  r e c y c l i n g  w i l l  i nc rease ,  a l though not  n e c e s s a r i l y  i n  t h e  same pro- 
po r t ion .  A t  some p o i n t  then ,  a l i m i t  i s  reached where t h e  leanness  of t h e  
sc rag  and i t s  impur i ty  content  l i m i t s  i t s  a b i l i t y  t o  be  recyc led .  It i s  
h e r e  t h a t  new technology may make a major impact on t h e  a b i l i t y  t o  reprocess  
s c rap .  New, l e s s  energy i n t e n s i v e  and low c o s t  p roces s  technology which can 
be developed can be  of g r e a t  va lue  i n  promoting improved r ecyc l ing  of meta ls .  

1 .3  Types of  S c r a ~  

Scrap i s  g e n e r a l l y  d iv ided  i n t o  two c l a s s e s :  new o r  prompt indus- 
t r i a l  s c rap ,  and o l d  o r  obso le t e  sc rap .  New sc rap  i s  generated a t  primary 
s m e l t e r s  and product ion  f a c i l i t i e s .  T t  i s  t h e  r e s u l t  of t h e  i n a b i l i t y  t o  
o b t a i n  100% y i e l d  dur ing  mel t ing  and c a s t i n g  and i n  f a b r i c a t i o n  ope ra t ions .  
This  s c r a p  is w e l l  cha rac t e r i zed  and may then  be  r a p i d l y  and e f f i c i e n t l y  
r ecyc led  t o  produce a d d i t i o n a l  meta l .  While o p p o r t u n i t i e s  f o r  improvement 
i n  t h e  r e c y c l e  of prompt i n d u s t r i a l  s c rap  may be tound, i n  gene ra l ,  clre 
processes  a r e  we l l  managed. Old s c rap  on t h e  o L l ~ r r  I~a l~r l ,  cvules from end 
products  which a r e  no longe r  useable  and must be  disposed o f .  From t h e  
p o i n t  of view of meta l  r ecyc le ,  t h e  most s i g n i f i c a n t  sources  of such sc rap  

, a r e  t hose  products  which a r e  so ld  d i r e c t l y  t o  s c rap  d e a l e r s ,  such a s  auto- 
mobile r a d i a t o r s ,  t e lephone  swi tch  boards,  and e l e c t r o n i c  equipment. Another 
sou rce  of o l d  sc rap  is  dump sc rap ,  which i n  gene ra l  is wfdely d i s t r i b u t e d  



geographica l ly .  It i s  d i f f i c u l t  t o  economically s e p a r a t e  nonferrous meta ls  
from such sc rap  s i n c e  t h e s e  meta ls  a r e  .p resent  on ly  i n  low percentages  and 
a r e  mixed wi th  a wide v a r i e t y  of f e r r o u s  and o rgan ic  ma te r i a l .  

The e f  f  ic3ency of r e c y c l e  of o ld  sc rap  v a r i e s  g r e a t l y  from metal  t o  
metal  and depends upon t h e  end products  f o r  which t h e  metal  is  used. I n  
some i n s t a n c e s  uses  a r e  considered t o  be  d i s s i p a t i v e  such a s  z inc  i n  p a i n t s  
and pigments and magnesium a s  a p r d t ~ c t i v e  anode f o r  co r ros ion  prevent ion .  
On t h e  o t h e r  hand, l e a d  i n  a s t o r a g e  b a t t e r y  3s r e a d i l y  reclaimed s i n c e  a l l  
of t h e  l e a d  is contained w i t h i n  a s i n g l e  s m a l l  package and r ecyc l ing  is  a 
p a r t  of t h e  d i s t r i b u t i o n  system of t h e  indus t ry .  



2.0 SUMMARY AND CONCLUSIONS 

1. In the year 2000, the United States will consume about 3.2 x 10 15 

BTU in the primary production of the seven major nonferrous metals covered 
in this study: aluminum, copper, zinc, lead, nickel, magnesium and titanium. 
Of this amount,'82% will be used in the production of aluminum. It is pro- ' 

jected that 0.6 x 1015 BTU will be saved by the recycle of secondary metals 
using current technology. Major opportunities exist for increasing the 
extent of recycle and thereby increasing the energy savings. 

2.  An inherent fcaturc in the cncrgioti'oc 'of recycle, and a rnmmnn 
thread which runs throughout this study, is that physical processes such 
as magnetic separation, density separations, melting and in some Inseances 
vaporization are far less energy intensive than are chemical processes 
associated with dissolution and electrowinning. Improvements in physical 
separation including hand sorting, spot tests, etc. should be further 
developed wherever 'feasible. It is in the domain of scrap of complex com- 
position and physical form, difficult to handle by existing technology, 
that opportunities exist for new chemical recycle technology. 

3. Recycle of scrap metal of adequate grade is currently achieved through 
pyrometallurgical processes. Chemical reactions in reverberatory and blast 
furnaces are rapid, capable of removing significant impurity contents, and in 
many cases not very energy intensive. Also, specific volumes are relatively 
small and reactions are rapid so that throughput through these furnaces is 
fast. Hydrometallurgical processes when applied to scrap metals, on the 
other hand, involve cheMfLca1 dissolution uf the 1neLa1 and its subsequcnt 
reduction. Specific volumes are relatively large and retenclvri tl~ues longer 
so that adequate throughput requires larger facilities. This route also 
requires us to pay the energy price of metal reduction which is inherent 
in the free energy difference between the metal in its oxidized state and 
the metal in the metallic state. Reduction by electrowinning is particularly 
capital and energy intensive. 

The necessity of controlling gaseous pollutants from pyrometallur- 
gical processes may, however, provide additional impetus to the development 
of hydrometallurgical recycle routes. One can foresee situations where, 
for example, ac a secondary lead smelter, the increased coot and ~uulplexity 
of the process required to reduce emissions to acceptable levels will make 
the hydrometallurgical alternative more competitive. 

4 .  There is a very large energy incentive to increase the recycle of 
aluminum. The greatest potential which exists is to improve the collrcLion 
efficiency and physical separation of the metal from other contaminants. 



While the improvements in current recycle technology can be envisaged, there 
is no incentive to oxidize the metal from the zero valent state and subse- 
quently reduce it electrolytically. 

Almost all of the aluminum currently recycled, both cast and wrought 
metal, is reclaimed as cast alloys. At some future date it will likely be 
necessary to have technology available to recycle scrap to wrought alloys. 
Toward that end we recommend.development of electrorefining technology to 
enable removal of impurities such as iron and silicon from aluminum scrap. 
Efforts should be concentrated on improving electrorefining aluminum in 
the solid phase at low temperature in an aluminum chloride-sodium chloride 
salt bath. 

5. Recycle of copper scrap is a relatively efficient operation. High- 
grade scrap is processed with high yield at low energy consumption, Low- 
grade scrap is also handled by current technology but with lower yields and 
higher energy requirements. 

A flowsheet has been outlined and capital and operating costs 
generated, for-an integrated hydrometallurgical process to treat low- 
grade copper scrap. While this process'requires less energy than used for 
the production of primary metal, the energy and cost requirements are such 
that there is little incentive to develop-this process to replace existing 
pyrometallurgical technology. This is especially true since we have not 
succeeded in identifying a suitably large scrap resource which cannot be 
treated by current technology. 

A significant part of the energy requirement and cost associated with 
the hydrometallurgical flowsheet is in the electrowinning section. Develop- 
ment of chemical reduction alternatives to the electrowinning of copper are 
technically feasible and could lead to a more competitive position for hydro- 
metallurgical recycling of copper scrap. 

6. Only a small fraction of obsolete zinc scrap is currently recycled. 
A major untapped resource exists in metallurgical process dusts which are 
collected in bag houses by the steel, copper, and zinc industries. Recycle 
of the zinc content of electric furnace steelmaking dusts either as metallic 
zinc or zinc oxide could lead to energy savings of the order of 5 to 10 x 1012 
BTU/yr. Furthermore, the iron oxide residue could be recycled to the steel- 
making furnace, thus solving a major environmental problem associated with 
disposal of the dusts. 

Both pyrometallurgical and hydrometallurgical routes have been examined 
for reprocessing the dusts. A fully integrated hydrometallurgical process 
has been outlined by us, and costs and energy consumption derived, to recover 
zinc metal from electric furnace flue dusts. Costs and energy are high and 
the process does not appear to warrant development at this time. 



Processes for treatment of dusts which deserve further consideration 
are 1) pyrometallurgical processes which combine the dusts with carbon, 
reduce and vaporize the zinc, and burn it to the oxide which is a readily 
salable commodity, and 2) a process which selectively leaches and recovers 
zinc oxide with concentrated ammonium chloride .solutions. 

7. Recycling of lead will be dominated by its principle use in SLI 
batteries. There is no incentive at this time to develop a hydrometallurgi- 
cal process to recover lead from these batteries. ~eadlacid batteries for 
electric vehicle propulsion and utility load leveling are discussed below. 

8. Improvement in the recycle of magnesium is associated primarily with 
improved recycle in the aluminum industry where magnesium is an important 
alloy additive. Nickel and titanium recycle are associated with improved 
collection and sorting of stainless steel and specialty. alloys. , 

9. Preliminary flowsheets are presented for the recovery of value metals 
from batteries considered for use in vehicular propulsion and load leveling 
applications. The battery types examined are lead/acid, nickel/zinc, nickel/ 
iron, zinc/chlorine, lithium-aluminum/iron sulfide and sodium/sulfur. .Physi- 
cal separation is used where possible and the metals are reclaimed by 
pyrometallurgical and hydrometallurgical processes. 



'3.0 ENERGY CONSIDERATIONS 

It is desirable to quantitatively assess the-energy significance 
of recycling of the various metals so that we may focus on technological 
areas which have significant energy incentives. We have therefore collected 
data on each metal of interest. These data consist of demand, production, 
and primary and secondary energy content. A major purpose of this study is 
to identify the potential of new technology to improve metal recycle. Since 
new process development takes a number of years, we project these data to 

. the years 1985 and 2000. The source of data as well as details of calcu- 
lations are discussed separately for each metal in Section 4. We here 
present in Table 1 a summary of information for the year 2000. The metals 
of interest that have been chosen for study include aluminum, copper, zinc, 
lead, nickel, magnesium and titanium. All but lead are metals of importance 
to the electrolytic industry and are used in sufficient quantity to consume 
significant amounts of energy in their primary production. The metal lead 
was included in this study because of its significance in the leadlacid 
battery which is currently a vital part of the automotive industry. In the 
future the importance of lead may grow as a result. of electric vehicular 
propulsion and the utilization of leadlacid batteries for utility load 
leveling. 

Column 1 of Table 1 lists the metals of interest. In Columns 2 and 
3 we give the primary and secondary metal demands. The sum of these two 
figures is the total demand for metal in the year 2000. The secondary 
demand is based on an estimate of what the secondary supply level will be in 
that.year. Should the secondary supply of a particular metal be higher than 
the value listed, the primary demand would be correspondingly reduced. 
Nickel data in parenthesis reflect the high uncertainty in future domestic 
nickel production (see 4.5.1). In Column 4 we list primary production 
figures. In some instances where domestic production will account for all 
or nearly all of the primary demand, we will be self sufficient and possibly 
exporters of a particular metal. In other instances, we will have to be net 
importers of primary metal in order to meet our total demand. In Column 5 
we give the primary energy content of the metal in question. This repre- 
sents the total quantity of energy expended,,including mining, milling and 
reduction, to produce the metal in a form ready for final product fabrication. 
The primary energy content of the different metals varies widely and depends 
upon the requisite energy expenditure for various steps required to produce 
the metal. These again are documented in detail in Section 4. In Column 6 
we list the electrolytic energy content of the primary metal which is the 
quantity of electrolytic energy used in the production of the metal., In this, 
and all other energy calculations in this report, a conversion factor of 
10,500 BTU/~W~ is used. For those met-als which are produced directly by 
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e l e c t r o l y t i c  processes  such as aluminum, z inc  and magnesium t h e  f r a c t i o n  of 
t h e  t o t a l  energy con ten t  which i n  e l e c t r o l y t i c  energy i s  q u i t e  high.  Other 
meta ls  which a r e  e l e c t r o r e f i n e d  such a s  copper and n i c k e l  have much lower 
e l e c t r o l y t i c  energy f r a c t i o n s  of t h e  t o t a l  energy content .  Some of t h e  metals  
a r e  produced by a number of d i f f e r e n t  primary processes ,  and i n  t hese  cases  
t h e  e l e c t r o l y t i c  energy component r e p r e s e n t s  a weighted average of t h e  e lec-  
t r o l y t i c  energy content  of  t h e  va r ious  processes ,  t a k i n g  i n t o  account t h e  
f r a c t i o n  of metal  produced by each process .  Column 7 l i s ts  t h e  secondary 
energy content  which is  t h e  weighted average of t h e  energy used t o  process  
secondary metal  by t h e  c u r r e n t  t echno log ica l  r e c y c l e  r o u t e s .  It i s  immediately 
apparent  t h a t  t h e s e  va lues  a r e  only  a smal l  f r a c t i o n  of t h e  energy r equ i r ed  f o r  
primary product ion a s  l i s t e d  i n  Column 5. This  then  i s  t h e  energy i n c e n t i v e  
f o r  meta l  r ecyc le .  Column 8 g ives  t h e  t o t a l  q u a n t i t y  of energy used i n  t h e  
yea r  2000 f o r  t h e  product ion of  t h e  primary metal  c a l c u l a t e d  a s  fol lows:  

T o t a l  energy i n  primary product ion  = primary product ion 

x primary energy content  

I n  Column 9 we l is t  t h e  p ro j ec t ed  energy saved by secondary metal 
r e c y c l e  c a l c u l a t e d  a s  fol lows:  

Energy saved = (primary energy content-secondary energy con ten t )  

x secondary demand 

These d a t a  a r e  a q u a n t i f i c a t i o n  of t h e  i n c e n t i v e  f o r  secondary metal  r ecyc le .  
The va lues  a r e  based on p r o j e c t i o n s  of  secondary metal  a v a i l a b i l i t y  i n  t h e  
yea r  2000. Increased  a v a i l a b i l i t y  of s c rap  t h a t  can be processed by low 
energy technology w i l l  i n c r e a s e  t h e  energy savings.  I n  t h e  l a s t  column we 
g ive  va lues  f o r  t h e  q u a n t i t y  of e l e c t r o l y t i c  energy saved by secondary meta l  
r e c y c l e  c a l c u l a t e d  as fol lows:  

E l e c t r o l y t i c  energy saved = e l e c t r o l y t i c  energy content  of 

primary metal  x secondary demand. 

Considerat ion of  t h e  va lues  i n  t h e  l a s t  two columns e s t a b l i s h e s  a 
rank  of energy savings  f o r  t h e  v a r i o u s  metals .  Even a small incremental  
improvement i n  r ecyc l ing  aluminum w i l l  r e s u l t  i n  a l a r g e  energy saving.  
For t h e  o t h e r  meta ls  we must examine t h e  p o t e n t i a l  a v a i l a b i l i t y  of s c rap  . 

and t h e  s t a t e  of technology t o  dec ide  an  o rde r  of m e r i t  f o r  encouraging new 
technology. 



4.0 METALS 

4.1 Aluminum 

4.1.1 S t a t i s t i c s  and Energy 'cons idera t ions  

Aluminum is  t h e  most abundant s t r u c t u r a l  meta l  i n  t h e  e a r t h ' s  c r u s t  
and i t s  use  exceeds t h a t  of any o t h e r  meta l  except  i r o n .  Aluminum is  used 
e x t e n s i v e l y  i n  t h e  t r a n s p o r t a t i o n ,  cons t ruc t ion  and e l e c t r i c a l  i n d u s t r i e s ,  
and f o r  con ta ine r s  and packaging, durable  goods and mechanical equipment. 

Aluminum meta l  i s  produced i n . v a r i o u s  forms: i ngo t  i s  a c a s t  form 
s u i t a b l e  f o r  working and remel t ing ;  commercially pure aluminum i s  of abaue 
99.5% p u r i t y  and i s  used p r imar i ly  f o r  h igh  e l e c t r i c a l  and thermal 
conduc t iv i ty ,  co r ros ion  r e s i s t a n c e  and r e f l e c t i v i t y  . It is  a l s o  a v a i l a b l e  
i n  t h e  s t rain-hardened cond i t i on  of h ighe r  s t r e n g t h  and reduced d u c t i l i t y ;  - - 
aluminum a l l o y s  of over  100 compositions and a wide v a r i e t y  of p r o p e r t i e s  
a r e  a v a i l a b l e  e i t h e r  a s  wrought a l l o y s  o r  ca s t ings .  

Primary aluminum i s  produced by t h e  Hall-H6roult  p rocess  of 
e l e c t r o l y s i s  of alumina i n  a molten ba th  of n a t u r a l  o r  s y n t h e t i c  c r y o l i t e .  
The alumina used must be  purer  than  99.5% A1203. The alumina i s  c u r r e n t l y  
ob ta ined  by t h e  Bayer process  involv ing  a c a u s t i c  l each  of t h e  o r e  b a u x i t e  
a t  e l eva t ed  temperature and p re s su re  followed by s e p a r a t i n g  t h e  r e s u l t i n g  
sodium aluminate  s o l u t i o n  and s e l e c t i v e l y  p r e c i p i t a t i n g  t h e  aluminum a s  t h e  
hydra ted  aluminum oxide  (A1203-3H20). An a n a l y s i s  of t h e  e n e r g i s t i c s  of 
t h e  product ion  of primary aluminum i s  given i n  Fig. 1. The t o t a l  va lue  of 
t h e  primary energy content  i s  244 m i l l i o n  ~ T ~ / t o n  of aluminum produced. 
The e l e c t r o l y t i c  energy component of product ion,  i . e . ,  t h e  amount of energy 
used i n  t h e  e l e c t r o l y s i s  of aluminum, i s  168 m i l l i o n  BTU/ton of aluminum. 

Forecas t s  f o r  t h e  U.S.'aluminum demand f o r  t h e  yea r s  1985 and 2000 
a r e  given i n  Table 2 a long  w i t h  the  d a t a  f o r  1976. 

Major cont ingencies  f o r  t h e  low f o r e c a s t  a r e  t h e  p o s s i b l e  low growth 
rate of e l e c t r i c a l  energy used o r  changes i n  t h e  means of t r ansmi t t i ng  
e i e c t r i c a l  energy, and t h e  s u b s t i t u t i o n  f o r  aluminum i n  machinery, 
c o n s t r u c t i o n  and con ta ine r s .  High f o r e c a s r  f i g u r e s  a r e  based on the 
a n t i c i p a t e d  low c o s t  of aluminum r e l a t i v e  t o  competing m a t e r i a l s  such a s  
copper and p l a s t i c s .  
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Fig. 1. Production of aluminum from bauxite (1). 



Table 2 

U.S. Aluminum Demand Forecas t  (2) 
(Thousands of Shor t  Tons) 

Average Annual 
Probable 2000 Forecas t  Range Growth Rate 

Growth Rate 1976 - 
1976 1985 2000 - - Low High 2UUU ( X )  

Primary 4,709 8,800 15,800 .9,500 .20,500 5.2 

Secondary 409 850 2,000 . 



Primary production in the United States, given in Column 2 of Table 3 
is estimated to be 85% of the primary demand in the year 1985 and 80% in the 
year 2000, which indicates we will be net importers of aluminum metal. .The 
quantity of energy which will be used in the primary production of aluminum 
is given in Column 3 of Table 3. That portion of the energy used in the 
electrolysis of the metal is given in Column 4. Improvements in the effi- 
ciency of the Hall-Hgroult cell and/or implementation of a new chloride process 
by Alcoa leads us to project energy savings in the electrolytic step of the 
order of 20% by the year 2000. Additional improvements are feasible and 
savings as high as 30% may'be realized. We have conservatively retained the 
current figures for 1985. 

The probable forecast for the year 2000 by end use, along with estimates 
of product lifetimes is given in Table 4. 

A flow diagram for aluminum metal in the United States in 1976 is given 
in Fig. 2. The quantity of aluminum scrap recycled is estimated at 7.2 million 
tons.. There is an extensive internal recycle loop of aluminum mill scrap with- 
in the primary plant. For every pound of sheet sold, the producer must start 
with about two pounds 'of molten metal. Since this scrap is in-house, efficient 
recovery can be achieved, and over 90% of new aluminum scrap generated in the 
manufacture of aluminum products is directly recycled to the production loop. 
In the United States it is estimated by the Bureau of Mines that only between 
10 and 20% of aluminum that is put into use as industrfal or consumer end pro- 
ducts is eventually recycled as old. scrap. 

In the year 1976 consumption of aluminum-base scrap was 1,466,000 tons 
and a breakdown by category is given in Table 5. 

The major recycle technology used for secondary aluminum is reverbera- 
tory furnace melting of aluminum scrap to hot metal. Aluminum cans are melted 
directly to form can sheet stock. The energistfcs of these processes are shown 
in Fi'gs 3.and 4. All scrap categories in Table 4 may be assumed to be recycled 
by the flowsheet in Fig. 3 except for aluminum cans. A weighted average for 
the energy content of secondary aluminum based'on the above is. 20 x 106 BTU/ton. 

We may now calculate the energy saved in recycling aluminum as (Primary 
Energy Content-Secondary Energy Content) x (Primary Production). The electro- 
lytic energy saved is equal to (Secondary Demand) x (Electrolytic Primary Energy). 
Values for the years 1985 and 2000 are given in Table 6. 



Table 3 

' Energy Consumption i n  t h e  Product ion of Primary Aluminum 

i n  t h e  Years 1985 and 2000 

Primary Product ion  T o t a l  Energy, E l e c t r o l y t i c  Energy 
Year . . (thousands of  t ons )  1015 BTU 1015 BTU 

Use and Product Li fe t ime of Aluminum i n  t h e  Year 2000 (2)  

End Use 

Cons t ruc t ion  

Trnnspor t a  t i o n  

E l e c t r i c a l  

Cans and Conta iners  

Appl iaases  and Equipment. 

Machinery 

Other  

L i f  etima 
(years )  

Quan t i t y  - 
(thousands of s h o r t  tons)  

4,000 

4 , 0 0 0 ,  

2,500 

2,500 

1,800 

1,500 

1,500 

To ta l  17,800 
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Table 5 

Purchased and Toll-Treated Aluminum-Base 

Scrap Consumed i n  1976 (3 )  

Old Scrap New Scrap 
(thousands of  s h o r t  tons)  ( thousands of s h o r t  tons)  

S o l i d s  and' c l i p p i n g s  

Borings and tu rn ings  

.Dresses and skimmings 

Other  ( i nc ludes  f o i l  
and high-irony sc rap )  

Castings, s h e e t ,  and 
ch ippings  

Aluminum cans . 103  

, Other ( i nc ludes  A1-Cu 
r a d i a t o r s  and high- . 
i r ony  sc rap )  , - 104 ' 

416 

Year 

1985 

2000 

Table 6 

Energy. Saved by Aluminum Recycle 

To ta l  Energy Saved, E l e c t r o l y t i c  Energy Saved, 

BTU lo1* BTU 



Sweated sows 
[ 1.021 

Prepared sheet and cast scrap 
t0.201 

Concentrate 
(0.351 

Borings and turnings - clean dry 
[ 1.021 

Prepared clips 
[O. 101 

Silicon 

Flux 
Reverb melting Flux-skimmings 

Degassing Agent 
h 

16.62 -- residue treatment. 
Refractories - - 

I 

~ o t  metal (alloy 380) . ' . . . 

SUMMARY 

Process energy 

Pollution control energv 

Space heating 

Total energy 

Miillan BKU per 
ton of produa 

19.30 

n.25 

0.05 

Fig:3. Reverb furnace melting of aluminum'scrap 
. . to hot metal (alloy '380) ( 3 ) .  
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ton of product 

Process energy 
, . 

Pollution control energy 

Space heating 

Total energy 8.72 

Fig.  4 .  Recycling aluminum cans to hot metal for can sheet stock (3). 



'Sources 'o f  Scrap 

Approximately 70% of  t h e  t o t a l  aluminum sc rap  recyc led  is  new s c r a p ,  
t h e  major c a t e g o r i e s  of which a r e :  

Cl ippings,  fo rg ings  and c l ean  s o l i d  s c rap  from manufacturing 
ope ra t ions .  

Borings- and tu rn ings  from manufacturing ope ra t ions  which 
c o n s t i t u t e ,  p o t e n t i a l l y ,  a ,h . i gh ly  segrega ted  s c r a p  of 
known p u r i t y  b u t  which a r e  contaminated w i t h  c u t t i n g  o i l s  
and t o o l  .chips .  

Drosses and skimmings from primary product ion  o r  d i r e c t l y  
from t h e  secondary ope ra t ions  themselves.  

Of t h e  t o t a l  s c rap  recyc led ,  50% i s  i n  t h e  f i r s t  two c a t e g o r i e s ,  15% 
c o n s i s t s  of d ros s  and skimmings, and about 5% c o n s i s t s  of t h e  new sc rap  of  
o t h e r  ca t egor i e s .  

Old s c r a p  i s  c l a s s i f i e d  i n  two main ca t egor i e s :  

Old c a s t i n g s ,  s h e e t ,  and c l i p p i n g s  recovered from recyc led  
products .  These a r e  t y p i c a l l y  contaminated wi th  s u b s t a n t i a l  
amounts of undes i r ab le  m a t e r i a l  i nc lud ing  massive and 
d ispersed  i rony  m a t e r i a l ,  copper,  z inc ,  o t h e r  meta ls ,  and 
va r ious  organic  coa t ings .  

Recycled aluminum cans which c o n s t i t u t e  a  unique resource.  

C u r r e n ~ l y ,  the r a t i o  of o l d  cas t ings ,  s h e e t ,  and c l ipp ings  t o  recyc led  
cans i s  approximately 2 t o  1, b u t  i t  i s  a n t i c i p a t e d  t h a t  t h i s  r a t i o  may drop 
t o  1 t o  1 a s  more e f f e c t i v e  c o l l e c t i o n  techniques a r e  developed f o r  recovery 
of t h e  high va lue ,  o l d  can s tock .  

Only 24% of t h e  t o t a l  amount of recyc led  sc rap  is  processed i n  primary 
smelters. More than  h a l f  of t h e  r e l a t i v e l y  c l ean  c l i p p i n g s ,  forg ings ,  and 
o t h e r  s o l i d s  a r e  processed i n  secondary sme l t e r s  d e s p i t e  t h e  f a c t  t h a t ;  by 
t h e  s tandards  of o ld  s c r a p  process ing  ope ra t ions ,  t h i s  m a t e r i a l  c o n s t i t u t e s  
an ex t r ao rd ina ry  c l ean  and w e l l  i d e n t i f i e d  resource .  I n  f a c t ,  t h e  bulk  of 
t h i s  m a t e r i a l ,  a long wi th  t h e  major i ty  of o t h e r  o ld  and new sc rap ,  amounting 
t o  55% of t h e  t o t a l ,  i s  processed i n  secondary sme l t e r s  while '  approximately ' .  

20% of t h e  t o t a l  s c rap  is recyc led  t o  sma l l e r  remelt  shops o r  is d i v e r t e d  
d i r e c t l y  t o  o t h e r  uses .  



It is s i g n i f i c a n t  t h a t  approximately one q u a r t e r  of t h e  t o t a l  s c rap  
processed i n  primary sme l t e r s  i s  recyc led  can s tock .  Curren t ly ,  90% of 
t h e  t o t a l  aluminum cans recyc led  pas s  d i r e c t l y  t o  primary sme l t e r s  a n d  a r e  
reconver ted  t o  a l l o y s  s u i t a b l e  f o r  can body product ion .  

Recent product ion  p a t t e r n s  i n  t h e  i n d u s t r y  have been such Phat t h e  
m a j o r i t y  of t h e  c a s t i n g  a l l o y s  which a r e  marketed a r e  produced i n  secondary 
s m e l t e r s ,  w i t h  primary sme l t e r  product ion devoted almost exc lus ive ly  t o  
wr0ugh.t a l l o y s . .  I n  excess  of 80% of secondary sme l t e r  product ion,  o r  
approximately 60% of t h e  t o t a l  s c rap  recyc led ,  i s  converted t o  c a s t i n g  
a l l o y s .  Approximately 10% of t h e  secondary sme l t e r  product ion appears  a s  
wrought a l l o y s  i n  b i l l e t  form, wi th  the balance  being converted t o  deoxi- 
d i z e r s ,  hardeners ,  and miscel laneous o t h e r  consumptive uses .  Typical ly , ,  
t h e  wrought a l l ays  fend t o  be low i n  s i l i c o n  and i r o n  content  and r e l a t i v e l y  
h igh  i n  magnesium. Cas t ing  a l l o y s  on t h e  o t h e r  hand tend t o  be h igh  i n  
s i l i c o n  and can  t o l e r a t e  s i g n i f i c a n t  i r o n  c o n t e n t s ,  bu t  must be low i n  mag- 
nesium. 

Compositions of s e l e c t e d  aluminum a l l o y s  and t h e i r  uses ,  a long wi th  
requirements  f o r  munfcipal  aluminum sc rap  a r e  summarized i n  Table 7.  .Since 
i t  must be a n t i c i p a t e d  t h a t  o l d  s c rap  i n  p a r t i c u l a r , ,  and t o  a l e s s e r  e x t e n t ,  
new s c r a p  a r i s i n g  from machining ope ra t ions  (bor ings  and turn ings)  w i l l  be  
contaminated w i t h  i r o n y  m a t e r i a l  which may be  too  f i n e l y  d ispersed  t o  remove 
by phys i ca l  means, i t  would be d i f f i c u l t  t o  r e c y c l e  t h e s e  m a t e r i a l s  t o  
' d i r e c t l y  produce a d d i t i o n a l  wrought a l l o y s .  On t h e  o t h e r  hand, a s  w i l l  be 
shown, i t  is  p o s s i b l e  t o  reduce h igh  magnesium con ten t s  of aluminum sc rap  
by a r e l a t i v e l y  s imple  r e f i n i n g  s t e p  so  t h a t  wrought a l l o y  sc rap  can be 
converted t o  c a s t  a l l o y  m a t e r i a l  wi thout  undue d i f f i . c u l t y .  Curren t ly ,  t h e  
demand f o r ' c a s t i n g  a l l o y s  is s u f f i c i e n t l y  h igh  so  t h a t  s c r ap  r ecyc le  v i a  
t h e  c a s t i n g  r o u t e  is  n o t  a problem. Within 5 t o  years, however, scrap 
volulne and wrought alloy.demand may reach t h e  p o i n t  when it w i l l  be  
necessary  t o  r e c y c l e  some sc rap  t o  wrought products .  

Aluminum cans and aluminum l i d s  on s t e e l  cans which a r e  n o t  c u r r e n t l y  
recyc led  r ep re sen t  an enormous p o t e n t i a l  f o r  f l ~ t u r ~  energy savinga,  By the 
end 01 1978 ir is es t imated  t h a t  t h e r e  w i l l  be  100-b i l l ion  aluminum beverage 
cans unreclaimed. Fu r the r ,  t h e  number of aluminum cans produced is  growing 
a t  a f a s t e r  r a t e  than  a r e  can c o l l e c t i o n  p r o j e c t s  so  t h a t  t h e  propor t ion  
recyc led  is  diminishing.  For example, i n  1975 25.2% of t h e  lG=LPlliun cans 
produced w e r e  recyc led  wh i l e  i n  1977 only 23.hZ of t h e  26-b i l l ion  cam 
produced were reclaimed.  Also, i f  t h e  26-b i l l ion  s t e e l  cans wi th  aluminum 
l i d s  produced annual ly  were r e tu rned  f o r  s c rap ,  more than 25-million pounds 
of aluminum could be  recovered.  



Table 7 

~om~ositioh Ranges b f Selected Aluminum Alloys 
and Scrap Purity Requirements 

. 
Alloys 

Composition 
(%I 

Si  

Fe 

Cu 

)4n , 

ng 
Cr 

N i  

Zn 

Ti 

Pb 

Sn 

B i  

, Others 

Each 

Total 

llse ' 

- 
Scrap 

No. 1 No. 3 General 
Municipal Municipal Municipal 

0.3 1.0 1.0 

0.7 1.0 1.0 

0.25 1 .O 2.0 

1.5 1.5 1 .5  

2.0 2.0 2.0 

0.1 0.3 .0 .3  

0.05 0.3 

0.25 1.0 2.0 

0.05 0.05 

0.02 0.3 0.3 

0.02 0.3 0.5 

0.02 0.3 

0.04 0'. 05 0.04 

0.12 0.15 0.12 
. . 

To To 
Wrought Cast 
Alloys Alloys . 

Wrought A lbys  Casting Alloys 

380 

7.5-9.5 

1.3-2.0 

3.014.0 

0.5 

0.1 

1.0-3.0 

0.5 

Die 
Castings 

,7016. 

0.1 

0.1 

0.6-1.4 

0.03 

0.8-1.4 

4.0-5.0 

0.03 

0.35 

0.03 

0.1 

Bumpers 

390 

16-18 

1.3 

4.0-5.0 

0.1 

0.45-0.65 

0.1 

0.2 

0.1 

0.2 

Engine 
Blocks 

2036 

0.5 

0.5 

2.2-3.0 

0.1-0.4 

0.3-0.6 

0.1 

0.25 

0.15 

0.05 

0.15 

Auto 
Body 
Sl~ee t 

295 

0.7-1.2 

0.8 

4.0-5.0 

0.3 

0.003 

0.3 

0.2 

Crank 
Cases 

3004 

0.3 

0.7 

0.25 

1.0-1.5 

0.8-1..3 

0.25 

0.05 

0.15 

Can 
Bodies 

5657 6063 

0.08 

0.1 

0.1 

0.2-0.6 

0.35 

0.1 

0.03 , 

0.6-1.0 

0.03 

0.1 

0.02 

0.05 

Bright 
Auto 
T r i m  . 

0.1 

0.45-0.9 

0.1 

0.1 

0.1 

0.05 

0.15 

Extru- 
s ions 



The move toward b e t t e r  f u e l  economy h a s  l e d  t o  t h e  increased  use  o f  
aluminum i n  automobiles  as a weight-saving measure. The 1978 automobiles 
have average  c o n t e n t s  of about 35 16s of wrought aluminum and 75 l b s  of 
c a s t i n g s  pe r  automobile.  .These va lues  w i l l  i n c r e a s e  by 1985:to about 110 
l b s .  of  wrought and 175 o f  c a s t  aluminum. A p o s s i b l e  e s t i m a t e  f o r  an 
automobile  o f  t h e  f u t u r e  i s  given i n  Table  8 .  

Many of  t h e s e  automotive a l l o y s  can be  mixed and recyc led  b u t ,  
s i n c e  mel t s  w i l l  c o n t a i n  i m p u r i t i e s  such a s  s i l i c o n  and i r o n ,  a s  documented 
above, r e c y c l i n g  by c u r r e n t  p r a c t i c e  can be  only t o  c a s t i n g  grade m a t e r i a l .  

4.1.3 ,P~p_e,r:ies of..Aluirnini.im Important; i n  R e c y c l i -  

The s a l i e n t  chemical and p h y s i c a l  p r o p e r t i e s  of aluminum which govern 
i ts  p roces s ing  a r e  examined i n  t h i s  s e c t i o n .  The key problem i n  r ecyc l ing  
aluminum s c r a p  is t h e  e f f e c t i v e  and economic s e p a r a t i o n  of undes i r ab l e  
i m p u r i t i e s  from t h e  m a t e r i a l .  A s  a gene ra l  p r o p o s i t i o n ,  s e p a r a t i o n  techniques 
based on phys i ca l  s e p a r a t i o n s  fol lowed by mel t ing  will. h e  less  c o s t l y  bo th  
i n  t e r m s  of c a p i t a l  and energy, than  s e p a r a t i o n  techniques based on chemical 
s e p a r a t i o n s  and e l e c t r o l y t i c  r educ t ion .  This  is  e s p e c i a l l y  t r u e  i n  t h e  case  
of  aluminum because of t h e  technology r equ i r ed ,  i . e . ,  fused  s a l t  e l e c t r o l y s i s  
t o  reduce  the oxide .  

The p h y s i c a l  p r o p e r t i e s  of aluminum a r e  such t h a t  r e l a t i v e l y  
inexpens ive  p h y s i c a l  methods can be used t o  ach ieve  e f f i c i e n t  s e p a r a t i o n s  
from t h e  more common a s s o c i a t e d  contaminants.  The l.ow dens i ty  of aluminum 
compared w i t h  o t h e r  f e r r o u s  and non-ferrous contaminants permi ts  t h e  use  
of  heavy media s e p a r a t i o n  technl.ques t o  f l o a t  t h c  aluminum f r e e  01 l~eav ier  
meta l s .  S lnce  ir Is non-magnetic, i t  may be  s epa ra t ed  from f e r r o u s  meta l s  
effectively by magnetic s e p a r a t i o n .  Under proper  c o n d i t i o n s ,  eddy c u r r e n t  
t echniques  can be  used t o  l e v i t a t e  aluminum and s e p a r a t e  i t  from o t h e r  
non-ferrous i m p u r i t i e s .  Th i s  i s  t h e  so-ca l led  "aluminum magnet". F i n a l l y ,  
i t s  r e l a t i v e l y  low me l t i ng  po in t  can be used t o  p r e f e r e n t i a l l y  mel t  
aluminum from massive amounts of  h ighe r  mel t ing  i m p u r i t i e s  where shredding 
o r  o t h e r  s i z e  r educ t ion  would be  i m p r a c t i c a l  and/or  i n e f f e c t i v e  i n . p h y s i c a l l y  
l i b e r a t i n g  t h e  aluminum from the o t h e r  m e t a l l i c  contaminant.  

The h igh  r e a c t i v i t y  of  aluminum makes i t  d i f f i c u l t  t o  conceive of 
methods f o r  c o n s t r u c t i n g  economic, i n t e g r a t e d  processes  f o r  chemical ly  hased 
s e p a r a t i o n  and p u r i i i c a t i o n  of  aluminum sc rap .  It i s  u n l i k e l y ,  f o r  example, 
t h a t  a process  w i l l  be  found t o  p r e f e r e n t i a l l y  d i s s o l v e  o r  ox id i ze  commonly 
o c c u r r i n g  i m p u r i t i e s  and then  t o  remove them whi l e  keeping t h e  massive 
aluminum i n  t h e  m e t a l l i c  s t a t e .  Aluminum i t s e l f  can o f t e n  be  p r e f e r e n t i a l l y  
d i s s o l v e d  o r  ox id i zed  b u t  w i l l  then have t o  be re-reduced. This  ran be  done 
conven t iona l ly  by t h e  H a l l  r o u t e  o r  by a l t e r n a t e  fused  s a l t  e l e c t r o r e d u c t i o n s  
which are l i k e l y  t o  have only  marginal  energy sav ings .  



Table 8 

Aluminum Use in Automobiles of the Future 

Alloy 

390 

355, 356 

7021, 7046, 7029 

6010 or 2036 Series 

Clad Materials 

Fabrication Wt, lbs. 

Casting 100 

Casting 7 5 

S tamp ing 4 0 

Stamping, etc. 40 

Radiators, etc. 



The e a s e  of c h l o r i n a t i o n  of alumina under reducing condi t ions  and 
t h e  h igh  v o l a t i l i t y  of t h e  c h l o r i d e  has  served  a s  t h e  b a s i s  f o r  s e v e r a l  
new approaches t o  primary aluminum product ion (4 ) .  Thus, i n  t h e  Alcoa 
p roces s ,  A1203 is  c h l o r i n a t e d  i n  t h e  presence of coke and t h e  r e s u l t i n g  
A l C 1 3  f e d  t o  an a l l - c h l o r i d e  e l e c t r o l y t i c  ba th  from which aluminum is  
electrowon.  The Alcan .process  me l t s  b a u x i t e  and coke i n  an  e l e c t r i c  
fu rnace  t o  produce a  c rude  a l l o y  of  about 50% aluminum which is then 
r e a c t e d  wi th  A l C 1 3  t o  form aluminum monochloride, A l C 1 .  On cool ing t h e  
A l C l  i n  a  s t ream of molten aluminum i t  d i sp ropor t iona te s  t o  A l  and AlCl3. 
The Monochloride Process  uses  A l C 1 3  pass ing  through a  bed of ca lc ined  
b a u x i t e  and coke t o  form t h e  monochloride whi,ch is contac ted  with epraycd 
l l~ol ten  l e a d  where t h e  A l C 1 3  d i sp ropor t iona te s  t o  form molten aluminum on 
top  of t h e  l e a d .  The Toth ~ t n r . & s  r h l n r i ~ a t e s  t h e  oxide Eaod mifrcd w i t 1 1  
coke d i r e c t l y  with c h l o r i n e  and SiC14. The AlCl3 formed is f r a c t i o n a l l y  
condensed t o  a  pure l i q u i d  ~ l . 2 C l ~  which is then r eac t ed  wi th  m e t a l l i c  
mangallrst? p a r t i c l e s  1.n. a t1.1scl.d s a l t  t o  g ive  aluminum powder. The. illanganese 
is subsequent ly ;egenerated. 

It is p o s s i b l e  t h a t  chlor i ,de processes  which may be adap ta t ions  of 
one of t h e  above processes ,  could be  used f o r  s c rap  metal  p u r i f i c a t i o n .  
Of t h e  common a l l o y i n g  elements ,  only magnesium h a s  a, s u b s t a n t i a l l y  h igher  
f r e e  energy o f  formation of t h e  c h l o r i d e  than  does aluminum and can be 
p r e f e r e n t i a l l y  removed from molten aluminum by c h l o r i n a t i o n .  However, t h e  
s e l e c t i v e  c h l o r i n a t i o n  of aluminum and t h e  d i sp ropor t iona t ion  r e a c t i o n  
d i scussed  above could be  used a s  a  b a s i s  of p u r i f i c a t i o n .  

4.1.4 Current P r a c t i c e  i n  -.-- Recycl ing 

The e s s e n t i a l  f e a t u r e  of all processes  p r e s e n t l y  used t o  r ecyc lc  
s c r a p  aluminum is  t h e  mel t ing  furnace  i n t o  which t h e  t r e a t e d  sc rap  is  
cllarged, and from which t h e  molten product and segrega ted  h p u r i t i e s  a r e  
withdrawn. Since t h i s  ope ra t ion  is  c e n t r a l  t o  a l l  s c rap  t rea tment ,  i t  w i l l  
b e  descr ibed  i n  some d e t a i l ,  and o t h e r  process ing  s t e p s ,  which a r e  s p e c i f i c  
t o  t h e  o r i g i n  of t h e  sc rap ,  w i l l  then  be descr ibed .  A,schematic  
r e p r e s e n t a t i o n  of t h e  ope ra t ions  involved i n  s c rap  aluminum process ing  
i s  shuw~r iu Fig .  5. 

Typ ica l ly ,  s c rap  mel t ing  is  c a r r i e d  ou t  i n  a reverhera tnry  f i lmace  
of s imple  design without  ex t ens ive  p o l l u t i o n  c o n t r o l  o r  energy recovery 
f a c i l i t i e s ,  a l though i t  is  w i t h i n  t h e  cu r r en t  s t a t e  of  technology t o  
improve t h e  ope ra t ions  wi th  l i t t l e  c o s t  pena l ty .  A h e e l  of molten m a t e r i a l  
is  kep t  i n  t h e  furnace  t o  promote r a p i d  mel t ing  of t h e  sc rap  which i s  
charged. The scrap,which may have been b a i l e d  o r  compressed t o  i nc rease  
its d e n s i t y ,  i s  charged t o  t h e  furnace  through an e x t e r n a l  h o t  well ,  and 
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energy f o r  me l t i ng  i s  suppl ied  by d i r e c t  combustion of f u e l  above the  
i n t e r n a l  hea r th .  Operat ions a r e  c a r r i e d  o u t  batch-wise, t y p i c a l l y  on 
a twenty-four hour cyc l e ,  i n  which t h e  charging and mel t ing  time may 
be  of t h e  o r d e r  of e i g h t  hours .  Impur i t i e s  c a r r i e d  i n t o  t h e  furnace  
w i t h  t h e  unclean s c r a p  a long  wi th  oxides which a r e  formed during t h e  
me l t i ng  p r o c e s s . a r e  removed by f lux ing .  The f l u x  m a t e r i a l ,  a mixture 
of sodium and potassium c h l o r i d e s , .  is  charged t o  t h e  furnace  i n  r a t i o s  
of from 1-50 to .1 -5  pounds per  pound of s c r a p ,  depending upon sc rap  
p u r i t y . '  Up t o  one pound of impuri ty  per  pound of s a l t  i s  removed from 
t h e  furnace  a s  a v i scous  o r  semi-solid dross .  The melt  is then sampled 
t o  determine its, composition and t h e  f u r t h e r  p u r i f i c a t i o n  and/or  a l l oy ing  
r equ i r ed .  O f  t h e  i m p u r i t i e s  p re sen t  a t  t h i s  s t a g e ,  on ly  magnesium can be 
removed 'by e s t a b l i s h e d  means.   his i s  most advantageously c a r r i e d  out  by 
spa rg ing  c h l o r i n e  i n t o  t h e  ba th  under c a r e f u l l y  c o n t r o l l e d  condi t ions  and 
skimming t h e  magnesium c h l o r i d e  which is  formed from t h e  ba th .  This  
p roces s  is  c a l l e d  "demagging". Addi t iona l  v i r g i n  aluminum o r  very high 
p u r i t y  scrap  may b e  added t o  d i l u t e  t h e  remaining i m p u r i t i e s  t o  t h e  des i r ed  
level .  The melt i s  then  allowed t o  s e t t l e  and t h e  product is  tapped from 
t h e  furnace  and c a s t  t o  b i l l e t s  f o r  f u r t h e r  use,  o r  t r a n s f e r r e d  molten a s  
"hot metal" f o r  f u r t h e r  processing.  

New s c r a p  c o n s i s t i n g  of c l i p p i n g s ,  fo rg ings ,  and o t h e r  s o l i d s  may 
be  remelted d i r e c t l y  and recyc led  a s  wrought products  i f  t h a t  i s  t h e i r  
o r i g i n .  Metal recovery by t h i s  r o u t e  i s  over  95%, 'and energy requirements 
are low a t  less 'than 5 m i l l i o n  BTU pe r  ton .  P o l l u t i o n  c o n t r o l  requirements 
and was te  product formation a r e  n e g l i g i b l e  and t h e  only processing 
requirement i s  t o  s eg rega te  s c rap  by a l l o y  type  i f  subsequent composition 
adjustment  by d i l u t i o n  is  t o  be minimized. 

Borings and t u r n i n g s ,  which a r e  i n e v i t a b l y  contaminated wi th  c u t t i n g  
o i l s ,  must be  t r e a t e d  more ex tens ive ly .  Typ ica l ly ,  they a r e  crushed o r  b a i l e d  
t o  b reak  s t r i n g e r s  and produce a more dense product f o r  sh ipping  o r  f u r t h e r  
process ing .  While so lven t  degreasing might be used,  cu r r en t  i ndus t ry  p r a c t i c e  
is  t o  degrease t h e  s c r a p  d i r e c t l y  with combustion gases  under s l i g h t l y  reducing 
cond i t i ons  so  a s  t o  v o l a t i l i z e  o rgan ic  m a t e r i a l s .  Combustion off-gases  a r e  
then  t r e a t e d  i n  an a f te r -burner  and t h e  degreased sc rap  may be  subjec ted  t o  
magnetic s e p a r a t i o n  f o r  removal of a s s o c i a t e d  i r o n  from c u t t i n g  t o o l s .  

Scrap from aluminum cans may he t r e a t e d  i n  a similar manner t o  remove 
l acque r s  p r i o r  t o  furnac ing ,  a l though t h i s  need n o t  be done i f  h ighe r  metal 
l o s s e s  t o  d ros s  a r e  accepted.  



I f  o l d  c a s t i n g  s c r a p  is contaminated wi th  massive i r o n ,  c u r r e n t  
p r a c t i c e  i s  t o  "sweat" t h e  aluminum from t h e  i r o n  by hea t ing  the  mass of 
meta ls  under s l i g h t l y  reducing cond i t i ons  t o  a temperature above t h e  
mel t ing  p o i n t  of aluminum bu t  below t h a t  of i ron .  The r e s u l t i n g  molten 
metal  is  n o t  of h igh  p u r i t y ,  conta in ing  s i g n i f i c a n t  amounts of d i sso lved  
i r o n ,  copper,  z inc ,  and o t h e r  impur i t i e s .  Old s h e e t  s t o c k  and c l ipp ings  
n o t  conta in ing  massive i r o n  a r e  t y p i c a l l y  shredded and sub jec t ed  t o  
magnetic s e p a r a t i o n  f o r  i r o n  removal p r i o r  t o  r eve rbe ra to ry  melt ing.  

F i n a l l y ,  d ros ses  and skimmings a r e  rewo.rked f o r ' r e c o v e r y  of t h e i r  
m e t a l l i c  aluminum con ten t ,  which is h igh ly  v a r i a b l e  depending upon ope ra t ing  
p r a c t i c e ,  t h e  e x t e n t  of f l u x i n g ,  and t h e  p u r i t y  of t h e  s t a r t i n g  m a t e r i a l  
from which the  d ros s  was removed. The d ros s  c o n s i s t s  of f ine ly . .d iv ided  
m e t a l l i c  aluminum, aluminum ox ides ,  o t h e r  ox ides  and i n e r t  m a t e r i a l ,  and 
spent  c h l o r i d e  s a l t s .  Best cu r ren t  p r a c t i c e  i n  r ecyc l ing  d ros ses  and 
skimnings is  t o  c o o l ' t h e  d ros ses  a s  r a p i d l y  a s  p o s s i b l e ,  c rush  and/or  
m i l l  t h e  cooled m a t e r i a l . .  So l id s  a r e  then screened t o  e f f e c t  a s e p a r a t i o n  
between t h e  f i n e r  oxides and salts and t h e  l a r g e r  m e t a l l i c  aluminum 
p a r t i c l e s ,  t h e  la t ter  be ing  recyc led  t o  t h e  mel t ing  furnace.  

H i s t o r i c a l l y ,  l i t t l e  a t t e n t i o n  was devoted t o  c o n t r o l l i n g  emissions 
from secondary aluminum product ion ope ra t ions .  The main emissions from 
t h e  va r ious  t rea tments  s t e p s  a r e  (a)  combustion off-gases  from the  mel t ing ,  
degreasing and sweat ing furnaces ,  (b) f u g i t i v e  smoke and fumes from t h e  
furnaces ,  ( c )  off-gases  from t h e  demagging s t e p ,  (d) dus t s  from t h e  m a t e r i a l  
handl ing  ope ra t ions ,  and (e) s o l i d  r e s idues  from t h e  s e p a r a t i o n  
s t e p s  and f.rom d ross  recovery ope ra t ions .  A l l  of t h e s e  emissions can be  
adequately c o n t r o l l e d  us ing  e x i s t i n g  methods t o  more c a r e f u l l y  c o n t r o l  t h e  
ope ra t ion ,  and w i t h  convent ional  equipment t o  t r e a t  e f f l u e n t s .  This  would, 
howevor, add an element of complexity and cost  t o  an indus t ry  whose primary 
e f f o r t s  have no t  been d i r e c t e d  towards process ing  technology, bu t  towards 
sc rap  m a t e r i a l  a c q u i s i t i o n .  

Secuudary aluminum p r o c c s ~ i n g  has evolved i n  response t o  c l a s s i c  
t e c h n i c a l  and economic f a c t o r s .  Current  p r a c t i c e  i n  primary aluminum 
product ion i s  a c a p i t a l  i n t e n s i v e ,  mature technology based on t h e  Bayer- 
Ha l l  p rocess  involv ing  t h e  e l e c t r o l y t i c  r educ t ion  of alumina i n  molten 
c r y o l i t e .  The alumina, der ived  from baux i t e ,  is  of ex t r ao rd ina ry  p u r i t y  
when compared t o  s t a r t i n g  m a t e r i a l s  f o r  o t h e r  important  primary metal  
product ion processes .  It has not  been t e c h n i c a l l y  f e a s i b l e  t o  r e c y c l e  even 
r e l a t i v e l y  c l ean ,  c a r e f u l l y  segregated sc rap  d i r e c t l y  t o  t h e  reduct ion  c e l l .  
Operat ion of primary product ion f a c i l i t i e s  has ,  of n e c e s s i t y ,  been much 
more c a r e f u l l y  c o n t r o l l e d  than  t y p i c a l  remel t  shops. 



The e l e c t r o l y t i c  r educ t ion  of aluminum i s  i n h e r e n t l y  an  energy 
i n t e n s i v e  and t h e r e f o r e  c o s t l y  process ,  r e q u i r i n g - a  t h e o r e t i c a l  energy 
of approximately 2.6 k i l o w a t t  hours  per  pound, whi le  t h e  t h e o r e t i c a l  
energy requirement f o r  remel t ing  aluminum i s  of  t he  o rde r  of 0.2 k i lowa t t  
hours  pe r  pound. While p r a c t i c a l  energy requirements  a r e  much h igher  f o r  . 

b o t h  r educ t ion  and mel t ing ,  i n  c u r r e n t  p r a c t i c e  t h e  energy cos t  f o r  
r eme l t ing  amounts t o  only  5 t o  10% of t h a t  f o r  fused s a l t  e l e c t r o l y s i s .  
Furthermore, t h e  r e l a t i v e l y  s imple  reverba tory  mel t ing  furnace  is  inhe ren t ly  
less c o s t l y  than  t h e  c e l l s  used t o  reduce alumina i n  molten c r y o l i t e .  
Recent e s t ima te s  have pu t  t h e  c o s t  of a  s c rap  remel t ing  f a c i l i t y  a t  
approximately $100-200 p e r  annual  ton  of capac i ty .  Primary aluminum 
product ion  f a c i l i t i e s ,  on t h e  o t h e r  hand have been es t imated  t o  c o s t  
approximately $1500 per  annual ton of  capar,i ty . lli rert n p ~ r a t i n g  S O S ~ S  

f o r  t h e  product ion of aluminum from alumina a r e  approximately 3 5 ~ / l b ,  o r  
314 of  t h e  t o t a l  product ion.  c o s t s  from ha1.1xS.te.. The ope ra t ing  c o s t s  of 
a  nlodest s i z e d  remel t  shop (6,000 tons  per  y e a r ) . o n  t h e  o t h e r  hand have 
been es t imated  t o  be  less t h a n , 4 c / l b .  S ince ,  on a  weight b a s i s ,  s c r ap  
aluminum is  recovered e s s e n t i a l l y  completely i n  t h e . m e t a l l i c  form, t h e r e  
i s  no i n c e n t i v e  t o  r eox id i ze  i t ,  a t tempt  t o  puiri.fy t h e  oxide mixture,  
and then  s u b j e c t  i t . t o  a  c o s t l y  and energy i n t e n s i v e  reduct ion  s t e p .  

4.1.5 A l t e r n a t i v e s  f o r  Scrap Recycle 

A f a c t o r  which w i l l  a f f e c t  s c rap  r ecyc le  technology i n  a  major way 
is  t h e  involvement of t h e  primary producers  i n  secondary recovery.  While, 
i n  t h e  p a s t ,  t h e  l a r g e  primary aluminum producers  were content  t o  allow 
s m a l l  secondary s m e i t e r s  t o  account f o r  s c r a p  r ecyc le ,  i n  r ecen t  years 
f o u r  major f a c t o r s  have converged t o  f o r c e  t h e  pr imar ies  i n t o  t h e  secondary 
al.~~minum bus i n e ~ s  : 

1) The  tnv i ronme~i td l  aspec,Ls uf tile aluminum can. 

2) The l a r g e  energy savings  inhe ren t  i n  r ecyc le  and t h e  need 
t o  conserve energy. 

3)  Pres su re  on t h e  p r i c e  of o r e  m a t e r i a l  by t h e  baux i t e  c a r t e l .  

4) A product ion s h o r t - f a l l  is  expected i n  t h e  e a r l y  1980's and 
convent iona l  r ecyc le  processes  can be  b u i l t  and operated f o r  
approximately lU% of t h e  c o s t  o f  new primary product ion 
c i i p i i c i l y .  

The p o t e n t i a l  f i n a n c i a l  reward f o r  improving metal  r ecove r i e s  i s  
s i g n i f i c a n t .  Even i f  incrementa l  recovery c o s t s  a r e  double t hose  c u r r e n t l y  



born i n  s c r a p  process ing ,  i .e . ,  approaching 20% of t h e  c o s t  of primary 
aluminum reduc t ion ,  t h e  c o s t  sav ings  are s i g n i f i c a n t  and t h e  i n c r e a s e d .  
amount of aluminum t o  be  recovered from improved d ros s ,  skimmings, and 
o l d  c a s t i n g  t rea tment  could e a s i l y  amount t o '  10% of the. c u r r e n t  s c rap  
product ion.  While i t  has  been r epor t ed  t h a t  i n  excess  of $65 m i l l i a n  
has  been devoted t o  r e sea rch  and development e f f o r t s  f o r  new primary 
aluminum product ion  processes ,  no d a t a  have been r e l eased  on t h e  magnitude 
of e f f o r t s  which.have been devoted t o  developing new t e c h n o l o g i e s . f o r  
secondary aluminum recovery. 

I n  t h e  p a s t ,  wi th  t h e  except ion  of government sponsored work i n  
phys i ca l  s e p a r a t i o n  techniques ,. t h e  work on mel t ing  and p u r i f i c a t i o n  
process ing  has  been fragmented, evo lu t iona ry  i n  n a t u r e  and devoted 
mainly t o  equipmen,t re-design and ope ra t ing  improvements, f o r  example, 
t o  reduce f u e l  consumption and improve environmental c o n t r o l .  With t h e  
advent of t h e  major primary aluminum producers  e n t e r i n g  t h e  secondary 
recovery market,  i t  is h igh ly  l i k e l y  t h a t  s i g n i f i c a n t  research  and 
development w i l l  b e  c a r r i e d  ou t  i n  c e n t r a l  i n d u s t r i a l  r e sea rch  f a c i l i t i e s .  

The phys i ca l  s e p a r a t i o n  of  i m p u r i t i e s  from aluminum s c r a p  is a 
r e l a t i v e l y  inexpensive and environmental ly  benign ope ra t ion  compared wi th  
most a s p e c t s  of primary aluminum product ion.  The mel t ing  ope ra t ion  wi th  
a t t e n d a n t  fuming and problems a s s o c i a t e d  wi th  dross  removal and d i sposa l  
are troublesome environmental ly  by c u r r e n t  s t anda rds ,  b u t  t h e  technology' 
involved is o ld  and can be  improved upon s u b s t a n t i a l l y .  Indeed, advantage 
should be  taken of t h e  p o s s i b i l i t y  f o r  improved metal  r ecove r i e s  which w i l l  
i n e v i t a b l y  a r i s e  from requirements  f o r  t i g h t e r  process  c o n t r o l  which w i l l  
be  needed t o  con t ro l ' emis s ions .  For example, more e f f i c i e n t  and l e s s  
c o s t l y  demagging ope ra t ions  have been explored i n  an e f f o r t  t o  reduce 
atmospheric emissions of v o l a t i l e  ch lo r ides .  These processes ,  whi le  
r e q u i r i n g  t h e  development-of some new hardware, by and l a r g e  have r e s u l t e d  
from noth ing  more than  t h e  a p p l i c a t i o n  of well-known engineer ing  p r i n c i p l e s ,  
e.g. ,  s t aged ,  countercur ren t  con tac t ,  , e t c .  t o  a new problem a rea .  

The p rospec t s  f o r  improved r ecyc l ing  of aluminum sc rap  may be 
addressed convenient ly by examining t h e  c h a r a c t e r i s t i c s  of each category:  

New, c l ean  sc rap  c o n s i s t i n g  o f  c l i p p i n g s ,  fo rg ings ,  and 
s o l i d s  a r e  c u r r e n t l y  recyc led  i n  a h igh ly  e f f i c i e n t  manner. 
It is  u n l i k e l y  t h a t  s i g n i f i c a n t  improvements can be obta ined  
except  i n  t h e  a r e a  of h ighe r  f u e l  e f f i c i e n c i e s  and o t h e r  
ope ra t ing  improvements i n  t h e  mel t ing  furnaces ,  which should 
be  e f f e c t e d  by t h e  a p p l i c a t i o n  of c u r r e n t l y  a v a i l a b l e  
technology. 



Recycle of aluminum cans is also a relatively efficient opera- 
tion with a high metal recovery and a product of acceptable purity 
for the intended reuse. The presence of a conversion coating and 
lacquer and pigments contribute to the formation of dross and can 
result in losses of aluminum of the order of 3-4% of the charge. 
Recoveries might be improved even further if more effective delac- 
quering techniques could be developed, or probably alternative 
lacquering formulations could be derived which would lend them- 
selves to a more easy removal at modest process conditions. 

Borings, turnings, and certain items of old scrap which are heavily 
contaminated with machine oils and other turnings, might also be 
recovered at IllgElr~ ylelll 11: more effecrive cleaning techniques 
were developed. Successful adoption of physical techniques, such as 
solvent degreasing, would yield collateral benefits such as the 
reduction in air pollution problems attending the ineffective treat- 
ment of combustion off-gases from conventional oil removal processes. 

Recovery of aluminum by sweating massive old scrap, such as castings, 
could be improved significantly if more effective physical techniques 
could be developed for sorting or for the initial size reduction and 
physical separation than those currently used. This may. well require 
the development of more effective, economic magnetic, eddy current, 
and heavy media techniques. Some equipment development effort may 
also be warranted to improve materfal handling techniques, emission 
control, and fuel eaonomy. 

a Drosses and skimmings, which represent approximately 15% of the 
scrap currently recycled, present interesting possibilities for 
improved efficiency since recoveries may be as low as 50% using 
current techniques. It has been shown that metal recovery from the 
drosses may be improved by careful control of fluxing conditions, 
rapid cooling of the skimmed material, and careful crushing and 
screening of the cooled materials. The soluble salts may then be 
removed by dissolution and, following evaporation, recycled to the 
melt furnace for reuse as flux. The residues from dissolution con- 
taining aluminum and other oxides and miscellaneous impurities, are 
currently disposed of or sold as a lower value material fnr their 
impure alumina content. However, since the alumina in the residues 
I s  already oxidized, it may be justifiable to purify,,it hydro- 
matallurgically as a feed for electroreduction. 



During t h e  next  t e n  t o . t w e n t y  yea r s  a s  more automobiles w i th  
h ighe r  aluminum con ten t s  a r e ' j u n k e d ,  i t  w i l l  be  i nc reas ing ly  d e s i r a b l e  
t o  r e c y c l e  wrought a l l o y s  from au to  s c r a p  t o  t h e i r  o r i g i n a l  wrought 
composition. E f f o r t s  i re  a l r eady  be ing  made i n  t h i s  d i r e c t i o n  on s e v e r a l  
f r o n t s  : 

1) Wrought a l l o y s  which a r e  compatible i n  r e c y c l e  have 
been developed. ' 

2) Wrought a l l o y s  a r e  be ing  s t u d i e d  which have h i g h e r  
t o l e r a n c e  f o r  s i l i c o n  and i r o n .  

3) Automotive des igns  are be ing  examined t o  permit  
d i smant l ing  of aluminum components p r i o r  t o  
compaction and shredding.  

4) improved phys i ca l  s e p a r a t i o n s  of components such a s  
"chunky" and . " f luf fy"  f r a c t i o n s  t o  s e p a r a t e  c a s t  and 
wrought au to  p a r t s  a r e  be ing  developed. 

A s  au to  r e c y c l e  i nc reases ,  chemical s e p a r a t i o n s  may even tua l ly  be  
needed t o  remove such a d d i t i o n a l  i m p u r i t i e s  a s  z inc  and manganese i n  
o r d e r  t o  opt imize  r e c y c l e  e f f i c i e n c y .  Eventual ly dump r e c y c l e  may 
in t roduce  o t h e r  unwanted i m p u r i t i e s  such a s  t i n  and l e a d  i n t o  t h e  
sme l t e r  . 

. .  . .  , 

4.1.6 Refining of Aluminum 

4.1.6.1 Spinning Nozzle I n e r t  F I o t a t i o n  

A r e c e n t  a d d i t i o n  t o  aluminum r e f i n i n g  technology i s  t h e  
spinning-nozzle i n e r t  . f l o t a t i o n  (SNIF) process  now i n  use  a t  Anaconda 
Aluminum Company's Montana p l a n t  (5,6) .  I n e r t  gas i n  t h e  form o f  very 
t i n y  d i s c r e t e  bubbles  provides  a l a r g e  s u r f a c e  a r e a  of con tac t  between 

. t h e  gas and molren alumi~lu~u. Hydrogen i s  r a p i d l y  swept from thk >melt 
and, r epo r t ed ly ,  non-metal l ic  p a r t i c l e s  such a s  ca rb ides  and n i t r i d e s  
adhere t o  t h e  bubbles and a r e  f l o a t e d  i n t o  t h e  d ros s .  The major 
advantages of t h e  process  a r e  considered t o  be t h e  e l imina t ion  of 
p o l l u t i o n  a s s o c i a t e d  wi th  c h l o r i n e  f l u x i n g  and t h e  i n c r e a s e  i n  
throughput of t h e  r e f i n i n g  furnaces  r e s u l t i n g  from t h e  e l imina t ion  of 
t h e  long 'ho ld ing  t imes r equ i r ed  f o r . s e t t l i n g  i n  t h e  convent ional  ; 

process .  Costs a r e  t epo r red  t o  be  %0.1 cent  p e r  l b .  



4.1.6.2 S o l i d i f i c a t i o n  P u r i f i c a t i o n  

Reynolds meta l  has  a  p a t e n t  ( 7 )  on a  process  i n  which t h e  
p u r i f i e d  meta l  is pu l l ed  from t h e  molten s t a t e .  Ingo t s  i n  t h e  12 t o  20" 
range  may be  produced w i t h  upgraded aluminum con ten t s  of about 2%, i . e . ,  
from 96 t o  98% o r  98.5 t o  99.9%. Yie lds  a r e  only 80% and the  r e j e c t  
p o r t i o n  con ta ins  app rec i ab le  amounts of aluminum. Although t h e  impure 
f r a c t i o n  could be  s o l d  f o r  deoxida t ion  of s t e e l ,  i t  i s  no t  c l e a r  t h a t  
t h e  o v e r a l l  economics of t h e  process  w i l l  warrant  i t s  u t i l i z a t i o n .  

4 . 1 . 6 . 3  Flu1 Lrri S a l r  E l e c t f o r e f i n i n g  

Aluminum may be e l e c t r o r e f i n e d  by t h e  Hoopes process  (8)  
wlilcl~ use$ a th ree- layer  c e l l  a s  shown i n  Fig.  6. Aluminum is t r a n s f e r r e d  
e l e c t r o l y t i c a l l y  from a mo1.t.m anodic a l l o y  through a mixcd ch lor ide-  
f l u o r i d e  molten s a l t  e l e c t r o l y t e  t o  a  h igh  p u r i t y  molten cathode a t  t h e  
top  of  t h e  c e l l .  Current  e f f i c i e n c y  of t h e  c e l l  is nea r  100%. The 
t h e o r e t i c a l  emf f o r  aluminum t r a n s f e r  is  i n  t h e  m i l l i v o l t  range and 
ove rvo l t age  due tn p o l a r i z a t i o n  is  only about 1.0 t o  1.2 v o l t s .  The 
conduc t iv i ty  of t h e  e l e c t r o l y t e  is ,  however, r a t h e r  poor and s i n c e  i t  is  
necessary  t o  main ta in  a  f a i r l y  t h i c k  e l e c t r o l y t e  l a y e r  (about 15 cm), t h e  
t o t a l  c e l l  v o l t a g e  i s  about  5 t o  7 v o l t s  and t h e  power consumption i s  h igh  
a t  8 t o  10 kWh per  pound of aluminum (168 t o  210 x 106 B T U / ~ O ~ ) .  Although t h e  
p roces s  i s  s t i l l  used by Alcoa i n  t h e  United S t a t e s  and is  used i n  s e v e r a l  
c o u n t r i e s  abroad, i t  accounts  f o r  only a  very small product ion of high 
p r i c e d  pu re  grade  aluminum f o r  u s e  i n  t h e  e l e c t r o n i c  i ndus t ry .  

There is  ex tens ive  l i t e r a t u r e  on the electrodepnsi t i .nn of aluminum 
i n  t h e  s o l i d  phase from t h e  b inary  s a l t  system al~iminl~m chl.oride/sodium 
c h l o r i d e .  Although most of t he  work i s  d i r e c t e d  toward e l e c t r o p l a t i n g ,  
t h e r e  a r e  some papers  devoted t o  r e f i n i n g  of aluminum. Howie and Macmillan 
(9) have reviewed t h e  work i n  t h i s  a r e a  through 1972 and t h e  d i scuss ion  
below i s  based on t h e i r  paper .  Co l l i n s  f i r s t  succeeded i n  e l e c t r o p l a t i n g  
aluminum onto s t e e l  from an A1~13/NaCl ba th  i n  1952. H e  used a  c u r r e n t  
d e n s i t y  of 16 mA/cm2. Midorikama s tud ied  t h e  e f f e c t  of t h e  cathode m a t e r i a l ,  
e l e c t r o l y t e  composition and ba th  temperature on t h e  n a t u r e  of e l e c t r o -  
depos i t ed  aluminum. Good depos i t s  were obta ined  on a  l e a d  cathode from an  
A l C 1 3 / N a C 1  ba th  a t  about  90% c u r r e n t  e f f i c i e n c y  w i t h  c u r r e n t  d e n s i t i e s  of 
1-3 mA/cm2 and a t e m p e r a t ~ ~ t e  of 1 6 0 0 ~ .  The ba th  was s e n s i t i v e  t o  i r o n  
con ten t s  g r e a t e r  than  10 ppm which lnwetrld cu r r en t  e f f i c i e n c i e c  and 
roughened the  aluminum depos i t .  Using an  ~ 1 ~ 1 3 / N a ~ l / ~ C l  e l e c t r o l y t e ,  
Midorikama found t h a t  superimposing a .c .  on t h e  d i r e c t  c u r r e n t  and adding 
PbC12 a t  10-100 ppm prevented t h e  recur rence  of rough d e p o s i t s  of aluminum. 
Miyate s t u d i e d  t h e  e f f e c t  of  c u r r e n t  d e n s i t y  on depos i t i on  us ing  t h e  
~ 1 ~ 1 3 / N a C l  e u t e c t i c  a t  175OC. S a t i s f a c t o r i l y  smooth p l a t e s  were obta ined  
a t  a  c u r r e n t  d e n s i t y  of 20 mA/cm2 wi th  a  c u r r e n t  e f f i c i e n c y  of 85%. 



Fig .  6 .  Three-layer refining cell. 



I n  Howie and ~ a c m i l l a n ' s  own s tudy  they demonstrated t h e  va lue  of 
ma in t a in ing  hydrogen c h l o r i d e  con ten t s  i n  t h e  ba th  of n o t  l e s s  than 0.07 
w/o. They were a b l e  t o  o b t a i n  a  coherent ,  dendr i t e - f r ee  p l a t e  a t  c u r r e n t  
d e n s i t i e s  "up t o  16 mA/cm2 and c u r r e n t  e f f i c i e n c i e s  of 85%. Continued 
p l a t i n g  consumed t h e  hydrogen c h l o r i d e  which r e s u l t e d  i n  t h e  c u r r e n t  
e f f i c i e n c y  improving t o  nea r  loo%, bu t  a t  t h e  expense of  a  p rog res s ive  
d e t e r i o r a t i o n  of p l a t e  q u a l i t y .  

E lec t rodepos i t i on  of aluminum from o rgan ic  e l e c t r o l y t e s  o f f e r s  
an a l t e r n a t e  t o  molten s a l t  e l e c t r o l y t e  systems. S ince  high temperature 
is unnecessary and t h e  p o s s i b i l i t y  e x i s t s  of u s ing  h igh  s u r f a c e  a r e a  
e l e c t r o d e s ,  c e r t a i n  b e n e f i t s  might b e  inhe ren t  i n  such a  p roces s . '  Davenpcrt 
and Capuano (10) have covered t h i s  op t ion  i n  a  paper  disci iss ing previous 
l i t e r a t u r e  and t h e i r  own experimental  program. To d a t e ,  o rganic  based 
e l e c t r o l y t e s  have been used only f o r  metal  f i n i s h i n g  p l a t i n g  in .which  very 
sma l l  amounts of  meta l  a r e  depos i ted  a t  low c u r r e n t  d e n s i t i e s  ($10-20 mA/cm2). 
Typica l  systems have A l C 1 3  o r  A1Br3  d i s so lved  i n  benzene o r  e t h y l  bromide, 
o r  A l C l  and L i H  d i s so lved  i n  e t h e r .  No o r g a n i c ' e l e c t r o l y t e  has  y e t  been 

2 found w i c h  su rv ives  under cond i t i ons  of  h igh  c u r r e n t  depos i t i on  f o r  long 
p e r i o d s  of t ime. The au tho r s  l i s t  t h r e e  i n t r i n s i c  problems of o rgan ic  

-3 -1 e l e c t r o l y t e s  f o r  heavy use:  (a)  r e l a t i v e l y  low c o n d u c t i v i t i e s  ($10-~-10 Q cm-l) 
which l e a d  t o  temperature problems i n  t he  c e l l s  wi th  h igh  c u r r e n t  flow; 
(b) r e a c t i o n  of t h e  gaseous anode product (oxygen o r  halogen) wi th  t h e  
e l e c t r o l y t e ;  and (c) decoppos i t ion  of t h e  organic  e l e c t r o l y t e  under heavy 
c u r r e n t  loads .  Cathode e f f i c i e n c i e s  of t h e  o r d e r  of 70-80% were observed 
a t  c u r r e n t  d e n s i t i e s  of t h e  o r d e r  of 10 d / c m 2 ,  bu t  e f f i c i e n c i e s  decreased 
r a p i d l y  t o  t h e  o r d e r  of 30% a t  cathode c u r r e n t  d e n s i t i e s  of t h e  o r d e r  of 
40 mfI/cm2. AlBr3 i n  benzene o r  e thylbenzene gave t h e  b e s t  r e s u l t s  as 
p l a t i n g  b a t h s  b u t  t h e  au tho r s  conclude t h a t  f o r  e lec t rowinning  aluminum 
11 cons ide rab ly  more work remains be fo re  o rgan ic  e lec t rowinning  becomes a  
r e a l i t y t ' .  

There is  a  very  l a r g e  energy i n c e n t i v e  t o  i n c r e a s e  t h e  r e c y c l e  of 
aluminum. The g r e a t e s t  p o t e n t i a l  which e x i s t s  is t o  improve t h e  c o l l e c t i o n  .' 

e f f i c i e n c y  and phys i ca l  s e p a r a t i o n  of t h e  metal  from o t h e r  contaminants.  
While improvements i n  c u r r e n t  r e c y c l e  technology can be envisaged, there is  
no i n c e n t i v e  t o  o x i d i z e  t h e  metal  from t h e  zero  v a l e n t  s t a t e  and subsequent ly 
reduce it e l e c t r o l y t i c a l l y .  

'Almost a l l  of  t h e  aluminum c u r r e n t l y  recyc led ,  both c a s t  and wrought 
metal, is  reclaimed as c a s t  a l l o y s .  A t  some f u t u r e  d a t e  f e  w i l l  i i k e l y  be  
necessary  t o  have technology a v a i l a b l e  t o  r e c y c l e  s c rap  t o  wrought a l l o y s .  
I n  Sec t ion  5.2 we cons ider  a l t e r n a t i v e s  and recommend f u r t h e r  s tudy.  



4.2 Copper 

4.2.1 Statistics and Energy Considerations 

Copper, known and used in antiquity, became one of the most impor- 
tant metals of the industrial era. Its electrical and thermal conductivity 
and corrosion resistance have made it almost indispensable in the manufacture 
of electrical equipment, power distribution systems, air conditioning and 
plumbing. Only in recent years has substitution become significant and now 
copper competes with aluminum, plastics and steel for many of its'applica- 
tions . 

Copper is produced in three industrial grades: tough-pitch copper 
has a controlled oxygen content and is cast from electrolytic or fire 
refined metal; oxygen-free copper is cast without additives from refined 
copper under deoxidizing atmosphere; and deoxidized copper where the 
oxygen content of refined copper is tied up metallurgically by additions 
of deoxidizers such as phosphorus. 

Copper-base alloys including brass, bronze, and cupro-nickel are cast 
into ingots for use by foundries -and brass mills where solid, extruded and 
forged products are produced. 

Primary copper is produced mostly from sulfide ores which are con- 
centrated by flotation and smelted with suitable fluxes in reverberatory 
,furnaces where silicates and light impurities are slagged off. A liquid 
matte of copper, iron and sulfur is then transferred to a converter where 
air is used to burn off the sulfur as SO2 and oxidize the iron to the slag 
phase. The blister copper produced is partially refined in a furnace, cast 
into anodes, and electrorefined. The refined copper is generally cast into 
wirebars and other shapes to be shipped to fabricators. 

Recently, newer pyrometallurgical processes have been developed to 
replace the outmoded reverberatory furnace which is wasteful of energy and 
generates large amounts of off-gases containing low concentrations of S02. 
Foremost among the newer inethods are electric-furnace matte smelting, flash 
smelting, and the Noranda reactor. Currently, electric furnace matte 
smelting is carried out in the United States at the Anaconda complex in 
Butte, Montana, and Inspiration Consolidated Copper at Miami, Arizona. 
Flash smelting is used by Phelps Dodge at Hidalgo, New Mexico, and Kennecott 
has recently put Norando reactors on stream at Garfield, Utah. 

During the mining of copper, large quantities of overburden having a 
copper content less than the currently acceptable assay are discarded into 
dumps. Some of these dumps are leached with sulfuric acid generated 



by t h e  r e a c t i o n  of water  w i th  p y r i t e  and o t h e r  su l fur -bear ing  minera ls  i n  
t h e  dump. The. r e s u l t i n g  dump l each  s o l u t i o n  i s  contac ted  wi th  sc rap  i r o n  
i n  s p e c i a l  r e a c t o r s  and t h e  copper i s  "cemented" on to  the  i r o n  a s  m e t a l l i c  
copper.  This  impure cement copper i s  added, a long  wi th  copper concent ra te ,  
t o  t h e  r eve rbe ra to ry  furnace  a s  p a r t  of t h e  charge. Curren t ly ,  about 10-15% 
of py rometa l lu rg i ca l ly  produced copper comes v i a  t h e  cementation rou te .  

I n  r e c e n t  y e a r s  hydrometallurgy has  emerged as an  a l t e r n a t e  technology 
f o r  t h e  recovery of  copper.  This  new technology i s  being developed p a r t l y  
due t o  environmental c o n s t r a i n t s  a t  sme l t e r s  and p a r t l y  because c e r t a i n  o r e  
bod ie s  lend  themselves more r e a d i l y  t o  t h i s  method. I n  p a r t i c u l a r ,  copper 
ca rbona te s  and s i l i c a t e s  a r e  not  amenable t o  concen t r a t ion  by f l o a t a t i o n  
and may be  leached i n  heaps o r  v a t s  wi th  s u l f u r i c  a c i d  t o  produce a c i d i c  
copper s u l f a t e  s o l u t i o n .  Copper may be recovered from t h i s  s o l u t i o n  e i t h e r  
by cementat ion wi th  i r o n  o r  by' d i r e c t  e lec t rowinning .  It has  become common 
p r a c t i c e  t o  p u r i f y  t h e  copper s o l u t i o n  by l i q u i d  i o n  exchange p r i o r  t o  e lec-  
t rowinning.  It i s  only  i n  t h e  p a s t  few y e a r s  t h a t  a market has  begun t o  
develop f o r  d i r e c t l y  electrowon copper.  

Although cons ide rab le  e f f o r t  has  been d i r e c t e d  t o  t h e  development of 
hydrometa l lurg ica l  processes  f o r  cha lcopyr i te -conta in ing  o r e s  and a number 
o f ' p i l o t  p l a n t s  have been s u c c e s s f u l l y  run,  t h e r e  i s  c u r r e n t l y  no copper 
produced i n  t h e  United S t a t e s  from s u l f i d e  concen t r a t e  by a hydrometal lurgi-  
c a l  r o u t e .  It i s  probable  t h a t  t h e  decrease  i n  demand s i n c e  1973 and t h e  
world oversupply h a s  delayed p l a n s  f o r  t h e  i n t r o d u c t i o n  of t h e s e  new hydro- 
m e t a l l u r g i c a l  processes .  

An a n a l y s i s  o f , t h e  e n e r g i s t i c s  of product ion  of primary copper i s  given 
i n  F igs .  7 and 8. F igure  7 shows d a t a  f o r  cement copper obta ined  by dump 
l e a c h i n g  which, i n  t u r n ,  becomes p a r t  of t h e  smelter feed .  F igure  8 p r e s e n t s  
a d e t a i l e d  a n a l y s i s  f o r  t h e  convent iona l  mining and smel t ing  process .  

Data f o r  t h e  Noranda r e a c t o r  ( i nc lud ing  e l e c t r o r c f i n i n g )  is  contained 
i n  a r e p o r t  by Development Sciences,  Incorpora ted  (DSI) and t h e  energy usage 
i s  given a s  29.6 x 106 ~ T ~ / t o n  Cu, excluding mining and concen t r a t ion  (11) .  
The DSI e s t i m a t e  f o r  a convent iona l  sme l t e r  i s  41.4 x 106 B T ~ / t o n  Cu, i n  good 
agreement wi th  t h e  va lue  from t h e  B a t t e l l e  s tudy  i n  Fig. 8 of 45.6 x l o 6  BTU/ 
t o n  Cu. The l a r g e  decrease  i n  energy consumption comes from the a b i l i t y  of 
t h e  newer des igns  t o  u t i l i z e  a p o r t i o n  of t h e  energy inhe ren t  i n  t h e  ox ida t ion  
of t h e  s u l f u r  conten t  of t h e  concent ra te .  

The r e l a t i v e  energy use i n  convent iona l  v s .  newer smelt ing i s  a l s o  
t h e  s u b j e c t  of a r e c e n t  paper by Schul tz  (12) .  H i s  c a se  i s  no t  i d e n t i c a l  
t o  t hose  above s i n c e  he  does n o t  i nc lude  p r e c i p i t a t e  copper i n  t h e  charge.  
However, t h e  r e l a t i v e  va lues  a r e  i n  e x c e l l e n t  agreement wi th  t h e  Development 
Science s tudy.  Schul tz  e s t ima te s  roughly comparable energy va lues  f o r  t h e  
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Noranda reactor and the Outokumpu and Inco flash smelters. The energy used 
in electric furnace matte smelting is assigned a value of about 500 kWhr/ton 
of feed with copper contents of 20-25% (1'3). This converts to a value of 
about 23 x 106 BTU/ton Cu for this portion of the flow diagram. 

Forecasts for the U.S. copper demand for the years 1985 and 2000 are 
given in Table 9. The basis year of 1976 is also included. 

Major contingencies for the low forecast are substitution by aluminum 
and copper-clad aluminum, microminiaturization, advanced power systems not 
requiring generators, and reduced per capita consumption due to substitution 
of multidwelling homes for single homes and mass transit for individual autos. 
High side forecasts are based on increased emphasis on recreation, safety, 
comfort and pollution-free envfronments and superior performance and ease of 
fabrication to combat future production and maintenance costs. 

Primary production in the United States is forecast to be'2 million 
tons in 1985 and 3.15 million tons. fn the year 2000 so that we will be 
importing about 10% of our primary copper. It is commonly understood in 
in industry that at present, hydrometallurgy used on sulfide concentrates 
does not offer an energy advantage over newer smelting technology. Thus, 
the Bureau of Mines ~errfc Chloride Leach (.15,16) has been estfmated to 
use 63 x 106 BTU/ton Cu (17), excluding mining and milling. Sherritt-Cominco 
(.$-C) reports utility consumpti'on for their sulfate leach process and com- 
pares it with data they present for flash, smelting (18). We have calculated 
energy consumpti'ons from these data as 28.9 x 106 ~TU/ton Cu for flash 
smelting (in excellent agreement with the Development Science study) and 
95.8 x lo6 Bl'~/ton Cu for the S-C leach process. It is significant that a 
large part of the energy (46%) of the S-C process. is consumed in electro- 
winning copper from leach solution. An alternative process for copper 
recovery proposed by S-C involves the reduction of copper from solution by 
hydrogen gas. The S-C authors believe. that this would reduce energy consump- 
tion, but give no quantitative values. Data are not available on energy 
consumption used in the leaching of oxide and silicate ores. 

In summary, energy requirement .for primary copper production by 
pyrometallurgical and hydrometallurgical processes are tabulated in Table 10. 
The Bureau of Mines estimates that about 10% of primary copper produced in 
the United States in the year 1977 was electrowon (19). Our estimates and 
projections of the fraction of primary copper produced by the various 
relevant processes are given in.Table. 11. 

The electrolytic energy is calculated assuming that 90% of the 
pyrometallurgfcal copper is electrorefined (the remaining 10% is 
sold as fire refined) and that all hydrometallurgical copper is electrowon. 
Electrorefining uses 3.2 x 106 ~TU/ton Cu (1) and electrowinning requires 
23 x 106 BTU/ton Cu (20). 



Table 9 

U.S. Copper Demand Forecas t  (14) .  
( ~ h o u s a n d s  of Shor t  Tons) 

Average Annual 
Probable 2000 Forecas t  Range Growth Rate 

Growth Rate 197.5 .- 
I976 1985 2000 - - -  Low High 2000 (%) 

Primary 1,307 2., 200 3,500 

Secondary 369 800 1,600 1,200 2 , 0 0 0 .  5.0 



Table 10  

Energy Consumption f o r  Primary Copper Product ion 
(BTU x 106) 

Mining and Copper 
Concentrat ion Product ion To ta l  

Conventional Smelting and 
Elec t r o r e f  i n i n g  

E l e c t r i c  Furnace.  Smelting and .. 

E l e c t r o r e f i n i n g  64 5 6 120 

Noranda o r  F lash  Smelting and 
E l e c t r o r e f i n i n g  64 

F e r r i c  Chlor ide  Leach Smelting 
and E l e c t r o r e f i n i n g  64 

Sherritt-Cominco Smelting and 
E l e c t r o r e f i n i n g  64 

Table 11 

P e r c e n t a g ~  n f  Primary Coppcr Product ion Ly 

Process  i n  t h e  Years 1978, 1985, and 2000 

Conventional Smelting 

E l e c t r i c  Furnace Smelting 

Noranda and/or  F lash  Smelt ing 

Hydrometal lurgical  Process  
. < . .  " . . . . 

Percentage 

1978 - 1985 - 2000 

60 5 0 - 

1 6  1 3  1 0  

14 24 7 0 

10  1 3  2 0 



The weighted average  of t h e  energy content  of primary copper may now 
be c a l c u l a t e d  from t h e  d a t a  i n  Tables  10  and 11. These va lues  a r e  110 x . 1 0 ~  
~ ~ U / t o n  Cu i n  t h e  yea r  1985 and 102 x l o 6  B ~ ~ / t o n  Cu i n  t h e  year  2000. These 
d a t a ,  a long  w i t h  t h e  va lues  of primary product ion,  may be used t o  c a l c u l a t e  
the t o t a l  q u a n t i t y  of energy used i n  primary product ion.  This  information,  
a long  wi th  va lues  f o r  t h e  e l e c t r o l y t i c  energy component, a r e  given i n  Table 
12. 

The probahle f o r e c a s t  f o r  copper demand i n  t h e  yea r  2000 by end use,  
a long  wdth. e s t i m a t e s  of  product  l i f e t i m e s  i s  given in Table 1 3 .  

A Ilow diagram for coppor fn the ZTndt~d S t a t e s  i s  given i n  F3g. Y. 
Scrap forms a s u b s t a n t i a l  p a r t  of t h e  supply and secondary copper i s  pro- 
j e c t e d  t o  account f o r  27% of t h e  U.S. demand fn t h e  year  1985 and 31% i n  
t h e  yea r  2000. 

I n  t h e  yea r  1976 consumption of copper-bearing sc rap  was 1,425,000 
s h o r t  t ons  and a breakdown by ca tegory  i s  given i n  Table 14. . 

I n  a d e t a i l e d  s tudy  of t h e  flow, product l i f e  cyc l e ,  and recovery 
e f f i c i e n c y ,  C a r r f l l o  e t  a l .  (21) e s t i m a t e  a weighted average l i f e  cyc l e  
of a l l  copper products  a t  about  17  y e a r s  w i th  about  31% of t h e  copper 
a c t u a l l y  being recovered from o b s o l e t e  products .  This  percentage is  pro- 
j e c t e d  t o  remain about  cons t an t  t o  t h e  year  2000 when about 2.2 m i l l i o n  
s h o r t  t ons  of copper products  w i l l  be  unrecovered t h a t  year .  

Pour s i g n i f i c a n t  r e c y c l e  p r o . c e s s e s f o r  copper,  b r a s s  and bronze sc rap  
have been i d e n t i f i e d  ( 3 ) :  r eve rbe ra to ry  mel t ing  of No. 1 copper wire sc rag ;  
me l t i ng  and r e f i n i n g  N o .  2 copper scrap; cupola mel t ing  of low-grade, cnpper- 
bea r ing  scrap ;  and r eve rbe ra to ry  mel t ing  of b r a s s  and bronze scrap .  The 
e n e r g i s t i c s  o f  t h e s e  processes  a r e  shown i n  F igs .  10.' through 13. I f  we 
a s s i g n  one of  t h e s e  methods t o  each of t h e  s c r a p  c a t e g o r i e s  i n  Table 14 ,  we 
c a l c u l a t e  a weighted average f o r . t h e  energy content  of secondary copper equal  
t o  1 5  x 106 BTU/tun. 

The t o t a l  energy and e l e c t r o l y t i c  energy saved i n  r ecyc l ing  copper 
i n  t h e  yea r s  1985 and 2000 may then  be c a l c u l a t e d  and a r e  given i n  Table 15. 



Table 12  

Year - 
1985 

2000 . 

Energy Consumption i n  t h e  Product ion of 

Primary Copper i n  t h e  Years 1985 and 2000 

Primary.  Product ion T o t a l  Energy, 
(thousands of tons)  1012 BTU 

E l e c t r o l y t i c  Energy, 
1012 'BTU 

Table 13 

Use and Product Li fe t ime of Copper i n  t h e  Year 2000 (14) 

. . 

End U s e  

Elcc~r lcaP 

Const ruc t ion  

Machinery 

Trans format i on  

Ordinance 

0 t h e r  

L i f e t ime  
(years )  

3 0 

30 

20 

1 0  

l o s t  

2 0 

Tota l  

Quant i ty  
(thousands of s h o r t  tons)  



COPPER SCRAP FLOW DIAGRAM 
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Table 14  

Purchased Copper-Base Scrap '~ons*&d i x i  1976 ' ( 3 1  

Old Scrap , . New Scrap 
(thousands of (thousands of 

Consumer and Item s h o r t  tons)  . s h o r t  tons)  

Secondary copper sme l t e r s  : 

No. 1 wi re  and heavy 
No. 2 wire ,  mixed heavy and l i g h t  
Composition o r  s o f t  r ed  b r a s s  
Rai l road-car  boxes 
Y L ~ ~ O W  b r a s s  
Auto r a d i a t o r s  (unsweated) 
Bronze 
Nickel,  s i l v e r ,  and cupronickel  
Low b r a s s  
Low-grade sc rap  and r e s i d u e s  

Primary Producers : 

No. 1 w i r e  and heavy 
No. 2 wire ,  mixed heavy and ' l i g h t  
Refinery b r a s s  
Low-grade sc rap  and r e s i d u e s  

~ r a s s  M i l l s :  

No. 1 wi re  and heavy 
N n ,  2 wbrc, mixed 11eavy and l i g h t  
Yellow b r a s s  
Ca r t r idge  cases  and b r a s s  
Bronze 
Nickel,  s i l v e r  and cupronickel  
Low b r a s s  

Tota l  

Table 15 

Energy Saved i n  Copper Recycle 

Year - Tota l  Energy Saved, 1012 BTU E l e c t r o l y t i c  Energy saved, 1012 BTU 

1985 76 4.4 
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4.2.2 Sources of Scrap 

The significant extent of copper recycle (%30%) results from the 
relatively high cost of the metal, its chemical and physical properties, 
and the uses to which it is put which permit relatively easy sorting for 
recovery. 

Approximately two-thirds of the total scrap recycled is new or 
prompt scrap, while one-third is old or obsolete scrap. About one-third 
of the scrap, nf which about half is old and half is new scrap, is 
recycled in primary smelters. The balance is recycled in secufit'lary 
smelters. About half of the old scrap is converted to refined copper for 
recycle, the balance being cu~istrtcd to bras4 and bronze products. Of the 
ncw scrap, nnly one-third is refined to copper-while the majority is con- 
verted to brass. These relationchips are depictrrl in Fig. 14. 

Major scrap categories are listed below: 

No. 1 scrap consists of unalloyed copper, clean and frce of con- 
taminantg, >1/16th inch thick or No. 16 BWG wire. Approximately 
213 of the No. 1 scrap is new or prompt scrap and is carefully 
sorted. . . 

No. 2 scrap consists of mfscellaneous unalloyed copper materials 
containing nominally 96% copper. This material is also approxi- 
mrely 213 prompt Esrap e.nd is carefully sorted in an attempt to 
mfnimize the lead and tin content, contamination with brass or 
bronze, or contamination with oily or ferrous scrap. Light copper, 
a 'mixture containfng nominally 92% copper, is a l s o  processed with 
No. 2 scrap. 

Brasses and bronzes consist of approximately 90% prompt scrap. 
Refinery brasses are mixtures containing at least 61% copper 
with 5% maximum iron content. Other brasses and bronzes are 
segregated by allow type insofar as possi.hle for recycle to 
the original alloy. 

Copper bearing scrap, ,of which the majority is old scrap, consists 
n f  mi~cellaneous copper-bearing materials such as skimmings, 
grindings, ash, f rony brass, slage, burnt wirc, &to parts,; . copper 
contafning electronics and co&unications equipment, etc. 
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Properties of Copper 1m~0rtant.h Recycling 

Copper is a dense, high melting, ductile, easily recognized, non- 
magnetic material which does not oxidize readily. These properties permit 
relatively easy physical separations to be carried out. The scrap may be 
chopped and separated by gravity from aluminum and light material such as 
plastic sheeting, separated from ferrous materials magnetically, and then 
further separated from zinc-rich materials simply by color. 

If the scrap material Is then melted, it is possible to preferentially 
oxidize iron, sulfur, and many other common impurities, removing them as , 

vapors or as oxides which report to fluid slags. 'Copper obtained in this 
mannerahas a purity of about 99%. 

Copper can be electrorefined to an extraordinarily pure .l.~rc~l~luct by ; 
well-known technology. Only a few impurities are co-deposited so that 
control of product purity and process efficiency are easy compared with the; 
stringent purification requirements for zinc electrowinning. In addit?on, 
valuable by-products are recovered from tankhouse sludges. 

Copper can also be electrowon from solution and, in commercial 
practice, cupric ions are reduced from acid sulfate solution using insoluble 
lead anodes. However, energy requirements for electrowinning are high at 
about 25 million B~U/ton Cu. On the other hand, electrorefining requires 
~ n l y  7.5 million B ~ ~ / t o n  for both electrical and process heating energy 
since substantially lower voltages are required. Electrowinning cuprous 
ion from an acid chloride solution requires less electrical energy t h a ~ ~  
does cupric sulfate electrowinning, but is still much more energy inten- 
sive than electrorefining since voltages are much higher. Cathode copper 
'of acceptable purity is not produced directly since the dendritic product 
must be washed, consolidated and then melted. Chloride electrowinning is 
not widely practiced commercially. 

The energy requirements for pyrometallurgical processes to recover 
copper from No. 1 and No. 2 scrap are only 4 and 17 million ~TU/ton 
respectively. Approximately 40 million BTU/ton is required for the entire 
process sequence when producing copper from low grade scrap. Therefore, 
new processes involving electrowinning of copper from solution are not likely 
to be significantly less energy intensive even for the processing of low 
grade scrap. 



4.2.4 Current Practice in Recycling 

The secondary copper industry is highly fragmented consisting of 
several thousand scrap dealers and collectors and several hundred foundries. 
Approximate1y.a dozen primary smelters process significant amounts of scrap 
as well as concentrates, while several major secondary smelters, process scrap 
material only. Generally, attempts are made to segregate the scrap at the 
collection points to upgrade the material to the type which commands the 
highest price. Small yards may segregate to only a few types while at larger 
operations classification is more complete. The material is segregated by 
color, hardness and the type of article from which the scrap is obtained. 
Attempts are made to remove bulk impurities by hand if possible. Otherwise 
physical~techniques,.sueh as chopping or crushing, are used to remove insu- 
lation or massive irony material and chemical techniques, such as burning, 
are used to remove combustible insulation. Also, the material may be 
chopped or crushed to reduce its size and baled or briquetted to increase 
its density or reduce dusting problems in subsequent processing. 

A schematic representation of the operations involved in scrap copper 
processing is shown in Fig. 15. 

No. 1 scrap is refined by a simple melting technique similar to that, 
used in fire refining in primary smelters. The scrap is melted, impurities 
are oxidized and slagged off, and the melt is "poled" to reduce the cuprous 
oxide content. The molten copper is then cast into shapes for sale. 

No. 2 scrap is treated according to the same procedures as No. I 
scrap except that the deoxidized product is cast into anodes and then 
electrorefined. The cathodes produced in electrorefining are cast t o  wire 
bar ur uther shapes for sale and the tankhouse purge stream and slimes are 
treated for precious metal and by-product recovery as required. 

Brasses and bronze are most often simply sorted and remelted, usua.l.l..y 
in a reverberatory furnace, with addition of virgin material as required to 
achieve the final composition desired for th.e alloy. A limited amount of 
purification can be done during these steps to remove iron, cadmium, bismuth, 
phosphorus aluminum, and other impuriti'es by oxidation and fluxing to the 
slags. Some copper is lost to the slag in this treatment. Zinc oxide loss 
to the dust may be significant, although zinc may be recovered from the dusts 
if justified. 

Low grade copper-bearing scrap may be treated according to a variety 
of procedures. The usual approach is to smelt it in a blast furnace with 
coke and limestone to produce "black copper". Judicious control of scrap 
addition and fluxing is required to produce a fluid slag and minimize 
copper losses. The black copper, which contains approximately 80% copper 
and significant amounts of iron, lead, tin, and zinc is oxidized in a con- 
verter with additional flux to remove impurities. Most metallic impurities 
and sour copper are slagged,off and recycled to the blast furnace while 
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significant amounts of zinc and lead are oxidized and report to the con- 
verter dusts. The blister copper produced in the converter can be .fire 
refined and-e1ectrorefined;by the same procedure used for No. 2 scrap. 
Some smelters treat blast furnace slag further with coke in electric fur- 
naces to remove additional copper while the cleaned slag is granulated 
and sold. The dusts may be sold for their zinc content or treated on site 
if justified. . . 

,-,. .Al fe.. . . . . rnative 'ProCesses for 'Scrap 'Recycle 

Unlike aluminum, the chemical and physical properties of copper 
permit a wide variety of pyrometallurgical and hydrometallurgical process 
alternatives for scrap recovery. As shown, current practice in the 
secondary copper industry is based almost exclusively on pyrometallurgical 
processes and new process routes will be adopted only if they overcome 
severe technical, environmental, or economic problems. 

No. 1 and No. 2 copper scrap are currently reprocessed with a 
minimum of operating steps using well established, easily controlled pyro- 
metallurgical processes. Recoveries are relatively high, energy require- 
ments and energy costs relatively low, the amount of waste products produced 
are small and environmental problems, principally combustion off-gas 
cleaning, can be solved with currently available technology. Thus, there 
is little prospect of developing alternative processes which would be more 
attractive, and changes in technology are apt to be evolutionary. 

Brass and bronze scrap are also recovered by simple techniques at 
relatively low cost and acceptably high recovery.. The key to the success 
of this approach is the careful sorting of the material to be recycled so 
that the desired alloy composition can be maintained and impurities con- 
trolled with a minimum of dilution by new copper or zinc. Control of 
impurities 'is the major. factor here since relatively little refining can 
be done.pyrometallurgically without major losses of zinc and significant 
losses of copper. Whj.La much of the zinc loss could be recovered from 
the dusts and sold as oxide, this is not as efficient as'retaining the 
metal in the desired brass or bronze alloy. If,however, a combination of 
alloy specifications and available scrap compositions requfred that puri- 
fication be used which would result .in the separation of .pure copper and 
zinc, then hydrometallurgical processes might be advantageously used. 

Recycling low grade, irony copper-bearing scrap by conventional 
pyrometallurgical processes is somewhat more difficult. Recoveries are 

lower, energy consumption and costs are higher, and wastes are produced 



which present substantial environmental problems. During the separation of 
metallic from non-metallic material by pyrometallurgical techniques, the 
combustion of plastic and rubber generates smoke, and halogens are liberated 
from coatings which cause corrosion problems in off-gas treatment equipment. 
Further, multiple processing steps are required to separate metals pyro- 
metallurgically, and some value metals are lost. Hydrometallurgical pro- 
cesses offer the possibility of being more selective in recovering the 
metal of interest or in recovering all value metals. However, the solution 
purification techniques required will not necessarily be simple and the 
electrowinning step I s  energy ixlteusive. 

4.2.6 General Requirements for Hydrometallurgical Scrap Treat- 
ment processes 

In general, hydrometallurgical scrap treatment processes will consist 
of the following steps as illustrated in Fig. 16. ' 

e Pretreatment to obtain the desired physical characteristics 
for subsequent steps. 

Contacting with lixiviant and oxidant as required to dissolve 
the metal. 

Separation of undissolved components from metal bearing solutions. 

Treatment of solutid118 ro seyaraLe ll~aljor metals from each other 
and from deleterious impurities. 

a Recovery of the metals. 

a Recycling of lixiviant and removal of impurities and waste 
materials. 

Pretreatment will be required to achieve the necessary kinetics and 
for efficient handling of residues in subsequent steps. Massive scrap nust 
be shredded to a much finer size than that used prior to pyrometallurgical 
processing in order to permit access of lixiviant and oxidant to the metal. 
Furthermore, protective coatings must be removed from the metal surface. 



Fig. 16. Generalized outline for a hydro- 
metallurgical scrap treatment 
process. 
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A variety of lixiviants and oxidants may be used in hydrometallurgi- 
cal processes. Sulfuric acid, ammonia/ammonium sulfate, ammonia/ammonium 
carbonate and acid chloride solutions have been used to dissolve copper- 
bearing material. Suitable oxidants are air, pressurized air, oxygen, 
nitric acid, or electricity used directly or indirectly. A major factor in 
determining the choice of the chemical system used in its selectivity for 
dissolution. A major metallic impurity in copper-containing scrap is likely 
to be iron. It is highly'desirable to prevent extensive oxidation and 
dissolution of iron since its subsequent reduction or removal is expensive 
and troublesome. The lixiviant system must also be compatible with 
subsequent purification and/or reducLiou steps. Obviously, the'oxidant 
must be inexpensive, effective, and easily regenerated if required. 

Effective separation of dissolved metals from residues Is r e q u i ~ ~ e d .  
For both economic and environmental reasons, one cannot afford to lose 
either dissolved metals or the lixiviant which ideally would be recycled. 
Residues cannot be washed copiously since this would have an adverse impact 
on the process water balance as well as release dissolved heavy metals 
and acid or alkali solutions to the environment. It is likely that new 
equipment and operating techniques need to be developed both for scrap 
preparation and residue washing in order to solve this problem. 

A variety of techniques is available to separate and recover metals 
from solution. Liquid or solid ion exchange may be used to selectively 
remove metals from leach solutions. Concentration and further selective 
separation may be achieved during stripping the ion exchangers of their 
metal values. Metal remova1,may a lso  be achleved by cementation on more 
active metals or precipitation by pH adjustment or precipitation reagents. 

Reduction may be achieved by a variety of techniq,ues including 
electrowinning, chemical reduction by hydrogen or carbon monoxide, dis- 
proportionation reactions, and chemical reduction using renewable reducing 
agents. 

Unless an unusual situation exis,ts, efficient recovery and recycle 
of lixiviant will be required on economic grounds alone. Process sequence 
involving losses of large anioullts of reagents in purge' streams withdrawn 
for impurity removal are not likely to be economically viable. Since, in 
general, it is unlikely that a lixiviant can be completely selective for the 
destred metal, impurity removal stops will be required. In.conventiona1 
pyrometallurgical scrap processi~g, impurities report to the dusts removed 
from the combustion gases or are tied up .in relatively inert slags. In 
hydrometallurgical processes, however, they are likely to be in the forms 
of sludges or precipitates requiring careful waste management control to 
prevent their release to the environment. Economic benefits could be 
derived, of course, if the waste materials are ri.ch enough in other value 
metals, snch as lead and tin, to be sold to other primary or secondary 
metal producers for further processing. 



F i n a l l y ,  i t  must be  noted t h a t  t h e . p r o c e s s  sequence o u t l i n e d  above 
w i l l  be  e n t i r e l y  new t o  most f i rms  i n  . t he  secondary copper i ndus t ry .  
E f f i c i e n t  ope ra t ion  of a secondary sme l t e r  proc,essing low grade sc rap  is  
an  a r t  l earned  over  many years .  Thb e s ' s en t f a l  elements a r e -  c o n t r o l  of 
t h e  feed  t o  t h e  b l a s t  furnace  by proper  charge s e l e c t i o n  and r a t e  of raw 
m a t e r i a l  a d d i t i o n ,  and a t t e n t i o n  t o  furnace  ope ra t ion  us ing  v i s u a l  c l u e s ,  
s imple temperature c o n t r o l ,  and ope ra to r  know-how. Operat ion of a hydro- 
m e t a l l u r g i c a l  process ing  p l a n t  i s  more a k i n  t o  t h e  ope ra t ion  of a s p e c i a l t y  
chemicals' p l a n t . .  Personnel ,  s k i l l s  and techniques which a r e  new t o  t h e  
indus t ry  would have t o  be  developed t o  i n s u r e  a succes s fu l  ope ra t ion  of 
t h e s e  more complex, i n t e g r a t e d  processes .  

4.2.7 Hydrometal lurglcal  Process  A l t e r n a t i v e s  f o r  Scrap Recycle 

A v a r i e t y  of hydrometa l lurg ica l  processes  have been proposed f o r  copper 
s c rap  t rea tment ,  and des ign  d a t a  have been obta ined  i n  t e s t s  ranging from 
l abora to ry  t o  p i l o t  s c a l e .  None i s  c u r r e n t l y  i n  commercial ope ra t ion  and very 
few c o s t  d a t a  a r e  a v a i l a b l e .  

Cupric c h l o r i d e  d isso lved  i n  concent ra ted  b r i n e  has been used t o  l each  
b r a s s  s c r a p  i n  t h e  absence of a i r  t o  produce a s o l u t i o n  of cuprous c h l o r i d e  
and z lnc  c h l o r i d e  (22). Curpous i o n s  a r e  normally i n s o l u b l e  i n  aqueous 
s o l u t i o n  b u t ,  due t o  t h e  formation of complex ions  such a s  cuc132- and ~ u ~ 1 4 3 - ,  
a r e  q u i t e  s o l u b l e  i n  h igh  c h l o r i d e  concent ra t ions .  A flow c h a r t  f o r  t h e  
process  is  shown i n  Fig. 17. The proposed process  sequence r e q u i r e s  z inc  
removal by p r e c i p i t a t i o n  wi th  c a u s t i c  o r  soda a sh  followed by copper recovery 
e l e c t r o l y t i c a l l y  i n  a diaphragm c e l l .  The ano ly t e  would be recyc led  t o  l each  
a d d i t i o n a l  metal  va lues .  No method was proposed f o r  removal of o t h e r  impuri- 
ties and obviously t h e  z inc  p r e c i p i t a t e  could r e q u i r e  ex t ens ive  a d d i t i o n a l  
LrraLuimr. Ir was n o t  Shown t h a t  t h e  copper produced i n  t h i s  process  i s  of 
cathode grade. I f  a d d i t i o n a l  copper p u r i f i c a t i o n  were r equ i r ed  i t  i s  un l ike ly  
t h a t  t h e  process  would be economically v i a b l e .  

Severa l  s c rap  recovery processes  have been proposed based on t h e  use  
. of a n  ammonia/arnmonium carbonate  l i x i v i a n t .  The flow shee t  of a pa ten ted  

: process  d r r e c t e d  towards process ing  automobile s c rap  (23) is  shown i n  Fig. 18. 
The s c r a p  m a t e r i a l  i s  f i r s t  f r e e d  of organics  by burning i n  a r o t a r y  k i l n .  
The temperature i s  then  r a i s e d  s u f f i c i e n t l y  t o  sweat o f f  a s  much of t h e  zfnc 
content  a s  poss ib l e .  The cooled r e s i d u e s  a r e  leached t o  recovery both  copper 
and z inc .  Copper f s  removed from the .p regnan t  s o l u t i o n  by l i q u i d  ion  exchange 
and t h e  purge s t r eam is evaporaied t o  dryness  f o r  z i n c  recovery. It  is  not  
apparent ,  however, what i s  t o  be' gained i n  t h i s  ca se  by combining pyrometallur- 
g i c a l  and hydrometa l lurg ica l  techniques s i n c e  t h e  z i n c  must be  recovered i n  two 
s e p a r a t e  s t e p s .  



Pig. 17. Fl nw Ahnrt f o r  the  recovery of copper hy . t h e  c u p r i c  
ch lor ide /sodium c h l o r i d e  process '  (22 ) .  
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Fig .18  . Recovery of 'copper and z i n c  from automobile s c r ap  ( 2 3 ) .  



A process  sequence based on t h e  s e l e c t i v e  leaching  of copper from 
bea r ing  sc rap  and c l a d  m a t e r i a l  has  a l s o  been r epor t ed  (24) .  The technique 
i s  based on t h e  f a c t  t h a t  i r o n  i s  i n s o l u b l e  i n  t h e  ammonia/ammonium 
carbonate  l e a c h  s o l u t i o n  s o  t h a t  copper recovery from an o therwise  very 
low-grade s c r a p  may be  economically f e a s i b l e .  During l each ing ,  t h e  s c rap  
must be  cont inuous ly  a g i t a t e d  t o  a b r a i d  t h e  s u r f a c e  t o  remove a t i n - l ead  
s ludge  which would o the rwi se  decrease  t h e  l each  r a t e .  The s ludge  is f i l t e r e d  
from t h e  e l e c t r o l y t e  and s o l d  wh i l e  copper i s  recovered by l i q u i d  i o n  exchange 
and e lec t rowinning .  C a p i t a l  c o s t s  have been es t imated  a t  about $650/annual 
t on  o f  copper f o r  a p l a n t  t o  recover  approximately 2 tons lday .  I n  c o n t r a s t ,  
t h e  c a p i t a l  c o s t  of a new p l a n t  f o r  primary copper product ion  i s  of t h e  o r d e r  
of $2000/annual t on  f o r  a much l a r g e r  s i z e  p l a n t .  D i r ec t  ope ra t ing  c o s t s  f o r  
t h i s  process  a r e  e s t ima ted  a t  approximately 12c/pound, which is about  h a l f  of 
t h e  c o s t  of recover ing  primary copper from concen t r a t e .  This c o s t  i s  such 
t h a t  i t  would be  p o s s i b l e  t o  pay about 75% nf  t h e  p r i c e  of recovered copper 
f o r  t h e  scrap  m a t e r i a l  and s t i l l  o b t a i n  a r e t u r n  on investment s u f f i c i e n t  t o  
j u s t i f y  use of  t h e  process .  

A p a t e n t  h a s . b e e n  granted  on t h e  use  of c h e l a t e d  f e r r i c  i o n  t o  i nc rease  
t h e  r a t e  of o x i d a t i o n  of m e t a l l i c  copper (25) .  While t h i s  may overcomea 
key process  problem of low d i s s o l u t i o n  rates, t h e r e  i s  no i n d i c a t i o n  of how 
a n  i n t e g r a t e d  flow s h e e t  can be  cons t ruc ted  t o  t a k e  advantage of t h e  more 
r a p i d  leach .  

Processes  based on s u l f u r i c  a c i d  a s  t h e  l i x i v i a n t  may f i n d  wider 
acceptance  because elements  of such processes  e x i s t  i n  commercial primary 
product ion  processes .  A p a t e n t  has  been granted  f o r  process ing  h igh  p u r i t y ,  
low i r o n ,  lead-conta in ing  b r a s s  s c rap  by d i s s o l u t i o n  i n  s u l f u r i c  a c i d  (26) .  
A f low s h e e t  is  shown i n  Fig. 1 9 .  Af t e r  dissol~xtl .on of t h e  copper and z inc ,  
t h e  l e a d  r e s i d u e  i s  removed by f i l t r a t i o n  and copper i s  recovered by eJ.ectra- 
winning. A purge s t ream is , t r e a t e d  wi th  z i n c  d u s t  t o  remove r e s i d u a l  copper,  
and t h e  z inc  i s  then  electrowon. The ba r r en  s o l u t i o n  i s  recyc led  t o  t h e  l each  
s t e p .  The p a t e n t  c la ims  a r e  r e s t r i c t e d  t o  u se  on h igh  p u r i t y  s c r a p , b u t  a 
lower grade m a t e r i a l  could be  t r e a t e d  i f  more e l a b o r a t e  s o l u t i o n  p u r i f i c a t i o n  
s t e p s  were employed. 

A combined pyro- and hydrometa l lurg ica l  p roces s  h a s  been t e s t e d  i n  a 
Russian sc rap  r ep roces s ing  p l a n t  (27) ,  Fig.  2 0 .  Low grade  scrap  i s  smelted 
t o  b l i s t e r  copper so  t h a t  t h e  bulk  of t h e  i r o n  and o t h e r  i m p u r i t i e s  a r e  
removed wi th  t h e  s l a g .  The impure copper i s  reduced i n  s i z e ,  Iear .h~ .d ,  and 
recovered from s o l u t i o n  by r educ t ion  w i t h  hydrogen. S ince  t h e  copper would 
h a v e . t o  be  f u r t h e r  r e f i n e d  t o  be  of cathode grade,  i t  i s  no t  l i k e l y  t h a t  t h i s  
p roces s  would be economical. 



Scrap 

Fig. 19. Sulfuric acid dissolution process for the 
recovery of copper' and zinc from scrap (26). 
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In a process currently being piloted by Air Products and Chemicals 
(28), scrap or cement copper is dissolved in a cupric sulfate-sulfuric acid- 
acetonitrile solution (see Fig. 21). ~cetoniGile act's as a stabilizing 
ligand for the cuprous ion so that the dissolution reaction may be written 
as 

Insoluble impurities are filtered from the solution. When the 
acetonitrile'is steam-stripped'from the solution, the remaining cuprous 
sulfate solution is unstable and the copper disproportionates, one-half 
going to copper powder and the other half remaining as cupric sulfate . 

solution. Soluble impurities remain in the solution. The copper powder is 
washed and dried prior to consolidation for.melting. The acidified cupric 
sulfate solution is recombined with the condensed acetonitrile and returned 
to the leach reactor. A high purfty copper product is claimed. An energy 
,expenditure of only 10 x 106 BTU/ton Cu is claimed for the process from 
solution to melted copper product (29). In an alternate recovery scheme a 
one-electron process is described where copper is directly electrowon from 
cuprous nitrile solutions (30). The cells were operated at '~15 m~/cm2. 
Deposition rates are twice that of a cupric sulfate bath at a similar 
current density, but cell voltages are only slightly higher. Current effi- 
ciencies are >95% a ~ d  good cathode. quality is reported. The electrolyte must 
be covered with kerosene to avoid oxidation of the cuprous ion, and problems 
may exist with nitrile stability. 

Sulfuric acid leaching is used commercially in Japan to recover 
copper, cadmium and zinc from flash furnace dusts (31). All metals in the 
dust except lead are dissolved and the latter is filtered and sold to a 
lead smelter for subsequent reduction. Hydrogen sulfide is used to pre- 
cipitate most of the copper from the sulfate solution, the pH is.then 
raised to approximately 2, and the balance of the copper is removed by 
cementatfon on iron. The cement copper and the copper sulfide are sold to 

. a smelter for purification. The decopperized solution is further neutralized 
by air sparging to precipitate iron and arsenic, which are disposed of. 
Cadmium is removed by cementatfon on zinc dust, the zinc precipitated as 
a hydroxide by addition of ammonia, and the cadmium and zinc precipitates 
sold to a zinc smelter 'for-purificatfon. Thus, a waste material has been 
effectively reprocessed to recover.value metals which are then processed in 
exfsthg primary or secondary plants. It fs probable that the economics of 
this process- are environmentally driven and that the revenues from the toll- 
treated metals offset the cost of disposing of the dust in an acceptable .- 

manner. 
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Fig. 21 . Acetonitrile leach - disproportionating process for scrap copper refining (25). 



A process  has  been devised which is capable of recover ing  copper and 
z i n c  s e p a r a t e l y  from s c r a p  b r a s s  while '  a l s o  -accept ing feeds  of  copper 
machining s c r a p . a n d  z i n c  oxide  d u s t  ( 3 2 ) .  A f lowsheet  f o r  t h e  process  is  
given i n  Fig.  -22 .  .. The'.brass i s  c a s t  i n t o  anodes and t h e  copper conten t  i s  
e l e c t r o r e f i n e d .    ow ever, t h e  copper cathodes .produced a r e  n o t  of w i r e  ba r  
q u a l i t y ,  being high i n  t i n  and lead ,and  t h e  anode s l ime  product ion is  t e n  
times t h a t  encountered i n  convent ional  p r a c t i c e .  The e l e c t r o r e f  i ne ry  
i m p u r i t i e s  bleed s t ream has  a , .very h igh  a c i d  content  and i s  n e u t r a l i z e d  by 
d i s s o l v i n g  t h e  r equ i r ed  amount of z i n c  oxide  sc rap .  So lu t ion  p u r i f i c a t i o n  
fol lows techniques c u r r e n t l y  employed i n  e l e c t r o l y t i c  z i n c  product ion al though 
n i c k e l  recovery is  troublesome, r e q u i r i n g  a fou r  t o  f i v e  f o l d  excess  of t h e  
p r e c i p i t a t i n g  r eagen t ,  dimethylglyoxime. Zinc is recovered from t h e  p u r i f i e d  
s o l u t i o n  by e lec t rowinning  and t h e  a c i d  e l e c t r o l y t e  from t h e  z inc  tankhouse 
is used t o  r e d i s s o l v e  m e t a l l i c  copper s c rap  f o r  r e c y c l e  t o  e l e c t r o r e f i n i n g  

' 

thereby main ta in ing  t h e  requi red  concen t r a t ion  of c u p r i c  i ons  i n  s o l u t i o n .  
The process  i s  i n t e r e s t i n g  because i t  combines pyro- and hydrometa l lurg ica l  
techniques and t r e a t s  t h r e e  d i s t i n c t l y  d i f f e r e n t  types of sc rap .  However, 
t h e  process  m a t e r i a l  ba lance  w i l l  s eve re ly  r e s t r i c t  t h e  amount of each metal  
which may be used and could cause con t ro l  o r  raw m a t e r i a l  supply problems. 
The r e l a t i v e l y  high copper e l e c t r o r e f i n i n g  power r equ i r ed ,  caused by s l ime 
adherence t o  t h e  anode, and the  impure product  produced l i m i t  t h e  a t t r a c t i v e -  
nes s  of t h e  method. I n  a d d i t i o n ,  process  complexity would be increased  
s u b s t a n t i a l l y  i f  s i g n i f i c a n t  amounts of i r o n  en te red  t h e  c i r c u i t  w i th  t h e  
sc rap  feed  m a t e r i a l .  

4.2.8 Conclusions 

Recycle of copper s c rap  is a r e l a t i v e l y  e f f i c i e n t  ope ra t ion .  High- 
grade sc rap  i s  processed wi th  h igh  y i e l d  a t  low energy consumption. Low- 
grade sc rap  is  a l s o  handled by c u r r e n t  technology b u t  w i th  lower y i e l d  and 
liPglle~ ellergy requiremenrs. We R a v e  n o t  i d e n t i f i e d  a l a r g e  sc rap  source  of 
copper which cannot be  t r e a t e d  by c u r r e n t  py rometa l lu rg i ca l  technology 
followed by e l e c t r o r e f i n i n g .  

I n  Sec t ion  5.3 we cons ider  t h e  energy and c o s t  of a hydrometal lurgi-  
c a l  a l t e r n a t i v e ,  which inc ludes  e lec t rowinning ,  f o r  t h e  recovery of copper 
from low-grade scrap .  
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4 .3  Zinc 

4.3.1 S t a t i s t i c s  and Enerpy Cons idera t ions  

The v e r s a t i l i t y  of z inc ,  both a s  t h e  metal  and a s  an  a l l o y  a d d i t i o n ,  
h a s  made i t  f o u r t h  among meta ls  i n  demand both  i n  t h e  United S t a t e s  and 
throughout t h e  world, be ing  surpassed only  by s t e e l ,  aluminum and copper.  
Zinc i s  produced i n  s e v e r a l  g rades  such a s  Prime Western f o r  hot-dip gal-  

, vaniz ing  a s  a p r o t e c t i v e  coa t ing  f o r   steel, High Grade z i n c  wi th  aluminum 
a d d i t i o n s  f o r  d i e  c a s t i n g s  f o r  automotive and o t h e r  uses ,  and Brass  Spec ia l  
and In te rmedia te  Zinc f o r  a l l o y i n g  wi th  copper.  I n  a d d i t i o n ,  l a r g e  q u a n t i t i e s  
of z i n c  d u s t  and z i n c  oxide  a r e  used i n  p a i n t s  and coa t ings .  

Primary z inc  i s  obta ined  l a r g e l y  from t h e  s u l f i d e  o r e s  s p h a l e r i t e  
and w u r t z i t e  which o f t e n  occur  t oge the r  wi th  o t h e r  minera ls  such a s  l e a d  
and copper s u l f i d e s .  Concentrat ion and s e p a r a t i o n  of l e a d  and copper f r ac -  
t i o n s  a r e  achieved by a d i f f e r e n t i a l  f l o t a t i o n  process .  S i g n i f i c a n t  
ox id ized  o r e s  e x i s t  i n  t h e  United S t a t e s  where z i n c  i s  p re sen t  a s  t h e  car -  
bonate  o r  s i l i c a t e .  Bene f i c i a t i on  of t h e s e  o r e s  may be  achieved by a d d i t i o n  
of sodium s u l f i d e  t o  s u l f i d i i e  t h e  minera l  s u r f a c e  p r i o r  t o  f l o t a t i o n . ,  

Zinc i s  produced i n  t h e  United S t a t e s  by t h r e e  processes ,  two pyrometal- 
l u r g i c a l  and one hydrometa l lurg ica l .  The h igh  temperature processes  t ake  
advantage of t h e  v o l a t i l i t y  of z inc  by us ing  a r educ t ion  - v o l a t i l i z a t i o n  - 
condensat ion sequence. The e l ec t ro the rmic  process  r o a s t s  t h e  concen t r a t e  i n  
f l u i d  and f l a s h  r o a s t e r s .  The c a l c i n e  is  mixed w i t h  coke and o t h e r  m a t e r i a l s  
t o  produce a s i n t e r e d  p e l l e t  which is then  reduced i n  an  e l ec t ro the rmic  r e t o r t  
and t h e  z i n c  vapor condensed. I n  t h e  v e r t i c a l  r e t o r t  p rocess ,  t h e  concen t r a t e  
is  p e l l e t i z e d  be fo re  r o a s t i n g  and t h e  c a l c i n e  mixed wi th  coa l  and b r i q u e t t e d .  
The r educ t ion  products ,  z i n c  vapor and CO, f low upward and o u t  of t h e  r e t o r t  
where t h e  z inc  is condensed. I n  t h e  e l e c t r o l y t i c  process  t h e  concen t r a t e  is  
roas t ed  t o  t h e  oxide,  and t h e  oxide  leached by spen t  s u l f u r i c  a c i d  e l e c t r o l y t e .  
Af t e r  f i l t r a t i o n ,  t h e  l e a c h a t e  i s  p u r i f i e d  by t h e  a d d i t i o n  of z inc  metal  and 
t h e  p u r i f i e d  s o l u t i o n  i s  then  electrowon. 

E n e r g i s t i c s  f o r  t h e  t h r e e  processes  a r e  given i n  F igs .  23, 24 and 25. 
The e l ec t r61y t i c . : p roces s  i s  somewhat l e s s  energy i n t e n s i v e  than  t h e  d i s t i l l a t i o n  
processes .  

I n  a d d i t i o n  t o  t h e s e  processes  p rac t i ced  i n  t h e  United S t a t e s ,  Imperial  
Smelting Corp. has  developed a process  which burns coke i n  i n t i m a t e  a s s o c i a t i o n  
wi th  o r e  i n  a b l a s t  furnace.  Again, i n  t h i s  process  z inc .vapor  i s  r e l eased  and 
condensed. This process  is  used ex tens ive ly  i n  many c o u n t r i e s  i n  Europe and A s i a  
as we l l  a s  i n  Aus t r a l i a .  The Kivcet-CS process ,  developed i n  t h e  USSR,scombines 
s i n t e r i n g ,  b l a s t  furnace  and s l a g  fuming i n t o  a s i n g l e  autogenous u n i t .  

. . 
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4.3.2 Zinc Oxide .. . . 

Zinc oxide  is produced from z inc  metal  by t h e  French ( o r  I n d i r e c t )  
Process ,  from z i n c  oxide  o r e  by t h e  American ( o r  D i rec t )  Process ,  and from 
secondary metal  by d i s t i l l a t i o n .  Flowsheets and energy i n p u t s  f o r  t h e  
French and American processes  a r e  given i n  F igs .  26 'and 27. Energy requi re -  
ments a r e  69 x 106 and 115 x 106 BTU/ton z inc  oxide  r e s p e c t i v e l y .  We may 
assume t h a t  t h e  energy needed f o r  z i n c  oxide  product ion  from secondary metal  
is equ iva l en t  t o - t h a t  r equ i r ed  . fo r .  z i n c  d u s t  product ion  a s  shown below and 
has an  average va lue  of  20 x 106 B T U / ~ O ~  z inc  oxide.  The energy f o r  z i n c  
oxide  product ion  from secondary m a t e r i a l  i s  only  about  one q u a r t e r  of t h a t  
r equ i r ed  f o r  product ion from primary sources .  

Fo recas t s  f o r  t h e  United S t a t e s  demand f o r  z i n c  metal  and non-metal 
i n  t h e  y e a r s  1985 and 2000 a long  w i t h . d a t a  f o r  1976 a r e  presented  i n  Table 16. 

The average annual  growth r a t e s  f o r  t h e  primary metal  and non-mekal 
a r e  q u i t e  low a t  about 2%. For t h e  meta l ,  major cont ingencies  i n  t h e  low 
f o r e c a s t  i nc lude  e l imina t ion  i n  major i n d u s t r i a l  f i e l d s  .due t o  s u b s t i t u t i o n  
and changes i n  automobile types.  High f o r e c a s t  d a t a  comprehend i n c r e a s e s  
i n  g a l v a n l z e d - s h e e t  use  i n  cons t ruc t ion  and automotive i n d u s t r i e s  and expan- 
s i o n  of u se  of d i e  c a s t  and b r a s s  products .  For t h e  non-metal, major con- 
t i n g e n c i e s  on t h e  low s i d e  a r e  replacement i n  r e s i d e n t i a l  l a t e x  p a i n t  
market by compet i t ive  pigments (al though t h e  maintenance and i n d u s t r i a l  
p a i n t  market i s  expected t o  cont inue  t o  use  zinc-based pigments) and low 
automobile output  w i th  t h e  a t t e n d e n t  decrease  i n  t i r e  product ion.  High s i d e  
cont ingencies  a r e  a r e s u l t ' o f  high growth r a t e s  i n  t h e  paper  and automotive 
t i re  I n d u s t r i e s .  

Primary product ion of m e t a l l i c  z i n c  i n  t h e  United S t a t e s  accoin ted '  
f o r  only 38% of t h e  demand' i n  1976 and i s  expected t o  remain a t  about t h i s  
f i g u r e  through t h e  y e a r  2000. . We w i l l  . t h e r e f o r e  remain l a r g e  n e t  impor te rs  
of z inc .  Primary product ion of z inc  oxide accounted f o r  about 92% of demand 
and we should remain s e l f - s u f f i c i e n t  i n  this commodity. 

I n  t h e  yea r  1973 about 35% of t h e  primary z inc  was produced by t h e  
e l ec t ro the rmic  process ,  20% by t h e  v e r t i c a l  r e t o r t  and 45% by t h e  e l e c t r o -  
l y t i c  process .  This  gave a  weighted average of 65 x 106 BTU/ton of z i n c  
f o r  t h e  energy content  of  t h e  primary product.  By 1978 t h e r e  was only  one 
e l ec t ro the rmic  p l a n t  and one v e r t i c a l  r e t o r t  i n  ope ra t ion  i n  t h e  United 
S t a t e s  a s  t h e  newer, more e f f i c i e n t  e l e c t r o l y t i c  p l a n t s  t ake  over t h e  primary 
product ion.  The l a s t  v e r t i c a l  r e t o r t  i s  expected t o  phase out  w i t h i n  t h e  
next  few y e a r s  and by 1985 a l l  z inc  product ion c a p a c i t y ' l s  l i k e l y  t o  b e  
e l e c t r o l y t i c .  The q u a n t i t y  of energy u s e d ' i n  primary product ion  p ro j ec t ed  
f o r  t h e  y e a r s  1985 and 2000, is given i n  Table 17 .  The e l e c t r o l y t i c  component 
is  a l s o  g iven  and r e f e r s  t o  t h e  quan t i t y  of energy used during e l e c t r o l y s i s  of 
t h e  leached c a l c i n e  so lu t ion ; '  . . 



Reaction ' 

Zn + 1/202 + ZnO 

95-96% yield 

Moterial and Utility Requirements 

Basis-1 ton zinc oxide (all grades) 

8pelter (metallic zinc) 1,740 Ib 
Coal (anthracit.e) 1,300 Ib 
Electricity 35 kwhr 

F ig .  26.  Production o f  z inc  oxide by the French process (33) .  
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Coal 3 to 5 tons 

' Electricity SGO kwllr 

Zinc oxide 
(to bolting) 

Fig .  27.  Production of z inc  oxide by the American process (33 ) .  
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Table i6 

U.S. Zinc Demand Forecas t  (34) 
(thousands of  s h o r t  tons)  

Average Annual 
Probable 2000 Forecas t  Range Growth Rate 

Growth Rate 1976- 
' 1976 ' 1985 "2000 - - -  Low - High 2000 (%) 

. . Metal: 

Primary 1,096 1;290 1,700 1,280 2,880 

Secondary 95 130 200 120 220 

Nonmetal : 

Primary 

Table 17  

Energy Consumption i n  t h e  Product ion of 

Primary Zinc i n  t h e  Years 1985 and 2000 

Primary Product ion ~ o t a l  Energy E l e c t r o l y t i c  Energy, 
Year (thousands of s h o r t  t ons )  1012 BTU ' .  101z BTJJ 



The probable forecast for zinc metal demand for the year 2000 by end 
use is given in Table 18. 

A flow diagram for z?nc scrap, includhg non-metallic zinc is given in 
Fig. 28. secondary zinc accounted for only about 7% of the primary demand in 
1976 and is projected to increase to only 9% in the year 2000. 

In the year 1976 zinc scrap consumption, including zinc oxide, was 
estimated to be about 180,000 short tons, and a breakdown by category is 
given in Table 10. 

An analysis of the product life cycle and recoverability of zinc (21) 
indicates that at present over 90% of all zfnc products which become obsolete 
are not recovered. Over 50% of this amount is used in capacities which are 
considered as dissipative such as galvanized sLeel and oxide products. The 
potentially recoverable products are found primarily in brass, zinc-base alloy 
and rolled zinc products. In 1970 only 109,000 short tons of zinc were 
recovered compared with 1,158,000 tons unrecovered. Of the unrecovered frac- 
tion, 636,000 tons were considered as dissipative, leaving 522,000 as recoverable. 

Three principle methods have been identified for recycling scfap zinc 
metal: retort distillation, muffle furnace distillation and pot melting. 
The energistic flow sheets are shown for these processes in Figs. 29, 30 and 
31. Pot melting is used primarily for pure scrap such as new clippings, 
remelt zfnc and die casting. The weighted average for the enegy content of 
recycled zinc is 19 x 106 B T U / ~ O ~  Zn. 

The total energy and electrolytic energy saved by recycling zinc in 
the years 1985 and 2000 are given in Table 20. 

4.3.3 Sources of Scrap 

The major categories of zinc scrap are listed below:, 

Galvanizers' dross, at~~ounting to approximately 1/4 of the 
total scrap processed, are zinc rich mixtures of zinc 
oxide, iron and small amounts of sal salts. 

Ashes and skimmings, also amounting to approxiu~tely 1/4 of 
the total, are mixturce containing rel.atively less zinc, 
more zinc oxide, and in the case of sal skimmings, signifi- 
cant amounts of chloride fluxes. 

Die cast scrap, new and old, amount to another 114 of the 
total. New die cast scrap is usually relatively clean, 
while old scrap is contaminated with other metals derived 
from the article of use from which the zinc scrap was 
recovered. 



Table 18 

End use of. Zinc Metal in the Year 2000 (34) 
. , .  

End Use 

Construction 

Transportation 

Electrical 

Machinery 

Other 

Quantity 
(thousands of short tons) 

I. 50 

Total 1,900 



I 

PRODUCTS 

Fig. 2 8 .  Zinc scrap flow dfagram ( 3 4 ) .  



Table 19  , 

Zinc Scrap.Consumed i n  1976,. Inc luding  Oxide (3 )  

Obsolete  Scrap Prompt I n d u s t r i a l  Scrap 
(.thousands of s h o r t  tons)  (thousands o f .  s h o r t  tons)  

Smelters  and D i s t i l l e r s :  

New c l i p p i n g s  
Old z inc  
Remelt z inc  
~ n g r a v e r s  p l a t e s  
Rod and d i e  s c rap  
Die c a s t i n g s  
Fragmentized d i e  c a s t i n g  
Remelt d i e  c a s t  s l a b  
Skimmings and a shes  
S a l  skimmings 
Die c a s t  skimmings 
~ a l v a n i z e r s '  d ros s  
F lue  d u s t  
Chemical r e s i d u e  
Other 

Year 

T o t a l  48,764 

Table 20 

Energy Saved i n  Zinc Metal Recycle 

To ta l  Energy, 1012 BTU E l e c t r o l y t i c  Energy 10': BTU 



Galvanizers' dross 

Auto die cast scrap 
[0.801 

Mixed die cast scrap 

Zinc dust I . 

disposal 

.Zinc dust 

SUMMARY 

Million Btu per 
ton of product 

Process energy 23.59 

Pollution control cncrgy 0 . 2 ~  

Bpacc hcoting 0.1 3 

Total encrg~ 24.01 

F i g .  29. Zinc:  P r o d u c t i o n  of z i n c  d u s t  from s c r a p  i n  , 

d i s t i l l a t i n n  r e t o r t s ( 3 ) .  



SUMMARY 

Million Btu per 

Auto die cast scrap 
(3.801 

ton of produot 

. . 
? 

Mixed die cast scrap 
. . 

Process energy 19.26 
. . Pollution control energy 0.32 

. . 

Space heating 0.13 

Total energy 19.7 1 

0.341 7: . ,. 

Fig. 30. Zinc: Productiirll uf zinc dust from scrap i n  muf f l e  furnace (3) . 
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Clean new die 
cast scraD 

Collection /I . ,  

SUMMARY 

' Zinc scrap 

Million Btu per 
ton of prodllet 

Process energy 2.48 

Pollution control energy 0.00 

* 

Pot melting 
and casting 

1.98 

Space heating 0.10 

- Sklrnrnii~ys to recovery plant 

Total energy 2.58 

1 
Cast zinc alloy 

Fig. 31. Zinc: Recycling of clean z inc  die casting 
scrap by pot melting (3). 



In addition, large amounts of zinc-rich dusts' are generated in the 
ferrous and nonferrous processing industries from which zinc and other 
metals might be'recovered. Although these dusts are not currently processed 
in the United States, technology exists to do so and recovery is currently 
practiced in both Europe and Japan. 

Almost one half of the secondary zinc is recovered as various grades 
of slab zinc which are used largely in galvanizing operations. The majority 
of the remainder is recycled as zinc dust and oxides of zinc whrch are 
used in the rubber industry;in pigments, and for production of the various 
zinc chemicals used for agricultural.and miscellaneous purposes. A small 
amount, derived from new scrap, is remelted to die cast material. 

4 . 3 . 4  Properties of Zinc Important in Recycling 

Conventional zinc recycling practice is based on the fact that the 
scrap material consist ,largely of metallic zinc and that the element has 
both a low melting point and high vapor pressure. Of the common metallic im- 
purities associated with zinc, only cadmium, tin and lead have lower 
melting points and only cadmium has a higher vapor pressure. The next 
most volatile impurity, lead, has a vapor pressure 0.1% that of zinc at 
.normal operating temperatures used in zinc distillation. Since the heats 
of melting and vaporization for zinc are low, 0.5 and 2 million ~tu/ton 
respectively, relatively simple and energy efficient processes based on 
melting and vaporization can be used to recover the metal. 

Zinc oxide, derived either from calcined ores or from scrap material, 
can be reduced with carbonaceous materials and the metal distilled. This 
serves as the basis for the classic Waelz process where reduction takes 
place in a rotary kiln and the resulting zinc is condensed from combustion 
gases containing carbon monoxide in an external condenser. Other relatively 
easily reducible metal oxides, and especially lead, may also be volatized 
and carried over, condensing with the zlnc and reducing the product purity. 
The the~retical energy requirements fox Lhis reduction is only 3  million 
m/ton but, as in the case of distillation, practical energy requirements 
are substantially higher. 

Zinc can also be reduced from aqueous solution electrochemically but 
the voltage required is sufficiently high so that, for the process to 
operate, it is necessary to take advantage of the hydrogen overvoltage on 
the cathode surfacc to prevent water dissociation. Contaminants such as 
arsenic, antimony, copper and tin, which permit liberation of hydrogen more 
readily than zinc, cause a fall in current efficiency for zinc deposition. 
Other common impurities such as cadmium and lead are co-deposited with zinc 
and adversely affect its properties. Iron, cobalt and nickel are detrimental 
since they lead to re-solution of the cathode with attendant losses in 
current efficiency. 



The . succes s  of an e l e c t r o l y t i c  z i n c  recovery process  from o r e  o r  s c r a p  
i s ,  then ,  c r i t i c a l l y  dependent Lpon s o l u t i o n  p u r i f i c a t i o n .  This becomes 
p a r t i c u l a r l y  impor tan t  when lower grade  s c r a p s  o r  a l t e r n a t i v e  sources ,  
such  a s  d u s t  of  complex composi t ion,  a r e  considered.  An advantage of 
e l e c t r o l y t i c  z i n c  product ion,however ,  i s  t h a t  t h e  product  is produced 
d i r e c t l y  a t  a  h igh  p u r i t y  s u i t a b l e  f o r  use  i n  d i e  c a s t  a p p l i c a t i o n s .  The 
energy pena l ty  pa id  t o  ach ieve  t h i s  i s  s i g n i f i c a n t ,  however, s i n c e  e l e c t r o -  
winning r e q u i r e s  about  30 m i l l i o n  B tu / ton ,  s i g n i f i c a n t l y  h ighe r  than i s  
needed f o r  d i s t i l l a t i o n  p roces se s  even a t  convent iona l ly  low e f f i c i e n c i e s .  

4.3.,5 Curren t  P r a c t i c e s  i n  R e c y c l i ~ ~ g  

Technology f o r  t h e  recovery o f  z t n c  from t h e s e  s c r ap  m a t e r i a l s  is 
mature,  r e l a t i v e l y  s imple,  and n o t  h igh ly  s e n s i t i v e  t o  ~ 1 1 e  grade of t ho  
s c r a p  processed.  A schematic  representation of t h e  ope ra t i ons  involved i n  
z i n c  s c r a p  recovery  is  shown i n  Fig.  32. Some sc rap ,  ashes, and pa r t i cu l . a r ly  
skimmings, may be  crushed,  ground, and c l a s s i f i e d  t o  remove s a l t s  and oxides  
p r i o r  t o  f u r t h e r  t r ea tmen t .  Low grade ,  i r ony  d i e  c a s t  s c r a p  may be  "sweated" 
by d i r e c t  hea r ing  i n  r o t a r y  fu rnaces  t o  s e p a r a t e  a  r e l a t i v e l y  impure z inc  
from o t h e r  r e s i d u e s .  

These upgraded m a t e r i a l s ,  d r o s s e s ,  and some d i e  c a s t  s c r ap  a r e  t r e a t e d  
i n  r e t o r t s  o r  muff le  furnaces  where i n d i r e c t  h e a t i n g  supp l i ed  by t h e  
combustion of f u e l s  i s  used t o  m e l t  and vapor i ze  t h e  z inc .  The vapors  a r e  
c o l l e c t e d  i n  e x t e r n a l  condensers where l i q u i d  z i n c  of  99% p u r i t y  can be  
produced. A l t e r n a t i v e l y ,  t h e  vapors  may be  ox id ized  i n  a i r  t o  produce 
z i n c  ox ide  d i r e c t l y .  Overa l l  zinc rcr.cu.veries approach 907, h u t  op ,e ra t ing  
problems and equipment deg rada t ion  a r e  experienced i n  removing r e s idues  
from t h e  s t i l l s .  

New d i e  c a s t  s c r a p  of h igh  p u r i t y  may be  remelted i n  po t  furnaces  
and r e c a s t .  This  o p e r a t i o n  i s  s imple  and meta l  r ecove r i e s  a r e  h igh ,  bu t  
t h e  thermal e f f i c i e n c y  o f  t h e  process  i s  r a t h e r  low. 

Zinc produced by d i s t i l l a t i o n  may be  f u r t h e r  p u r i f i e d ,  i f  requiked,  
by r e d i s t i l l a t i o n  i n  mu l t i - s t age  con tac to r s  t o  s i g n i I i c a n t l y  rcduce t h e  
l e a d  and cadmium c o n t e u t s  . 

These r e l a t i v e l y  c imple  t echn iques  are e f f e c t i v e  because of t h e  
norma.!.ly h igh  p u r i t y  o f  t h e  new sc rap  which i s  processed ,  and 'because  of 
t h e  r e l a t i v e l y  h igh  v o l a t i l i t y  of z i n c  a s  d i s cus sed  above. While t hcac  
methods a r e  a p p l i c a b l e  t o  s c r a p  m a t e r i a l  con ta in ing  preponderan t ly  m e t a l l i c  
z i n c ,  they would n o t  be  a s  e f f i d i e n t  i n '  p rocess ing  low grade ,  o x i d i c ,  o r  
z i n c  a l l o y  m a t e r i a l s .  Mere ,hydrometa l lurg ica l~~techniques  could o f f e r  a  
more a t t r a c t i v e  r o u t e  t o  t h e  .recovery of z inc .  A c o l l a t e r a l  b e n e f i t  t o  
hyd rome ta l l u rg i ca l  pro'cessing would r e s u l t  from t h e  h igh  p u r i t y  of z i n c  
produced which would be  s u i t a b l e  f o r  d i e  c a s t i n g  o r  a l l o y i n g  t o  b r a s s  
r a t h e r  than be ing  g e n e r a l l y  r e s t r i c t e d  t o  use  i n  ga lvaniz ing .  
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Fig. 32. Zinc scrap treatment processes materials and energy flows. 
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4.3.6 Alternative Processes for Scrap Recycle 

Recovery of slab zinc from drosses and skimmings is currently carried 
out by techniques and equipment which have been used for many years. 
Clearly, there is substantial room for improvement in the thermal effi- 
ciency obtained in current processes, which have historically been rather 
low. Closer control of the distillation operation, including more careful 
selection of the charge material, may reduce both energy requirements and 
maintenance problems while increasing the recovery of the material charged. 
It is not likely that the hydrometallurgical process, with complex solution 
purification requirements, could displace even moderately improved distilla- 
tion techniques. The thermal efficiency of pot melting might also be 
improved, and lfttlt! illcentivc cxiotc t o  oxldixe and re-reduce electrohydro- 
metallurgically an already relatively pure die cast material. Improved 
control of these pyrometallurgical operations would also dccrcase environ- 
mental problems, particularly control of fugitives from fuming in zinc oxide 
production operations. Improved control could be managed with currently 
existing technology. 

.A significant portion of the so-called dissipative zinc scrap is 
contained in flue dusts derived from steel mills, secondary smelters, 
brass mills, remelters, galvanizers, etc. The Bureau of Mines (19) esti- 
mates that, during the early 19701s, about 220,000 tons of zinc was 
potentially available annually from stack dusts.   bout half of the zinc 
content of these dusts originates as emissions from steelmaking operations. 
Open hearth and BOF processes generally contain 3-5% Zn, while electric 
furnace discharges are rich in zinc, usually containing iuJre than 20% Zn. 
Twenty percent of steel production. in the United States is by electric 
furnace, and the total zinc,in rhe dust geaerated io estimated to be about 
65,000 tons annually. 

In addition to their value as a source of zinc oxide, the dusts are 
also potential sources of iron oxide which could be recycled were it not 
for its zinc and lead content. In high conccntrations these metals are 
capable of rapidly atracking refractory furnace linings, but dusts with up 
to 2 percent combined zinc and lead can be pelletized and recycled. 
Generally, however, steelmaking wastes are disposed of in solid waste 
dumps with no regard to future reclamation. 

A number of studies have been conducted in the United States to 
devise processes for recycle of the zinc, lead and iron contents of steel- 
making dusts. Since none is practiced industrially, they apparently are 
not economically viable. The extent to which environmental factors have 
been taken into account in deciding the feasibility of these processes is 
not known. It is possible that some wastes are not disposed of in an 
environmentally acceptable manner, especially those containing lead. 



Barnard e t  a l .  (35) mixed f l u e  dus t  w i th  s u l f u r i c  a c i d  and r a b b l e  
roas t ed  t h e  s l u r r y  t o  o x i d i z e  t h e  i r o n  s u l f a t e  and then  leached t h e  copper,  
z i n c  and o t h e r  s o l u b l e  s u l f a t e s .  The r e s i d u e  was reduced wi th  carbon 
monoxide a t  e l eva t ed  temperature,  reducing t h e  i r o n  t o  metal  and vapor iz ing  
t h e  lead .  The i r o n  product ,  however, contained about  2  pe rcen t  s u l f u r  which 
is  undes i r ab le  f o r  i r o n  r ecyc le .  

Holley and Weidner (36) hea ted  p e l l e t i z e d  d u s t s  i n  a  r o t a t i n g  h e a r t h  
furnace  t o  reduce t h e  z i n c  con ten t  from 2.7 t o  .07 pe rcen t .  Thom and 
Schuldt  (37) added a n t h r a c i t e  and dolomite  t o  open h e a r t h  dus t  i n  a  k i l n  
and achieved 95% reduc t ion  of z i n c  and l e a d  con ten t s .  Higley and Fukubayaski 
(38) p e l l e t i z e d  and r educ t ion  roas t ed  e l e c t r i c  furnace  d u s t s  i n  a  s h a f t  
furnace  t o  recover  about  90 percent  of t h e  z i n c  i n  a  grade equiva len t  t o  
Prime Western z inc .  The i r o n  r e s i d u e ,  however, contained about  2.5 pe rcen t  
l e a d  and could n o t  be  recyc led  t o  an  e l e c t r i c  furnace .  The au tho r s  suggested 
t h a t  t h e  f eed  should be adequate  f o r  b a s i c  oxygen s teelmaking.  Holowaty (39) 
a t  In land  S t e e l  r e p o r t s  a  p i l o t  p l a n t  s tudy  where d u s t s  con ta in ing  up . t o  12% 
Zn were roas t ed  wi th  coke breeze  t o  produce m e t a l l i z e d  i r o n  p e l l e t s  con- 
t a i n i n g  only  0 .1  t o  0.3 pe rcen t  z inc .  The p r i n c i p a l  o b j e c t i v e  he re  was t o  
o b t a i n  i r o n  oxide  s u i t a b l e  f o r  s teelmaking,  and t h e  z i n c  oxide  product was 
h i g h l y  contaminated wi th  i r o n  f i n e s .  The Krupp Company i n  Rheinshausen, 
Germany, f u r t h e r  t e s t e d  In land  S t e e l  d u s t s  us ing  a  modified ~ a e l z  process .  
Following t h e  Krupp t e s t s  a  r e g i o n a l  p l a n t  des ign  f lowsheet  was prepared 
f o r  t h e  Chicago a r e a  wi th  a  nominal i n t a k e  c a p a c i t y  of 400,000 tons  of d u s t  
pe r  year .  This  program is c u r r e n t l y  i n a c t i v e .  

A s i m i l a r  p roces s  i s  desc r ibed  by Al len  (40) who b r i q u e t t e s  t h e  d u s t  
w i t h  a p i t c h  b inde r  and s u f f i c i e n t  carbon t o  reduce t h e  l e a d  and z inc  oxides  
p re sen t .  B r i q u e t t e s  a r e  hardened a t  temperatures  between 175" and 320°C 
and then  hea ted  t o  1000° t o  1400°C t o  reduce t h e  oxides  t o  metal ,  v o l a t i z e  
t h e  l e a d  and z inc  and subsequent ly re -oxid ize  them t o  PbO and ZnO. The z i n c  
and l e a d  oxides  a r e  recovered from exhaust  gases  and t h e  i ron-bearing b r i q u e t t e s  
a r e  r epo r t ed  t o  b e  s u i t a b l e  f o r  charge t o  i r o n  o r  s teelmaking processes .  

Japan is  t h e  only  i n d u s t r i a l i z e d  n a t i o n  t o  t r e a t  h igh  zinc-containing 
d u s t s  commercially. Severa l  p l a n t s  which r e c y c l e  s teelmaking wastes  a r e  
opera ted  o r  supported by t h e  s t e e l  i ndus t ry .  The Japanese government a l s o  
suppl ied  a  cons ide rab le  subs idy  t o  t h e s e  ope ra t ions .  Inazak i  (41) uses  t h e  
Waelz process  i n  a  r o t a r y  k i l n  a t  1200°C wi th  coke a s  t h e  r educ tan t .  Leaded 
z i n c  oxide  a t  12,000 tons  p e r  y e a r  is  produced a long  wi th  me ta l l i zed  i r o n  
p e l l e t s .  The Sohetsu Metal Company (42) announced a  p r o j e c t  w i th  a  25-company 
consortium t o  process  60,000 tons  p e r  year  of f l u e  d u s t ,  a l s o  i n  a  Waelz k i l n ,  
t o  produce me ta l l i zed  i r o n  p e l l e t s  and a  c rude  z i n c  oxide.  Kawasaki S t e e l  
Corp. (43) ope ra t e s  t h r e e  p l a n t s  which have a  c a p a c i t y  of 840,000 tons  p e r  
y e a r  of d u s t s  and . s ludges  t o  produce 500,000 tons  pe r  yea r  of pre-reduced 
i r o n  p e l l e t s .  



The complex oxides from flue dusts may lend themselves more readily 
to processing by hydrometallurgical techniques where recovery and separa- 
tion of other.value metals in.addition to zinc are possible. The higher 
revenues obtained by sale of all the various metal values could offset 
higher operating costs. 

4.3.7 General Requirements for Hydrometallurgical Scrap Treating 
Processes 

The general process and requirements for zinc recovery are the same 
as for copper recovery processes previously outlined in Fig. 16. If copper- 
containing dusts or low grade brasses or bronzes are to be treated, the 
conceptual flowsheet would also be quite similar. Major difference would 
occur in the solution purification steps. If it is required to remove 
small amounts of zinc prior to copper recovery, then even an inefficient 
zinc purification step could be used since copper electrowinning can take 
place in the presence of substantial concentrations of zinc. The converse 
is not true, however, and copper and other impurities must be removed to very 
low levels, as previously stated, if zinc is to be recovered. 

4.3.8 Hydrometallurgical Process Alternatives for Scrap Recycle 

A significant literature exists dealing with zinc recovery incidental 
to processes for treating copper scrap, but there is little evidence that a 
comparable effort has been devoted to hydrometallurgical process development 
for bulk zinc scrap even though the same generai techniques apply. A patent 
has been granted for a continuous countercurrent sulfuric acid leach at con- 
trolled pH to remove the galvanized coatings from scrap iron (44). It would. 
appear that a combination of material handling problems (the raw material is 
very low grade) and iron removal requirements would result in the cost of an 
integrated process being unacceptably high. 

No fully hydrometallurgical scrap process is known to be in comer- 
cia1 use, but several had been proposed, all based on the use of sulfuric 
acid as a lixiviant (45-49). Experimental data which have been reported 
from these various sources are internally consistent; zinc recoveries range 
from 70-90%, increasing with a decreasing pH in the leaching step. Unfor- 
tunately, the dissolution of iron also increases substantially, to as high 
as 90% at lower pH, rendering the'process uneconomf~al due to increased 
acid consumption and the size and cost of the iron removal steps. Lead and 
tin are not dissolved from the dusts. It is claimed that they could be sold 
to smelters for further processing, although it is not clear how they would 
be removed from the undissolved iron. 'Copper recovery is also high, 80-90%, 
and if enough were present in the dust, its recovery would be easily justi- 
fied. Most of the data whfch are reported deal with leach results only, 



al though i n  some cases ,  d e t a i l s  of t h e  s o l u t i o n  p u r i f i c a t i o n  s t e p s  a r e  given. 
While i n t e g r a t e d  l abo ra to ry  o r  p i l o t  d a t a  would be  necessary  t o  comprehend 
f u l l y  t h e  e f f e c t s  of t r a c e  elements and i m p u r i t i e s ,  i t  does no t  appear t h a t  
t h e r e  a r e  t e c h n i c a l  impediments t o  t h e  development of  a process  i f  the  
economics can b e  shown t o  be favorable .  

L i x i v i a n t s  o t h e r  than  s u l f u r i c  a c i d ,  f o r  example, s u l p h i t e  s o l u t i o n s l  
can be used t o  d i s s o l v e  z inc  oxide  (50): Zinc can be e x t r a c t e d  and p u r i f i e d  
from such s o l u t i o n s  by l i q u i d  ion  exchangeland an i n t e g r a t e d  f lowsheet  f o r  
t h e  process  can b e  cons t ruc ted .  A source  of SO2 such a s  from t h e  r o a s t i n g  
of s u l f i d e  concen t r a t e s  would be r equ i r ed  s i n c e  sc rap  z inc ,  inc luding  d u s t s ,  
i s  low i n  s u l f u r .  

A p a t e n t  has  been granted  (51) f o r  a process  which makes use of 
t he  s o l u b i l i t y  of  z i n c  oxide  i n  concent ra ted  ammonium c h l o r i d e  s o l u t i o n s .  
E l e c t r i c  furnace  d u s t  is leached wi th  h o t  ammonium c h l o r i d e  s o l u t i o n  t o  
d i s s o l v e  z i n c ,  copper and l ead .  Copper and l e a d  a r e  cemented ou t  wi th  
z i n c  d u s t  and sepa ra t ed  from t h e  s o l u t i o n .  When t h e  s o l u t i o n  i s  cooled,  
z inc  oxide  c r y s t a l l i z e s  and can be removed. The s o l i d  conta ins  some 
ammonium c h l o r i d e  which must be washed o u t  t o  o b t a i n  t h e  f i n a l  product .  
Only bench s c a l e  r e s u l t s  a r e  a v a i l a b l e , b u t  t h e  process  appears  t o  be s imple 
and low i n  energy consumption and may warran t  f u r t h e r  a t t e n t i o n .  

Th.e f  lowsheet f o r  t h e  Bureau of Mines hydrometa l lurg ica l  process  ( 4 6 )  
f o r  meta l  recovery from b r a s s  sme l t e r  f l u e  d u s t s  i s  shown i n  Fig. . 33 .  Disso- 
l u t i o n  i n  s u l f u r i c  a c i d  s o l u b i l i z e s  t h e  copper and z i n c  f r a c t i o n .  Af t e r  
removal of t h e  bulk  of t h e  lead. .and t i n  by f i l t r a t i o n ,  t h e  sma l l  amount of 
copper i n  t h e  l e a c h  l i q u o r  is removed by cementation on z inc .  Af t e r  
f i l t r a t i o n  t o  remove t h e  cement copper ,  t h e  s o l u t i o n  may be  e l e c t r o l y z e d  t o  
recover  z inc .  Current  e f f i c i e n c i e s  of t h e  o r d e r  of 85-90% were achieved 
when low chlori 'de l e v e l s  were p re sen t .  However, a t  2 g / ~  c lM,  a r i s i n g  from 
the"p resence  of f l u x  i n  t h e  d u s t ,  t h e  c u r r e n t  e f f i c i e n c y  dropped t o  50%. 

4 . 3 . 9  Conclusions 

Only a small f r a c t i o n  of o b s o l e t e  z i n c  i s  c u r r e n t l y  recyc led .  A 
major untapped r e source  e x i s t s  i n  m e t a l l u r g i c a l  process  d u s t s  which a r e .  
c o l l e c t e d  i n  bag houses by t h e  s t e e l ,  copper,  and z i n c  i n d u s t r i e s .  
Recycle of t h e  z i n c  content  by e l e c t r i c  furnace  s teelmaking d u s t s  e i t h e r  
as m e t a l l i c  z i n c  o r  z i n c  oxide  could l e a d  t o  energy savings  of t h e  o r d e r  
of 5 t o  10  x 1012 ~ T U l y r .  Furthermore, t h e  i r o n  oxide  r e s i d u e  could be 
recyc led  t o  t h e  s teelmaking furnace ,  t hus  so lv ing  a major environmental 
problem a s s o c i a t e d  w i t h  d i s p o s a l  of  t h e  d u s t s .  

Pyrometa l lurg ica l  processes  which combine t h e  d u s t s  wi th  carbon 
and reduce and vapor ize  t h e  z inc  appear  promising. S e l e c t i v e  leaching  of 
t he  z i n c  oxide w i t h  ammonium c h l o r i d e  s o l u t i o n s  is a l s o  an  i n t e r e s t i n g  
approach. 



Dust Water 

F i g .  .33. Flowsheet f o r  e l e c t r o l y t i c  z inc  recovery 
from b r a s s  sme l t e r  f l u e  d u s t s .  ( 4 6 ) .  
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In Section 5.4 we consider the energy and cost of a hydrometallurgi- 
cal alternative, which includes electrowinning, for the recovery of zinc 
from metallurgical process dusts. 



4.4 Lead 

4.4.1 S t a t i s t i c s  and Energy Consideratfons 

Lead i s  one of  t h e  o l d e s t  meta ls  i n  use  by man, and i t  has r e t a i n e d  
i t s  u t i l i t y  throughout t h e  ages.  I n  tonnage produced, i t  ranks behind t h e  
o t h e r  nonfer rous  meta ls  aluminum, copper,  and z inc .  The l e a d l a c i d  s t o r a g e  
b a t t e r y  f o r  automobiles  and b a t t e r y  powered v e h i c l e s  r e p r e s e n t s  an  inc reas ing ly  
impor tan t  use f o r  l ead .  I f  advanced l e a d l a c i d  b a t t e r i e s  come i n t o  wide use  
i n  v e h i c u l a r  propuls ion  o r  i n  load  l e v e l i n g  a p p l i c a t i o n s ,  a  majnr i-ncrease i n  
use of t h e  meta l  w i l l  r e s u l t .  Other uses  of l e a d  i n  c a b l e  shea th ing  and i n  
p a i n t  pigments have decreased i n  r e c e n t  y e a r s  and w i l l  prohahly cont inue  t o  
do s o  due t o  replacement by o t h e r  m a t e r i a l s .  

Refined l e a d  has  a minimum p u r i t y  of  99.85% and i s  produced by a  
m e t a l l u r g i c a l  r e f i n i n g  process .  Lead is  ob ta inab le  i n  many forms such a s  
i n g o t s ,  p igs ,  s h e e t ,  f o i l ,  powder, s h o t ,  e t c .  and i s  a v a i l a b l e  i n  four  
grades :  cor roding  l e a d  of very high p u r i t y ,  chemical l e a d  which r e t a i n s  
t h e  s i l v e r  conten t  of t h e  o r e ,  acid-copper l e a d  made by copper a d d i t i o n  t o  
r e f i n e d  l ead ,  and common d e s i l v e r i z e d  l ead  which has  had t h e  s i l v e r  conten t  
removed. Lead i s  a v a i l a b l e  i n  a l l o y  form a s  an t imonia l  (hard) l e a d ,  c a l -  
cium l e a d ,  whi te  meta ls ,  f u s i b l e  a l l o y s  and s o f t  s o l d e r s .  

Primary l ead  i s  produced mostly f r o m . t h e  s u l f i d e  o r e  galena (PbS) 
which commonly occurs  mixed wi th  zinc. copper, and  i.rnn s u l  f i d ~ s .  Grnc~nd 
o r e  is  concent ra ted  by f l o t a t i o n  t o  prnrlnce a fwrl f n r  sme!.t4ng; Lead 
sme l t ing  i s  p r a c t i c e d  i n  t h e  United S t a t e s ' b y  s i n t e r i n g  o r  r o a s t i n g  t h e  
concen t r a t e  t o  remove most of  t h e  s u l f u r  a s  s u l f u r  d ioxide .  The s i n t e r  i s  
combined wfth coke and f l u x e s  and smelted i n  a  b l a s t  furnace.  Impure l e a d  
b u l l i o n  from t h e  b l a s t  furnace  i s  f u r t h e r  t r e a t e d  i n  a  dross ing  k e t t l e  t o  
reduce  i m p u r i t i e s  and t o  remove copper a s  a  d ros s .  Zinc d u s t  i s  added t o  
remove s f l v e r  which is  s e p a r a t e l y  recovered.  Traces of  z i n c  a r e  removed 
from t h e  l ead  by vacuum d i s t i l l a t i o n  and a  prod11c.t. of  b e t t e r  than 99.9 per- 
c e n t  l e a d  i s  obta ined .  

An e l e c t r o l y t i c  process ,  t h e  B e t t s  p roces s ,  i s  used i n  Canada and P ~ . ~ I I .  
Here, anodes of  l e a d  b u l l i o n  a r e  r e f i n e d  t o  cathodes by e l e c t r o l y s i s  i n  a  
s o l u t i o n  of l e a d  f l u r o s i l i c a t e  and f l u r o s i l i c i c  ac id .  

The Imperial Smelting process  i s  i n  common use  abroad and i s  used t o  
p roces s  a  mixed lead-zinc concen t r a t e .  Blast furnace  product ion produces 
z inc ,  l e a d  b u l l i o n  and matte .  Secondary meta l  can be included i n  t h e  feed  t o  
t h i s  process .  



An a n a l y s i s  of t h e  e n e r g i s t i c s  f o r  t h e  product ion  02 primary l e a d  i s  
given. i n  Fig. 34. The t o t a l  u a n t i t y  of energy r equ i r ed  f o r  product ion of 8 r e f i n e d  l e a d  is  about  27 x 10  BTU/ton lead .  

Fo recas t s  f o r  U.S. l e a d  demand f o r  t h e  y e a r s  1985 and 2000 a r e  given 
i n  Table 21 a long  wi th  t h e  va lues  f o r  1976. 

The probable average annual  growth r a t e  f o r  t h e  primary and secondary 
meta ls  through t h e  yea r  2000 a r e  only  1.9 and 1 .7  pe rcen t  r e s p e c t i v e l y .  The 
major contingency i n  t h e  f o r e c a s t  i s  t h e  demand f o r  l e a d l a c i d  b a t t e r i e s .  
widespread use  of e l e c t r i c a l l y  powered v e h i c l e s  could r e s u l t ' i n  a major new 
demand wh i l e  a l t e r n a t e  advanced b a t t e r y  concepts  o r  f u e l  c e l l s  and i n c r e a s i n g  
b a t t e r y  l i f e  could lower demand. 

Primary product ion of l e a d  i n  t h e  United S t a t e s  accounted f o r  about  
two-thirds of t h e  primary demand, and t h i s  f i g u r e  is expected t o  remain con- 
s t a n t  through t h e  yea r  2000. The t o t a l  energy r equ i r ed  i n  primary l e a d  
product ion  i n  t h e  yea r s  1985 and 2000 i s  given i n  Table 22. No e l e c t r o l y t i c  
energy i s  involved. The probable f o r e c a s t  f o r  l e a d  demand i n  t h e  yea r  2000 
by end use  is given i n  Table 23. The Bureau of Mines s tudy  d i d  no t  i nc lude  
t h e  p o s s i b i l i t y  of l e a d l a c i d  b a t t e r i e s  be ing  used f o r  u t i l i t y  load  l e v e l i n g .  

A flow diagram f o r  l e a d  s c r a p  is given i n  Fig.  35. Secondary l e a d  
accounted f o r  38% of  t h e  t o t a l  l e a d  demand i n  1976 and i s  p ro j ec t ed  t o  
i n c r e a s e  t o  58% by t h e  yea r  2000. 

I n  t h e  year  1976 l e a d  sc rap  consumption was es t imated  t o  be 670,000 
s h o r t  tons ,  of which 78% i s  from o b s o l e t e  scrap .  A breakdown of consumption 
by ca tegory  i s  given i n  Table 24. Should l e a d l a c i d  b a t t e r i e s  come i n t o  genera l  
use  f o r  u t i l i t y  l oad  l e v e l i n g ,  then  by t h e  yea r  2000 a s  much a s  3.6 m i l l i o n  
tons  of  s c rap  could be generated p e r  yea r  ( s e e  Table 45).  Presumably t h i s  " 

sc rap  would be e f f i c i e n t l y  recyc led .  

A produc t - l i f e  c y c l e  a n a l y s i s  of l e a d  s c r a p  t o r  t h e  yea r  1969 is shown 
i n  Table 25. While c o l l e c t i o n  e f f i c i e n c i e s  a r e  good r e l a t i v e  t o  o t h e r  meta ls ,  
s i g n i f i c a n t  improvement i s  s t i l l  a v a i l a b l e .  I f  h a l f  of t h e  unrecovered l e a d  
from b a t t e r i e s  were recovered,  t h e  t o t a l  q u a n t i t y  of secondary l e a d  would 
i n c r e a s e  by twelve percent .  

Three methods have been i d e n t i f i e d  f o r  r e c y c l i n g  sc rap  l ead :  s imple 
p o t  mel t ing  of prompt i n d u s t r i a l  s c rap ,  b l a s t  furnace  recovery of hard l e a d ,  
and a combination r e v e r b e r a t o r y l b l a s t  furnace  p roces s  t o  produce both s o f t  
and hard l ead .  The e n e r g i s t i c s  of t h e s e  processes  a r e  shown i n  F igs .  36, 31 
and 38 The weighted average f o r  t h e  energy con ten t  of recyc led  l e a d  i s  
7 x 106 ~ ~ l t o n  ~ b .  

The t o t a l  energy saved by r e c y c l i n g  l e a d  i n  t h e  y e a r s  1985 and 2000 
i s  given i n  Table 26. 
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Table 21 

US. Lead Demand Forecast  (52) .- 

(thousands of s h o r t  tons)  

Average Annual Growth 
Year 2000 Rate 

Probable Forecas t  Range Growth Rate 1976-2000 
1976 1985 1970 --- Low High (%I 

Primary 930 1100 1470 1030 2340 I. 9 

Secondary 580 680 860 600 1380 1 . 7" 

Table 22 

Energy Consumption i n  t h e  Product ion of Primary 

Lead i n  t he  Years 1985 and 2000 

Year 

1985 

2000 

Primary Product ion 
(thousands of s h o r t  tons)  

To ta l  Energy 
10" DTU 

Table 23 

End Use of Lead i n  t h e  Year 2000 ( 5 2  

End U s e  

Gasol ine a d d i t i v e s  

Transpor ta t  i on  

Cons t ruc t ion  

P a i n t s  

h u n i  t ion  

Q u a n t i t y  
(thousands of s h o r t  tons)  

Other 

T o t a l  2,240 
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Lead, Scrap- Consumption i n  1976 (3)  

Prompt I n d u s t r i a l  
.Obsole te  Scrap Scrap 
(thousands of (thousands of ' 

s h o r t  t ons )  s h o r t  t ons )  

Smel te rs  and Ref ine r s  

B a t t e r y  P l a t e  and Operator Scrap 

Prompt I n d u s t r i a l  Scrap. 

Drosses and r e s i d u e s  

Other Scrap 

w Cnblc covcring 

Antimonial l e a d  

S o f t  l e a d  

Type me ta l s  

Common babb i t  

Solder  

4 5 

2 7 

28 

11 

6 

3 - 
'10 t a l  520 



Table 25 . . 
. . 

Product-Life Cycle Analysis  of Lead Recovery ('53) 

B a t t e r i e s  

Drosses and Residues 

Lead Alloys 

Type meta l  

Bearing metal  

Solder  

Cable Sheathing 

Ammunition . . 

Miscellanebus Obsolete  Scrap 

L i f e  Cycle 
(years )  

Table 26 

Energy Saved i n  Lead Recycle 

Percent  of Avai lab le  
Lead Recycled 

12  
Year - Energy, 10  BTU 

1985 14 

2000 17 
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4.4.2 Sources of Scrap 

Approximately one h a l f  of t h e  t o t a l  l e a d  c u r r e n t l y  consumed i s  der ived  
from secondary product ion.  This  e x t r a o r d i n a r i w  h igh  percentage .of  metal  
recyc led  i s  a r e s u l t  of t h e  p r o p e r t i e s  of t h e  m a t e r i a l  and i t s  major end use  
market, s t a r t i n g ,  l i g h t i n g  and i g n i t i o n  (SLI) b a t t e r i e s  f o r  automotive use. 
Evaluat ions of cu r r en t  secondary l e a d  process ing  technology, o r  p r o j e c t i o n s  
concerning f u t u r e  technology f o r  l e a d ,  must be  f u l l y  c o n s i s t e n t  wi th  t h e  
evolving technology i n  t h e  major end use  market. 

Lead s c r a p  processed i n  secondary sme l t e r s  may be c l a s s i f i e d  i n  
t h r e e  major c a t e g o r i e s  : 

e. B a t t e r y  p l a t e  and s e p a r a t o r  s c rap ,  a r i s i n g  both  from 
rec lamat ion  of used SLI b a t t e r i e s  and from t h e  b a t t e r y  
manufacturing process ,  i s  by f a r  t h e  most important  
raw m a t e r i a l ,  accounting f o r  approximately 60% of t h e  
secondary i n d u s t r y ' s  feed  s tock .  

0 Drosses and skimmings from both primary and secondary 
l e a d  smelters c o n s t i t u t e s  approximately 116 of t h e  t o t a l  
l e a d  recyc led ,  and is  prompt i n d u s t r i a l  s c rap .  

9 General l e a d  sc rap ,  recovered from a v a r i e t y  of sources ,  
c o n s t i t u t e s  t h e  remaining major category of m a t e r i a l  
which is  reprocessed.  

It has  been es t imated  t h a t  a s  much a s  80% of t h e  l ead  consumed 
i n  the. m a n ~ i f a c t i ~ r e  of  SLX b a t t e r i e s  i s  even tua l ly  recovered and recycled.  
This  is p o s s i b l e  because t h e  d iscarded  b a t t e r y  i s  compact, can be e a s i l y  
i d e n t i f i e d  and removed, and i s  e a s i l y  broken down i n t o  t h e  component 
p a r t s  from which a h igh  percentage of t h e  l e a d  can r e a d i l y  be recovered. 
Furthermore, an organized system f o r  recovery of t h e s e  i tems e x i s t s  a s  an 
i n t e g r a l  p a r t  of t h e  automobile reclamation indus t ry  and through t h e  
t rade-In normally o f f e r e d  a t  new b a t t e r y  s a l e s  o u t l e t s .  Drosses and 
skimmings, which c o n s t i t u t e  t h e  prompt i n d u s t r i a l  s c r a p ,  a r e  of course  
i d e n t i f i e d  and managed a s  a consequence of t h e  main product ion processes  
which gene ra t e  them. The balance of  m a t e r i a l  processed i n  secondary 
smelters, genera l  l e a d  sc rap ,  i s  recovered from o b s o l e t e  a r t i c l e s .  Much 
of this m a t e r i a l  a r i s e s  from p r n d ~ i c t s  wi th  r e l a t i v e l y  long u s e  l i v e s ,  
and recovery from t h e s e  sources  is s u b s t a n t i a l l y  lower than  f o r  b a t t e r y  
and prompt scrap. 

The product mix produced by t h e  secondary l e a d  indus t ry  i s  
dominated by requirements f o r  t h e  manufacture of l ead /ac id  b a t t e r i e s .  
Thus, h a l f  of t h e  output  of secondary sme l t e r s  is  i n  t h e  form of l ead  
a l l o y s ,  p a r t i c u l a r l y  lead-antimony a l l o y s  wi th  2 t o  7% antimony which 
are recyc led  almost exc lus ive ly  t o  b a t t e r y  manufacturers  f o r  use  i n  g r i d s ,  



posts, and lugs. Minor quantities of calcium lead, white metals, or other 
alloys are also produced. About 1/3 of secondary smelter output is in the 
form of various grades'of refined lead, including corroding, chemical and 
acid-copper lead from which the antimony, tin, arsenic, and other impurities 
and alloying elements have been removed. In contrast, the product of the 
primary lead industry is almost exclusively these various refined leads. 
Finally, a minor amount of secondary lead is produced simply by remelting 
general scrap to produce a lower grade product, containing 96-99% lead, for 
general, use. 

4.4.3 Current Practice in Recycll~lg 

The secondary lead industry relies exclusively on pyrometallurgical 
processes for the production of all grades of material which are marketed. 
The basic technology is venerable, and, except for purification steps and 
environmental control considerations, relatively simple. The chemical and 
physical properties of lead, including its low melting point, relatively 
high vapor pressure, high density, and ease of reduction of oxides or sul- 
fate, dictate the approaches which have historically been used. 

A schematic representation of the operations involved in processing 
lead scrap is shown in Fig. 39. 

Used batteries are subjected to a variety of hand and mechanical 
techniques to remove the lead for reprocessing. The cases may be split 
or broken and the acid then drained. Broken pieces are washed and the 
liquid effluent filtered to recover particulate lcad and then ileutralized 
for disposal of waste acid. In some instances, attempts are made to 
further segregate the posts, lugs, grids, paste and separators and caoc 
parts U I I ~  from another to improve the efficiency of the lead recovery 
prucess .  Dfosses, lead-hearing scrap, and general scrap can be charged 
to the lead recovery processes without additional treatment, except for 
necessary size reduction and/or agglomeration or sintering for dusty 
materials. The majority of lead scrap is reprocessed in reverberatory or 
blast furnaces, although use has been made of other types of equipment, 
including long ruLary furnaces, to accomplish the same results. Lead 
processed in a reverberatory furnace is melted under neutral or slightly 
oxidizing conditions, where the antimony is preferentially oxidized and 
reports to the slag. Antimony removal, i s  not oomplc~e, hawetek, and rhe ' 

lead product from a reverberatory furnace stil l cclntain~ about I% antiniuuy . 
This material may be sold directly as semi-soft lead orofurther refined. 
The slag from a reverberatory furnace contains substantial amounts of lead, 
up to 60-80%, as well as antimony, and must be processed to recover its 
lead values. Reprocessing, along with treatment of other lead-bearing 
scrap, is customarily accomplished in a blast furnace. The charge to the 
blast furnace includes coke or other reductants, fluxes including limestone 
and irony scrap, and dusts and other revert material from the blast furnace. 
The air-to-reductant ratio is controlled so that the lead oxides and 
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s u l f a t e s  a r e  reduced whi le  major i m p u r i t i e s  r e p o r t  t o  t h e  s l a g  o r  mat te  
phases.  Lead and a l l o y i n g  agen t s ,  p a r t i c u l a r l y  antimony, a r e  tapped from 
t h e  furnace .  The amount of mat te  produced i s  u s u a l l y  small, l e s s  than  
5% of  t h e  l e a d  product ion ,  and i t  may be t r e a t e d  f u r t h e r  f o r  copper and 
l e a d  recovery i f  j u s t i f i e d .  The s l a g  may be fumed f o r  z inc  recovery and 
t r e a t e d  f o r  removal of o t h e r  by-products be fo re  d i s p o s a l .  

The ma jo r i t y  of t h e  l e a d  produced i n  b l a s t  fu rnaces  i s  recyc led  
t o  b a t t e r y  manufacture w i th  l i t t l e  a d d i t i o n a l  process ing .  The product ion 
o f  s o f t  l e a d ,  however, r e q u i r e s  a s e r i e s  of p u r i f i c a t i o n  s t e p s  w i th  process  
c o n d i t i o n s  ad jus t ed  t o  s e l e c t i v e l y  removc t h e  undesired i m p u r i t i e s .  Copper 
is  removed by thermal  d ros s ing ,  which involves  coo l ing  t h e  mixture t o  a 
tempera ture  j u s t  above t h e  f r e e z i n g  p o i n t  of l ead  where copper i s  thrown 
o u t  uf s o l u r i b n  and removed by hand o r  mechanically.  Copper, a s  w e l l  a s  
z inc ,  bismuth and cadmium, may a l s o  be  removed by mechanically a g i t a t i n g  
s u l f u r  i n t o  t h e  l e a d  he ld  i n  k e t t l e s  a t  400°C and then  a l lowing  t h e  r e s u l t i n g  
s u l f i d e s  t o  disengage and be skimmed f o r  f u r t h e r  p u r i f i c a t i o n .  The remaining 
i m p u r i t i e s ,  i nc lud ing  antimony and t i n ,  a r e  removed by f l u x i n g  t h e  molten 
m a t e r i a l  wi th  callsL[c o r  sodium n i t r a t e  and blowing a i r  through t h e  mixture 
t o  s e l e c t i v e l y  o x i d i z e  t h e  i m p u r i t i e s .  The s l a g s  and d ros ses  produced i n  
t h e s e  o p e r a t i o n s  a r e  s u f f i c i e n t l y  concent ra ted  i n  i m p u r i t i e s  i n  some cases  
t o  permi t  t h e i r  recovery.  This  may r ep resen t  a s i g n i f i c a n t  source of income 
f o r  t h e  r e f i n e r  who buys m a t e r i a l  a t  t h e  p r i c e  of l e a d  and s e l l s  impuri ty  
m e t a l s  a t  t h e  h ighe r  p r i c e s  which they  command. The s o f t  l ead  obta ined  by t h e s e  
p u r i f i c a t i o n  s t e p s  may then  be a l loyed  a s  r equ i r ed .  

The energy consumption i n  t h e  reverberatory furnace-b las t  furnace- 
k e t t l e  r e f i n i n g  process  f o r  l e a d  recycling i s  of t h e  o rde r  of 8-10 m i l l i o n  
BTU/ton. A s i g n i f i c a n t  amount of t h i s  energy is consumed i n  off-gno 
t r ea tmen t ,  and technology e x i s t s  t a  decrease  waste  h e a t  t n  f u r t h e r  improve 
t h e  s av ings  in '  energy vfs-a-vfs primary l ead  product ion .  Overa l l  l e a d  
r e c o v e r i e s  by t h i s  r o u t e  a r e  reasonably h igh  a t  90-95%, al though any 
emission of l e a d  i n  a process ing  sequence i s  of concern because of i t s  
t o x i c i t y .  

Key t e c h n i c a l  problems i n  secondary l e a d  process ing  by pyrometallur- 
g i c a l  t echniques  a r e  t h e  c o n t r o l  of  gaseous emissions and t h e  development 
of a s imple  p u r i f i c a t i o n  technique.  Off-gases from t h e  b l a s t  furnace  a r e  
mi ld ly  reducing and con ta in  p a r t i c l e s  of unburned carbon and lead-containing 
d u s t s  which a r e  pyrophoric .  Addi t iona l  f u e l  and a i r  mri.st  he added LO remove 
t h e  unburned carbon, and t h e  gases  must then  be quenched below t h e  mel t ing  
p o i n t  of l e a d  p r i o r  t o  p a r t i c u l a t e  removal, which l e a v e s  l i t t l e  oppor tuni ty  



for energy saving. Obviously, particulate removal from reverberatory and 
blast furnace off-gases must be highly efficient in order to meet environ- 
mental standards. Further, large volumes of air used to control fugitive 
emissions must also be treated to remove particulates and materials fumed 
off in the purification steps. 

Off-gas treatment is further complicated by the nature of the 
battery scrap charged to the processes: the material of choice for 
separators is PVC and the chlorfne liberated during its combustion can 
react with lead and other nonferrous materials to form volatile chlorides. 
These corrosive, soluble chlorides tend to concentrate in the dusts removed 
in the gas cleaning steps and cannot be recycled indefinitely without pro- 
vfding for some purge. 

While it is possible to envision solutions to the off-gas treatment 
problems involving the use of available technology, the use of such tech- 
niques as slaging hoilers and combined dry and wet scrubbing would increase 
the complexity of the lead refining process. It would also involve the 
creation of other waste streams to be treated and add significantly to the 
capital and operating costs of the processing sequence which could not be 
fully recovered through either decreased fuel costs or additional revenues 
from by-products. In addition, a significant shift in the manufacture of 
SLI batteries to the "maintenance free" type would impose changes on the 
operations of a secondary smelter. Unless physical separation techniques can 
be developed to segregate the low antimony, calcium-lead alloys from the con- 
ventional hard lead material used in posts and lugs, a larger portion of the 
secondary smelters' output will have to be fully refined than is currently 
the case. Thus, incentive exists to explore the development of alternative 
technfques for the treatment of scrap lead. 

4.4.4. Hydrometallurgical Process Alternatives 

A significant development effort on the hydrometallurgy of lead 
has been carried out, but it has focused 011 primary processing routes. 
No fully hydrometallurgical process has been developed or tested beyond 
the laboratory or pilot scale for either primary or secondary lead produc- 
tion. 



The chemistry and e l ec t rochemis t ry  of  l e a d  a r e  w e l l  known; i t  
can b e  d i s so lved  i n  a c i d  c h l o r i d e ,  ammoniacal ammonium s u l f a t e  o r  
s t r o n g  c a u s t i c  l i x i v i a n t s .  It i s  p o s s i b l e  then  t o  conceive of a  v a r i e t y  
of schemes f o r  s e l e c t i v e l y  removing l e a d  from s o l u t i o n ,  pu r i fy ing  i t ,  
and reducing i t  t o  m e t a l l i c  lead .  A s  is t h e  c a s e  wi th  aluminum, copper,  
and zinc,however, i t  i s  u n l i k e l y  t h a t  economically v i a b l e  processes  can 
be developed which invo lve  o x i d a t i o n  of m e t a l l i c  l e a d  and subsequent ly 
reducing  i t  e l ec t rochemica l ly  because of t h e  i n h e r e n t l y  h ighe r  energy 
requirements .  However, b a t t e r y  sc rap ,  which c o n s t i t u t e s  t h e  ma jo r i t y  
of secondary s m e l t e r  f eed ,  c o n s i s t s  of bo th  m e t a l l i c  and oxid ized  
( l ead  oxize- lead s u l f a t e )  m a t e r i a l s .  Thus, i f  i t  were f e a s i b l e  t o  
mechanical ly  o r  p h y s i c a l l y  s e p a r a t e  t h e  oxid ized  m a t e r i a l s  from m e t a l l i c  
l e a d  i t  would be p o s s i b l e  t o  r ep l ace  pyrometa l lurg ica l  grocesfiing w i t h  
hydrometa l lu rg i ca l  p u r i f i c a t i o n  and r ednc t ion  of t h e  oxid ized  l e a d ,  
w h i l e  simply r eme l t ing  and p u r i f y i n g  t h e  separa ted  m e t a l l i c  components. 
The m e t a l l i c s  might be  p u r i f i e d  by a relatively simple seqlience of po t  
me l t i ng  and k e t t l e  r e f i n i n g  which would avoid t h e  more troublesome off-gas 
c l ean ing  problems a s s o c i a t e d  wi th  t h e  r eve rbe ra to ry  and b l a s t  furnaces .  
A l t e r n a t i v e l y ,  t h e  p u r i f i c a t i o n  might be c a r r i e d  o u t  us ing  t h e  well known 
B e t t s  process  f o r  e l e c t r o r e f i n i n g  l ead .  The l a t t e r  process,however,  is  
no t  i t s e l f  wi thout  environmental problems, mainly involv ing  emission of 
f l u o r i d e s  and t h e  t rea tment  of s l imes .  A second a l t e r n a t i v e  would involve  
p u r i f i c a t i o n  by d i s t i l l a t i o n  a t  extremely low p res su re ,  h u t  t h e  y i e l d s  
r epo r t ed  f o r  one such approach a r e  s o  low a s  t o  b e  economically unat- 
t r a c t i v e  (54). 

Unfor tuna te ly ,  i t  does n o t  appear l i k e l y  t h a t  mechanical o r  
phys i ca l  techniques can be developed which would s e p a r a t e  m e t a l l i c  from 
ox ide  m a t e r i a l s  w i th  s u f f i c i e n t  s e l e c t i v i t y  and e f f i c i e n c y  t o  make such 
an approach v i a b l e  on convent iona l  SLI b a t t e r i e s .  It may h e  p o s s i b l e ,  
however, w i th  proper  b a t t e r y  and equipment des ign  t o  develop such a  
p roces s  f o r  t h e  l a r g e r  l oad  l e v e l i n g  l e a d l a c i d  b a t t e r i e s  which may be 
developed i n  t h e  n e a r  f u t u r e .  

The ac id  c h l o r i d e  system has  served  as t h e  b a s i s  f o r  a  s u b s t a n t i a l  
p roces s  development e f f o r t  i n  t h e  hydrometallurgy of l e a d  (55-57). 
The Bureau of  Mines has  explored a  v a r i e t y  of  p roces s  op t ions  f o r  re- 
cover ing  l e a d  from s u l f i d e  concent ra tes ,  and a  proposed flow s h e e t  is 
shown i n  Fig. 40. It has  been found t h a t  t h e  s u l f i d e  o r e  can be  leached 
wi th  f e r r i c  c h l o r i d e  t o  recover  l e a d  c h l o r i d e  i n  h igh  y i e l d .  The l e a d  
s a l t  i s  removed from s o l u t i o n  by c r y s t a l l i z a t i o n  a s  a  h igh  p u r i t y  
product .  Lead s u l f a t e ,  i f  p r e s e n t ,  a l s o  must be  removed s i n c e  i t  would 
contaminate  t h e  c h l o r i d e  product .  This  would have s i g n i f i c a n t  
consequences i n p r o c e s s i n g  b a t t e r y  s c r a p  s i n c e  t h e  presence  of s u l f a t e  
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Fig. 40. Flow diagram for preparing lead metal from galena 
concentrate (55). 



is unavoidable. Both aqueous and molten salt electrolysis of the crystallized 
lead chloride have been demonstrated, but only the molten salt approach is 
likely to be amenable to large-scale use. Unfortunately, the power require- 
ment for this step is at least .5 kWh/lb (11 million BTU/~O~), which is itself 
higher than the total energy requirement for conventional recycling of lead, 
and the energy cost of leaching, crystallization and chlorine recycling, will 
add significantly to the total. 

Lead oxides or sulfates may also be dissolved in strong ammoniacal 
ammonium sulfate lixiviants (58), and a possible processing sequence is shown 
in Fig. 41. Lead can be removed from the pregnant liquor by hydrolysis or by 
precipitation as the basic salt when the pH is reduced by stripping free ammonia 
from the solution. The lead could then be reduced pyrometallurgically to pro- 
duce the desired product, but it is not clear why this approach would be pre- 
ferred. to direct pyrometallurgical reduction. Alternatively, it was shown that 
lead could be reduced directly from solution with a modest power requirement 
(.I2 kWh/lb total lead) using rotating cathodes. However, for each mole of lead 
reduced, another mole of lead is oxidized to lead dioxide which is formed as a 
powder. This, in turn, would have to be re-reduced pyrometallurgically or 
recycled to the leaching step, thereby doubling the power requirement per pound 
of metallic produet. 

It is also known that lead can be dissolved in strong caustic and recovered 
by electrowinning from the aqueous solution using rotating electrodes (59, 60). 
However, cathode lead of acceptable purity is not produced directly since the 
material is deposited as powder or dendrites. At the least, remelting would be 
required and a means would have to be found to cope with purification of the 
depleted electrolyte prior to recycle to purge impurities from the system. No 
integrated process has been proposed based on the use of a caustic lixiviant. 

It has also been shown that it is possible to dissolve the paste from 
used SLI batteries in a mixture of an alkyl amine and sulfuric acid (61). The 
lead can be recovered subsequently by precipitation as lead carbonate if car- 
bon dioxide is bubbled into the solution, The carbonate, in turn, may be 
calcined to oxide or reduced pyrometallurgically to produce metallic lead. 
Again, no details are available on the fate of impurities of such a scheme or 
whether the oxide produced by this sequence would have properties suitable for 
direct reuse in battery manufacture. 

4.4.5 Conclusinns . 

No data have been reported to indicate that a fully integrated, econom- 
ically viable hydrometallurgical process can be developed for recovery of lead 
from general secondary smelter scrap. It is possible that such a process could 
be developed for recovery of lead from paste material removed from grids, but it 
is not currently possible to carry out such an operation on conventional auto- 
motive batteries. 

In Section 6.4 we present preliminary flow sheets for the recovery of 
lead from electric vehicle and load leveling batteries. 
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4.5 Nickel  

4.5.1 S t a t i s t i c s  and Energv Cons idera t ions  

Nickel  p l a y s  a n  important  r o l e  i n  t h e  i r o n  and s t e e l  and t h e  aero- 
space  i n d u s t r i e s .  I ts  g r e a t e s t  va lue  i s  a s  a n  a l l o y  a d d i t i o n  t o  promote 
bo th  c o r r o s i o n  r e s i s t a n c e  and h ighe r  s t r e n g t h .  The use  of n i c k e l  is  
expected t o  grow, e s p e c i a l l y  i n  t h e  petrochemical  and e l e c t r i c a l  i n d u s t r i e s ,  
a s  t h e  United S t a t e s  s eeks  t o  s a t i s f y  t h e  i n c r e a s i n g  demand f o r  energy. 
The meta l  i s  marketed a s . c a t h o d e s ,  powder, b r i q u e t t s ,  i n g o t s ,  s h o t ,  n i c k e l  
0x2 dc s i u l e r ,  and f e r r o n i c k e l  . 

Nickel is  mined p r i m a r i l y  as  the s u l f i d e  and r n n r ~ n t r a t e d  by 
f1o ta t io .n .  High grade  concen t r a t e s  may be r o a s t e d  t o  t h e  oxide  and sme1.te.d 
wf th  a coke r educ tan t  t o  form anodes which a r e  then  e l e c t r o r e f j n c d .  Lower 
g rade  concen t r a t e s  a r e  smelted t o  an  impure copper-nickel- i ron matte  and 
then  converted t o  a copper-nickel mat te  wi th  t h e  i r o n  r e p o r t i n g  t o  t h e  s l a g .  
The cooled  mat te  may b e  crushed and t h e  s u l f i d e s  removed by f lo t a t i . nn .  The 
impure meta l  phase i s  r e f i n e d  e l e c t r o l y t i c a l l y .  Nickel  s u l f i d e  may a l s o  be 
c a s t  d i r e c t l y  t o  anodes f o r  e l e c t r o l y s i s ,  o r  dead roas t ed  and reduced t o  
me ta l  which is then  f u r t h e r  r e f i n e d  e i t h e r  e l e c t r o l y t i c a l l y  o r  by t h e  carbonyl  
method. S u l f i d e  concen t r a t e s  can a l s o  be  leached wi th  ammonia and, a f t e r  
p u r i f i c a t i o n ,  bo th  n i c k e l  and c o b a l t  can be  obta ined  by hydrogen reduct ion .  

The e n e r g i s t i c s  of t h e  product ion  of e l e c t r o l y t i c  n i c k e l  from a n i cke l -  
copper concen t r a t e  was s t u d i e d  (62) and d e t a 2 l s  a r e  given i n  Fig.  42 .  

Fo recas t s  f o r  t h e  United S t a t e s  demand f o r  n i c k e l  i n  t h e  yea r s  1985 
and 2000 a long  w i t h  d a t a  f o r  1975 a r e  given i n  Table 27. The average annual 
growth r a t e  f o r  t h e  meta l  i s  s l i g h t l y  above t h r e e  pe rcen t .  

The United S t a t e s  produces only  a small p a r t  of i t s  n i c k e l  requi re -  
ment, about  n i n e  pe rcen t  i n  1976, a l though some n i c k e l  is a l s o  produced us ing  
imported o re .  A p r o j e c t i o n  of t h e  20 yea r  t r end  would i n d i c a t e  t h a t  we w i l l  
b e  mining and sme l t ing  on ly  about  s ix  percent  of o u r  primary demand i n  t h e  
y e a r  2000. However, t h e  Bureau of  Mines p r o j e c t s  t h a t  new mining and ex t rac-  
t i o n  technology w i l l  be developed f o r  one o r  more new sources :  t h e  Duluth, 
Minnesota gabbro o r e ,  l a t e r i t e s  i n  Oregon and C a l i f o r n i a ,  and deep seabed 
manganese nodules .  P r o j e c t i o n s  based on t h e  e x p l o i t a t i o n  of  t h e s e  new 
r e s o u r c e s  l e a d s  t o  an estimate nf a product ion  of 65% of our  primary denlaud 
by t h e  yea r  2000. 

Only one of  t h e  many p o s s i b l e  product ion  r o u t e s  f o r  n i c k e l  has  been 
analyzed f o r  energy consumption ( s e e  F ig .  42 ) .  I f  we do e x p l o i t  a d d i t l o n a l  
r e sou rces  such a s  l a t e r i t e s  o r  nodules ,  ,new technology w i l l  undoubtedly be 
developed f o r  t h e  e x t r a c t i o n  process ,  and hydrometallurgy i s  l i k e l y  t o  p lay  
a major r o l e  i n  such new technology. U n c e r t a i n t i e s  i n  t h e  amount of metal  
produced and t h e  n a t u r e  of t h e  new processes  make i t  very  d i f f i c u l t  t o  
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e s t i m a t e  t h e  q u a n t i t y  of energy used i n  t h e  product ion  of n i c k e l  i n  t h e  f u t u r e .  
It is a l s o  hard t o  p r o j e c t  t h e  f r a c t i o n  of t h i s  energy which w i l l  be  used i n  
e l ec t rowinn ing  o r  e l e c t r o r e f i n i n g .  Accepting t h e  o p t i m i s t i c  Bureau of Mines 
f i g u r e  of  100,000 tons  p e r  yea r  i n  1985 and 270,000 tons  per  year  i n  2000, and 
a n  e s t ima ted  energy con ten t  of 144 x lo6  B T U / ~ O ~  N i ,  we d e r i v e  t h e  va lues  i n  
Table 28. We w i l l  f u r t h e r  assume t h a t  90% of t h e  primary n i c k e l  produced i n  
1985 i n  t h e  United S t a t e s  i s  e l e c t r o r e f i n e d  and 5% i s  electrowon, and t h a t  75% 
of  t h e  primary n i c k e l  produced i n  t h e  yea r  2000 is e l e c t r o r e f i n e d ,  whi le  20% 
is electrowon.  Using d a t a  from E t t e l  (20) w e  c a l c u l a t e  t h a t  n i c k e l  e l e c t r o -  
r e f i n i n g  r e q u i r e s  1 8  x lo6  B T U / ~ O ~  N i  and n i c k e l  e lec t rowinning  r e q u i r e s  
35 x 106 BTU/ton N i .  We a r e  t h e r e f o r e  a b l e  t o  d e r i v e  t h e  q u a n t i t i e s  of e l ec -  
t r o l y t i c  energy given i n  Column 2 of Table 28. These va lues  a r e  considered t o  
have a higher  degree of u n c e r t a i n t y  than  those  of t h e  o t h e r  meta ls  c~nsidered 
and a r e  t h e r e f o r e  bracke ted .  The probable f o r e c a s t  f o r  n i c k e l  demand by end use 
f o r  t h e  yea r  2000 i s  g iven  i n  Table 29. 

A f low diagram f o r  n i c k e l  s c r a p  i s  given i n  Fig.  43. Secondary n i c k e l  
accounted f o r  about  21 percent  of t h e  demand i n  t h e  yea r  1975. 

Much of t h e  informat ion  r ega rd ing  t h e  secondary n i c k e l  i ndus t ry  i s  pro- 
p r i e t a r y  and few s t a t i s t i c s  are a v a i l a b l e .  A.D. L i t t l e  e s t i m a t e s  t h a t  23,000 
tons  of  o l d  sc rap  and 34,500 tons  of  new s c r a p  were a v a i l a b l e  i n  1976 (3 ) .  

Two me l t ing  f lowsheets  have been developed f o r  process ing  of n i c k e l  
a l l o y  s c r a p  (3) and t h e s e  a r e  shown i n  F igs .  44 and 45. For want of b e t t e r  
in format ion ,  an  average  va lue  of 15  x 106 BTU/ton of product  i s  used t o  esti- 
mare the energy con ten t  of recyc led  n i c k e l  a l l o y .  Again t h i s  va lue  i s  somewhat 
u w e r  Lain. 

Rough e s t i m a t e s  of  t h e  t o t a l  and e l e c t r o l . y t i c  energy saved by r ecyc l ing  
n i c k e l  i n  t h e  yea r s  1985 and 2000 a r e  given i n  Table 30. 

4.5.2 Recycl ing of Nickel  Scrap 

Nickel  s c rap  i s  generated dur ing  forming and shaping ope ra t ions  i n  p r f -  
mary processing p l a n t s  and i n  f a b r i c a t i n g  p l a n t s  which p roces s  s t a i n l e s s  s t e e l s  
and supe ra l loys .  Some o b s o l e t e  s c rap  comes from consumer goods. In-house 
s c r a p  i s  h igh  f o r  n i c k e l  a l l o y s ,  w i th  s t a i n l e s s  and a l l o y  s t e e l  p roducts  
averaging  l e s s  than  60 pe rcen t  y i e l d  and high-nickel  a l l o y s  o f t e n  a s  low a s  
2n pe rcen t  y i e ld .  

S t a i n l e s s  s t e e l  and supe ra l loy  s c r a p  i s  i n v a r i a b l y  recyc led  t o  produce 
t h e s e  m a t e r i a l s ,  whereas Monel a l l o y  i s  used t o  make s p e c i a l t y  copper-nickel 
steels which possess  h igh  s t r e n g t h  and a r e  co r ros ion  r e s i s t a n t .  Much of t h e  
r ecyc led  n i c k e l  s c r a p  i s  runaround s c r a p  i n  s t a i n l e s s  s t e e l  m i l l s .  



Table- 27 

U. S. Nickel  Dearid 'Forecas t  ' (.63) , 
(Thousands o f ' s h o r t  tons)  

Average Annual Growth 
.Year 2000.- . ' ' Rdte 

Probable ,, ~ b t i c ~ s  'R&*ge ' Gtowth 'Rate  1975-2000 
1975 1985 2000 ,'Low --- H a  Percent  

Primary 155 265 '415 300 '450 3.0 

Secondary 42 100 165 120 190 3.5 

Table 28 

Energy Consumption i n  t h e  Product ion of 

Primary Nickel i n  t h e  Years 1985 and 2000 

Primary Product ion To ta l  Energy, 
Year (thousands of s h o r t  tons)  1012 BTU - 
1985 (100) (14) (1.8) 

Table 29 

_End U s e  of Nickel  i n  t h e  Year 2000 (63) 

End ' U s e  

Chemicals 
Petroleurr! 
Fabr ica ted  .'Metal Products  
Transpor t a t s o n '  
E l e c t r t c a l  
HousehoZd Appltances'  
Machinery 
Construct ion 
Other 

Quari t i  t y  
(Thousands of Shor t  tons)  

TOTAL 
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Table 30 

, Energy Saved i n  Nickel Recycle 

To ta l  Energy, 
Year 1012 BTU 

1985 (12.9) 

2000 (21.3) 

E l e c t r o l y t i c  Energy, 
1012 BTU 

(2.1) 

(3.3) 



Prompt fndustrial nickel scrap is often sold to steel mills and 
smelters. Virtually all of nickel scrap from obsolete equipment ends upc 
in steel m3lls, smelters or foundries. 

The refractory nature of the nickel-bearing alloys makes it difficult 
to separate them into theTr elements by a hydrometallurgical route, and 
unless the compositions are known sufficiently well so that it can be 
remelted, alloy,scrap is shipped to Japan or Germany for separation into 
the elements. Apparently the technology and economics are more favorable 
in those countries. 

The separation of iron, cobalt and nickel from superalloy scrap has 
been reported by Aue and coworkers ( 6 4 ) .  Grinding, turnings, solids, etc. 
are melted together with slag formers to remove non-metals and oil. The 
metal Is then remelted with 3-4% graphite in a high frequency induction 
furnace. This transforms Mo, W and Cr to carbides. A granulate is fed 
inco titanium baskets and anodically dissolved in a diaphragm cell using a 

,, 

chloride electrolyte. Simultaneous electrodeposition of cobalt or nickel 
from purified liquor takes place at the cathode. The Mo, W and Cr carbides 
are treated separately to recover the metals. Solvent extraction, using 
tertiary alkylamines and selected chloride concentrations, is used to 
separate iron, cobalt and nickel from the anolyte. The process is not 
currently practiced commercially. 

Improvements in nickel recycling will come about by improved collec- 
tion and sorting technology. Processes for reclaiming nickel frnm complex 
nickel-bearing alloys require further development and may be hydrometallurgical 
i~i uaLure. 



4.6 Magnesium 

4.6.1 Statistics and Energy Considerations 

Magnesium is plentiful In the earth's crust and readily available for 
comerclal production from sea water and brlnes. The major use is as a non- 
metal, primarily for refractories, and only ten percent of total magnesium 
production is as.the metal. More magnesium is used In aluminum alloys than 
as the unalloyed metal or in magnesium-base.alloys. Major uses are aircraft, 
machinery, consumer products, cathodic protection of iron and steel, and as a 
reducing agent for the production of titanium, zirconium, hafnium, uranium, 
and.beryllium. 

Magnesium is produced in the United States primarily by the Dow elec- 
trolytic process. Sea water or brines are mixed with calcined dolomite to 
precipitate the hydroxide which is then treated with hydrochloric acid to 
produce a 36% solution of magnesium chloride. The magnesium chloride is 
further dried to a 75% concentration and fed to electrolytic cells. Chlorine 
and hydrochloric acid generated at the anode are recycled. 

The I.G. Farbenindustrie (IGF) process uses an anhydrous magneshm 
chloride cell feed to produce primarily chlorine at the anode. Chlorine is 
sold as a by-product. 

Energistics of production by .the Dow process are. summarized in Fig. 46. 
One ton of metal produced requires 358 x 106 BTU, of which .203 x lo6 BTU is 
used in electrolysis. Of this latter amount 180 x 106 BTU is electrical 
energy. Dow Chemical has recently reported (65) that conservation measures 
have resulted in a 15% reduction of energy requirements for magnesium pro- 
duc tion. 

Forecasts for de.mand of magnesium as the metal for the years 1985 and 
2000 along with data for 1973 are shown in Table 31. 

The United States is self-sufficient in magnesium, and its capacity 
and planned expansions should adequately meet demand through the year 2000. 

The total quantity of energy and the electrolytic energy required to 
'supply primary product2on for the years 1985 and 2000 are given in Table 32. 

The probable.forecast for magnesium metal by end use for the year 2000 
i s  given in Table 33. 

Secondary magnesium originates as magnesium-base alloy sheet, castings, 
assemblies, etc. After processing, it is generally sold in the form of alloy 
ingots for use by foundries and pressure die casters, or as cast galvanic 
anodes for use in cathodic protection of steel pipelines and structures. 
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Table 31 

Primary 

Secondary 

Year 

1985 

2000 

U.S. Magnesium Demand Forecas t  (661 ' 

Average Annual Growth 
'. Year 2000 Rate 

Probable Forecas t  Range Growth Rate 1973-2000 
1973 1985 ,2000 --- Low - High ( W )  . 

. . 

Table 32 

Energy Consumption i n  t h e  Product ion of Primary 

Magnesium i n  t h e  Years 1985 and 2000 

Primary Product ion To ta l  Energy, E l e c t r o l y t i c  Energy, 
(thousands of s h o r t  tons)  1012 BTU. ' . 1012 BTU 

Table '33 

,End Use of ~ a ~ n e s i u m  Metal i n  t h e  Year 2000 (66) 

Quanti ty  
End Use (thousands of s h o r t  tons)  

T ranspor t a t ion  

Marhinery 

Chemi.cals ' .  ' 

  on ferrous ,Metals  Product ion 

I r o n  and S t e e l  Foundries  . 

Other 

T o t a l  



During the period 1946 to 1974 magnesium consumption in the United 
States grew from about 15 thousand tons per year to 145 thousand tons per 
year. The quantity of recycle'magnesium, however, had decreased steadily 
from about 50% in the late 1940's to only 10% in 1974. Estimates for the 
year 1975 indicate a doubling of the quantity of magnesium recycle, which 
is an indication of the success of the aluminum industry campaign to recycle 
used beverage cans without chlorinating out the magnesium content. Recycle 
aluminum-base alloys now contribute about 30% of the magnesium used in the 
aluminum industry. 

A flow diagram for magnesium in the U.S. aluminum industry is shown 
in Fig. 47 for the year 1975. 

No energy analysis exists for secondary magnc..si.um recycling, but based 
u11 the sfmilarity of properties and procedures we estimate a value of 20 x 106 
~T~/ton, which is equivalent to the values used for aluminum. We may now esti- 
mate the quantity of energy saved by secondary recycle in the years 1985 and 
2000 as well as the electrolytic energy saved in those years and the data are 
given in Table 34. 

4.6.2 Recycling of Magnesium - ,Scrap 

Refining of secondary magnesium takes place under the protective 
action of a flux which usually has a magnesium chloride base and other 
halide or oxide salts to alter the density and other properti~n, Three 
general ~wlcing methods have been described: open pot melting where the 
flux forms a thin fluid film over the surface of the molten metal and may 
be parted for hand ladling processes; crucible n~el~ing Ln which the flux 
is skimmed off prior to pouring; and die casting where the flux does a b t  
protect the surface but is used to refine the metal. During the die 
casting process surface protection comes from the use of sulfur dioxide 
which is maintained in a closed drum over the pot. 

Heavy pieces of unalloyed magnesium or standard alloys of known 
composition are fed directly back to alloying pots and treated in the same 
manner as virg3a ingot. Machine shop scrap and fine clippings and trimmings 
are melted in the open pot process. Sawings and filings, found in large 
quantities in foundry operations, are added to a flux heel at a temperature 
below the melting point of the scrap and the ucrop is conti~luuuslyadded 
with stirring. The mass is then raised above the melting point of the metal 
and puddling allows the metal to coalesce and the metal may be ladled from 
the pot. Foundry sprues, heads, gates and risers are cleaned by sand blasting 
or tumbling and then oven dried before melting. No special refining tech- 
nique is required. Die casting butts, flashings, drippings, etc. are con- 
taminated with carbonaceous material, and this scrap is puddled in an open 
pot with flux which acts to coalesce the fine bodies and refine the metal, 
which may'then be transferred to the original casting pot. 



Fig. 47. Magnesium in U.S. aluminum industry in 1975 (67). 
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Table 34 

Year 

1985 

2000 

Energy Saved i n  Magncoium Metal Rccycl.c . - 

Tutol Encrgy, 1012 BTU BlU Elecrrolyric Energy, 1~'~' 

1- .8 

5.4 



Fluxes serve the functions of removing certain impurities from the 
magnesium and protecting the molten metal from contact with the atmosphere. 
Alkali metals present in magnesium react with magnesium chloride and pass 
into the flux as chlorides. Magnesium oxide present in the metal also 
reacts with magnesium chloride, forming the oxychloride which deposits on 
the bottom of the melt container. Thus the flux refining procedure is 
capable of removing most of the oxides, nitrides and other non-metallic 
impurities; however, metallic impurities are not removed by this method. 
Various metallic additions such as manganese and chromium have beend found 
to lower the iron content of magnesium. Beryllium and zirconium are also 
capable of metallic impurity removal. Cobalt halides have been reported to 
remove silica from magnesium. A number of studies have been published on 
refining with titanium and titanium compounds in which the titanium is used 
to remove the non-metallic impurities nitrogen, oxygen and hydrogen from mag- 
nesium. It also has been reported that titanium interacts with iron, silicon, 
manganese, aluminum and zinc in liquid magnesium, decreasing their contents 
in that sequence. 

Sublimation is a powerful technique for purification of magnesium. 
Here, advantage is taken of the relatively high vapor pressure of magnesium 
compared with elements which may be present as contaminants. The doubly sub- 
limed material has a very high degree of purity, including purification from 
alkali and alkaline earth metals. Refining by this method is used only to a 
limited extent because of high energy and operating costs. 

Magnesium may be refined electrolytically in a manner similar to that 
of the Hoopes cell used in the aluminum refining. In magnesium refining, zinc, 
lead or copper can be used as the weighting metals. Refining is conducted at 
about 700'~ with anodic current densities of the order of 0.6 to 0.8 amps/cm2 
and cathodic current densities ofaboht 0.6 to.-1.0 amps/c.m2 with an interelec- 
trode distance of about 10 cm. The specific energy expenditure during refining 
is between 9.5 and 10 kWh/kg which is only about 25 to 30% less than that used 
during electrolytic production of magnesium. The method, therefore, has not 
been adopted by industry because of high power expenditure and high operating 
costs . 

4.6.3 Conclusions 

Increased recycling of magnesium can best be achieved by minimizing 
demagging operations during the recycle of aluminum scrap. This.wil1 require 
impr0veinent.s in the recycle technology of wrought aluminum alloys. 



4.7 Titanium 

4.7.1 S t a t i s t i c s  and Energy Cons idera t ions  

Titanium became important  a s  a meta l  i n  t h e  1950's when t h e  h igh  
s t rength-to-weight  r a t i o  of  i ts  a l l o y s  found use  i n  aerospace a p p l i c a t i o n s .  
Other  u ses  i n  h e a t  exchangers and condensers depend upon i ts  chemical 
i n e r t n e s s .  The demand f o r  t h e  m e t a l l i c  forms is  only about 10% of t h e  
t o t a l  primary demand, 85% going t o  t i t an ium oxide pigments .and 5% t o  carb ides ,  
ceramics and chemicals+ 

Titanium is  produced from t h e  o r e  r u t i l e  which is  mined by dredging 
A u s t r a l i a n  beach sands.  The o r e  is b e n e f i c i a t e d  and shipped t o  t h e  
United S t a t e s  f o r  f u r t h e r  processing.  The concen t r a t e  i s  s h l o r i n a t c d  t o  
tiLa11lm re t r ach lo r ide ,wh ich  is then  p u r i f i e d  p r i o r  t o  reduct ion .  Reduction 
is accomplished wi th  magnesium (Kro l l  p rocess)  o r  wi th  sodium. E l e c t r o l y t i c  
r e d u c t i o n  of t i t a n i u m  t e t r a c h l o r i d e  from a molten s a l t  has  been under 
development f o r  a number of yea r s  and i s  repor ted  60 have markedly lower 
energy requirements  and s impler  p o l l u t i o n  c o n t r o l s  compared wi th  t h e  
K r o l l  process .  The Bureau of Mines p r o j e c t s  t h a t  by t h e  yea r  2000 a 
s i g n i f i c a n t  q u a n t i t y  of t i t a n i u m  w i l l  be  produced i n  t h e  United S t a t e s  
v i a  t h e  e l e c t r o l y t i c  r o u t e  (68) .  

The e n e r g i s t i c s  f o r  product ion f o r  t i t an ium by t h e  K r o l l  p rocess  and 
t h e  two-stage sodium reduc t ion  p roces s  a r e  g iven  i n  F igs .  48 and 49. No 
r e l i a b l e  d a t a  e x i s t  f o r  t h e  energy used i n  t h e  e l e c t r o l y t i c  process ,  bu t  we 
w i l l  assume a requirement  o f  300 x 106 BTU/ton T i .  It w a s  es t imated  t h a t  i n  
1975, 65% of t h e  t i t a n i u m  was produced by t h e  K r o l l  p rocess  and 35% by t h e  
sodium reduc t ion  process .  The mix p ro j ec t ed  f o r  '1985 and 211CKl is givan i n  
Table  35 Logecher w i t h  t h e  weighted average energy content  of t h e  meta l  pro- 
duced i n  those  yea r s .  

.The demand £ o r  t i t an ium sponge has been h ighly  v a r i a b l e  from y e a r  
t o  y e a r  i n  t h e  19701s , ranging  from a high of 25  thousand tons i n  1973 t o  
a low of  15 thousand tons  i n  1976. Forecas t  f o r  U.S. sponge t i t an ium - - 
and secondary meta l  demand f o r  t h e  years 1985 and 2080 arc given i n  T&l r  
3 6 .  

Contingencies  f o r  t h e  f o r e c a s t  on t h e  h igh  s i d e  could r e s u l t  
from increased  use  of t i t a n i u m  i n  a d d i t i o n a l  s t r u c t u r a l  components of 
a i r c r a f t .  The low s i d e  could r e s u l t  from t h e  replacement of t i t an ium 
a l l o y s  by f i b e r  r e in fo rced  p l a s t i c  and composite a i r  frames. 

The United S t a t e s  has  been ope ra t ing  a t  w e l l  below i t s  capac i ty  
of about  21 thousand tons  pe r  year  sponge product ion.  I n  r ecen t  yea r s  
we have imported about  15 percent  of our  sponge, mostly from Japan. 
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� able 35 . 

~raction of ~itanium Produced by Different '~echnolo~ies 

and their Respective Energy Contents 

6 10 BTU/TO~ 
% of Energy % of Energy % of Energy 
Total Contribution Total Contribution Total Contribution 

Magnesium 6 5 275 62 265 40 171 
Reduction 

Sodium . 35 130 31 115 31 115 
Reduction 

Electrolytic - - 7 21 29 8 7 
Reduction - .  - - 

Total Energy 
Content 

Primary 

Secondary 

Table 36 

U.S. Titanium Metal Demand Forecast (69) 
(thousands of tons) 

Probable Year 2000 Forecast Range 

1985 - 2000 Low - High 

2 2 40 34 6 7 

11 2 2 15 31 



The estimated total energy requirements for primary titanium 
production for the years 1985 and 2000 are given in Table 37. For 
the Kroll and sodium reduction processes, the electrolytic component 
is obtained from the electrolytic energy. required to..produce the requisite 
amounts of magnesium and sodium. The electrolytic energy required for 
electrolytic production of titanium is not reported, but is estimated at 
approximately 220 x 106 B T U / ~ O ~  Ti. 

Titanium scrap is recycled by adding it to a charge of virgin 
metal and forming a consumable electrode for melting. A flow sheet 
for this process is depicted in Fig. 50, which indicates the total energy 
in recycled scrap is about 35 x 106 BTU/ton. 

The estimated total energy and electrolytic energy saved by 
recycling titanium scrap i'n the years 1985 and 2000 are given in Table 
38. 

Two diagrams depicting the titanium cycle are given in Figs. 51 and 
52. For every pound of finished titanium part, 3.8 lbs of scrap are created. 
Of this, 2.3 lbs represents non-recycled scrap. The recycled titanium scrap 
represents about 113 of the titanium going into ingot production, the other 
213 coming from primary titanium sponge. 

About half of the non-titanium use recycle scrap is lost and the 
other half goes into steel and aluminum production. 

The steel and aluminum industries have kept the price of titanium 
scrap at a relatively high level. During periods of adequate supply of 
sponge there is, therefore, no significant incentive for aerospace and 
superalloy manufacturers to utf s i z e  scrap to a higher degree. Furthermore, 

' 

. there is currently no good economfcal way to separate mixed alloy titanium 
scrap coming from fabricators and machine.shops. It is also difficult to 
find an economfcally feasible system to detect inclusions which might be 
contained in titanium scrap and preclude its remelt use for aerospace appli- 
cat ions. 

4.7.2 Sources of Scra~ 

The major sources of titanium scrap are: 

Conversion of sponge to ingot 

Conversion of ingot to mill products 

Manufacture of end products from mill products 

.Old scrap from obsolete end items 



Table 37 

Energy Consumption in the Production of Primary Titanium 

in the Years 1985 and 2000 

Total Energy, Electrolytic Energy, Primary Production 
Year (thousands of short tons,) 1012 BTU 1012 BTU 

1985 2 2 8.8 6.9 

Table 38 

Energy Saved by Titanium Recycle 

Total Energy, Electrolytic Energy, 

Year 

1985 

2000 

1012 BTU 1012 BTU 
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Fig. 50. Titanium: Ingot making by double melting in vacuum 
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Figure 51. Typical Titanium Cyc!e 
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Fig. 52. . Titanium manufacturing and use cyc.1.e for 1969 (70). 



A s i g n i f i c a n t  amount of s c r a p  i s  generated by producers  of 
i n g o t  and m i l l  p roducts  , i n  t h e  form of i ngo t  ends and c o l l a r s .  and a s  
trimmings from b a r ,  p l a t e  a n d x h e e t .  The y i e l d  of b i l l e t  from ingo t  
is u s u a l l y  about  90-95% bu t  under adverse  circumstances can be a s  low 
as  80%. Product  y i e l d s  from ' b i l l e t  .average about 65X, b u t  complex 

' p r o d u c t s  such a s  tub ing  may g ive  y i e l d s  a s  low a s  50%. Large amounts 
of s c r a p  a r e  genera ted  i n  convertin,g m i l l  p roducts  t o  f i n i s h e d  p a r t s .  
As  an  example, f o r  t h e  F-15 a i r c r a f t  t h e  d e l i v e r e d  fo rg ing  f o r  t h e '  
f u s e l a g e  bulkhead weighs about 1300 l b s .  and is mi l l ed  t o  a  f i n a l .  
weight  of 145 l b s .  As.an average,  t h e  t o t a l  s c rap  generated from m i l l  
p roduc t s  i s  about  75%. Of t h i s  about  85% i s  recoverable .  

4 . 7 . 3  Current  P-xactice i n  Re.i..ycl.i.ng 

Titanium s c r a p  is  u t i l i z e d  i n  t h r e e  b a s i c  ways: (1) recycled t o  
new f n g o t  o r  c a s t i n g s ,  (2)  recyc led  t o  product ion  of s t e e l  o r  
aluminum, and (3) converted i n t o  n o n c r i t i c a l  t i t an ium i tems.  Fac tors  
a f f e c t i n g  t h e  end u s e  inc lude  s c r a p  pedigree ,  c l e a n l i n e s s ,  form, 
q u a n t i t y  and end u s e  demand. 

There a r e  a t  l e a s t  t h i r t y  d i f f e r e n t  t i t an ium a l l o y  grades i n  
use,and grade i d e n t i f i c a t i o n  is e s s e n t i a l  t o  main ta in  high s c r a p  
va lue .  While t i t a n i u m  producers main ta in  s p e c i a l  c a r e  i n  i d e n t i f y i n g  
in-house sc rap ,  some f a b r i c a t o r s  cons ider  t h e  bo the r  uneconomica1,and 
t h e  g e n e r a l  s c r a p  may b e  upgraded by d e a l e r s  who a r e  knowledgeable 
i n  i d e n t i f i c a t i o n  procedures .  

Producers  a r e  r e l u c t a n t  t o  accept  s c rap  of unce r t a in  pedigree  
s i n c e  t h e  q u a l i t y  of t h e i r  a l l o y s  is c r i t i c a l  i n  many uses .  However, 
when s c r a p  p r i c e s  and q u a l i t i e s  a r e  s u i t a b l e ,  some o u t s i d e  sc rap  is  
u t i l i z e d . .  Scrap r e c y c l e  t o  t i t an ium ingo t  i s  accomp.lished by c l ean ing  
t h e  c h i p s ,  t u rn ings  and .small  p i eces  and b lending  them wi th  sponge t o  
be  f e d  d i r e c t l y  i n t o  t h e  t i t an ium smel t ing  furnaces .  Massive s c r a p  
may b e  consol ida ted  by welding i n t o  consumable e l ec t rodes .  Some 
massive sc rap  i s  converted,  by hydr id ing  and crushing ,  t o  sma l l e r  , 

m a t e r i a l  p r i o r  t o  conso l ida t ion  f o r  melt ing.  

Titanium mel t ing  is  accomplished by t h e  consumable a r c  process  
where a n  a r c  i s  s t r u c k  between a  preformed e l e c t r o d e  and a  molten pool  
i n  a  copper-cooled mold. A l a r g e  q u a n t i t y  of t h e  melt  i s  exposed t o  a  
vacuum environment and an ingo t  w i th  l i t t l e  s eg rega t ion  r e s u l t s .  The 
amount of  s c rap  i n  t h e  charge is  l i m i t e d  by t h e  n e c e s s i t y  of producing 
a s o l i d  e l e c t r o d e  of some i n t e g r i t y ,  and t y p i c a l l y  about  25% sc rap  may 
b e  accomodated. 



4.7.4 Alternate Processes for Scrap Recycle 

Doyle and Love (71) studied physical methods of separating titanium 
from aerospace scrap. Two density separation processes, the AVCO Ferro- 
fluid and the Frenkel Company fuidized bed, were investigated. Both 
processes were equally effective in removing most contaminants from alloy 
scrap, but neither process could remove all contaminants. The minor levels 
of high density particles in the separated scrap were sufficient to degrade 
the fatigue life of specimens prepared from it. This is unacceptable for 
aerospace applications. Alternate melting technologies were recommended as 
a means of removing the impurity particles. 

Direct chlorination of scrap to feed for reduction has been examined 
as a recycle route but does not appear economically attractive because of 
the low cost of the natural raw material. Energistically, this route would 
have little to offer. 

The ability of titanium to form subhalides is the basis of a two-stage 
molten salt process (72) wherein scrap is treated with titanium tetrachloride 
to form the lower chlorides, TiC12, and TiC13, dissolved in a molten salt. 
The subhalides are subsequently reduced to the metal with sodium or magnesium. 
Alternatively, reduction could be accomplished electrolytically. The process 
allows versatility in treating a wide variety of titanium scrap. Economically, 
the reclamation of scrap not suitable for direct remelting appeared favorable, 
but the author recognized that the financial rewards anticipated were too small 
to justify an expensive development program without an industry-wide cooperative 
effort. Some energy savings may be contemplated by this process if it were 
applied to scrap that would not be otherwise utilized, since the subhalides, 
Tic12 and Ticla, would require less magnesium or sodium as a reductant compared 
with TiC14. 

No hydrometallurgical or electrochemical routes for titanium recycle 
appear worth studying. Better scrap management at the user level and improved 
methods of sorting would aid in improving recycle. 



5.0 CONSIDERATION OF NEW ELECTROCHEMICAL PROCESSES 
FOR SELECTED SCRAP MATERIALS 

5.1 General 

The information generated in Section 4 has been utilized to assess 
the possibility of developing new electrochemical recycle technology. 
Guidelines for such processes include: 

a Potential for significant energy saving. 

Availability of scrap material. 

Feasibility of an~electrochemical approach. 

we have selected three cases for a more detailed examination: 

Impure wrought aluminum alloy scrap. 

Copper contained in low grade scrap. 

Z,inc from metallurgical process dusts. 
. . 

These are discussed in turn below. 

5.2 Molten Salt Electrorefining of Wrought Aluminum Alloy Scrap 

5.2.1 ~eneral 

There is a large energy incentive to.increase the recycling of scrap 
aluminum. Improved physical separations such as better sorting at waste 
dumps and auto scrap plants and improvements i n  mechanical and eddy currcnt 
devices are extremely important. Energy savings and improved aluminum yield 
can also be envisaged at secondary smelters but these factors are outside 
the scope of this study. 

Although it is not currcntly n m ~ j a r  proble~u,  w u  project the future 
necessity of recycling wrought alloy scrap back to wrought products as the 
demand for this material grows relative to the cast product. Although more 
careful sorting will help achieve this aim, eventually provision should be 
made for reducing the level of contaminants such as iron, silicon, copper 
and lead in recycled aluminum. This could be conveniently effected in an 
electrorefinery. Since aluminum cannot be refined in the aqueous phase we 



may consider potential improvements in the Hoopes cell, solid phase elec- 
trorefining at low temperature in a molten chloride both, or electrorefining 
using an organic electrolyte. 

5.2.2 perspective on Molten Salt Electroref ining 

We believe that AlC13-based molten salts afford the best opportunity 
for economic electrorefining of aluminum. Incorporating suitable organic , 
compounds in the bath could combine the best properties of organic electro- 
lytes (100% current efficiency) with those of molten salt electrolytes 
(conductivity, stability). A suitable electrolyte might then consist of 
AlCl3 and NaCl at a temperature below 200°C to which low concentrations 
(~100 ppm) of leveling agents, e.g., polycyclic aromatic hydrocarbons or 
ethers have been added. This system would exhibit the following favorable 
properties: 

Excellent chemical and electrochemical stability yielding a 
long bath life; 

- 1 Conductivities of 10'-10'~ ohm-' cm and low ( 5  200°C) operating 
temperatures ensuring minimal energy input. 

0 Thermal and chemical compatibility with a variety of proven 
organic leveling agents. 

Totally anhydrous and' aprotic thus affording plat'ing efficiencies 
of 100%. 

Inability of the melt to soliate ~ e + ~  thus rendering the refined 
Ai iron-free. 

Good stability and conductivity are characteristics of inorganic 
electrolytes. Scale up and the associated process engineering, have been 
demonstrated by the Alcoa process which electrowins aluminum from a ~ a ~ 1 /  
AlCl3 molten salt (4). 

Peled and Gileadi (73) have demonstrated that cathode current effi- 
ciencies approaching 100% can be achieved from an A1Br3/~Br/toluene medium. 
Moreover, they found that small additions of polycyclic aromatic hydrocarbons 
(anthrarene and napthalene) greatly improved the morphology of the aluminum 
deposit as well as its purity. We expect that higher molecular weight 
a ~ ~ a l o g u e s  of anthraccne would have a similar effect without participating 
in the electrochemistry. 

The nature of an AlC13-based electrolyte maintains the anhydrous 
character. Adventitious water is immediately scavenged by the melt. Thus, 



with no protic impurities and an aprotic organ5c leveling agent, cathodic 
current ef f iciencies are, in principle, allowed to approach 100%. 

An additional important feature of the system is that iron will not 
dissolve from the anode. Were iron subject to anodic dissolution it would 
reduce on the cathode concurrently with aluminum, contaminating the product. 
Boxall and co-workers (74) has shown that in a 50:50 mole % AlC13:NaCl melt 
FeC12 was virtually insoluble. Thus, if aluminum dissolution were being 
driven at overpotentials sufficiently anodic to oxidize iron, the ~ e + ~  
formed would remain bound to the cathode as insoluble FeC12. 

5.2.3 Recommendations 

Technology should be developed to enable the low-cost recycling of 
wrought aluminum alloy scrap to wrought products. We believe that this can 
be best achieved by a low-temperature aluminum chloride-based molten salt 
electroreflning process. It'is difficult at this tfme to assess the magnitude 
of energy savlngs realizable, but it could be considerable. 

5.3 Recovery of Copper from Low Grade Scrap with an Electrohydro- 
metallurgical Process 

5.3.1 General 

The general outlines of the process requirements for an electrohydro- 
metallurgical process for the recovery of copper from low grade scrap have 
already been presented (see Fig. 16). All essential operatinns i.n the general 
process sequence have been demonstrated in other applicatinns, and the 
development of technically and economically s u s c e s s f ~ ~ l  t~chnology in th ia  
instance would involve their adaptation for use on low-grade scrap material. 
The development effort will have to be focused on the "front end" of the 
process; technology already exists for treating copper-bearing solutions for 
metal recovery. The greatest uncertainties, both technical and economic, 
occur in those sections of the process devoted to handling the raw scrap, 
pretreating it to render it more suitable for leaching, and leaching the 
treated Ecrnp. 

A key requirement of any successful process will be the ability to 
handle feed stocks with a wide variety of chemical compooition nnd physical. 
properties. It is known that conventional, pyrometallurgical processes can 
accept scrap from &any sources which differ widely in. copper, iron and non- 
metallic contents and tn such physical properties as bulk density and particle 
size distribution. It is likely that somewhat more attention to scrap prepara- 
tion will be required for a hydrometallurgical process. The process outline 
we have presented was developed mainly in response to two considerations: 
first, it will be necessary to pretreat the scrap by size reduction and 
densification to achieve acceptable metal recover5es in reasonable leaching 
times, and second, since the scrap will contain significant amounts of iron 
and other metallics, the lixiviantloxidant chosen should be highly selective 
for copper. 



5.3.2 Process Description 

An electrohydrometallurgical process for recovering copper from low 
grade scrap is shown schematically in Fig. 53. The process is based on 
the use of alr as an oxidant and ammonium sulfate as a lixiviant, the latter 
being chosen as the most appropriate system for use where the dissolution 
of ferrous material must be minimized. As shown, zinc might also be 
recovered, if economically justified, from scrap containing significant 
amounts of brass'or zinc alloys. The process plant would logically be 
divided into seven sections: Scrap storage and retrieval, scrap prepara- 
tion, scrap leaching, pregnant liquor purification, electrowinning, purge 
stream treatment, and general plant services. The essential features of 
each section are summarized below. 

5.3.2.1 Scrap Storage and Retrieval 

Uncovered storage capacity for 60 days consumption of unsorted, 
untreated scrap would be needed. Provisions would be made to segregate 
incoming scrap by type (e.g.', massive irony, wire and cable, consumer items) 
and to accommodate prepared scrap it if can be purchased. Unloading facilities 
would be provided for rail and truck deliveries as appropriate. Movement of 
material would be by magnetic and clam shell bucket cranes and tired vehicles 
as required. The same equipment would be used to charge prepared scrap to 
the leaching section and remove lights and leached scrap from the plant for 
disposal. Uncovered storage for 30 days lights and leached scrap would be 
provided, with unsorted scrap unloading facilities also serving to load 
process residues for disposal as required. 

5.3.2.2 Scrap Preparations 

It is likely that the unsorted scrap can'be retrieved in two 
major categories; massive, probably irony, scrap and light scrap associated 
with material such as wire and consumer scrap. The heavy or massive material 
would be fed to size reduction equipment to render it more suitable for 
further processing. Both light and heavy scrap would be shredded to reduce 
its size. This would release covering material and free metallics from non- 
metallic~ insofar as possible and also increase the specific surface area, 
thereby promoting rapid leaching. The shredded scrap would be subject to 
air classification steps to remove the lights and the lighter metallic scrap 
would be baled to reduce the solids volume handled in the leach section. 
The scrap storage and preparation sections would operate one shift per day, 
five days per week, while a l l  other plant sections would operate continuously. 

5.3.2.3 Leaching 

Prepared scrap would be charged, batchwise, to a series of 
leaching tanks with removable heads. Each tank would be provided with 



Fig. 53. 3l~ctrohydromet2llurgical process for the recovery of copper 
from low-grace scraF.. 



high volume pumps for circulating leach liquor over the scrap and with 
sparge nozzles to provide air contact. Vented air would be treated for 
ammonia recovery. After leaching, the pregnant liquor would be advanced, 
the scrap allowed to drain, and the bulk of solid residues removed. Some 
decrepitation of the scrap will inevitably occur, and the fine material 
will be removed from the liquor and releached to recover additional copper. 
Residues and sludge will be consolidated for disposal and the pregnant 

, liquor advanced to surge storage to smooth out composition fluctuations. 

5 . 3 . 2 . 4  ' pregnant Liquor Purification 

Copper will be selectively removed from the pregnant liquor 
by liquid ion exchange using conventional techniques. The required number 
of extractions and stripping stages will be provlded along with equipment 
for removing organic crud and tankhouse sludge from circulating organic and 
electrolyte streams. 

5 .3 .2 .5  Electrowinning 

Copper will be recovered by electrowinning from the liquid 
ion exchange strip solutions using insoluble lead anodes. The tankhouse ' 

will have starter and production sections, but the purge stream will be 
treated by recycling it to the liquid ion exchange extraction sections. 

5.3.2 .6  Purge Stream Treatment 

Other nonferrous metals, and especially zinc., will be solu- 
bilized in the leaching step and must be removed from the circulating leach 
liquor in a purge stream. If economics are suitable, zinc could be 
recovered from the purge stream, after pH adjustment,,by a liquid ion 
exchange operation similar to that used to remove copper from the pregnant 
liquor. The purge stream will contain ammonia and sulfate, however, and 
the former must be recovered for recycle. This would be accomplished by 
treating the purge stream with lime to precipitate the sulfates'as gypsum 
and any dissolved heavy metals as hydroxides, and by sparging steam into 
the mixture to vaporize the ammonia. The latter would be condensed for 
recycle and the resulting slurry filtered to obtain a sludge suitable for 
disposal. . 

5.3.2 .7  General Plant Services 

General plant services include the provision of utilities - 
steam, cooling water, and power - and administrative and support services 
such as laboratory, cafeteria, and administrative areas. These are entirely 
conventional and appropriate for plants of this type. 



5.3.3 Process Material and Energy Balances 

The overall process material and energy balances for a plant pro- 
ducing 10,000 tons per year of copper are summarized in Table 39. It must 
be emphasized that the flow rates for the major inputs and outputs, raw 
scrap and treated residues, are entirely dependent on the grade and compo- 
sition of the purchased scrap and the plant capacity. We have somewhat 
arbitrarily chosen the composition noted, but it is to be expected that in 
practice, the amount and distribution will be different and highly variable. 
The copper production rate would be typical of a plant treating scrap from a 
wide geographic area. 

While the equipment for the front end of the process is relatively, 
large, being sized to treat large amounts of low-grade, low-density scrap, 
the solurfori handling equipment is relatively small since,the pregnant 
liquor flow rate is only 100 GPM and the purge stream flow would be between 
10 and 25 GPM. Thus, process heating and cooling requirements are modest 
and the requirements for makeup water for process and cooling use and fuel 
for raising steam are low. The main requirement for power is in electro- 
winning, although a large connected power is needed for operation of the 
air classification equipment blower. The process water balance presented 
here is based on the assumption that the leach residues can be washed free 
of pregnant liquor,. after draining, with a single volume displacement. If 
washing is more difficult, the extra water would have to be removed with a 
higher purge stream flow. 

The total energy requirement for recovering copper by this p.rocess is 
approximately 60 x 106 BTU/~O~, taking a filel. requirement of 10,500 B~U/lrkJh 
for power consumed. While this is substantially lower than the energy 
requirements for primary production (>lo0 x 106 BTU/ton), ft is higher than 
reported for.10~ grade scrap processing by conventional, pyrometallurgical 
processing (~40 x 106 BTU/ton) .   his is a direct result of the use of an 
energy intensive electrcrchemical reduction step in this process. Use of 
alternative, chemical reduction steps which are currently under d~,velcrpment 
and optimized processing schemes could.reduce energy consumption by as much 
as 25%. If more stringent environmental control requirements impose addi- 
tional energy costs on conventional processes, an improved hydrometallurgical 
process sequence would then be competitive from the energy consumption point 
of view. 

5.3.4 Capital and Operating Costs 

Capital and operating cost estimates are summarized in Tables 40 and, 
41. These costs, derived from factored equipment cost estimates and pre- 
liminary material and energy balances, carry an uncertainty of at least 33%. 



P l a n t  Inpu t s  and Outputs 

Recovery of Copper from Low Grade Scrap 

Major Inpu t s  

Low Grade Scrap (1) 

H2S04 
CaO 

Liquid Ion Exchange Reagents and Addi t ives  

Fuel  

Power 

Water 

Major Outputs 

Cathode Copper (1) . 

Separated Light  Scrap (1) 

Leached Scrap Residues 

Leached Sludge 

P r e c i p i t a t e d  S i l l fa te  Sludge 

Tankhouse Sludge and Liquid Ion ~ x c h a n ~ e  Criid 

F i l t r a t e  and P l a n t  Run Off 

Process  Vents (2 

1,OQC) TPY 

50 TPY 

700 TPY 

1,000 TPY 

10,000 GPY 

250 x 10' ~ W / y r  

35 x l o 6  kwh 
50 x l o 6  ~ a l / y r  

10,000 TPY 

'~10 ,000  TPY 

'L22 ,uuO 'l'k'k' 

'L 3,000 TPY 

2,800 TPY 

200 TPY 

20 x l o 6  ~ a l / y r  

40 MSCPM 

( l )Sc rap  assumed t o  con ta in  25% copper,  recovered a t  90% e f f i c i e n c y ,  
and 35% l i g h t  f r a c t i o n  separa ted  a t  66% e f f i c i e n c y .  

(2)Cleaned a i r .  



Table 40 

Plant Sect ion 

Capital Cost Estimate Summary 

Copper Recovery from Low Grade Scrap 

Scrap Storage and Retrieval 

Scrap Preparation 

~eaciiing 

Pregnant Liquor ~urif ica t i o n  

Electrowinning 

Purge Scream Treatment 

Total Physical Plant 

Physical Plant 
Costs 

Utilities and General Plant Services 
@ 25% TPPC 

Direct Plant Cost 

Engineering, Construction, Fees and Con- 
tingency @ 33% DPL 

Total Fixed Capital 

$ 2,000/~nnual 
Tnn 

Table 41 

Operating Cost Estimate Summary 

Copper Recovery from Low Grade Scrap 

Materials and Supplies 

Utilities and F11e.l. (1) 

' Labor 
(2) Capital Charges 

Total Operating Cost 

("~uel @ $2.9/MM BTU, power @ 3.3/kWh. 

(2)~t 20% TPC 



Half of the direct plant costs are associated with the electrowinning 
section and will be little influenced by changes in plant capacity or the 
nature of the scrap being processed. Solution handling (liquid ion exchange 
and purge stream treatment) account for another quarter, so that the "front 
end" costs, which are most sensitive to scrap type, amount to only 25% of 
the total. Thus, more complex,and expensive scrap.preparation and leaching 
sequences would probably be justified if recoveries could be increased and/or 
materials handling and disposal problems eased. 

Capital charges for maintenance, material and supplies, depreciation, 
taxes, insurance, etc. are the dominant category of plant operating costs. 
Therefore a significant process development effort can be justified to 
decrease the total plant capital costs. In particular, lower cost alter- 
natives to the electrowinning step would be highly desirable. 

The total plant labor complement would be approximately 80 personnel, 
and an average burdened labor rate of $22,00O/year has been used. Most of 
the operating labor is required in the electrowinning plant, and its. power 
consumption amounts to more than 40% of the total utilities costs. Boiler 
and furnace fuel require another 40%, and the balance is mainly the cost of 
power consumed in the remainder of the plant. Makeup (NHq)2S04 accounts for 
one third of the material costs, and would increase directly with the volume 
of the purge stream to be treated. 

The estimated total capital and operating costs of $2000/annual ton 
and 40~/lb respectively are both substantially higher than currently borne 
in the processing of high grade scrap by convent2onal techniques. In fact, 
the capital cost is of the same order as would be required for the construc- 
tion of. a new primary smelter and the operating cost is significantly higher 
than would be required for smelting and refining. The costs of mining and 
milling would not have to be borne, however. Nevertheless, it appears 
that it would be necessary to purchase the low grade scrap for a price not 
exceeding 20~jlb (delivered) in order to provide a sufficient margin for 
this type of operation. While this is not out of line with some recently 
quoted prices, it should be emphasized that these are preliminary estimates 
and that significant categories of site specific costs have not been con- 
sidered. These include transportation costs and the net cost of disposal of 
process wastes. If credits for sale of separated materials do not offset 
cost of disposal of other wastes, the process economics would be very adversely 
effected. 

5.3,5 Recommendations 

No major source of copper scrap has.been found which cannot be treated 
pyrometallurgically followed by electrorefining. ~ydrometallurgical processes 
for copper scrap recovery which utilize electrowinning consume significantly 
more energy and are more expensive than pyrometallurgical processes. Develop- 
ment of chemical reduction alternatives to the electrowinning of copper are 
technically feasible and could substantially reduce the energy requirements 
and cost of the hydrometallurgical alternative. 



5.4 Recovery of Zinc from Metallurgical Process Dusts with an Elec- 
trohydrometallurgica1 Process 

5.4.1 General 

The technology for the recovery of zinc from roasted sulfide ores is 
well established and can serve as the basis for 'recovery of zinc from metallur- 
gical process dusts. In both cases, the zinc is present mainly as the oxide, 
and the technical and economic success depends on obtaining high zinc recoveries 
while minimizfng the dissolution of other dust constit~~ents whi ch would ease 
problems to z$nc electrowinning. 

In the case of zinc dusts derived from electric furnace reduction 
of scrap iron and steel, the key processing problem is to maximize zinc 
recbvery while minimizing iron dissolutidn. We have developed flow sheets 
based on the conventional jarosite process for iron removal from roasted 
zinc sulfide concentrates. In this case, however, the iron removed-to-zinc 
recovery ratio is quite high because the acid leach step will dissolve a 
significant amount of iron oxide. It may be possible, however, in some 
cases to relax the requirement to maximize zinc recovery which would 
decrease iron removal costs. In these circumstances, the leached residues 
would be recycled to the electric furnace and the zinc plant would be looked 
on merely as a zinc removal step in the steel production sequence. In this 
case, a goethite process would be used for iron removal to reduce the sulfur 
content of the recycled leach residues. 

5.4.2 Process Description 

An electrohydrometallurgical process for recovery of zinc from 
rnecall~rgfcal process dusts is shown schematicaily in Fig. 54. The process 
is based on conventional hydrometallurgical zinc processing technology, 
and the plant would consist of six sections: dust storage, dust preparation, 
leaching,. solution purification, electrowinning, and general plant services. 
The features of each section are summarized below. 

5.4.2.1 Dust Storage 

It is anticipated that the dusts will have been consolidated 
to increase their density prior to shipment and will be received in drums, 
by rruck, or closed rail cars. Covered, ventilated storage wild be provided 
for 30 days consumption of scrap. Dusts will be removed from containers, if 
required, and stored in ,bins for transfer to the dust. preparation section 
by enclosed conveyor. 

5.4.2.2 Dust Preparation 

, The as-received dusts would be wet-milled to break up agglomerates 
formed to increase shipping density. They would then be washed to remove 
soluble salts, particularly alkali halides, which would otherwise enter the 

. leaching circuit. The washed, milled dusts would then be fed, at a controlled . 
rate to the leaching section. 



Fig. 54. Electrohydrometallurgical process for the. recovery of zinc from 
metallurgical process dusts. 



5.4.2.3 Leaching 

The majority of the washed dusts would be fed to a "neutral 
leach" step in which the relative flow rates of dust and recycled electro- 
lyte are adjusted to maintain the solution pH near neutral. The leaching 
is carried out in agitated, open top reactors, and the leached slnrry is 
transferred to centrifuges for liquid-solid separation. The separated 
liquid effluent from neutral leach is sent to surge storage, while the 
solid residues are releached in hot, acidified electrolyte for additional 
zinc recovery. The 1.ear.h efflrr~nt from this operation, which will contain 
significant amounts of dissolved iron, is mixed with rml,aar.hed dust to 
raise its pH, and with (NH4)2S04 to precipitate the dissolved iron as 
ammonium jarosite. The residues from these steps are washed, with the zinc 
rich filtrate being returned to the neutral leach step. 

5.4.2.4 Solution Purification 

The solution from the neutral leach step contains copper, 
nickel and small amounts of other impurities which must be removed almost 
completely prior to electrowinning. Solution purification is carried out 
by the stagewise additions of metallic zinc dust and additives to the preg- 
nant liquor. In the first stages, copper displaces metallic zinc and is 
precipitated from solution. It is then filtered from the reactor effluent 
while other, more electropositive impurities are removed in the following 
stages. These impurities, now concentrated, may be sold or treated further 
if economically justified. 

Zinc is recovered directly from the purif?:ed pregnant liquor 
by electrowinning. Standard practice in zinc electrowinning would be followed, 
and 'electrolyte cooling would be by direct contact evaporation. The water 
removal in'electrowinning is a major consideration in establishing the pro- 
cess water balance. 

5.4.2.6 General. P l a n t  S~ririces 

General plant services include the provision of utilities and 
administrative services and, as for the case of copper recovery, are entirely 
conventional. 

5.4.3 Process Material and Enerpy Balances 

The overall process material and energy balances for the recovery 
of zinc from metallurgical process dusts are summarized in Table42. The 
dust composition selected is typical of electric furnace steelmaking dusts, 
which is the technology likely to be adopted in regional specialty mills. 



Table 42 

Plant Inputs and Outputs 

Recovery of Zfnc from Metallurgical Dusts 

Major Inputs 

Zinc Dusts (1) 

Metallic Zinc Dust and Additives 

Fuel 

Power 

Water 

Major Outputs 

Cathode Zinc (1) 

Cement Copper 

Other Impurities 

Leached Residues 

Tankhouse Sludge 

Salt Water and'Plant Run Off 

Process Venta 

62,500 TPY 

800 TPY 

1,700 TPY 

200 TPY 

150 .x 10' B T U / ~ ~  

38 x lo6 kWh/yr 
6 25 x 10 ~al/yr 

10,000 TPY 

100 TPY 

100 TPY 

52,500 TPY 

200 TPY 
6 20 x 10 GPY 

50 MSC%M 

(.l)Dusts assumed to contain 20% Zn, 0.2% Cu recovered at 80% efficfency 
and 31% Fe of which 10% is dissolved. 



The zinc production rate selected would be consistent with the steel mills 
processing large amounts of galvanized or zinc-rich scrap. 

The majority of the solid wastes from the process are leach residues 
which must be carefully disposed of since they still contain all of the 
heavy metals present in the raw dusts. If more wash water must be intro- 
duced to the leaching circuit than can be disposed of by evaporation in 
electrowinning, a purge stream treatment step will be required which will 
increase process complexity and cost. Since the pregnant liquor flow rate 
is small, about 50 GPM, process heating and cooling requirements are low. 
The main power demand is for zinc electrowinning, and utilities requirement 
are lower than for a comparable plant recovering copper, 

The total energy required for recovery of electrolytic zinc by this 
process, taking the fuel equivalent of power at 10,500 RTU/kWh, is approxi- 
mately 5 3  x 106 B~~/ton. This is slightly lower than the energy requirement 
for primary production which is about 60 x 106 BTU/ ton. Current practice in 
zinc recycling essentially involves distillation of relatively pnre., metallic 
scrap and requires about 25 x 106 ~Tu/ton. There is no figure-of-merit for 
the recovery of zinc from dusts since this resource is not currently exploited. 

5.4 .4  Capital and Operating Costs 

Capital and operating cost estimates for zinc recovery from metallur- 
gical dusts, summarized in Tables 4 3  and 4 4 ,  were derived from factored 
equipment costs and prelimi-nary material and energy balances and carry a 
correspondingly - ~ high uncertainty. 

Even though solution purification techniques must be very carefully 
worked out, the operations involved can be carried out in relatively simple 
equipment. The raw dust is not too difficult to handle and is easily leached 
at moderate process conditions so that the "front end" plant costs are 
relatively low. Since two thirds of the direct plant costs are associated 
with zinc electrowinning, significant additional investment in the prepara- 
tion and leaching sections could be justified if zinc recoveries could be 
increased from 80 to 90%. This would be true even if somewhat higher 
amounts of iron were dissolved in the process since the additional capital 
and operating costs incurred in its removal would be small. 

As was the c a m  for copper from lowgrade scrap, capital charges 
dominate the operating costs. Since two thirds of the capital costs are 
associated with electrowinning, there is little prospect for decreasing 
operating costs substantially. Half of the materials and supplies costs 
are associated with zinc dust and additives for solution purification and 
two thirds of the utility cost is for electrowinning power. The plant labor 
complement requires about 80 positions, the majority of which are associated 



Table 43 

Capital Cost Estimate Summary 

. Zinc Recovery from Metallurgical Dusts 

Plant Section 
Physical Plant 

Cost 

Dust Storage $ ' 700~ 

Dust Preparation 400M 

Leaching 1,700M 

Solution Purification 600M 

Electrowinning 6,600M , 

Total Physical Plant 

Utilities and General Plant Services 
@ 25% TPPC 

Direct Plant Cost 

Engineering, Construction, Fees and Con- 
tingency @ 33% DPC 

Total Fixed Capital . 

Operating Cost Estimate Summary 

Zinc Recovery from Metallurgical Dusts 

Materials and Supplies 

Utilities and Fuel (1) 

Labor 

Capital Charges (2) 

Revenues from Copper Sales (3 )  

Total operating Cost 

4,200M 

$16,700 . 
$ 1,67O/Annual 

Ton 

("~uel $2.9/MM BTU, power @ 3.3~IkWh. 

(2'~t 20% TFC. 

(3)~t $0.5/lb Cu. 



with tankhouse labor. This can be reduced only by utilizing automated 
material handling equipment, with a corresponding increase in capital related 
charges. 

The total estimated capital and operating costs for recovery of zinc 
from metallurgical dusts, $1700/annual ton and 35~/lb, respectively, are' . 

far higher than required for the recovery of zinc from metallic scrap by 
pyrometallurgical techniques. In fact, since electrolytic zinc has recently 
been selling in.the range of 30-35C/lb, the metallurgical dusts must be made 
available at no cost for this technology to compete in the primary zinc 
market. While a steelmaker might set a very low transfer price on the dusts, 
or make them available for the cost of freight to avoid disposal costs, the 
costs of disposal of leached reddues from the zinc plant would. stili have 
to be borne. The projected economics will not leave a sufficient margin. to 
cover any additlonal costs, let alone an adequate return on investment, 
unless additfonal credits can be taken. These might arise from the recycling 
of leached dusts for iron removal, uslng a goethlte process for iron removed 
as noted, or from decreased waste dfsposal costs. In either case, extensive 
pilot plant work would be required to define the properties of the leach 
residues . 

5.4.5 Recommendations 

Zinc-containing metallurgical process dusts are a major untapped 
resource which is currently an environmental disposal problem. Recycle of 
electric furnace steelmaking dusts, either as metallic zinc or as zinc oxide, 
could lead to energy savings of the order of 5 to 10 x 1012 BTU/year. A fully 
integrated hydrometallurgical process for zinc recovery from these dusts is 
too energy intensive and costly to warrant development. Alternate processes 
which deserve further consideration are 1) pyrometallurgical processes which 
combine the dusts with carbon, reduce and vaporize the zinc, and burn the zinc 
to oxide, and 2) a process which selectively leaches and recovers zinc oxide 
with concentrated ammonium chloride. 



6.0 RECYCLE OF BATTERY COMPONENTS 

6.1 Introduction 

A major effort is underway in the United States and several countries 
abroad to develop advanced, high energy secondary battery systems. These 
batteries would be used in two major applications: electric-powered auto- 
mobiles and stationary energy storage for load leveling of electric'utility. 
power. 

For the purpose of this study which is primarily concerned with the 
recycle of the metals of value, we will consider that each of the proposed 
secondary batteries will be - the battery of choice for both of the contem- 
plated uses. We will thus consider the high volume of metal associated with 
the large scale recycle of each system. 

6.2 Battery Systems Considered 

Six systems have been chosen as the most probable to be developed to 
the point where they are used commercially for the above mentioned missions. 
The near-term systems which, are considered to be available before 1985 include: 
advanced lead/acid, nickel/zinc, and nickelliron (75). Future systems, which 
still have considerable engineering, safety and/or environmental barriers to 
overcome before they become available in 1990 are: zinc/chlorine, sodium/ 
sulfur, and lithium-aluminum/metal sulfide (75). 

Available information on the characteristrcs of each system, based on 
the current state of development and projections for the future, has been 
organized to include: 

a  ear-term and long-term candidates. 

. Physical description of the battery unit for one or both 
applications. 

'Definition of the battery components and the chemical nature 
of those components in'both the charged and discharged state. 

a A basis for determining whether a component in a scrapped 
battcry ohould be recovered or d i s c a r d e d .  

Annual amount of scrap available for near term (1990) and pro- 
jected (2000) use. 

Definition of the form into which the recovered scrap will hive 
to be converted for reuse. 



A summary of all'information is given in Table 45. The physical descrip- 
tion of each battery system (Columns 2 and 3)is based either on current 
engineering models or on models proposed by the various facilities involved 
with developing the systems. The developer is noted in each case. The 
physical description provides the basis for sizing, handling and processing . 

equipment. Load leveling batteries are much larger and heavier than the 
corresponding electric vehicle battery. 

.The majcir compo~ents of each battery system have been 'itemized to 
identify those components which must be considered in recycling (Columns 4 
and 5). In all systems it has been assumed that the only materials that , 

undergo extensive change are the active materials, usual-ly the electrodes 
or plates. While the charge and discharge states are described as "same" 
for many components, it must. be acknowledged that there will inevitably be 
contamination, corrosion or degradation during service. We will assume 
that in developed systems this occurs only to a minor degree. 

In the leadlacid system the active materials are Pb and Pb02 at the 
negative and positive electrodes respectively. These interact with the 
electrolyte,H2SOq, and discharge to form PbS04. Lead-antimony grids are 
in common use in today's batteries but lead-calcium grids have been 
featured in the recently developed "maintenance-free" batteries. For this 
study we will assume that the lead-antimony alloy is retained in batteries 
for electric vehicle propulsion and load leveling. 

In the nickel/zinc system, the active metal electrodes are, in the 
charged state, NiOOH for the positive electrodes and Zn for the negative 
electrodes. In the discharged state they are converted to Ni(OH12 and 
ZnO. The KOH electrolyte supplies the water for the discharge reaction. 

The construction of the nickelliron battery is similar to that of 
the nickel/zinc. The nickel positive electrode is identical to the nickel 
electrode described above. The iron electrode consists of metallic iron 
in the charged state which is converted to ferrous/ferric hydroxide during 
two or three discharges. The electrolyte, lithiated KOH, supplies water 
for the discharge reaction. 

The zinclchlorine system design differs significant from the more 
conventional designs for the first three systems.. The battery section is 
supported 'by a sophisticated array of equipment including a gas pump, 
electrolyte pump, heat exchangers, filters and control valves. The battery 
section itself is also unique. Both electrodes are graphite substrates 
that are suspended'in an electrolyte consisting of a ZnC12 solution. The 
active materials are zinc and chlorine and, in the discharged state, are 
present in the electrolyte as inCl2. In the fully charged state the zinc 
is plated out onto the negative electrode and the chlorine is absorbed 
into the porous positive electrode. Chlorine is then stored in a chiller 
tank as chlorine hydrate. 



Table 45 

Analysis  of Ba t t e ry  Scrap Recovery 

*EV = E l e c t r i c  Vehicle.  
**LL = Load Leveling. 
tDiscard  t o  f u r t h e r  sc rap  recovery. 

(1) CRD B a t t e r i e s  (5) Ford 
(2) ERC ( 6 )  General E l e c t r i c  
(3)  Westinghouse (7)  Eagle-Picher 
(4 )  Energy Dev. Assoa. (8) Argonne 

F i n a l  Form Required f o r  Reuse 

Pure Pb and Pb02 f o r  p l a t e s -  

Pb-Sb @ % 7 X  f o r  p o s t s  6 l u g s .  

Pb-Sb @ 2 7 I  f o r  g r i d s .  

pure  ~i o r  N I ( O H ) ~  f o r  N i  e l e c t r o d e .  

Pure Zn o r  GO f o r  Zn e l e c t r o d e .  

Pure N i  o r .  Ni(OR)2 f o r  Ni p l a t e .  

Active m a t e r i a l s  a s  ZnC12. 

C1 e l e c t r o d e  a s  is, i f  p o s s i b l e .  

Zn e l e c t r o d e  - g r a p h i t e .  

Worth, 
Recovery 

o r  
Discard 

Recover 
Recover 
Discard 

Recover 

Discard 
-- ~ 

Recover 

Recover 

Discard  

Discard 

Recover 

2::: 
Discard t  

Discard 

Discard 

Recover 

D i s c a r d t  

Recover 

Recover 
Discard t  
Discard 

Recover 

U.S. Year ly  Amount 
of  'Scrap 

( i n  pounds) 

Year 1990 

Pb 

2.3 x 10' EV* 

p~ 

Ni 

3.8 x lo7 eV 

Zn 
1 . 7 x 1 0 7 E V  

X i  

7.1 x lo7 EV 
Fe 

3.4 x 10' EV 

Discard t 
Discard 

Recover 

Recover 

Discard+ 
Discard ? 

Recover 
Recover 

D e f i n i t i o n  and t i e m i c a l  
. Scrap  a t  S t a t e  

F u l l y  'Charged 

P l a t e s  - Pb a r d  PbO2 
G r i d s  - Pb v i t h  57% Sb 
E l e c t r o l y t e  - H2S04 

~ ~ ~ : a )  Pb v i t h  -7% Sb 

Cases P l a s t i c  o r  
S e p a r a t o r s  Rubber 

P l a t e s  - NiOOB and Zn 
E l e c t r o l y t e  - KOH 
Combs, g r i d s  Cu o r  N i  
Connectors 1 p l a t e d  Cu 
P o s t s  - Pb wi-h 1.7% Sb 
Cases ? l a s t i c  o r  
S e p a r a t o r s  somposi te  

P l a t e s  - Ni003 and Fe 
G r i d s  - S t e e l  o r  I r o n  
E l e c t r o l y t e  - L i t h i a t e d  KOR 
Connectors - ; t ee1  o r  Coated 

3u 
S e p a r a t o r s  - .Absorber 

b a r r i e r  t y p e  
CaselCover - P l a s t i c  

Act ive  H a t e r i a l s  - Zn and 
C12. A20 

Zn E l e c t r o d e s  - Graphite 
S u b s t r a t e  

C1 Elec t rode  - Porous 
S u b s t r a t e  M a t e r i a l  

E l e c t r o l y t e  - ZnC12 . 
Bus-Bars - .Metal 
Case - P l a s t i c  

A c t i v e  M a t e r i a l s  - Na and S 
( l i q u M )  

A v a i l a b l e  

Year. 2000 

Pb 

2.7 x 10' EV* 
7 '2  log LL** 

N i  

4.5 x lo8 EV 
1.2 x 109 LL 

Zn 
2 . O x 1 0 8 N  
5.2 x 108 LL 

Ni 

8 . 3  x 1 0 8 N  
2.2 x 109 LL 

Fe 

3.9 x lo8 EV 
1.0 x 109 L L .  

Zn 

1.7 x 10' EV 
4.4 lo8 LL 

C1 

1 . 8 . ~  10' EV 
4.8 x lo8 LL 

Na 

h s t  
B a t t e r y  

a 
5 
5 
% 

B 
IW 

,? 
:w 
z 

? .  

Z 1.6 x 10' EV Act ive  m a t e r i a l s  a s  pure  Na S . 

Nature  o f  
o f :  

F u l l y  Discharged 

Pb. PbO2 and PbSOq 
Same 
D i l u t e d  

Same 

Same 

Ni(OWZ and ZnO 
Concent ra ted  

Same 

Same 

Same 

Ni(OH)2 and Fe(OH)2 or 3 
Same 

Concentrated 

Same 

Same 

Same 

ZnCl2 i n  E l e c t r o l y t e  

Same 

Same 

Concent ra ted  
Same 
Same 

Na2Sx S o l i d  

D e s c r i p t i o n  
Phys ica l  

E l e c t r i c  
Vehic le  

12" €I 
7" 2 

10" L 
65 as 

T y p i c a l  

12" H 
7" W 

10" L 
r 6 2  I b s  

(2) 

12" H 
7" u . 

10" L ' 
65 Lbs 

(3) 

1. 6" tl 
?. 8" W 
1. 28v ,, 
Weight n o t  
a v a i l a b l e .  

14) 

C y l i n d r i c a l  
i n  Blo-ks 

P r o b a t l e  
Systems 

~ b l ~ c i d  

Ni/Zn 

NiIFe  

Zn/C12 

C N o r f n e  

ya's 

4 .4  x 108 LL 

S 

E l e c t r o l y t e  - B e t a  Alumina 

S u l f u r  Media - Porous 
g r a p h i t e  6 e l t  

Caaing-Steel. 

P l a t e s  - ~ i - ~ l  Alloy  and FeS 
o r  FeS2 

L I - A ~   rid - SS s c r e e n  
Fe Sx Grid - Fe 
E l e c t r o l y t e  - LiCl-KC1 Molten 

E u t e c t i c  

S e p a r a t o r s  - BN Clo th  
Casing - steel 

of 
g n i t s  

Load 
Level ing  

1. 49" H 
% 18" W 
1. 36" L 
x. 2645 l b s  

(1) 

KO model 
a v a i l a b l e  a t  . 
p r e s e n t .  

Uo model 
a v a i l a b l e  a t  
p r e s e n t .  

l o  model 
a v a i l a b l e  a t  
present .  

t e l l s  Grouped 

W 
a a 
G 
b 

I 

2 x Same 

Same 

. Same I 
Li2S and Fe 

Same 
Same 
Same 

Same 
Same 

, 17.5,, 
% 13" 51 
% 3 8 . 5 " L  
Weight not  
a v a i l a b l e .  

(5) 

Tubular 
Housinq 
? 8'-10" L 

.% 1'-4" d i a  
?. 660 l b s  

(7) 

Ceramic 
E l e c t r o l y t e  

LI-Al/Metal 
S u l f i d e  

. 

2.7 x 108EV 
7.2 x 10' LL I Casing - i n t a c t .  

~i ' P l a t e s  - ~i S .  
4.4 x 1 0 8  Ev 

2 

2.2 108 LL Bn - is. 

A 1  1 Casing - i n t a c t .  

8 . 8  x 108 LL 1 Fesx 
12 .6  x 109 W I 
1 1 . 3 1 1 0 9 L L  1 

1. 24,, 
% 30" W 
% b O 4 ' L  
Weight n o t  
a v a i l a b l e .  

(6) , 

1. 80" H I. lo" W 
% LO" L 
% 970 l b s  

(8)  



The sodium/sulfur battery'is a high temperature system where the 
active materials, sodium and sulfur/polysulfide, are molten at operating 
conditions (300-350°C) while the electrolyte is a solfid. Current designs 
involve the use of cylindrical cells with sodium at the.center core and a 

. ceramic ele~trolyte~beta-aluminasseparating it from the outer core which 
contains the sulfur. The sodium reservoir serves as the negative electrode 
while the sulfur is the positive electrode. Both materials react on dis- 
charge to form solutions of general composition Na2Sx which may be liquid 
or solid dependfing on composition. 

The lithium-aluminum/metal sulfide battery also operates at elevated 
temperatures (400-475OC). The candidate metal sulfide for the positive 
electrode is at present either FeS or FeS2. The active cathode is a 20 
weight percent alloy of lithium in aluminum. The current cell design 

. 

calls for a central positive electrode, FeSx, sandwiched between two nega- 
rive eleetuode Li-A1 plates. Upon discharge, lithium is depleted from 
the alloy and reacts with the iron sulfide to form Li2S and Fe. Reactions 
occur in a molten electrolyte of LiC1-KC1 eutectic. Of special concern to 
this system is the high cost of the ;late separators that are capable of 
functioning in such a hostile environment. Boron nitride is considered 
to be the most likely candidate at present. 

6.3 Rationale for Kecycle Methodology 

With the component parts and chemical'nature of the systems defined 
above, an evaluation was made as to what would be recovered and what could 
be discarded during reprocessing (Column 6). A discarded item or material 
may be considered either to be sold to another scrap operation, or relegated 
to final disposal depending on economic conside,rations. The recover-discard 
rationale was based on three criteria: 

Component cost due either to raw material or fabrication. 

Material availability to meet projected demand (secondary 
material may have to be recycled). 

Environmental impact of discarding 1arge.quantities of toxic 
materials may not be feasible or disposal costs may be pro- 
hibitive. 

However, because of the large size, load leveling batteries will permit 
,recycle of more components than their electric vehicle counterparts. Therefore, 
the information presented in Column 6. pertains more to the electric vehicle 
batteries. The differences in recoverability will be discussed further in the 
next section on recovery processes. 

To.arrive at the amounts of scrap generated in the United States by 
the battery systems discussed above, several assumptions were made: 

Each battery system is the only system in production. 



Only two sou rces  of  b a t t e r y  s c r a p  e x i s t  - e l e c t r i c  v e h i c l e  
and peak load  l e v e l i n g  a p p l i c a t i o n s .  

A l l  v e h i c u l a r  b a t t e r i e s  have an  average 3-year l i f e  and load 
l e v e l i n g  b a t t e r i e s  have a n  average 10-year l i f e .  

Based on t h e  above c r i t e r i a  i t  i s  ev iden t  t h a t  t h e  f i r s t  s c r ap  w i l l  
be  a v a i l a b l e  from a near  term system v e h i c u l a r  b a t t e r y  about 3-years a f t e r  
t h e i r  1985 commercial i n t roduc t ion .  By 2000 both nea r  term and f u t u r e  
systems f o r  bo th  a p p l i c a t i o n s  w i l l  be  c o n t r i b u t i n g  sc rap .  On t h i s  b a s i s ,  
1990 and 2000 were chosen a s  sample yea r s .  The magnitude (kWh o r  (MWh) o f  
t h e  b a t t e r y  demand h a s b e e n  der ived  from p r o j e c t i o n s  made by Argonne National 
Laboratory (76) .  From t h e  c a l c u l a t e d  usage of each b a t t e r y  a p p l i c a t i o n  i t  
w a s  'then p o s s i b l e  t o  e s t ima te  t h e  q u a n t i t y  of a c t i v e  m a t e r i a l  a v a i l a b l e  
assuming 100% recovery as sc rap  (77) .  These d a t a  a r e  given i n  Columns 7 and 
8. 

Although t h e  f i n a l  form i n  which b a t t e r y  s c r a p  components w i l l  be  
a v a i l a b l e  has  not  been f u l l y  de f ined ,  we have c a r r i e d  o u t  a  pre l iminary  , . 

eva lua t ion  of t h e  s p e c i f i c a t i o n s  which might be  r equ i r ed  f o r  t h e  va r ious  
recyc led  components (Column 9 ) .  Suggested assembly d e t a i l s  f o r  each b a t t e r y  
system, a s  given i n  t h e  l i t e r a t u r e ,  d e f i n e .  t h e  chemical and phys i ca l  form 
of t h e  r a w  m a t e r i a l s  t h a t  go i n t o  t h e  i n i t i a l  b a t t e r y  cons t ruc t ion .  With 
t h e  except ion  of  t h e  l e a d l a c i d ' b a t t e r ~ ,  manufacturing processes  u t i l i z i n g  
scrapped b a t t e r y  components a r e  no t  p r a c t i c e d  commercially. 

Three c l a s s e s  of s c rap  components must be considered i n  t h e  r e c y c l e  
process  : b 6 

, 
e Act ive  m a t e r i a l  such a s  e l e c t r o d e s .  

Aux i l i a ry  m a t e r i a l s  such a s  p o s t s ,  l u g s ,  g r i d s ,  e t c .  

Ma te r i a l s  unique t o  s p e c i f i c  systems. 

Act ive  and a u x i l i a r y  components a r e  common t o  a l l  systems. Unique 
components a r e  found i n  t h e  f u t u r e  systems where, f o r  example, t h e  c h l o r i n e  
e l e c t r o d e  i n  t h e  z i n c / c h l o r i n e  b a t t e r y  i s  a p t  t o  be  very  expensive and i t s  
performance i s  h igh ly  dependent on i ts  phys i ca l  form. I f  i t  is  t o  b e  
reclaimed from a scrapped b a t t e r y  then  i t  must be  recovered i n t a c t  and, 
p re fe rab ly ,  be  e a s i l y  cleaned by s imple phys i ca l  methods. The beta-alumina 
s o l i d  e l e c t r o l y t e  of t h e  sodium/sulfur  b a t t e r y  would a l s o  have t o  be  
recovered i n  i ts o r i g i n a l  phys i ca l  form s i n c e  t h e  major c o s t  of t h e  compo- 
nent  i s  i n . i t s  f a b r i c a t i o n .  S imi l a r  arguments hold f o r  t h e  boron n i t r i d e  
c l o t h  from t h e  lithium-aluminum/iron s u l f i d e  b a t t e r y .  



The acceptable form of recovered battery scrap is dependent on 
several factors: 

e The ability of the manufacturing process to accept other 
than the elemental form of the active material, e.g., can 
the lithium-aluminum'alloy be used directly in recycle? 

Whether the battery is produced in the charged or discharged 
state with active material in the same chemical form as it 
occurs in the scrap battery. 

Whether the functionality of.the recycled material is more 
influenced by its physical or chemical form. 

While each system that has been identified has some or all of these 
factors already defined, assumptions have been made for all construction 
details which bear on recovery and reuse. For example, we assume that the 
zinclchlorine battery will be constructed with recycle in mind so that 
recovery of components like the intact chlorine electrode will be possible. 

6.4 Conceptual Battery Recycle Processes 

Material handling, physical and chemical purification steps for each , 
of the six battery systems studied are presented schematically in Figs. 55 
through 6 6 .  

For each battery system two recycle processes are presented: one 
for electric vehicle batteries and a second for the much larger-sized 
load leveling batteries. Since there are significant design differences 
for the two applications, the recovery systems are inherently different. 
The most pronounced differences exist in the "front end" operations of 
handling and access to the internal components (see Tables 46 and 47). 

Since detailed mechanical designs, specifics of construction tech- 
niques, raw material purity requirements, and the physical state of the 
components in the used batteries cannot be fully defined at present, the 
flowsheets presented are somewhat speculative. We have attempted, however, 
to identify all of the operations which would be required to separate and 
purify the various components for recycle. The flowsheets have been based 
on the assumption that existing technology will be used whenever possible 
to minimize risk, even at some economic penalty. In addition, physical 
separation steps are preferred to chemical separations because of the 
inherently lower capital costs and energy requirements. 

The lead/acid flowsheets are shown in Figs. 55 and 5 6 .  Sulfuric 
acid will be recovered for recycle from the load leveling battery only. 
The acid recycle may turn out to be a maintenance item done periodically 



Table 46 

Characterization of Electric and Load Leveling Batteries 

Electric Vehicle Batteries Load Leveling Batteries 

Size 

Environment 

Temperature 

Electrolyte 

Collect io.n 

Small in size, low in weight Large in size, high in 
and inexpensively constructed. weight and constructed 

with long life cycle in 
mind. 

Designed to cope with vibra- Designed for stable repeti- 
tions and abrupt changes in tive service environment. 
motion. 

May be subject to conditions Will operate under con- 
above and below normal opera- trolled temperature condi- 
ting temperature limits. tions . 
Systems using room temperature Chemistry of makeup electro- 
electrolytes may have impuri- lyte carefully controlled. 
ties introduced with electro- ' 

lyte makeup. 

Dismantling 

Table 4 7 

Characterization of Recovery Processes for Electric 

Vehicle and Load Leveling Batteries 

Reclaiming 

Electric Vehicle Batteries' 

Gathered .from many small 
sources, each 'with a dif- 
ferent service history. . 

Separate battery components 
at a central location from a 
general mix by a series of 
mechanical and chemical pro- 
cesses. 

~ o a d  Leveling Batteries 

Components recycled directly 
at load leveling site.insofar 
as possible. 

Recover major components by 
mechanical removal from the 
carefully disassembled batter 
unit. 

Convert segregated streams of Recover as many components as 
multiple chemical composition possible with minimal further 
to a variety of useful products. processing to reconstruct new 

battery. 
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r a t h e r  t han  a t  b a t t e r y  te rmina t ion .  Both f lowsheets  a r e  based on r e c y c l e  
p roces ses  c u r r e n t l y  used t o  recovery SLI b a t t e r i e s  and u t i l i z e  pyrometal- 
l u r g i c a l  p roces ses  f o r  t h e  f i n a l  chemical r e f i n i n g  s t e p s .  

The n i c k e l l z i n c  and n i c k e l l i r o n  f lowsheets  a r e  shown i n  F igs .  57 
through 60, r e s p e c t i v e l y .  The recovery processes  a r e  very  s i m i l a r ,  except  
t h a t  t h e  i r o n  p l a t e s  of t h e  n i c k e l l i r o n  b a t t e r y  a r e  no t  reprocessed bu t  
a r e  s e n t  d i r e c t l y  t o  sa lvage .  The success  of t h e s e  f lowsheets  depends on 
t h e  a b i l i t y  t o  s e p a r a t e  t h e  p l a t e s  a s  "cleanly" a s  poss ib l e .  This  f a c t o r  
should be  a  key des ign  c o n s i d e r a t i o n  i n  b a t t e r y  manufacture.  Another 
impor tan t  des ign  cons ide ra t ion  involves  t h e  u s e  of c o b a l t  hydroxide, 
Co(OHl2, i n  t he  f a b r i c a t i o n  of t h e  n i c k e l  p l a t e s .  Under c u r r e n t  n i c k e l  
p l a t e .manufac tu r ing  technology, t h e  Co(OH)2 i s  added t o  improve p l a t e  
l i f e  and i n t e g r i t y .  Since t h e  p l a t e s  a r e  s epa ra t ed  and d i s so lved  t o  recover  
t h e i r  n i c k e l  con ten t ,  a  n i cke l - coba l t  s e p a r a t i o n  s t e p  would have t o  be 
added i f  t h e  c o b a l t  i s  p re sen t .  While t h i s  can be  done us ing  e x i s t i n g  tech- 
nology, t h e  process  becomes more complex w i t h  t h e  i n c l u s i o n s  of t h e  c o b a l t  
removal s t e p ,  

Z inc l ch lo r ine  b a t t e r y  r e c y c l e  f lowsheets  a r e  dep ic t ed  i n  F igs .  61 and 
62. A s  noted p rev ious ly ,  a major p o r t i o n  of t h e  r e c y c l e  ope ra t ion  w i l l  
c o n s i s t  o f  t h e  maintenance o r  overhaul  of t h e  a u x i l i a r y  equipment a s soc i a t ed  
w i t h  t h e  b a t t e r y .  The e a s e  and success  of r e c y c l i n g  t h e  porous c h l o r i n e  
e l e c t r o d e  w i l l  b e  ve ry  dependent on i t s  des ign  and cons t ruc t ion .  Based on 
t h e  l i t e r a t u r e  d e s c r i b i n g  t h e  proposed manufacturing approach, i t  was 
dec ided  t h a t  t h e  recyc led  m a t e r i a l s  b e  recovered i n  t h e  form of ZnC12 solu- 
t i o n  s i n c e  t h e  manufactur ing f a c i l i t i e s  w i l l  have c a p a c i t y  f o r  ZnC12 s t o r a g e  
as a raw m a t e r i a l .  It appears  t h a t  t h e  b a t t e r i e s  w i l l  be produced 111 Lhe 
d ischarged  s t a t e  and then  charged a t  t h e  produceion f a c i l i t y .  We assulue 
t hen  t h a t  t h e  bu lk  of t h e  raw m a t e r i a l  demand w i l l  be  i n  t h e  form of ZnL l2 ,  
which is  a l s o  e a s i e r  t o  s t o r e  and handle  than  l i q u i d  c h l o r i n e .  

The sodium/sulfur  b a t t e r y  recovery f lowsheets  a r e  given i n  F igs .  63 
and 6 4 .  Here, t h e  so lven t  N,N-dimethylacetamide (DMAC) i s  in s t rumen ta l  
i n  t h e  non-des t ruc t ive  s e p a r a t i o n  of t h e  i n n e r  and o u t e r  c e l l  componeAfs 
and a l s o  i n  d i s s o l v i n g  sodium and i ts  s u l f i d e s .  Because of t h e  r e a c t i v i t y  
of  sodium, much of  t h e  r e c y c l e  ope ra t ion  w i l l  have t o  b e  conducted i n  a  d ry  
environment,  t y p i c a l l y  a t  l e v e l s  below 2% a b s o l u t e  humidity.  The recyc led  
f i n a l  form w i l l  b e  NazS, r a t h e r  than  pure sodium because of t h e  s t a b i l i t y  
and ease of  handl ing  of t h e  s u l f i d e .  

The l a s t  two f lowsheets  f o r  t h e  l i thium-aluminumliron s u l f i d e  b a t t e r y  
recovery  a r e  shown i n  F igs .  65 and 66 .  I n  t h i s  system, e t h e r  s e rves  a s  a  
s e l e c t i v e  so lven t  f o r  removing t h e  K C 1  component of t h e  e l e c t r o l y t e .  This ,  
i n  t u r n ,  f a c i l i t a t e s  s e p a r a t i o n  of  t h e  i n n e r  and o u t e r  c e l l  components. A t  
later s t a g e s  i n  t h e  process ,  methyl a l c o h o l  is used t o  d i s s o l v e  l i t h i u m  and 
i t s  s u l f i d e .  The p r o p e r t i e s  of  l i t h i u m  a l s o  r e q u i r e  t h a t  much of  t h e  repro- 
c e s s i n g  be  done i n  a d ry  environment. 



Heat 

K2S04 Soln 
-e3 N e u t r a l i z a t i o n  

I 
t o  P l a t e  < - F a b r i c a t i o n  

d & I < KOH 

Connec tors .  
P o s t s ,  t o  Scrap  
Sa lvage  Z0 Gr id  

Grid N i  t o  
f, Secondary 

- - - - - - -  - I  H ~ S O ~  Zn 
I 

N i  I 
Purge 

F i l t e r i n g  

Fig. 57. Electric vehicle - nickel-zinc battery recovery flowsheet. 

Smel te r  9 Washing 

F i l t e r i n g  
and Drying C 

Fuel  Binder 
Flux M a t e r i a l  

Ni(OH)2 S ZnO Acid 
n i  6 Z l  

i KOH ZnSO' @ Purge 
S t r e a m  ZnS04 

P r e c i p i t a t i o n  

E l e c t r i :  Lcw pH 

H2SO5 j 

- 

> 

k 

Reductant  
Acid 

NiSO,, 

D i s s o l v i n g  
S e l e c t i v e  

' 

. ) Ex:raction 
6 S t r i p p i n q  

I K2S04 -- 

D i s s o l v i n g  
Vehic le3  Wash H20 

L 
Heat t o  Disposa l  

L- 1 JI ZnS04 

Soln  

Washing 
N I  

1 - 

Zn t o  
Recycle 

N e u t r a l i = i n g  
Acid - 

F i l t e r i n g  

I 

+ 
A 

Grid Cu t o  

- 

j I 
4 Acid 

r W  Slag  KOH 

N e u t r a l i z e d  
E l e c t r o l y t e  t o  

S i z e  
Reducing and 

S e p a r a t i n g  

Solvent 
E x t r a c t i o n  - 

6 S t r i p p i n g  Places 1 

4 

Reducing 
and 

D i s t i l l i n g  

4 

F i l t e r i n g  
and 

Washing 

Act ive  

b t e r i a l '  

t Secondary + 
Smel te r  

zn0 
c C a l c i n i n g  

D i s p o s a l  I X a r e r i a l  

1 t o  Dispoa l  
Ni(OH! 2 

;no < 
S l u r r y  of 

NiS04 
Binder 

M a t e r i a l  
H2S04 t o  Disposa l  

Spent  
B a t t e r y  

C o l l e c t i o n  
u -r 

ROE 

Zn(0H) 
C C 

S i z e  
Reducing r 

Pneumatic 
C l a s s i f y i n g  

) 

1 

I Grid  

- 
P r e c i p i t a t i o n  

Casing and R,SO Soln - 4 
-) S e p a r a t o r  j co N e u t r a l i z a t i o n  J@ 

Cu h L .  Ni  Purge 

I , 

0 

Case 
Opening 

Zn 
Cases  P l a t e s '  

) 

Washing 

Rough 
Component 
S e p a r a r i n g  

S e p a r a t o r s  

S i z e  
Reducing and 

Sludge 1 
Separating 

' 
6 S t r i p p i n g  

> D i s s o l v i n g  F i l t e r i n g  

Solvent  
E x t r a c t i o n  - 



Damaeed 

Neutraliz Lng 

W-h to 
Dlbposal 

> Separators j 
Mechanical Washing to Disposal 

Internals 
Separators to Recycle j 

Filtering 

Busbars 
Connectors 

Separating Sepsra=ing 
(to Secondary Distilling 

Smelters) Active 

I- Ni 1-r ZnO decycle ~ Fl Reducing 

Dissolving Dissolving 

Calcining Drying 

Filtering 

Washing Washing 

Precipitating Precipitating 

Collect ion 

I- 
'zS04 ZnSo4 

KOH 
I 

1 , NiSO' 

Selective k 
ZnO j ~tssotvfng Extraction ' 

Stripping 
L 

Fig. 58. Load-leveling - nickel-zinc battery recoverp flowsheet. 



Fe M a t e r i a l  
t o  Scrap  . j 
Salvage  

K2S06 Soln  

H z 0  
4 t o  N e u t r a l i z a t i o n  @ 

Ni(0H) 2  Heat - . t o  P l a t e  
F a b r i c a t i o n  

T 
- L KOH 

F i l t e r i n g  
Gr id  N i  co Drying c and + P r e c i p i t a t i o n  

+ Secondary + Washing 

Fig. 59. E l e c t r i c  v e h i c l e  - nicke l - i ron  b a t t e r y  recovery f lowsheet .  

Smel te r  
Combs, 

Connectors.  
Pos t s .  w Scrfp  

Sa lvage  Gr id  
, Low pH 

Acid 
NiSO,, 

- - - - -  
-I "ZS04 

Fe 

E l e c t r L c  
L 

Wash H20 
4 - L 

S i z e  Act ive  
S o l v e n t  

V e h i c l e s  E i  
Washing + D i s s o l v i n g  -3 "ltering j E x t r a c t i o n  , 

t 
Reducing Material P l a t e s  ' 6 S t r i p p i n g  

Nf I Purge 

Binder 
M a t e r i a l  Acid 

t o  Disposa l  NiS06 

I - 

7 

, . 

j 

KOE 
( l i t h i a t e d )  v Fe 

I Cases p l a t e s  ' 

I Pesoq L 

1 

Washing -3 

Speoc 
B a t t e r y  

C o l l e c t i o n  

S 

S e p a r a t o r s  

KzSO.5 

Case 
) Opening - ' 

I 

@ S o l o  
N e u t r a l i z i n g  

S i z e  i 
Reducing ) 

Rough 
Component 

s e p a r a t i o n  

2 

Pneumatic 
C l a s s i f y i n g  

Cas ing  and 

) 
S e p a r a t o r  ' 
? ( a t e r i a l  

1 
t o  Disposa l  

Ni(OH)2 
S s u t r a l i z e d  PejOH) /- 

X 

I . E l e c t r o l y t e  S l u r r y  o f  
t o  Disposa l  Xi(OH)2 L Fe(OH:$x KOH 

H,SO 
Pe Purge 

.. 6 

@ Stresm 
.I. x -iL 

H2S06 3 Disso lv ing  
S e l e c t i v e  

s E x t r a c t i o n  S t r i p p i n q  NiSOg 



AT LOAD-LEVELING SITE 

I 
M RECOVERY FACILITY 

4 F ~ S O '  + 
t o  Dtsposa l  

I Damaged Reagents I m p u r i t i e s  L S e p a r a t o r s  j 
Washing t o  Disposa l  

I n t e r v a l s  S e p a r a t i n g  S e p a r a t o r s  3 and 

Spent  L i t h i a t e d  Inspec  t i o n  , S e p a r a t o r s  
B a t t e r y  Purifica:ion KOH t o  ~j t o  Recycle - 

Recycle 

Acid 
Washing Busbars,  

E l e c t r o l y t e  ROH Counectors 
~ ~ ~ i ~ i ~ ~  -) ( I i t h i a  red) j F i l t e r i n g  t o  Scrap Salvage 

Fe P l a t e s  

1 Mechanical  N i  Grid t o  Scrap 

S e p a r a t i n g  j t~ Seccndary Sa lvage  To Disposa l  

a Case Case l o p  Smel te r  
Opening t o  r e c y c l e  

A c t i v e  

Fig. 60. Load-leveling - nickel-iron battery recovery flowsheet. 

* 

N i  t 
Ni(OH)2 t o  

B a t t e r y  I n  z r n a l s  Recycle 
3 t o  Recovery T a c i l i t y  S i z e  

Reducing 

Case 
Bottom 

Drying 

Cleaning  

I v 
Dissolv ing  N i  (OH), 

Sludge Pi1  t e r l n g  Sludge t o  I - 
Case Bottom 1 ' 2 ' 4  F i l t e r i n g  
t o  Recycle  and 

1 a i n d e r  
F i l t e r i n g  ) F a t e n a l  

t c  D l s p s ~ l  

Acid 

I 
NiSOl Precipitating 

NeutraLizing 1 
KO H T 

S e l e c t i v e  
Disso lv ing  j + FeSOG j F i l t e r  L S t r i p p i n g  

I 



C- 

E l e c t r i c  

ZnCIZ 
t o  Battery 
Production 

Parts 
Inventory - -I 

.p I 

+ 

Remova 1 6% Scrap Parts 
t o  Salvage 

2 

P u r i f i c a t i o n  

- 
( 

.L 

Electrode 
Sect ion Overhauled 

Overhaul Reassembly Battery t o  j 
Inventory 

j 
Graphite 

t o  Disposal 

Reagents Impurities 

I 
I 
I 
I 
I Reconditioned 

I 
or  New Electrode 

Sect ion 

Vehic les  z n c l Z  

Fig. 61. Electric vehicle - zinc-chlorine battery recovery flowsheet. 
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Fig. 63. Electric vehicle - sodium-sulfur battery recovery flowsheet. 
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Fig. 65. Electric-vehicle - lithium-aluminum-metal sulfide battery 
recovery flowsheet. 
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The near-term battery systems, leadlacid, nickel/zinc and nickell 
iron all lend themselves to a general recovery scheme of: 

Mechanical classification 

Hydrometallurgical separation 

.Pyrometallurgical conversion. 

Electrohydrometallurgical recovery processes are not justified for 
reasons that were presented earlier in this report for the specific metals 
lead, nickel and zinc. The advanced battery systems also involve mechanical 
classification, but the degree of sophistication required will be greater 
and will probably involve more intense operator intervention.. Aqueous 
metallurgical processing cannot be utilized with the high temperature sys- 
tems because of the reactivity of the metals with water. However, the use 
of selected solvents under carefully controlled conditions is feasible to 
effect necessary separations. 

6.5 Recommendations 

The recycle flowsheets presented above must be considered of a pre- 
liminary nature. They can, however, be used for rough economic scoping 
analysis. 

Significant uncertainty exists about the final form of the various 
batteries, especially for the more advanced concepts. It is also not known 
which of the systems will actually be developed commercially. Further 
fund2ng for more detafled studies of battery recycle should be provided as 
additional information Is generated and when input is required to establish 
the economic viability of a particular battery system. 
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