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INCO FLASH FURNACE utilizes 95% oxygen for combustion of concentrates, produces 75% to 80% SOz oHgas Figure C9

Continuous Furnaces Continuous smelting furnaces include the following:

1. The Noranda Furnace

2. The WORCRA Furnace

3. The Mitsubishi Furnace

4. The Britcosm4cO Furnace

5. The USBM Furnace

In continuous copper smelting. each metallurgical stage of roasting. smelting. and

converting, with slag cleaning, is accomplished in an individual unit with continuous

tapping and transfer of matte and metal.

Noranda. Furnace The Noranda process is based on two considerationg: by

combining smelting and converting in the same furnace, the fuel consumption

can be minimized, and dynamic conditions can be created in the bath which

will allow the production of copper while charging copper concentrates in

the furnace.

Pelletized concentrates and flux are fed into a

cylindrical furnace of the diameter but twice of
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As three

liquid layers are produced and coexist in the furnace: , matte, and

copper ..

Matte and slag flows are controlled as they move slowly to the'tapping ports ..

Oxidizing gas is introduced into the matte to oxidize the PeS ..

Continued injection of the gas into the resulting white metal gradually

oxidizes Cu2S to metallic copper, which is tapped periodically afte~ it

separates by settling.

Slag tapped from the reactor is a low-silica, high-copper product which is

treated by milling to yield a high-grade concentrate, which is r~cycledt and
C26

a low-copper (about 0.5%) tailing which is discarded. (Figure CIO)
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NORANDA PROCESS produces rich off-gases to facilitate 502 recovery Figure CIO

WORCRA Furnace In the WORCRA process, concentrate and flux introduced

in a mildly oxidizing zone by or injection

at an to ensure into the liquid and to

aid the continuous circulation of and in the Some coneen-

trates may be added in the converter zone to the exit" where
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c.ontrol in

A form of hot solvent-extraction is achieved by- the slag to move

countercurrent to the

particularly iron, are thus continuously being to ~he slageafter

oxidation. Conversely, and particularly in the smelting and slag cleanup

zones, valuable copper in the can be caused to revert to the matte

for waste-heat utilization and

phase by interaction with ferrous sulfide in the matte. In this separate,

but connected, slag-cleaning zone, additions of concentrates or pyrites are

made to cause both separation or settling of entrained matte, which is

continuously returned by gravity to the smelting zone via a sloping hearth.

As the matte moves slowly through the smelting and converting zones, it is

sequentially lanced with air (or enriched air), causing conversion to white

metal and thence to copper. Significant differences in specific gravity

of these phases aid in the separations. The hearth in the converting zone

continues to slope downward to an underpass through which copper passes

continuously to a "copper well" which overflows with the blister copper product.

Furnace gases rich in S02 can be

recovery in conventionll equipment prior either to venting or to conversion

in a sulfuric acid plant. In a commercial-scale plant, the low S02 gases

generated by the burners that heat the slag-cleaning zone could be used

separately for concentrate drying or combined with the rich gas.
C26

(Figures Cli and C12)

The Mit8ubishi process is recent

and utilizes three In the first , concentrates

are dispersed in air jets which the of the , and

te.

This matte then flows into second and i. converted by air
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WORCRA PROCESS SCHEMATIC shows concept Figure CII WORCRA FURNACE unites three operating zones Figure Cl2

while the 818g:is treated pyrometallurgically in an electric furnace. The

basic elements of the Mitsubishi process are similar to those of the flash

smelting process, with the exception that the three furnaces are inter-

connected and transfer of slag and matte between them is by gravity flow.
C26

(Figure C13)
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MITSUBISHI PROCESS depends on material flow between three vessels Figure Cl3

This process 1. intended to bring the

in the
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of sulfide concentrateSe on of

not only oxidize sulfur, but also produce a slag of high enough oxygen

potential to allow metallic copper to be made directly in process ..

Dry concentrate and flux are fed into the main smelting shaft"with sufficient

preheated or oxygen-enriched air to provide for autogenous smelting, pro-

ducing enriched white-metal and 8lag phases. These collect on the hearth

in two layers.

As the volume of slag increases, it flows along the phase-reaction section

of the hearth. Contact with matte and low-grade matte causes more copper

to be rejected.. As the slag progresses toward the top hole, it is subjected

to even greater reducing action immediately under the secondary smelting

shaft. In the final stretch between the shaft and the tap hole, fine

particles of matte disperse through the slag, reducing oxygen potential

even further and caRsing additional rejection of copper.

Meanwhile, at the other end of the hearth, copper falling down the main

smelting shaft is oxidized up to the state of metal, with variations in

oxidation level evening out al the work their way through the

slag. The copper dissolves at the top of the enriched white-metal layer,

is precipitated from the bottom as , when it is removed via a bottam-
C26

tapping xyphon arrangement. (Figure C14)

Gases and suspended
molten products
from secondary
smelting shaft

/ Gases and some
Phase-reaction suspended molten
hearth products from

second"lry
smelting shaft

Gases and
suspended .
molten products
from main
smelting shaft

__ Main
smelting maft

\
" Enriched

white metal

Figure C14 BRITCOSMACO PROCESS needs low energy input
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The USBM process consists of hearth.

Sulfide concentrate and flux are blown into the furnace through a burner.

Flash smelting produces approximately a 50% copper matte t which flows down

the hearth countercurrent to slag flow.

At the converting end of the furnace, oxygen is introduced via a watercoeled

lance immersed in the matte layer t where conversion to blister copper pro-

ceeds. Injection of oxygen into the matte by a lance passing through the

slag layer concentrates heat in the matte t where it is needed~ and keeps the

slag at lower oxygen potential, thus lowering its copper content.

Slag formed in the smelting and converting reactions flow to the slag well t

undergoing cleaning enroute by:

1. contact with lower-grade matte

2. the roast reaction of copper sulfide and copper oxide

3. the reduction of copper oxide by sulfur and ferrous sulfide
(26

4. the reduction of magnetite (Figure CIS)

flue

~ Copper overfk>w

~

Vert ic1e.elevation $!etion through center

Common reactions by zone

BUMINES AUTOGENOUS scheme combines multiple processing in single furnace Figure CI5

@Siag cleaning

2Cu,0 + Cu,S"" 6Cu + SO,
Cu.O + FeS:" Cu.S ... FeO·
2C~20 + S - 4Cu'+ SO!
FeS + 3FeJ 0 4 .. 10FeO + 5°2 "

®Converting

2FeS + 30 2 ..... 2FeO + 250 2
2CU2S +.302 -+ 2CuzO .. 150z'
CUzS + 2eu zO ..... 6Cu + SOz
2FeO + Si0 2 .... Fe 2 - 5i04

6FeO + O2 ..... 2Fe j O..

. G)=lash roasting ",fld smelting

2CuFeS 2 + O 2 -+ CU2S + 2FeS + S02
2FeS + 30 2 -+ 2FeO + 250 z .
(FezO J and FeJO" also formed)
3Fe20J + FeS -+ 7FeO + S02
3Fe)0.. + FeS ..... 10FeO + S02

. 2FeO + SiOz -+ Fe2 SiD. "
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The process of converting is essentially an oxidation process, no extraneous fuel

utili.zed e Air for oxidation' is admitted foot or so abov~ tuyeres so when

the converter is in the normal operating position, the air 1s forced by pressure

from the blower through the matte.

The conventional-type converter lies in a horizontal plane and is capable of being

rotated on its long axis for purposes of charging and emptying. Liquid matte from

the smelting phase is charged to the converter together with silica flux. In the

case of a copper rich matte, oxidation commences and slag begins to form, the oxi­

dation of the iron producing the heat necessary to maintain the slagging action.

2FeS + 302 • 2FeO + 2S02 + 224,000 calories

The iron oxide produced combines with the silica flux to form an iron silicate slag

which is poured off, more matte and flux added, air readmitted, and the action

commences.

2FeO + Si02 • 2FeO-Si02 (slag)

When sufficient copper sulfide has been accumulated in the converter, this in turn

is oxidized, the product being blister copper (98% - 99% eu), which is transferred

to furnaces for casting into anodes prior to electrolytic refining.

2Cu2S + 302 = 2Cu 20 + 2S02

Cu2S + 2Cu20 = 6Cu + S02

3Cu2S + 302 = 6Cu + 3S02

In the case of a copper-nickel sulfide matte, separation of the non-magnetic copper­

nickel sulfides is generally affected by flotation, the copper sulfide being con­

veyed to the copper smelter, the nickel sulfide being sintered for the production

of aickel oxide.

Typical types of converters

1. The Pierce-Smith Sideblown Converter

2. The Hoboken Horizontal Converter
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3. The Vessel

Pierce-Smith Sideblown Converter The Pierce-Smith Converter is an efficient

machine whose high air-flows allow both large copper throughputs and the

smelting of culky copper-bearing materials and scrap bhat might otherwise

be difficult to dispose of. Outlet gases are generally low in S02 concentration,

a consequence of excessive air infiltration into the off-take hood over the
(26

converter mouth. (Figure C16)

Oft-gas

\r

Siliceous
flux

/

FLUX GUN

Figure C16

Cutaway view of horizontal side-hlown converter.

Hoboken Horizontal Siphon-Type Converter In this unit, reaction gas is taken

off the vessel constantly through one end, and matte charged to the converter

through the small pouring-mouth while the converter is in the upright blowing

position. Dilution of the exhaust gas is minimized by controlling the converting

to give zero suction at the converting mouth.

When the converter 1s poured or skimmed of air is diacon-

tinued and the weak are vented to an escape stack rather than to the
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is consis

during converting c.onverters are

operating on a continuous basis, it should be possible to supply an acid plant

with a mixed exhaust gas containing all of the converter while avoiding
(26

excessive fluctuations in gas volume and 802 concentration. (Figure C17)

HOBOKEN CONVERTER can improve sulfur recovery but
lacks Peirce-Smith unit's smelling efficiency Figure C17

Kennecott Converter-Smelter Vessel This unit is based on the modification

of existing converters to allow them to double aa smelting and converting

vessels. Pelletized concentrates and flux are fed through the mouth of the

converter and are smelted and converted to high-grade'DUltte through the use

of oxy-fuel burners and oxygen-enriched tuyere air.

In the KeS process, a high bath of high-grade matte is maintained in the

vessel at all i. and and

at hourly is to
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alterna~ive for exi~ting smelters w~ich for 5C~ rea5~~ do n~t w~t ~o cc~t:~~~

C15
operating their reverberatories. (Figure CIS)

OXy- FUEL
eURNER

HOOD --t--4..

~
SLAG TO
MILLING

PELLETS
FLUX

-_"""lI~_~OHIGH SPEED

CONVEYOR

I
t
'NHfTE METAL TO
FtNISHING CONVERTER

Kennecott's converter process aHt!r'1 can Cllt1Tactive iQ~'<::Qst altltrnarl"fJ/ tar ulstlng uneiteM. ? i.gur..;:: C13

ReIer to table Cl for a statistical review of aase of the features of each

piece of pyrometallurgical equipment and/or apparatus; refer to figure Cl~

which illustrates in a very generalized combined flow.heet the various choices

in current and developing technology offered to smelter de.

Figure C20 compares and contrast. the quality of Detal product produced from

the various pyrosetallur8ical .ystems. The reverberatory and electrical

fluidized or hearth roasters, in which CJII..lE tte is converted slightly to

the composition of point 8. !he flash furnace and a1.0 the converting

furnace of the Mil5ub1shi proces produce a tte of 55-60%

copper, near point C. In the ~oranda process reactor. the aatte CJll.D be

converted all the vay to eu), there an electro-ref

proble~ due to the ret ion of high bi.muth or ant content in the anode.



Table Cl

Salient Feature. of Pyroaetallurgieal
Equipment and-Apparatu8

,t.PP,l:lll,ruS

~ltipl@ Hearth Roaster

D£SCRIPTIOM &D~NSIONS

Cylindrieal-briek-lined vessel

~ CAS GRADES

2-6% S02

DISADVANTAGES

Hare expensive to operate in comparison
to other cftlctnln~ oprrntlonn.

Calcine Carryover of 6% in outlet gases.

ADV/\lITAGr.S

t£4fQ1£ ~ __ k __ Q if '!I"~

Fluid ~d ~oaster Cyllndrieal-refraetory-lined
steel shell

1600 LPO 12-14% S02
Coneentrate

Proeessing difficulties.

Exce~8ive calcine carryover of BO% In
outlet gases

No moving parts In the coebu't~o, c~a=?~,.

Malntenanee requlreoent~ are at

Uniform bed teQperatures and co~~o3~~lo~

are m41ntafn~d In th~ fl~l~ Lp~.

Little exeesa air 1m require1.

Sloterlng ~chine Traveling straight line grate

25 ft. - 35 ft. long
5 ft. - 8 ft. vIde

1.5-2% 502 Requires a very careful adjustment of the !xeellent hearth ,~ffieiency.

physieal and chemical conditions of the eharge.

Sulfur control is not very practleal.
i JJ"TJ,,2$$biMQ!liliiii&JJMiikM'~

~OCOdA Blast Fumsee

~ever~eratory Furnace

tlectric 'umace

A long horirontal furnaee with
a roof designed to refleet flame
dovn onto a charge on the hearth

120-150 ft. long
30-40 ft. vide

High temperatures 140o-1700·C
Tapping te~perature llOo-1300·C

Gas te~?eratures 1100·C

Rectan~ular 1n cro!!ls-secti~

with a firebrick sprung-arch
roof and a basic-brick Inverted­
arch bottos

500 TPO
eharge

1600 LPO
charge

7.3% 502
9.5% C02
3.1% O2

.5-1.0% 502
11-20% of
sulfur
content
relllOved

2-4% S02

Laeks espacity fOr large smelter
operations.

Thermal efficiency of the reverberatory
i!I lev.

High hydrostatia heads attributable to
deep layered alags constitute a definlt.
furnace operating haZArd.

8ath runavaya are a major hazard.

Copper matte ia more difficult ~o produce
than nlekel matte. '

Lover BTU requir~~~~t!!l per ton of ~\ar~~

vhen compared 'lith the 8TU req'J~r~=~~tSl ~r

ton of vet chlllr~e in re·lerjerat~~/.

Furnace possesses fhxibility' "'~:~ res?'!: t

to feed.

Capable of handliTI~ large tonna~e$ of hot
charge per day.



Table Cl continued

Flash rurnace (Outokuepu)

Flasb Furnace (INCO)

Phrclll-SlUth SldeblCl'llol'n
waverter

Robo~en Horizontal Siphon­
'.I'yp4! eonyutlllr

Cylindrical ateel Yessel lined
with basic refractory bricka.

13 ft. diameter; 30 ft. lenlth

1400 TPD
concentrate

56.5 TPD
blilllter
copper

14% 502

7S-80% S02

2-6% SOZ

8% 502

Slage are too hi~h in copper content to b~

die carded. An additional electric furnace
i. needed to treat both flash furnace slag
and converter 11ag.

Slage are too high in copper content to be
discarded. An additional electric furnace
is needed to treat both flash furnace elag
and converter sleg.

~eletlvel1 low concentration of SOZ in
outlet gal.

Capital colte are high than Pieree-S.ith
converter.

Capacity per unit ai&8 is lower than
comparable unit••

Efficiency a. a ~.ltinn machine i. low.

ltD emaIl phyaical ai14 support. 1.r~e

throushput.
It i8 very econo=ieal in its ule of fuel,
the Rreater portioD used for aIr heating,
and therefore. of lov quality.
The ga. produced 11 a good feedstock for
an acid plant.
Direct production of ele~nt41 Gulfur 10
the flash-.meltiD~ e.i•• ion .ystem ie
beinR developed.

Very efficient a. III .m~ltln~ •• chlne uDdlllr
certaIn .edified conditionl.

M1tlllubllbi PToce•• (ContiDuoua)

WO~ClA Procee. (~tinuoua)

500 !PD- lZ-15% S02
1500 TPD

concentrate.

9-12% S02

The IIIYltem il pollution free. all exit gal~1

have a SOZ content greater than lOt vhlch
will permit recovery of lulfur LI ~ulfurle acid.

Capital investment 111I 70% of that needed Ito
build a conventional ...lter.

Operating colllta are reduced due to a ~ller

Capital COBtlll 20-301 below that of rever~­

eraCory-coDverter plants.

Lower operating COltl, with saTings depe~d~nt

upon local ~Ollltl for fuel. power, Iud 11ll~oY.

Economic Viability lilt low annual throughput.­
poasible lO.O~O to 20.0~ t ... per year of
copper.

Effieient recovery'of byproduct sulfur fr~

coutinuoUG S02 .-lllllion.

PTocellle mAkes metal rather than ~tte

directly from concentratel.



Nor~da 'roc••• (Continuous) Horizontal cylindrical furnace
with a ratsed hearth at one end,
and a depree.ion nelr the
sidd1. in which the copper
collects.

13 ft. diameter; 60 ft. length

Kennecott ConTerter-Smelter
Ves.el

BOO TP1)­
1600 TPD
concentrate

400-S00 !'PD
concentrate

Table Cl continued

P'cat ·of the exothermic oxidation rel!lc t ionl
are generated lIlnC! continued within til",

Hquid bath.

Injection of oxy~en-cODtainin~ g~l!Ie. vLm
lances createe t~rbulence and co~tlnuoUA ,
flow in the smelt!n" and eonvp.rt:og ~on~l!I,

In the converting zone••lag -evem by ~rl!lYit7.

generally countercurrent to ~tt~ l!I~d m~tl!ll,

Copper Content of the alac i. ·re~uced to
throwaway leve1a .a the .lag flovs throu~h

the .meltin~ and .l~n-cl••nlng %00•• ; there
1. no revert .1ag. -

Off~a.e. generated In the smelting and con­
verting atag•• cre combine~ and leave the
furnace continuously. S02 concentration
i8 mostly 1n the 9 to 12% rsnr.e.
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CONVERTING
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FLASH Si'1ElTI NG
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Noranda Furnace
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• Britcosmaco Furnace
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Fluid Bed Roaster
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I11IIII •• SLAG

Figure CI9 COMBINED FlOWSHEET shows variety of choices In current and develo~fng technology offered to sr;;elter designers.



ENERGY REQUIREMENTS AND SULFUR ELIMINATION
CHARACTERISTICS OF SEVERAL MATTE SMELTING SYSTEMS

(Approximate values for a concentrate assay: Cu-30%. Fe-28% and 5-32%)

Gas eliminated proportion & concentration

50% a 6~o

50% a 6~0

45% a 6')0

Convener'Furnace

5% a 2%50]

1%q. 4% 50 2

55% ~ 12-14%5° 2

55% q. 80% 502

30%'~ 2%502

Roaster

40% Ci 5% S02

45%0. 14%50]

50% 9- 14% 502

Smelting energy/

r.,·'atte smelling system ton cone Matte grade

Reverberatory green charge 3.2mm 8tu a 34%

ReverberaDry calcine from

mu!tl Iwarth roaster 1 8mm Btu a 45%

Reverberatory calccne from
f1uld bed reaClOr 1.8mm 8tu a 45%

Electric furnace calCine 500 KW hr 45%

Flash furnace Outokumpu oa b 48%

Flash turnJce oxygen (Inco) 46mm 8tu b C 48%

" Smelling energy with waste heat steam credIt
[, Energy for concentrate drymg Included
( Equivalent ot electrlcal energy used In oxygen plant

TableC2

S;_orn2~~~
Phelps Dodge Corp.
Phelps Dodge Corp.
Phelps Dodge Corp.
Magma Copper Co
Kennecott Copper Corp.
Asarco, Inc.
Inspiration Consolidated Copper

Co
White Pine Copper Co.
Anaconda Co. .
Kennecott Copper Corp.
Kennecott Corp.
Cities Service Co.
Asarco, Inc.
Kennecott Copper Corp.
Asarco. Inc.

Total

Capacity,
Short tons metal

70,000
165,000
200,000
1S0,000

SO,OOO
130,000

125,000
90,000

200,000
80,000

100,000
15,000

100,000
240,000
110,000

Tass,ooo
Primary ('opper smelters ill the United States Figure C21
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In this the proper

the white metal stage of point D. The Kennecott converter-smelter process
C25

also converts concentrates to the white of point D.

s

Copper motte composition diagram. Figure C20

-

Finally. table C2 summarizes, in tabular form. the of sulfur removal as

well as the concentration of exit gases for several of the matte smelting systems.

The fifteen operating in the United States vary in annual capacity

from 15,000 to 240.000 tons of metal (Figure e21). Thirteen of these smelters

use reverberatory furnaces, of which seven roast concentrates before charging,

while the others practice charging. Because of air pollution regu-

lations for smelter dioxide emissions. roaatins may be adopted at aome of the

other wmelters to obtain gas streams that are suitable for sulfuric acid production.

Other methods to abate air pollution and improve efficiency are developed ..

As a final note. table C3 summarizes of the nw

facilities that either gone on in the or go

on within the five years.



ENERGY REQUIREMENTS AND SULFUR ELIMINATION
CHARACTERISTICS OF SEVERAL MATTE SMELTING SYSTEMS

(Approximate values for a concentrate assay: Cu-30%. Fe-28% and S-32%)

50% a 6"0

50% a 6"0

Converter'

50% a 6"~

45% ~ 6"/0

45% a 6')0

Furnace

1% g. 4%SO]

55% ~ 12-140/0S0}

55% q 80% SO]

Gas eliminated proportion & concentration

Roaster

45% a 14% SO}

50% C3 14% SO]

Smelting energy/
Matte smelting system ton cone Matte grade

Reverberatory green charge 3.2mm Btua 34%

ReverberaLJrY calcine from

mu!tl- heiJrth rOiJster 1 Bmm Btu· 45%

Reverberatory calcine from
fluid bed reactor 1.8mm Btu· 45%

ElectrIc furnace calcine 500 KW hr 45%

Flash furnace Outokumpu oa b 48%

Flash lurnJce oxygen (Inca) 46mm Btu b ( 48%

• Smelting energy With waste heat steam credIt
[, Energy for concentrate drying Included
C EqUilialent of electrical energy used In oxygen plant

TableC2

~Orn..?a~~
Phelps Dodge Corp.
Phelps Dodge Corp.
Phelps Dodge Corp.
Magma Copper Co
Kennecott Copper Corp.
Asarco, Inc.
Inspiration Consolidated Copper

Co.
White Pine Copper Co.
Anaconda Co. .
Kennecott Copper Corp.
Kennecott Corp.
Cities Service Co.
Asarco, Inc.
Kennecott Copper Corp.
Asarco, Inc.

Total

Capacity.
Short tons metal

70,000
165,000
200.000
180,000

80,000
130,000

125,000
90,000

200,000
80,000

100,000
15,000

100,000
240,000
110,000

1]85,000

Primury copper smelters in the United States Figure C21



Plant Location

Copperhill, Tennessee

Table C3

Process

Electric Furnace

New Generation of Copper Smelters

Designed Capacity
(Tons of Cu/Year)

Start­
Up

1972

Coniments

Noranda, Quebec

Onahama, Japan

Inspiration, Arizona

Naoshima, Japan

Chile

Lakeshore, Arizona

~oranda Continuous Process

Reverberatory Furnace

51-:-iVA Ele'ctric Furnace (Dry
Charge) with Hoboken Sypon
Converters

Hitsubishi Continuous Smelter

Reverberatory Furnace

Roast-Leach-Electrm,rin Process

50,000

150,0001

1973

1973

1974

1974

1974 .

1975

Worlds First Continuous Copper
Furnace

99.7% fixation of the imput
sulfur, ~ as sulfuric acid
using a magnesium hydroxide
scrubbing process, ~ as gypsum.
Ready markets for these two by­
products exist.

\1orlds largest electric copper
smelting furnace

Uses auxiliary oxygen-oil roof
burners to increase smelting
capacity; higher S02 strength
in outlet gases

Butte, Hontana

Hida.lgo, New Hexico

Ga.rfield, Utah

Timmins, Ontario

36-INA Electric Furnace (Calcine
Charge) w/38-Ft. Diameter Fluid
Bed Roaster

Autokumpu Flash Furnace with
reduction of S02 to Elemental
Sulfur

Noranda Continuous Smelting

}litsubishi Continuous Smeltinr,

210,000

100,000

298,000

130,000

19-75 Horlds largest calcine-charged
electric copper smelting furnace

1977 First North Ameri.can OJtokumpu
Flash Smelter. First copper flash
smelter to employ S02 reduction

1977 . 2nd Noranda Process Sm2lter, 1st in
1 U.S.

1978 2nd ltltsubishi process smelter,
1st in North America

Kamloops, British Columbia Top Blown Rotary Converter 28,000 First commercial use of TBRC for
copper smelting
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Wet methods are frequently resorted to in tke case of low-grade ores or those ores

whose concentration by difficulties or is not economic. The

essential operation is leaching. the ore being introduced to the solvent (sometimes

under pressure) which abstracts the metal leaving the gangue unaffected. After

filtration from the gangue, the metal is recovered either by a chemical precipitant

or electrolysis. It is essential that the metal be in·a form for dissolution and,

to effect this, preliminary treatment is often necessary. To ensure that the leaching

solution effects its solvent action, the ore must be in a fine state and hence the

firs~ step is frequently crushing. The ore having been rendered into a suitable form

can then be leached.

Leaching--Generalized Look Leaching involves the extraction and/or separation of

particular minerals, metals, or elements. In hydrometallurgical operations an ore

or concentrate is brought into contact with a liquid which is capable of dissolVing

the valuable metal without attacking or effecting the host or gangue rock.

In order for an ore to be successfully treated by a leaching system, the material to

be leached should have the following characteristics:

1. The metal to be recovered should be soluble in the solvent used.

2. It is hoped that the gangue minerals will be insoluble in the leaching
solvent.

3. The dissolved metal should be readily recoverable from the pregnant
liquor.

Hydrometallurgy offers many which make it attractive .s a means of metal

extraction. The following generalizations are revealed in contemporary

literature which deal specifically with leaching systems.

1. In leaching ly a high rate
is important,
and lower cut-off

extraction realized. This
where lower
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whenvery
roasting is essential or necessary.

3. The equipment utilized is relatively simple and inexpensive when
compared with equipment used in pyrometallurgical operations. (When
c~n3idering scale .) The expenge in
our case, is the cost of the chemical reagent used, which incidentally,
is a direct function of rock competency, leachability, and'certain
environmental characteristics.

Leaching is a heterogeneous process involving three vertical stages of development.

The first or initial vertical st.age involves the diffusion of the solvent through the

pores into the interior of the solid particle. The second vertical stage involves

the chemical process of solution at the reaction site within the solid particle.

The ~inal vertical stage involves the transport of the dissolved substance in the

solvent away from the particle surface. Steps one and three are generally considered

to be the rate controlling phases, that is to say, the weak links in the chain of the

leaching cycle. Therefore, the choice of a particular leaching system depends

principally on the chemical and physical characteristics of the material, or;

1. the grade of the ore

2. the solubility of the material

3. the size of particular particles

4. the relative size and intensity of the operations

5. the mode of occurrence of the minerals

Materials suitable for leaching are classified into two broad classes, the first

category being the low-grade ores, the second category being other , further

classified as

concentrates

b) calcines

c) matte

d) spe1ss

e) certain
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should' be

1. cheap and readily available in large quantities

2. ~egenerative in nature (regenerated in the precipitation cycle of
the leaching sys

3. non-reactive with the gangue minerals.

Specific solvents include:

1. vater - natural
connate
interstitial
acid mine type of water
brine

2. acids - dilute sulfuric acid
nitric acid (concentrated form)
hydrochloric acid

3. bases - ammonium hydroxide
ammonium carbonate

40 salts - sodium cyanide
potassium cyanide

Mechanics of Leaching Leach solutions are applied to copper-bearing rock under

three circumstances in conventional practices:

1. Ore is mined, crushed, and processed in a tank.

2. Unsorted are is mined, placed in a heap or dump. and leached in-place.

3. Ore is broken or fractured and the copper is leached from the rock
in-situ.

The basic principles involved are applicable to all three methods of extraction.

The leach solutions must pass downward through the ore and contact and dissolve the

copper-bearing minerals. Adequate arrangements are necessary to collect the resultant

copper-bearing liquors without appreciable loss. Provision usually must be made to

pump the liquors to the surface where the copper can be recovered.

Underground leaching opens wide for complex extraction from ores. All

valuable. in the. ther or

successively.
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thods for

and other substances can be utilized in complementary fashion in combination with

conventional 'mining. It is to combine the washing out of the ore through

boreholes with leaching, to combine underground leaching with drilling and blasting,

or undergro~d leaching with microbiological methods.

Following is a review of some of the operations involving the treatment of copper-

nickel sulfide ores by a hydrometallurgical process.

Ammonia Leaching - Sulfide Ores The ammonia leach process can be used to extract

and recover both nickel and copper, from a copper-nickel sulfide concentrate, ore,

or matte. To adapt the ammonia-laaching process for the treatment of copper-nickel

sulfide concentrates. it i8 necessary to include the following steps:

1. Roast the copper-nickel concentrate to remove sulfur.

2. Reduce the calcine with hydrogen to produce metallic nickel (and
copper) and Fe304e

3. Digest the reduced calcine with ammonia-ammonium-carbonate leach
solution to overcome the leach-inhibiting action of any metallic
iron produced during reduction.

4. Leach the digested calcine with ammonia-ammonium-carbonate solution
to extract nickel and copper, leaving the iron oxides as an insoluble
residue.

5. Purify the filtered leach solution to remove copper by precipitation
with reduced nickel metal.

From this point. the copper and nickel can be recovered and the ammonia leach

solution regenerated by anyone of a number of methods. C22

identifies the various steps in the recovery of nickel and copper from sulfide ores
(7

and concentrates.

Ammonia Leaching - Copper-Nickel-Cobalt Sulfides pressure leaching

process for producing high purity copper, nickel, and cobalt fro. a sulfide concen-

trate can be used fully at cost if conventional

smelting and ic
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Figure C22 Propoled Bow-aheet for adapting the ammonia-leaching proceu
to the treatment of copper-nickel auiphidel.

The process involves treating the copper-nickel-cobalt-iron sulfide concentrates

under pressure with air and ammonia to dissolve the variable metals and most of the

sulfur t leaving the iron and other impurities in a tailing which is discarded. The

copper 1s first from the solution &s sulfide by a boiling operation, the

nickel is then by hydrogen. under preaaure t the cobalt removed and

purified, and the end solutions evaporated to produce ammonium

The is carried out of the order
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o les than 125 inch •.

copper sulfide is precipitated by bailing the pregnant leach solution at atmospheric

pressure. Hydrolysis and hydrogen reduction of

temperatures and pressures.

are carried out at higher

The total leaching time in continuous operation is lesa than 24 hours, whit' the

subsequent operations such as boiling, hydrolysis, and metal precipitation are all

of short duration, of the order of one-half to two hours each.

Figure C23 shows in outline form the main production and re-cycle streams. Essentially~

the leaching operation comprises a reaction between the sulfide minerals, oxygen,

ammonia, and water. Although the mechanism has not fully been established, it is

recognized that a number of reactions take place in sequence, some being more rapid

than others. The principle reactions in a batch operation are presu-ed to be:

1. Ammonia Leaching -- Ammonia, oxygen, and water react with the sulfide
in an autoclave at 125 pai and 150-220 F to yield metal amines, hy­
drated iron oxide, and ammonium thiosulfate,

2NiS + BPeS • 1402 + 20 NH) + B H10 • 2Ni(NH3)6 504 + 4Fe203 x

H20 + 4(NH4)2 52°3

and dissolved oxygen reacts further with the ammonium thiosulfate to
produce ammonium sulfate and ammonium trithionate.

Further oxidation of the trithionate produces more ammonium sulfate
and ammonium sulfamate.

At the end of the second leaching stage. the hydrated ferric oxide,
silica, and insoluble compounds are filtered, washed. and discarded.
The two stage continuous counter current leach is carried out in
a continuously operated autoclave. The first
treats fresh concentrate with recycle liquor from the second s
and the partly leached solids go to the second tage where they
are supplied fresh ammonia. OxYgen demand is lower in the second
stage and increasing amounts of sulfate and suI are formed.

2. Copper Removel -- Boiling in continuous
ammonia and recomposes thiosulfate and trithionate

free



8Cu++ + 25 2°3-- + 4820

2Cu+ + 53°6-- + 2H20

52°3 504 -- + CuS ""

• 8Cu+ + 53°6-- +

lB' CuZS + 2504 + 4~

Insufficien sulfide ion 1s produced to precipitate nickel, and the
copper sulfide contains only about 1% nickel while the purified
solution contains less than 0.005 grams of copper per liter. While
all"the copper may be precipitated by the reactions above, it is
convenient to remove the last traces of copper with small amounts
of H2S.

3. Hydrolysis -- After removal of copper through the reactions above,
remaining thionate and thiosulfate and sulfamate are removed tO'avoid
high sulfur content in the nickel metal product. Oxidation under
pressure converts the thionate to sulfate and hydr~lyzes the sulfamate.

•

•

5203-- + 202 + H20

5306-- + 20
Z

+ 2H20

lB

2504-- + 2g+

3504-- + 4H+

(NH4)2 504

4. Hydrogen Reduction -- As shown by the reactions below, both cobalt
and nickel compounds react the same way when treated with hydrogen
under pressure.

Ni(NH3)2 504 + HZ

Co(NH3)2 504 + H2

lB

lB

Ni C + (NH4)Z 504

Co' + (NH4)2 504

Separate nickel precipitation, leaving cobalt in solution, is
possible because the nickel reaction proceeds more readily. To
miniaize cobalt precipitation due to overlap of reaction condi­
tions, about 1 gram of nickel 1s left per liter of solution. C22

The Arbiter Process The Arbiter process 1. a hydroaetallurgica! proce.s capable

of treating copper sulfide concentrate.. A of options are available to the

operator, depending on the characteristics of the feed, the aarket for sulfur

compounds, and the cost of energy and/or other supplies. The allows for the

treatment of mixed concentrates containing of zinc, nickel, and

cobalt, or lesser ..aunts of other rials.

The Anaconda plant which hoats the arbi process 1. b..ed on a _~'~~9·.

leach of concentrates in sulfate

The process is outlined in C2+. Slurried concentrate is l.ached witb
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t the copper then extracted with an solvent.

The copper from the by means of t and recovered
(26

by electrowinning.

Solution
Recycle

Feed slurry

I
~ Residue.... --_.._~

(Discard)........_----_ .. _-- .....
Stripped organic

Acid
Electrolyte

Metallic Copper

Ammonium ........ Gypsum
sulfate OR

ARBITER PROCESS of Anaconda Copper Is hydro­

metallurgical, using ammonia to leach feeds Figure C24

The process ia a process utilizing

electrochemical techniques to put tal into solution for eventual recovery.

The process has been ....... Il.Uliij,&lWdl'trated in of 50 UD

of concentrate.
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The of the proces in

figure C25 in simplified Sulfide concentrates are ground in ball mills to a

finenes~ of at least 95% - 200 mesh, to facilitate contact in the leaching step.

Leaching with ferric chloride anolyte solution from the iron electrolytic cells

produces the following reaction:

6FeCl
3

+ 2CuFeS
2

lCuCl + 8FeCl
2

+ 4S

Leached slurry goes to the anode compartment of electrolytic dissolution cells,

which are diaphragm-fitted cells with a woven permeable synthetic material that

separates anode from cathode compartments. Anodes are titanium coated with con-

ducting oxides.

The chemical reaction at the anode is:

CuFeS2 + 2HCl - 3e Cuel + FeCl2 + 25 + 3H+

Slurry discharge from this compartment ia recycled to the final leach stage in

countercurrent flow.

Copper is recovered from the leach and anolytic solutions by electrowinning in the

cathode compartments of the cell. Cathodes are round copper rods, uniformly spaced

and oriented parallel to anodes in the opposite compartment. Metals are precipitated

as elemental powders, which are removed in slurry and thickened prior to filtration.

The chemical reaction is:

3CuCI • 3e • Jeu + 3CI-

The copper powder
(10

goes to electrorefining. (Figure C26)

The Treadwell Process In this method, copper concentrate is leached in a solution

of calcium cyanide and hydroxide. The underflow from the leach cells is

washed with water, and the solid tailings ected. Proiudt from the washing step

is precipitated and filtered in the presence of copper sUlfite, then separated into:

1. a ected calcium carbonate

2. concentrated copper
with the rich

and copper sulfide that
from the leach 8

combined
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Figure C25 Chemistry of the Cymet process. a h.l-'dromelallurgical pro­
cess emploJ'ing electrochemical techniques 10 put melal values into
solution and recover these values

Cathode

Precipitates

Dissolution cell

Solution

Cake

CYMET PROCESS is one frontrunner in hydrometallurgical recovery of copper Figure C26
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In the second copper values recove.r,ed in cant.act wi th calbium

sulfhydrate. After precipitation with sulfuric acid, liquid and solids are sepa-

rated by filtration. Filtrate is neutralized with calcium hydroxide and recycled

to the first leach step, while copper sulfide and calcium sulfate solids are

separated by flotation. Part of the sulfide is calcined, reacted with S02 (generated)

to provide the copper sulfite. Balance goes to a reverberatory furnace for conversion

to copper.

The CLEAR Process The CLEAR process involves ferric chloride as an agent in
C6

leaching. Refer to figure C21 for a flowsheet analysis of the process.

SOLUTION

COPPER
CONTAINING
MATERIALS

!

Cu-130mols

Fe-13.0
S -26.0

REGENERA TION - PURGE
STAGE

ELECTRICAL
ENERGY

SOLIDS
Cu - 13.0 mols

SOLUTION

mols
H20 - 10000
CuCI-26.0
FeClz -39.0
NoCI-71.0

( /2.1 Stoge Leach)

, H20 - 10000mols
: CuCI2 -13.0
: FeCt.? -39.0
, NoCI-7!.O

O2 - 9. 75mols
H2 0-,19.5

Cu - 6.5 mols
Fe-6.5
S- 26.0

H20 - 1000 mols
CuClz -19.5
FeCI2 - 32.5
NoCI - 71.0

SOL/OS
FefOHh 13.0mols

IRON METALLIC
HYDROXIDE COPPER

HzO - 1000.Omols
CuC{z-13.0
FeCIJ -26.0
NoCI-7/.0

SOLIDS
S -26.0mols

SULFUR AND
INSOLUBLE
RESIDUE

Figure C27

Clear
Flowsheet
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Revised In this process, Bulf concan

which is ground to -325 mesh by a ballmill, goes to a leaching tank held at

approximately 220°F. A leach solution, containing 36% ferric chloride and 1%

hydrochloric acid, dissolves 99% of the copper. 96% of the silver, and 84% of the

iron in the .concentrate. Slurry from the leaching tank is cooled and sent to a

settler.

Overflow solution, approximately 5.5% copper, goes to a diaphragm-type electrolytic

cell operating at 105°F. Copper and silver plate onto the cathode, and ire dislodged

directly into the liquor by periodic tapping. Copper slurry thus formed at the

bottom of the cell passes to a rotary vacuum filter which separates the metal from

the liquid. The copper is then melted in a furnace to remove impurities, and cast

into anodes for further purification.

Liquid from the top of the diaphragm cell is pumped to turboaerators. Oxidation

there at approximately 115°F reganerates ferrous chloride to the ferric state. and

also yields solid ferric oxide which is removed by a rotary vacuum filter. An

evaporator eliminates excess water from the solution. and the hydrochloric acid is

added before recycling the stream to the leaching tank.

Underflow from the settler passes to another rotary vacuum filter. Cake from this

unit goes to a leaching vat maintained at 80°F, where an aqueous ~nium-sulfide

solution dissolves free sulfur to form ammonium polysulfide. Solids then are

separated out by a rotary vacuum filter and sent to a tailings dump. Sulfur is
C19

precipitated from the liquid by heating to decompose the polysulfide. (Figure C28)

In this process, sulfide concentrate goes to a

mill. The Sill reduces the size of ieles plus a high

of distortion in

then is slurried with

latices,

sulfuric-acid

Ground concentrate

electro-
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Revised ferric-chloride process now Figure C28
features much-improved economics

winning unit, and pumped into an autoclave. There, at an oxygen partial pressure

of 10-20 atm. and a temperature of approximately 240°F, copper values dissolve,

forming copper sulfate. Following depressurization and discharge from the autoclave,

thickening and filtration remove leach residue, including all the iron (in the

form of oxides) and sulfur (in elemental form). Electrowinning in rubber-lined

cells then plates the copper out of solution onto cathodes. The spent electrolyte

is recycled.

Precious metals in the concentrate remain in the residue from leaching. An extraction

scheme has been devised. The metals dissolve readily in hot sodium-chloride solution

as long as a certain oxidation potential is maintained by continuously dosing a small
C19

quantity of chlorine.

The Nitric Technique Being developed.by DuPont and Kennecott Copper Corporation,

the process uses nitric and sulfuric acids in leaching sulfide concentrates.

Concentrate is ground to the -325 mesh size, then lurried with nitric/.ulfuric-

acid solution, and sent to a two-step system featuring countercurrent flow.
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In at 230-240 F and.10-15
• Ii'

the acid solution dissolves most of the copper and iron, and produces necessary

ferrous ions for a subsequent nitrate-removal step. Then, in the second qtep, held

at the same temperature and pressure levels, a preferably threefold excess of

nitric and sulfuric acids accelerates the leaching of the partia~ly treated solids.

Operation is controlled so that substantially all the copper goes into solution

and remains there along with the iron.

Following separation of leach residue, the pregnant solution passes to an~autoclave;

heating to approximately 285-390 op drives off nitrate as nitric oxide, which is

recy~led to a nitric-acid recovery circuit. Next, the solution goes to another

autoclave for removal of iron that otherwise would impair the efficiency of electro-

winning. Contact with ammonia at 320-390 0 P precipitates iron from solution as an

easily filterable jarosite mineral. Electrowinning of the purified stream then
(19

yields product copper.
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The metal obtained from p,ro- and hydro-metallurgical operations generally centains

tes originally in the ore ~hich hz~e re~ined ~ith the ~t~l during

smelting and/or leaching. Blister copper for example rarely exceeds 99.5% purity

and frequently runs as low as 98.5%, the chief impurities being sulfur, iron,

oxide, arsenic, and bismuth, all of which tend to have various deleterious effects.

Seurral techniques are available to further treat metals for purification and

refining. The major techniques are described below.

Fire Refining Fire refining can be broadly divided into two sections:

1. The metal is liquified in a reverberatory furnace, the impurities
being oxidized by the application of air or oxidizing agents
and slagged off. Alternatively, chemical reagents such as soda
8sh or caustic are added which combine with the impurities and
are removed by skimming.

2. Distillation is used when the metal concerned is volatile at
an economic temperature and capable of condensation.

The essential part of fire refining 1s carr4ed out by oxidizing the impur-

ities, the oxide slags 80 formed being removed by skimming. Partial

oxidation of the copper also occurs, this being corrected by a subsequent

exposure of the metal to a reducing action. The readiness with which such im-

found that the bulk of impurities are eliminated early in the process, but
(5

and prolonged slagging.

the application of electric

1. electrolysis

purities are removed is related both to the heat of formation of the metallic

the removal of the remainder often requires

copper. Sulfur, iron, and zinc are eliminated without undue difficulty,

but nickel, selenium, te-lurium. and bismuth are very difficult elements to

oxides and also to the extent of the solubility of the oxides in molten

slag and have usually been dealth with by electrolysis. In practice, 1* is

current by two means:
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2. ut ion of the heat liberated the passage of an
electric current either by means of resistance or by arcing.

Electrolysis Electrolysis is concerned not only with the refining of metals,

but also plays an integral part in the operational recovery (winning) of many

metals, and thus it can be conveniently considered from these two aspects.

In electro-refining, the metal to be refined is made the anode of the system,

pure metal deposited at the cathode under electrolytic action. The impurities

associated with the metal either remain behind, attached to the anode, or fall

off and form a slime at the bottom of the cell.

Reactions are based upon the fact that if two metals are placed in an appro-

priate solution and a direct current passed from one metal (the anode) to the

other (the cathode), the former dissolves and the latter increases in weight.

The metal dissolved from the anode acts as a carrier of the current and on

reaching the cathode gives up its charge and deposits thereon.

Electro-winning In electro-winning, prior treatment of the ore or concentrate

has isolated the metal either in the form of a purified solution or else as

a solid chemical compound, such as a chloride or oxide. Thus, a soluble

electrode is untenable, an insoluble anode being the rule. With solutions,

the insoluble anode may be of lead or a lead alloy, the metal in solution

plating out in the usual manner on the cathode. In the case of a solid chemical

compound, however, electrolysis takes place in a fused-salt bath, an insoluble

anode of graphite or similar compound being used. The liberated metal does

not plate out on the catbode, but either floats on the surface of the
(5

electrolyte or else sinks to the bo~tom of the cell.

In summary, the new ion of the energy of the suI

for autogenous smelting. producing either a matte in the case with the
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the concentrated sulfide

into a crude metal, as is the case with the newer smelting processes - Noranda,

WORCRA~ and Mitsubishi. These processes use air, oxygen~or oxygen-enriched air

for more efficient 8ombustion. producing a rather strong S02 gas which is amenable

to conversion into sulfuric acid, reduction to elemental sulfur, or neutralization

with lime to produce gypsum.

The development of hydrometallurgical processes as possible alternatives to smelting

or roasting has also been spurred in recent years. Some processes leach concentrate

directly while others involve special pre-treatments. Some processes dissolve

copper selectively, others do not. Most, if not all systems, include a primary

l~ach step. Sulfur is oxidized at least to the element with oxygen from the air

directly or indirectly, or electrolytically directly or indirectly, or with both.

Where iron dissolves, precipitation at a later stage is required (as a ferric

compo~d). Dissolving and precipitating steps usually utilize the -ic and -oua states

that both copper and iron have. Copper can selectively be deposited in the presence

of some impurities, while other impurities must be selectively removed from solution.

Some systems utilize pressurized atmospheres at elevated temperatures while others

operate at or near atmospheric pressure and room temperature.

Distinct advantages of the pyrometallurgical processes are sumaarized below:

1. Recovery of metal by smelting is very high. In the case of copper,
recovery is usually above 98%.

2. All new smelting processes consume little or no energy, a scarce
and expensive commodity. All produce energy for internal use.

3. Pyrometallurgical processes do not consume large quantities of
water, whereas hydrometallurgical operations can be large
consumers of water, another scarce and expensive commodity
in many areas.

4. It is believed that pyrometallurgical have
production per unit than hydrometallurgical facilities.

5. Disposal of slurried in
necessitates the construction of
the residues may find their way into ground
them. This is not the case with waste

Soluble salts in
and contaminate
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proces summarized below

1. From a sulfur point of view~ many systems are essentially
pollution-free. Water is processed and reused, all sulfur is
captured and recovered in elemental form. acid form, or
neutraliz;d tv fu~m gYp~um~

2. Costs are comparable to the costs of pyrometallurgical
operations when considering small scale operations.

3. Greater flexibility in the handling of different feedstocks.

Distinct disadvantages of the hydrometallurgical processes are summarized below:

1. Due to the nature of ores, the rate of dissolution of valuable
metals is unsatisfactory. Relatively high capital costs and
operating costs exist.

2. Precious metals cannot be recovered efficiently by known
hydrometallurgical.

3. Pollution control of aqueous and particulate effluents, and the
disposal of leach residues are more difficult and more costly
than control of gaseous emissions from modern pyrometallurgical
plants.

The new hydrometallurgical processes will have to compete against the energy-improved,
pollution-free smelting processes currently being developed as substitutes for con­
ventional reverberatory smelting. Hydro-processes will have to perform at least as
well as the new pyro-processes if they are to eventually take~lthe lead. C17



The domestic base-metal-producing industry has been challenged with the task

reducing the amount of sulfur oxides and other emitted by smelters

treating sulfide ores and concentrates. This challenge has been "imposed by legis­

lation aimed at reducing air pollution. Standards for both ambient air quality and

allowable emissions have been proposed and already are in effect in some states.

The principle means for the removal of S02 from stack gases in the late 1960's and

early 1970's included:

1. the use of tall stacks

2. the use of tall stacks coupled with a contact sulfuric acid plant

3. a closed-loop control system

The use of tall stacks was considered at that time to be the simplest technique.

Discharges to the atmosphere at such heights diluted S02 values when dispersed into

the lower atmosphere. Even if other processes for removal of S02 from the smelter

gas are adopted.-the tall stack will still be an important control method.

The second method combines or couples the tall stack with a contact sulfuric acid

plant. Acid plants require at least 3.5-5.0% 802 in the feed gas for acid production

and cannot economically treat gases. Production of sulfuric acid by the

contact process is a well established process.

The third method, that of controlling sulfur dioxide pollution utilizing the

"closed-loop control," will be discussed later.

Process selection will be dictated by economic conditions for sulfur byproduct

disposal and by variation in the natur~ of the off gases, such julfur dioxide

concentrations, impurities carried over from g~~~ •• ~~,~ , and fluctuations

in gas flow Other factors, both economic and noneconomic, such
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nearness of for product available land

~.,~~~.gg.• , and potential water pollution problems will influence the choice of
(3

method for controlling emissions.

The Contact Sulfuric Acid Process The contact sulfuric acid process is a well-

established chemical process for removing sulfur dioxide from smelter gases.

Smelter gases are first cleaned of particulates, sulfur trioxide removed in a mist

cattrell precipitator, the remaining gas stream dried with strong sul~uric acid.

The sulfur dioxide in the dry gas is then oxidized to sulfur trioxide in a catalytic

converter. The sulfur trioxide is absorbed in strong (98%) sulfuric acid to yield

the product of the plant. The tail gas is treated to remove droplets of acid and

normally is vented to the atmosphere. T&11 gases will contain from 0.2-0.5% S02&
(3

(Figure C29)
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This Bulfi

bsorption process which involves chemical regeneration with sulfuric acid to release

S02 and form ammonium sulfate. Figure C30 outlines the process.

Sulfur dioxide-bearing gas, free of sulfur trioxide and particulat~s, is absorbed

by an ammonium sulfite-ammonium bisulfite solution. The sulfur dioxide in the gas

reacts with ammonium sulfite to form the bisulfite. Ammonia is added to convert

part of the bisulfite to sulfite which is recycled to the absorption scrubbers. The

remaining bisulfite solution is diverted to the stripper, acidified with sulfuric

acid, and stripped with air to produce approximately a 25% sulfur dioxide gas and a

solut~on of ammonium sulfate containing approximately 10% of the feed sulfur. The

process will remove 90% of the sulfur dioxide from dilute flue gases, even at con-
C3

centrations as low as Oa5%. Tail gases contain as little as 0.0'% sulfur dioxide.
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This proces , developed by the

American Smelting and Refining Company 1s ••ed for recovering sulfur dioxide from

smelter gases containing 4-1P% S028 Outlined in Figure C31~ flue gases are first

cleaned, the cleaned gas stream then passing through a bubble-cap tower where the

S02 is abs~rbed by dimethylaniline. Tail gases from the DMA absorption section in

the bottom of the tower are scrubbed with a dilute sodium carbonate solution in the

middle section of the absorption tower, thereby recovering residual sulfur dioxide

from the gas stream. The sodium carbonate also neutralizes the sulfuric._acid used

for DMA vapor recovery as well as any acid formed through ,sulfur dioxide oxidation.

The upper section of the absorption tower scrubs with dilute sulfuric acid to

remove any remaining DMA vapor.

The loaded DMA solution is stripped with steam in the stripping section of the

stripping column. Dimethylaniline and sulfur dioxide are recovered from the

combined aqueous scrubber solutions, by steam distillation in the lower section of

the stripping tower. The hot gas stream leaving the stripper. containing sulfur

dioxide. steam. and dimethylaniline vapor, is cooled in the upper or rectifier

section of the stripping column. In the presence of the sulfur dioxide. dimethy-

laniline vapor is recovered .s water soluble dimethylaniline sulfate. This leaves

essentially pure sulfur dioxide which can be liquified. The process can recover

from 90-95% of the sulfur dioxide from a gas stre.. containing 2-4% sulfur dioxide.
(3

and as much as 95-98% from a gas:.stream containing 8-10% sulfur dioxide.

The Monsanto Cat-Ox Process The Cat-Ox process is particularly suited for gas

streams lean in sulfur dioxide. A8 indicated in figure C32, the incoming lean gas

is partially heated by exchange with product gas effluents from the converter.

The gas is then preheated to approx~tely 800-90QoF, and finally is oxidized to

sulfur trioxide in the presence of vanadium pentoxide

of the order of 90%.

Conversions are
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Product gases from the converter feed gases. the sulfur

dioxide then absorbed in water. Product acid ranging in concentration from 80-93%

is then recov~red in a cooler, with going to the stack after cleansing in

a mist eliminator. Critical areas in the process include:

1. fly-ash removal upstream of the unit

2. life and efficiency of the catalyst

3. quality and concentration of the acid product
(26

4. corrosion in the heat exchanger unit

The Wellman-Power Gas Process The Wellman-Power Gas system (Figure C33) is based

on a·cyclical absorption-desorption phase, with sodium sulfite solution as the

absorbent. During the absorption cycle, the sulfite reacts with sulfur dioxide to

form sodium bisulfite. The reaction is reversed in desorption, with concentrated

sulfur dioxide released and sulfite regenerated and recycled back into the absorption

system.

O· -~._~......_._ --- "-""7"""--"''' ~_...-..~ .... --..,..-- ..... ~~..,.-.-...or...,...-~ ...-- ._-.. _-, .-.. -;- ...... :---~-_ ... - -_--.

.. .. ~: "'; .'

Steam
and SO, ...--------.,e--_........ Absorbent ...- ......

regeneration ' .
...----......Ls~~-m__J...-------.""'eo""'n....d""'en-sa-t-e-------...4

CHEMICAL RECOVERY
SECTION

Gas to stack

ABSORPTION
SECTION

WELLMAN-POWER GAS absorbs 502with Na2 503 Figure C33

Gases coming from the muat be cleaned of particulate matter before treatment.

Upon entering the absorber, the gases come in contact with the sodium sulfite

solution and the sulfur dioxide i8 out by convert the to the

biosulfute form. Exit 500 ppm hall

fur dioxide of
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enriched ion

with steam in a countercurrent tower (7-15 , stream per I 502)'"

stream in the sulfur c.ondensation

process which removes the bulk of the water vapor at a relativelyahigh temperature,

and most of'the remainder at approximately 120oP. The product sulfur dioxide gas

contains approximately 10% water vapor, which makes it suitable as feed to a sulfuric
(26

acid plant or a sulfur dioxide reduction plant.

The Allied 802 Process The Allied S02 process involves the removal of sulfur

dioxide from relatively rich sulfur dioxide gas streams.. The process involves·

direct catalytic reduction of the sulfur dioxide to sulfur using natural gas as

the reductant ..

Gas purification is optional, but generally is considered necessary in order 'to

remove particulates and excess water vapor. The cool, clean gas leaving this step,

is preheated by exchange with hot roaster gases before going to the reduction
-

section .. (Figure C34)

Roaster
gas in

(a)

GAS PURIFICATION
r-------------.Cool, clean gas

,..----""'9'4 Gas purification and cooling ..-.,..;..-'"""""'.......
Centrifugal
blower

(3)

Stack

IncineI1iIItor

50 2 REDUCTION SYSTEM SULFUR RECOVERY

ALLIED 502 process preserves reaction heat Figure C34
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In the reduction half of the ulfur dioxide rted to

elemental sulfur by reaction with methane, creating in the process H2S. ·In the

sulfur recovery system, sulfur formed in the reactor is condensed and

the remaining sulfur dioxide and H2S are reacted in a _w.~~~.

system to ~roduct additional sulfur via the reaction:

claus conversion

All sulfur recovered in the condensers is sent to storage and exit gas incinerated
C26

to remove traces of HZS before it is exhausted to the atmosphere.

The Bureau of Mines Citrate Process In this process, sulfur dioxide bearing gases

are cleansed of dust and fume by precipitation or filtering, followed by water

scrubbing. The wet gases have the mist removed by another precipitator, then pass

into an absorber system where they are contacted with a partially neutralized

solution of citric acid. 90-95% of the sulfur dioxide is claimed to be removed.

The sulfur dioxide streaa ~est goes to a reactor unit where hydrogen sulfide reacts

with the absorbed sulfur dioxide to yield elemental salfur. This is aeparated trom

the citric acid solution by filtration, with the solution recycled to the absorber.

A small portion of the sulfur product is diverted to a H2S generator. where it is

burned with steam and methane to produce H2S and 002 D the latter passing through
(26

the process and exiting from the reactor. (Figure CJ5)

The Limestone Scrubbing System A process for of sulfur dioxide from

effluent gases by exposure of such gases to aater1als such aa limestone exists.

Designed systems convert the sulfur dioxide to an innocuous fona ..

Flue gas 1s precleaned of fly ash, the~ blown into the bottoa of • spray tower

where it is sprayed with slurry containing 7-10% lLseatone. A. contact

is t the limestone reacts with the sulfur dioxide to insoluble calciua

sulfite and sulfate. Slurry effluent draina ty into
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tank, wherein supersaturated ca.lcium out before the solution is recycled

back to the scrubber. Fresh limestone is added in this tank.

A portion of the recycle stream is directed to 8. clarifier that returns a fairly

clear overflow stream to a wet electrostatic precipitator into which the treated

gases flow after scrubbing. Underflow from the t. so that

precipitated calcium ca.n be the and returned

to the mixing tank.

Other in of
(3
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This approach to control of

sulfur dioxide emissions involves the use of special automated inatrumentation for

the continuous measurement of sulfur dioxide i~ the air. The system includes

designed monitoring stations~ degital computers which question ea~h monitor and

printing out average S02 values for each station periodically, a full-time

meteorologist, plus supporting staff with extensive weather data recording and

receiving equipment.

Two techniques are used to limit sulfur dioxide emissions. The first involves

reaction to increasing concentrations of sulfur dioxide, the second involves

utilization of meteorological data in the prediction of low winds and inversions.

A third technique in the developmental stage involves continuous measurement of

sulfur dioxide emissions with the simultaneous prediction of downwind S02 concen­

trations as ground level.

Refer to figure C36 (a generalized flow diagram) to compare and contrast the various

processes for sulfur dioxide concentration and/or removal from pyrometallurgical

effluent gas streams. Also, refer to table C4 for a listing of the additives and/or
C3

catalysts which are necessary for efficient removal of gaseous sulfur dioxide.
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Table C4

Additives and Catalysts Necessary for Process
Concentration and/or Conversion

of Sulfur Dioxide
Gas

Process Drying Reduction Conversion Reaction Absorption Reaction Stripping
I

Contact Sulfuric Acid Process Sulfuric Acid Sulfuric Acid

Cominco Absorption Process Ammonium Sulfite- Sulfuric Acid.
Ammonium Bisulfite, Air
Ammonia, H2O

Dimethylaniline Absorption Process Dimethyl anl1 ine, Steam
Dilute Sulfuric Acid,
Sodium Carbonate

Monsanto Cat-Ox Process Vanadium Pentoxide H2O

Wellman-Power Gas Process Sodium Sulfite Steam

Allied S02 Process Methane, Hydrogen Sulfide
All i ed Catalyst

Bureau of Mines Citrate Process Hydrogen Sulfide . Partially Neutralized
Solution of Citric
,Acid

limestone Scrubbing System limestone



50 -

C23
Copper

Uses Copper is utilized as a pure metal, alloyed with aine to form hr••• , and

alloyed with tin to form bronze. Copper is used as a pure metal principally:

1. in electrical mining for motors

2. transformers

3. generators and instruments

4. as copper and brass tubing

5. as sheet for roofing, gutters, decorative applications, and coinage

6. in copper and alloy coatings and forgings for bearing., bushings,
jewelry, and mechanical posta

7. ordnance

B. in chemicals for insecticides, pigments, and agriculture

Supply-Demand The domestic demand for copper is distributed libe.ally among the

following induatries:

Industry

Electrical Equipment
and Supplies

Construction

Industrial Machinery

Transportation

Ordnance

Miscellaneous

Percent of Total Market

60%

15%

10%

B%

2%

5%

World copper production for 1974 was B.l million tone. U.S. production for the

same period totaled 1.6 million tons.

C37 indicates the in table C5

copper-supply-demand data for the 1964-74.
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Figure C37 Supply-demand relationships for copper, 1973.

Table CS Coppor lIuppty-demand nalatlonllhlplIII, 1964-74
(ThoulUlnd short Ionlll)

1964 1965 1966 1967 1968 19m 1970 1971 HI72 1973 1974

World production (primary):
Mine pfOduction:

Unrted States .. --- -- -.. -_ .. -- ----- ---- 1,247 1,352 1,429 954 '205 1,545 1,720 1,522 1,665 1,718 1,597
Aftlllt 01 wood ---- -- -.. -_ ....................... 3,865 3,967 , 4,056 4,270 4,436 4,679 4,918 5,131 5,649 6,139 6,512

Total ---- -- --- --- --_ .. -_ ........ -- .. _-- 5,112 5.319 5,485 5,224 5,641 6,224 6,638 6,653 7,314 7,857 8,1og

CO/'Tl>OOenls of U.S. wppIy (primary
and old scrap):

Refined productJon:
DomestIC mines --_ .. --------- .. -- 1,259 1,336 1,353 847 1,161 1,469 1,52' 1,411 1,680 1,698 1,421
04d scrap ---- -----_ ........ - .. -.. _...... 166 214 242 19o 231 284 278 208 2'2 241 268
Imports of ore, bhl8f, etc ________ 396 376 358 286 278 274 244 181 193 170 234

Sales 01 Government stockptle fIIll.CeSlell 27 120 400 149 252
ImpOOs 01 rolinBd ----_ ..... --- -----_ .. - 140 137 164 331 400 131 132 164 192 202 314
04d scrap (unrefined) ---------------- 288 299 293 293 290 291 228 237 246 245 215
Industry 5tOduI, Jan. 1 -------------- 527 467 498 602 507 563 541 645 S86 517 456

ToIlII U.S. lILWIY __________________ 2,823 2,949 3,308 2,698 2,865 3,012 2,942 2,846 3,109 3,073 3,160
o.Slnbubon 04 U.S. supply:

Industry lltockS, Dec. 31 ------------ 487 498 602 507 563 541 645 S86 517 456 597
Exp0rt3 (rolined) --- -- -- - -- ----- ----- 318 325 273 159 241 200 221 166 183 189 '27
Indullnal delT\lind ------ ----- ------- 2,040 2,128 2,433 2,032 2,061 2,27' 2,076 2,072 2,409 2.428 2,436

U.S. demend pallefn:
EleClllcal ------ ------- -------- --- -- 941 ',028 1,178 1,113 1,04l!I 1,'93 1,101 1,113 , ,252 1.445 1.250
ConlltruclJon ________________________ 420 415 410 2n 316 34' 328 351 432 355 425
Machlfl8l'Y __________________________ 312 305 318 208 239 254 251 243 300 253 340
Transportallon -- ------- --- ----- ----- 222 227 226 145 '93 198 173 192 227 198 257
Ordnance -------- ------ - ---- ------- 43 45 182 188 164 172 119 69 78 57 42
Other ---- -.- -_. ---------- --- _.. ---- 102 lOll 121 10' 103 113 104 104 120 120 122

Total demand - ----_. - ---- -- ------ 2,040 2,128 2,433 2.032 2.06' 2.271 2.076 2.072 2.4Q9 2.428 2.436

Tolal U.S pl'lmlll)' dema.nd (lI'\dulltnlll
demand less old IIcr~) __________ 1,566 1,513 1,008 1.549 1.5-40 1.ElIIl6 1.572 1,627 1.951 1,942 1,953
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copper in the year 2000 to. range from 4 .. .. 5

million short tons. The most probable demand figure is 60 million tons. Copper

demands for the rest of the world are expected to range from 16.9-28.5 million tons

in 2000. A summary

Table C6

forecasted u.s. and world demand is included in table Co.

Summllry of fOrKllata of U.S. lind rtIlt-of-world copper demllnd, 1973-2000
(Thouund short tons)

Probeb!e
1973

2000
Forecasl rlilnge

lO'alt High

Probable average
annual growlh ral8

---,9-85-----200-0-'973-2000 (pel't:ent)

United States:
Primary . _
Secondary _

Total _

Cumulative (primary) _

Rest 01 world:
Primary •
Secondary _

Total _

CumulatIVe (primary) _

World:
PrimMy _
Secondary __

Total .. _

Cumulative (prtmary) _

1,942
486

2,428

6,058
2.158

8.216

8.000
2.644

10.644

2.900
1.200

4,100
65.000

12,700
4.200

15.600
5,400

21.000
311.000

5,300
2,200

7.500
92,000

21,400
7.100

28.500
337,000

26.700
9.300

36,000
429.000

2,700
900

3.600
28.000

10.000
3.000

13.000
97,000

12.700
3.900

16.600
125.000

4.200
1,800

6.000
80,000

18.000
6.000

24.000
301.000

22.200
7.800

30,000
38t.000

29
50

3.4

4.1
3.9

4.0

3.9
41

39

Reserves and Resources Based on available information, the world reserves of copper

in are are estimated at 450 million tons of copper. In addition. an estimated

1600 million tons of copper is available in other global resources. In the latter

category, copper contained in oceanic manganese nodules accounts for 20% of known

copper reserves and 20% of other copper resources. A detailed assessment of world

copper resources is shown in table C7. The reserve classification includes all

economically recoverable material in identified deposits. The other resource

classification applies on an approximately equal division to deposits not yet

discovered and to deposits from witch the copper is not now economically recoverable.

Domestic reserves of copper in are are timated at 90 million .hort tons. Five

states - Arizona. Utah, New Mexico, Montana and Michigan - account for more than

90% of the total reserves. of the are in copper

is the dominant value; in the of mixed or
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Table C7 World copper resourc@s
(Milhon shontons of copper)

ResetVl!IS Olller I Total

North Amefica:
United SlBln
CanaOl!: : .
01her _

90
40
20

32'0
130
30

410
170

50

Total _ 150 480 630

South America:
Chile _
PllfU _
Other _

90
30
10

130
40
70

22'0
70
80

Total 130 240 370

130
60

190

90
40

130

Europe:
U.S.S.R 40
Othel' 20

----------Total 60

Africa:
Zaire 20
Zambia 30
Other 10

30
70
20

50
100
'30

Total 60
AW: Total 30
Oceania: Total 20
Sea nodules _

120
170
60

400

180
200

80
400

Wor1dtotal 450 1.600

I Includes undiscovered (hypothetical and speculative) deposits.

complex base metal ores. Areas containing major potential for developing domestic

copper resources include the porphyry copper-bearing basin and range province of the

Southwest United States and the copper-nickil bearing Duluth Gabbro of Minnesota.

Excluding deep sea resources, the amount of copper estimated to exist in the rest

of the world comprises reserves of 360 million tons and other resources of 880

million tons. Six countries - Chile. Canada, the U.S.S.R., Peru, Zambia. and Zaire -

account for 69% of the rest of the world's reserves and 56% of other resources.

Remaining reserves are divided among many other countries including Australia and

Papua New Guinea. Finland. Iran. Japan, the People's RepubliC of China,

the Philippines, Poland, the Republic of South Africa, Sweden, and Yugoslavia.

Economics The price of copper, in terma of constant 1913 the 1954-74

period, is summarized in table ca. Prices shown in the are producer

quotations for vir.bar refined
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of copper o 5, 1

at $.74 in terms of 1976 dollars.

Costs of producing copper are variable. depending upon location and

physical characteristics of the ore deposit. For a representativk large open

pit copper operation, cost components in terms of percentages of the price of

copper are estimated to be:

15% mining

25% ore beneficiation

25% freight, smelting, and refining

35% discovery, development taxes, marketing,
and general overhead, including profit

Table C8 TI~ra ,.latlon5h1p for copper

Y..
ActuIIII pric::IIIa ConiIniInt 1973 doIIIrB

19M 29.5 50.8
1955 37.3 63.3
1956 "2.5 69.8
1957 30.1 47.6
1958 26.3 40.6
1958 30.7 46.6
1960 32.1 48.0
1961 30.0 442
1962 30.8 44.9
1963 30.8 44.3
1964 32.6 46.2
1965 35.4 49.3
1966 36.8 49.6
1967 38.8 50.7
1968 422 53.2
1969 47.9 57.6
1970 582 66.4
1971 52.0 56.8
1972 512 54.1
1973 59.5 59.5
1974 ' n.3 70.1

, The prioll wa 63.625 to 65 cenlB PlIf pound in Oealrnbef 1975

C4
Nickel

More than 90% of all is in the fo~ of tal, principally

in alloys. Its ability to resist corrosion and to corrosion resistance,

strength t and to its vide and

use in many lead to ita

use in batteries, t and P1pents ll in
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end 'include~

I. chemicals and allied products and petroleum refining and allied products

2. fabricated metal pro,ducts

3. aircraft and parts

4. mot~r vehicles and equipment

5. electrical machinery, equipment, and supplies

6. household appliances

7. machinery

8. general building contractors

9. chip and boat building and repairing

10. miscellaneous

Supply-Demand

industries:

The domestic demand for nickel 1s distributed amana the following

Industry

Chemicals

Petroleum

Fabricated Metal Products

Transportation

Electrical

Household Appliances

Machinery

Conatruction

MiscellaneoWII

Percent of Total Market

15%

9%

10%

21%

13%

7%

7%

9%

9%

World nickel production for 1974 was 823.2 thousand tons. U.S. production for the

same period totaled 14.1 thousand tona.

C38 indicates the

data for the 1964-74.

in 1973 and table C9 reveals
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Figure C38 Supply-demand relationships for nickel. 1973

Table C9 Nickel supply-demand relationships, 1964-1974
(Thousand tons)

1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974"

World mne producllon:
Unrte:l States - - ~ ......... ~ ......... _......... _.. _- 122 135 132 146 15.2 158 156 15.6 15.7 13.9 14.1
Rest of world ------ --_ .. -- --_ .. -- .. --- 3968 454.8 426.9 480.2 5329 516.9 6768 685.0 666.2 707.7 809.1

~~l. ~_--::.-..--..:-:.=~=-:-..:.:-==-::=--- .~090 4~~.3 440.1 ~:8_ 5~81 ~32.7 6~2.4 .- _.?QQ:~ ~1.9 t~1.6 8g3.2.

Components 01 US. supply:
Domesllc mines ... ---- --_ ...... ----_ ... -_ .. 12.2 13.5 132 14.6 152 15.8 15.6 15.6 15.7 13.9 14.1
Secondary -- ... -- ---- ----- -_ ............... -- SO.9 51.4 63.1 52.3 36.6 71.0 48.7 72.9 74.0 66.5 70.0
Net Government release ----------- .. 2.9 16.3 103.6 23.3 3.2 4.3 2.1 14.9 1.8 1.6 4.6
Imports -- -_.- .. -_ .... -- ----- --_ .. -- -_ ..... 129.0 163.0 141.0 142.6 143.7 1258 156.3 142.2 173.9 191.1 220.7
Industry stock. Jan. 1 ________________ 17.2 17.2 14.1 44.5 39.6 37.2 31.9 56.0 82.0 99.2 1088

Total U.S. Supply ------- .. -_ ....... --- 212.2 261.4 335.0 277.3 2383 254.1 254.6 301.6 347.4 372.3 418.2
Distrbc!ion 01 U S. supply:

Industry stock. Dec. 31 --- .. ------_ .. _ .. 17.2 14.0 31.3 34.6 373 31.9. 56.0 82.0 99.2 106.8 150.3
Experts -- -- --- ----------- -- -------- 120 5.6 1111 8.0 65 14 6.3 4.6 2.6 4.5 4.3
Induslrtal demand _________ w ________ 183.0 241.11 291.9 234.7 194 5 220.8 193.3 215.0 245.6 2590 263.6

U.S. demand panern:
ChemICals __________________________ 10.5 168 21.4 25.9 219 340 28.9 32.1 36.8 389 39.7
Petroleum __________________________ 5.8 9.1 11.7 14.1 11.9 170 15.4 19.4 22.2 23.3 23.7
FabrICated metal products ____________ 15.8 22.5 28.7 402 24.5 184 18.4 22.0 24.6 26.0 26.5
Transpor1ato",:

Alfcrafl -- ------------ ---_ .... ---- 14.5 239 30.4 16.5 24.2 14.8 11.6 15.1 16.9 18.1 18.4
Motor vehICles and eqUipment ____ 27.2 38.4 364 23.9 22.0 23.3 23.1 23.6 27.5 28.5 29.0
Ship 8. boat budding and repus 53 9.1 11.1 7.3 9.1 8.5 5.7 6.6 7.1 7.9 8.0

Total ------ --- --_ .. ---- ------- 47.0 714 785 47.7 553 46.6 404 45.3 51.5 54.5 55.4
ElectrICal - - ------- -- - -- - -- --- ------ 170 28.5 34.7 20.2 202 29.7 24.9 27.8 31.9 33.6 342
Household appld arIces -------------- 16.9 24.9 28.9 184 18.2 134 12.5 14.7 17.2 18.1 164
Machinery __________________________ 21.6 33.6 42.6 129 12.6 16.0 143 148 172 18.1 18.4
ConstructIOn ________________________ 6.8 98 13.8 11.0 10.3 15.8 184 196 22.2 23.3 23.7
Other --- - ---- -- --- --- -- -- --- ---- -_ .. 41.8 25.2 31.6 44.3 196 29 II 19.3 193 220 232 236

Total US. prlml!lfy demand (IndUI-
toal demand less secondary) 132.1 190.4 228.8 1824 1579 149.8 143.6 142.1 1718 192.5 193.6

• Preumnary
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the year 2000 from 420-640

thousand short tons. The most probable demand figure.is 550 thousand tons. Nickel.

for the rest of the are to range 1190-1710 thousand

tons in 2000. A summary of forecasted U.S. world is included in table CI0.

Table CIO Summary of forecastl of U.S. and rest of world nickel demand, 1913-2000
(Thousand tons)

2000
Probable

Probable average

1973 Forecast rllflge annual growth rate
1973-2000

low High 1965 2000 (percent)

Un~ed States:
Primary __________________ 193 300 450 260 385 2.6
Sea:>roary -------------- 66 120 190 100 165 3.5

Total -- ------- .-------- 259 420 640 360 550 2.8
Cumulative (primary) ------ 6.600 8,300 2,700 7,600

Rest of world:
Primary __________________ 597 990 1,450 810 1,205 2.6
Sea:>roary -------------- 144 200 260 160 245 2.0

Total ------ ------------ 741 1,190 1,710 970 1,450 2.5
Cumulativa (primary) ------ 21,200 26,200 8,500 23.600

WOl1d:
Primary __________________ 790 1,290 1,900 1.010 1,590 2.6
Secondary -------------- 210 320 450 260 410 2.5

Total ---- .----.-------- 1,000 1,600 2,350 1,300 2,000 2.6
Cumulative (primary) ------ 27,800 34.500 11,200 31,200

Reserves and Resources u.s. nickel reserves (measured, indicated, and inferred)

totaled approximately 200.000 tons in lateritic material containing 0.8-1.3% nickel.

All are in deposits at the operating mine near Riddle, Oregon. There are other

nickeliferous lateritic deposits in Oregon, California, and Washington, some parts

of which are as high grade as the !eserves at Riddle. however, they are not mineable

at a profit under current economic conditions. The large low-grade sulfide deposia.

in the Duluth Gabbro of northeastern Hlnnesotalre currently as resources.

World nickel reserves have been by the Bureau of Hines at nearly 50

million tons. however, the estimates are based on information and are

considered to be low. The general distribution order of principle

nickel reserves are given in table Cl1, Total resources are

million ton. of nickel.

at 100

Combined suI and laterite world nickel

estimated by the U.S. to' 70 adllion tons of in



- 56

Table ell
(Thou!>and tons)

nickel resources

Reserves
Othen&­
sources'

Total re­
sources'

North America:
United Steles ------------------ 200 15,000 15,200
Canada ________________________ 11.000 9,900 17.900

Total ------------------------ 8,200 204,900 33,100

Central America and Caribbean
Islands:

Cube -------------------------- 4,200 13,800 18,000
Dominican Republic ____________ 900 900
Guatemala ------.------------- 500 500 1,000
Puerto Rico ____________________ 100 100

Total ------------------------ 5,600 14,400 20,000

Europe: U.S.S.R. __________________ 10,000 10.000
Oceania:

Australia .--------------------- 2,500 2.000 4.500
Indonesia ______________________ 3,700 4,300 8,000
New Caledonia ----.----------- 15.400 1,100 16,500
Philippines -------------.------ 4,500 3,500 8,000

Total .----------------------- 28,100 10,900 37,000

World total' ------------------ 49,900 50,200 100.100

I Derived from U.S. Geel. Survey Prof. Paper 820, 1973.

I Excludes small quantities of reserves in Bruil, Rhodesia, Republic of
South Africa, and Burma, and an unknown quantity of low-grade laterites
that flxls1 in tropical and umitropicalareas. Aillo excludell nickel associated
with copper depollits of Botswana lIJld "abed manganese nodules.

7 billion tons of material. Among the world's resources containing less than 1%

nickel are U.S. sulfide deposits. estimated to contain 7 billion ton. of material

averaging 0.2% nickel. In addition J the peridotites and serpentinites containing

0.2-0.4% nickel are widely disseminated throughout the world.

Economics Table e12 shows the time-price relationship for nickel over a 20-year

period in actual cent. per pound and in constant 1973 dollar•• The price of nickel

for the week of July 5, 1976 was quoted at $2.20 per pound in terms of 1976 dollars.

Table C12 Time-price vea.tlonahlp for nlckell

AVGrage annual price, cents per pound
YHr

Actual prius Conlllant 1973 dollars

1954 64.50 111
1955 64.50 110
195e 74.00 122
1957 74.00 117
1958 74.00 114
1959 74.00 112
1960 74.00 111
1961 81.25 120
1962 7900 115
1963 79.00 114
19604 7900 112
1965 77.75 108
1966 85.25 1HI
1967 94.00 123
1968 103.00 130
1969 128.00 154
1970 128.00 1411
1971 133.00 1045
1972 140.00 143
1973 153.00 153
1974 174.24 158

I PricCii changlN (ClW'ltll plIIr pound): 1974-.JlIII'\. 4. 112; Juno 28. 11115; D.c.
20,201; Mid 1975-JIWlUIlry-M&), 201.
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C 24

Uses Cobalt 1s used principally in heat and corrosion-resistant materials, high-

materials" and Other uses include hard

facing alloys for wear and abrasion resistance. and tool and die ~teel8. More than

25% is used "in nonmetallic compounds. In the metallic form. cobalt is used primarily

in permanent magnets, cemented carbides, and various alloys. Cobalt compounds are

used in salts and dryers, pigments, and catalysts. In summary, cobalt finds its use

in:

1. electrical equipment and supplies

2. aircraft and surface engines and parts

3. machine tools

4. construction and mining

5. paints and related products

6. miscellaneous chemical products

7. miscellaneous

Supply-Demand

industries:

The tic demand for cobalt i. distributed amant the following

Industry

Paint.

Chemical.

Ceramics and Glasa

Transportation-Aircraft

Electrical

Machine Tools

Construction Machinery

Percent of Total Market

12%

7%

10%

18%

29%

1

The u.s. industry of

constituted 63% of Ie



and nickel-cobs.lt

in Louisiana, which processes an .imported matte, no pr.imary cobalt 1s producte 1n

the United States.

Virtually all cobalt is recovered 8S a byproduct of copper or nickel. In 1914,

world mine production of cobalt was 67 million pounds, of which 38.7 million pounds

was from Zaire. No mine production has been reported in the U.S. since 1971.

Zambian production was 7 million pounds, Canada 4.2 million pounds, Morocco 3.9

million pounds, and the U.S.S.R. an estimated 3.8 million pounds.

Azire accounts for 60-65% of total world cobalt, follow4d by Zambia, lOX, and

Canada, 9%. This trend is expected to continue for the next few years.

Figure C39 indicates the supply-demand relationships in 1973 and table C13 reveals

cobalt-supply-demand data for the period 1964-1974.

WOIllLD 'RODUCTION COBALT
SUPPLY-DEMAND RELATIONSHI'S-1973

t, UTIlitATt
lit. IlAlilWill ~llhAl. l1.USlfttATlIlII

UIIlT, TIIOUUIiID P1!UlIllll lll' CllIIAlT ICe'

&llvtlllillilllfl ITllCIO'lU
I&ALUC( &2.811

llutiAU 011 MINI! S
U.£. I:III:P.ulTMlNT 0' THI INlUtOlii

Figure C39
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Table C13 Cobatt rillatlon,hlpa, 1984-74
(Thouund pounds)

1964 1965 1963 1967 1963 1969 1970 1971 1972 1973 1074 •

Wond production:
United StEl'" -- -- ..... -- ...-... --- -- ---_ .... 1.084 1.188 1.215 1.168 1,176 1,003 697 690
R"t of world ----_ ....... -------------- 38,150 40,624 46,762 44,028 41,968 43,558 52,590 47,906 51.290 5eI,510 87,001

Totll ____________________________
39,234 41,810 47,1197 45,196 43,144 44,55S1 53,287 48,598 "51.290 5eI,510 87.001

Components of U.S. supply:
Oom"tir. mine. ____________________ 1,084 1.186 1,215 1,166 1.178 1,003 tl97 890 fT fT "Secondary ------------------------ 141 87 48 120 143 326 69 125 197 454 270
Net Government I"lIIllIIIlse (purchliUNl) 733 (1) 762 6,169 4,953 6,007 5,162 1,683 5,945 8,569 8,938
Imports ____________________________ 12,443 15,<W8 18,823 1,215 9,06a 12,911 12,417 10,912 13,915 19.201 15,878
Indus!ry stocka. Jen. l' ------------ 1,()g9 1,420 3,600 6,400 6,552 5.88a 5,128 5,733 5,235 4,534 9.184

Totlll U.S. supply ---------------- 15.507 18,100 24,448 22,092 21,892 28.137 23,473 19,143 25,292 32,758 34.288
Distribution of U.S. supply:

Industry atocks. Dec. 31' 1,420 3.600 0,400 6.552 5,888 5.128 5,733 5,235 4,534 9,184 9,487
Exports __________________:::::::::: 108 116 100 200 1.420 1,4117 1,478 365 1.293 • 1,396 1.348
Industrial demlllnd __________________ 13,979 14,384 17,948 15,340 14,58-4 19,512 16,262 13.543 19,415 22;176 23,453

U.S. demand pllll1ern:
Nonmetal

Paints ------ ------------------ 1.246 1,25S 1.451 1.044 1,451 1,285 2,'152 2,042 2.323 2,654 2.m
Chemicallll ---_ ... --------------- 899 085 753 1196 662 1,382 538 707 1,270 1,840 1.931
Cerflmies end glUll ---------_ ...- 1.529 1.428 1.580 1,135 1.281 8S8 1.890 1,766 1.962 2,234 2.308

Total nonmetal -----_ ...------- 3.474 3,352 3,784 2,875 3,614 3.525 4,580 4,517 5,575 8,528 7.024
Metal'

TranSpOrtation: Aircraft -------- 3.208 3.514 4.482 3,575 2,544 4,046 3,297 2,518 4,294 4.035 5.235
Electrical -"'''' ------- ...-...--... _... ---- 3.972 3.978 5.387 4.160 5.100 4.024 4,589 3,633 8,081 8.471 5,571

MachlNry:
Machine tooh! ------------ 1,628 1,072 2.152 1.828 1,flHI 1,911 1.882 1.376 1.717 2,459 2.820
Conlltructlon machinery ____ 1,418 1.582 1,1185 U23 996 1.288 1.179 1,080 1,1110 2,037 2,182

Total ---- ... --------------- 3,046 3,254 3,837 3,251 2.1114 3,179 3,001 2,458 2,907 4,496 5.012
Coating and plating ____________ 3,351Other __________________________ 27g 288 458 1.479 712 1.387 735 419 62'0 839 011

Totml motiJ ------ ... ----------- 10.505 11,032 14.164 12,485 10.970 15,967 11,682 urn 13,890 15.648 16.429

Total U.S. primary demand
(tot III demand 1811S
secondary supply) 13,831 14~7 17.900 15,220 14.441 lSl,l84 10,193 13.418 19.261 :n,m 23.183

Total U.S. demand for pnmary
lTIlItllll ------------------...- 10,357 10,145 14,118 12.345 10,827 15,659 11,613 11,901 13.8E13 15,164 "U58

, Includlll consurmlr1l' and productlr1l' Btock8 after 1984. Productll1l' lII10clal not 1I1/.llable prior to 1965.
p Pr1Illmlnary.

The demand for prtmary cobalt in the United Stat.. for the year 2000 ia forecaat

at between 29.7 and 52.1 million The moat probable demand ia 44.7

million pOlmds. Cobalt d~nda for the rest of the world are to

from 69.8-113.0 million in 2000. A jf u.s. and world

demand is included in C14.
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Table C14 Summluy of foree••t. of U.S. lind r••t of world cobalt d.mllnd. 1~13-2000
(Thounnd pounds)

2000
FontCw rmng@

1973

Low High

United Stat..:
Primary __________________ 21.722 29.700 52.100
S41condary ------.------- 454 1.400 2,000

Toml ------------------ 22;178 31.100 54.100
Cumulative (primary)' .--- 651.000 896,000

ReIl1 of world:
Primary __________________ 37.309 69,800 113.000
Secondary -------------. 2,600 3.200 4,600

Total ------------------ 39,909 73.000 117,600
Cumulative (primary) ---- 1.430,000 1,890.000

World:
Primary __________________ 59,031 99,500 185,100
SecOndlllry -------------- 3.054 4,600 8.600

Total ------------------ 62,085 104.100 171.700
Cumulatlv8 (primary) .--- 2,081,000 2.788.000

Probllb~
Probeb""

l!\lflfll:Q:!: cflf1u:;1
grow1h rate
197~OOO

1985 2000 percent

27.100 43,000 '3.1
800 1.700 5.1

27,900 44,700 3.1
278,000 804,000

58,400 94,500 3.5
3.200 4,200 Ul

59,600 98,700 3.4
504,000 1,690,000 .-

83,500 137.500 3.4
4,000 5,900 2.5

87.500 143,400 3.3
842,000 2.494,000

'·Calcullllted from the 2().year p;imlllry demand trend value of 18,888 for 1973.

lead district. Maine ,l Alaska ,l and Pennsylvania also have large identified

resources.

Much of the world's identified resources are in the form of lateritic nickel ores

in tropical regions. However ,l most cobalt currently comes from sulfide deposits

in Zaire. Zambia. and Canada. An assessment of world cobalt resources is shown

in table CIS.

Table CIS A.....m.nt of world cob.1t ,.aourc••
(Million pounds)

Estimated Other Total
flIIHrveS resources l resourcesl

0 1,634 1,684
388 164 550
744 1,568 2,312

1,130 3,416 . 4,546

28 NA 28
1,500 160 1,&60

768 NA 768

2.294 160 2,454
1,400 460 1,9oW

450 NA 450
50 NA 50

500 500
TotlllJ _

North America:
United Stllltes' _
Canllldlll _
Cublll _

Total _

World toml

NA Not lIIVliilabkl.
, No res.ources of cobalt IIlre conslc:lor.d bll>ClIIUMl It ~ cU'flIIntly

(1974) unoconomk:1IIJ to mine cobalt in the Unit8d States.
I SoUfC.4i: U.S. Geol. Survey Prof. PlI.pCr 820, 1973,
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from $1 50 per in to over

$4.00 in 1976. Factors affecting this increase include:

1. inflation

2. removal of cobalt from a list of
being shipped to Sino-Soviet nations

prohibited froll

3. a 30% increase in U.S. industrial consumption as a result of
the Vietnam War

4. the announced nationalization of mines in Zaire

5. increased demands because of the nickel shortage due to the
Canadian nickel strike

6. currency realinement

The price is expected to increase as new uses for cobalt are found.

C14
Sulfur

Uses Sulfur is unusual as compared with most major mineral commodities in that by

far the largest portion of it is used 8S a chemical reagent rather than as a component

of a finished product. Its predominant use as a process chemical generally requires

that it be first converted to an intermediate chemical product prior to its initial

use by industry.

Sulfuric acid is the most of these products. Ninety percent

of the sulfur in the United States in 1974 was either converted to sulfuric

acid or produced directly in this Other intermediate products included carbon

disulfide and sulfur dioxide. Four percent of the total consumption was used

directly in the

The distribution of u.s. is

1. agricultural products

2. and

3. paper products
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5. nonferrous ,metal production

6.. explosives

7. petroleum refining

8.. iron and steel production

9.. miscellaneous

Supply-Demand

indus tries:

The domestic demand for sulfur is distributed among the following
.- '

Industry

Agriculture (Fertilizers)

Plastic & Synthetic Products

Paper Products

Paints

Nonferrous Metal Production

Explosives

Petroleum Refining

Iron & Steel Production

Other

Percent of Total Market

55%

6%

4%

4%

5%

3%

2%

1%

20%

World production of sulfur in all forms exceeded world demand by a substantial

amount. In 1974» world production of sulfur in all forma was 50 .. 9 million tons.

United States production for the period totaled 11.4 million tons.

Figure C40 indicate. the 8upply-demand relationships in 1973 and table C16 reveals

sulfur-supply-demand for the period 1964-1974.

The demand for sulfur in the year 2000 i. to range from 18-26

million tons. The 1. 23 million ton... Sulfur demands

for the rest of the world

A summary of forecasted U.S. world

71-104 million tons in 2000.

included in table C11.
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Table C16 Sulfur IYpply-dlifnand ntlstion.hlps, 1964-74
(Thol.auInd long lOIllS)

1964 1965 1966 1967 1968 1969 1970 1971 1972 lG73 1974

Worid producbon:
Unded States - ------ ------ --- - _.... -_ .. ------_ .......... --_ .... 7,087 8,196 G,141 9,121 9,735 9,545 9,557 9,580 10,218 10,921 11,419
Rest of world ________________________________________ 20,813 21,804 22,559 24,579 25,565 27,655 2G,643 31,320 32,782 35,079 39.481

Total ______________________________________________ 27,900 30,000 31,700 33,700 35,300 37,200 39,200 ~,900 43,000 46,000 50,900

Corl'lpOfleOl$ of U.S, supply:
DomestIC mines ------- _.... -- .. --- ------------ -- -_ .. ----- 7,087 8,196 9,141 9,121 9,735 9,545 9.557 9,580 10,218 10,921 11,419
IrTlpO(ts --- --- -------- -- ---- ---- -- -- .. -------_ ........ -_ .. -.. 1,582 1,64& 1,674 1,639 1,754 1,795 1,667 1,429 1,188 1,222 2,150
Industry stocks, Jan. 1 -- ---_ .. --- -------------- -- ----_ .. 4,683 4,403 3,425 2,704 1,954 2,655 3,338 3,829 4,120 3,796 3.928

Total ______________________________________________ 13,352 14,245 14,240 13,464 13,443 13,995 14,562 14,838 15,526 15,939 17,497
Distribution 01 U,S, supply:

Industry stooo, Dec. 31 - -----_ .. -- -- --- --- ---_ .......... -- -_ .. 4,403 3,425 2,704 1,954 2.655 3,338 3,829 4,120 3,796 3,m 3.957
Expolts ..... -..... -_ .. -_ .. ----- -_ .. --_ .. --------_ .. -_ ... ---- -- --_ .. 1,928 2.635 2,373 2,193 1,602 1,551 1,433 1.536 1,852 l,rn 2,601
Dell\llnd -_ .... ~ .. -- ...... ---- -------------- -------_ ....... --- --- 7,255 7,981 9,145 9,251 9,072 9,169 9,227 9,173 9.854 10,234 10,880
Apparent surplus (+ I, defiot (- I 01 11l4)ply' ------------ .. - -2304 +204 +18 +66 +114 -63 +73 +9 +24 +59

U.S. dElfT\and pattern:
AgncuJture (fer1lliz6l's) -- -_ .... --- ---------------- ---- ---_ .. 3,090 3,810 4,425 4,735 4,470 4,465 4,680 4,800 5,210 5,520 5,960
PlutlC and synthebc productl!l ----- --- ---- -- -----_ ............. sao 555 555 495 550 570 495 515 S40 580 610
Papof product:ll ________________________________________ 415 430 440 400 390 365 350 320 340 370 390
Palm -_ ........ ------------ --- ----------- -------_ .. ------- 50S 510 S20 505 490 445 420 aao 390 420 440
Nonf6l'IOUS matal productIOn (Cu-U) ------ .. -- .. -_ .. -_ .... --- 235 265 310 260 300 370 390 410 4.30 500 560
Expios.l"lMI .... -- .... -- -------_ .. ------_ .. ------- ----_ ......... -_ .. 215 230 260 265 250 260 255 255 260 280 21ilO
Petrol€llUm rlll\ntng -- ---- ........ -- ------- --- --_ .... --- ............ 155 165 190 195 180 190 195 200 220 230 2~

Iron and steel production ----- --_ .. ----_ .. -_ .. -- -- -- ............ 330 295 275 220 170 125 120 105 110 110 110
01tlw .. " --- -- -- ---- ---- --- ---- ----- --- - --- ----- ------- 1,810 1.921 2.170 2,176 2,272 2,379 2,322 2,188 2.354 2,224 2.260

U.S. pflmary delTllMd --- --- ---- - - --- -------- -- -- --- -- 7,255 7,981 9,145 11..251 9.072 9,169 9,227 9,173 11.854 10,234 10,880

, The aff&fllnoo betw-ellm total U.S. chtnbubon 01 supj')ly and lotlrl U.S.~.
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. Table el7 Summllry of iOfllCa:s.a of U.S. rest-af-world suliur demand, 1973-2000
(ThouS.lind long toM)

Probable

1985 2000

2000
forlllClllSt rlillnQe

low High

Probabl@
average annual

------------ growth rate
1973--2000
(percent)

1973

United Slates.
Total 10,234
Cumulative ___ _ __ ___ __ ___ __ _ _

Rest of wond:
Total ~ 32,766
Cumulative ___ _ _

World:
Total 43.000
CumulalJvl!I __ ____ _ __ _ _

18,000 26.000 14,500 • 23,000
380.000 460.000 150,000 430,000

72,000 104,000 50.500 87,000
1,400,000 1,700,000 500,000 1,500,000

90,000 130,000 65,000 110,000
1.780,000 2,160,000 650,000 1,930,000

3.0

3.7

3.5

Reserves and Resources Based on available information, the world reserves of

sulfur amount to 2000 million tons. u.s. reserves total, 230 million tons. A major

portion of the reserves is in the sour natural gas deposits in the Near East,

~anada, and Western Europe. Other large reserves are in the elemental (native)

sulfur deposits in Mexico, Poland, the U.S.S.R., and the Near East. Pyrite

deposits are an important element of reserves in Western Europe and the U.S.S.R.

Additionally, there are substantial reserves in the petroleum deposits in the

Nea.r East.

An assessment of world Deserves and identified resources is shown in ta'le ClS.

A similar assessment for the United States by of deposit is shown in table C19.

Quantities are based on complex relating to the ge'logical occurrence of

sulfur deposita and the technical and economic associated with the

recovery of sulfur from widely varying s9urces.

Economics Table C20 shows the relationsh~p for sulfur during the past

22 years in terms of actual and constant 1973 dollars per ton. These prices are

based on the average reported prices for sulfur and

f.o.b. mine/plant and reflect 90% of the of sulfur in all

forma during this period. Rapid increase in the price of sulfur in recent year.

can be attributed to:

1. rapid expansion in fertilizer
and worldwide



2.
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ch sulfur for the
for this purpose

fa

3. the high profitability of the fertilizer sector which permitted
high sulfur prices to be on to consumers

4. the recognition that Frasch sulfur production costs has increased
substantially

5. logistic problems which restricted deliveries from other sources.



Table C18 ·Identified world sulfur resources
(Million long Ions)

Reserves Other Total

230 400 630
410 1,100 1,510
90 60 150

5 5

735 1,550 2 1295
30 30 60

150 450 600
70 10 80
35 10 45
20 5 25
20 450 470
15 25 40

185 285 470

495 1.235 1,730
20 20

20 40 60
600 300 900

25 25 50
50 200 250

695 565 1,260
25 10 35

2,000 3,400 5,400World total

Tolal _
Oceania _

Nom America:
Untted Stales _
Canada _
MexICO _
Other • _

Asia:
Japan _
Near East __ • _
China, People's Rep. of _
Other ._. _

Total _
Alrica • _

Europe:
U.S.S.R _
Poland _
France _
West Germany _
Spain _
Italy _
Other _

Total _
SO'Jltl America • __

Table Cl9 Identified U.S. sulfur resources
(MII~on long Ions)

Type of depoSit

Salt domes and evaporites _. ••• _
Nonlerrous metal sulfides _
NabJraJ gas ._. __ • _
Petroleum • _
Pyrrtes _
Gypsum and anhydnte _
VolCSOlC _
Tar sands _

Total _

Reserves Olher Total

150 50 200
40 60 100
25 10 35
10 135 145
5 55 60

50 50
30 30
10 10

230 400 630

Table C20 Tim..prlctl reilitionahip for sulfur'

Average annual price. dollarll per long Ion

Constanl 1973 doIars

1954
1955
1958
1957
1958
1959
1960
1961
1962
1963
1964
1965
1968
1967
1968
1969
1970
1971
1972
1973
1974

1975 •
lIi17e • (firll:l QU!iJ'\l!If)

26.85
27.94
26.49
24.41
23.82
23.46
23.13
23.12
21.75
19.99
20.19
22.47
25.n
32.64
40.12
27.05
23.14
-H.47
17.03
17.84
28.88
48.50
55.00

45.87
47.44
43.50
38.62
36.76
35.00
34.57
34.10
31.70
28.76
28.64
31.30
34.92
42.83
SO.59
32.55
26.42
1907
17.98
17.64
26.18
38.72
43.55

• Elrtlrnar.. • PrMfOINIJ"y
, Frudi and rlllCOVered aUlfur.



1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
37
38
39
40
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Cl
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C26
C26
C26
C25
C26
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C26
C26
C26
C26
C26
C26
C2
C26
C25
C25
Cl8
C7
C22
C26
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C26
C6
Cl9
C3
C3
C3
C26
C26
C26
C3
C23
C4
C24
Cl4



Tables Bibliographic Index

2 C17
5 C23
6 C23
7 C23
8 C23
9 C4
10 C4
11 C4
12 C4
13 C24
14 C24
15 C24
16 C14
17 C14
18 C14
19 C14
20 C14



BIBLIOGRAPHY

, Sulfur 'Dioxide,
Market Analysis)

Cl.. Ban, T.. E." "Traveling-Grate Processes for the Direct Reduction of Iron Ores,"
HcDowell Wellman, Inc .. , Cleveland, Chemical Engineering Progress Sympos:lum.
~o. 43, Vol. 59.

C2. Boldt, Jpseph R., The Winning of Nickel, Canada, The Hunter Rose Co., 1967.

C3.. 1971. "Control of Sulfur Oxide Emissions 1n Copper, Lead, and
Zinc Smelting ll " Bureau of Mines Information Circular 8527, United States
Department of the Interior.

~4 .. Corrick, J.D .. - 1975. "Nickel", A chapter from Mineral Facts and Pro-l:?!em..s~

1975 Edition, A Rreprint from Bulletin 667 ..

CS. Dennis. W.H. 1966. Metallurgy of the Non-Ferrous Metals, London. Sir
Isaac Pitman & Sons, Ltd.

C6. Dresher, W.R. 1975. "Chemical Processing," Mining Engineering, Feb., 1975.

C7.. Forward, r. A. 1948. "A Me thod for Adapting the Ammonia-Leaching Process to
the Recovery of Copper and Nickel from Sulfide Ore and Concentrate." The
Transactions of the Canadian Institute of Mining and Metallurgy and of the
Society of Nova Scotia. pp. 181-186.

C8. Given, I.A. 1973. SME Mining Engineering Handbook. Society of Mining
Engineers of the American Institute of Mining, Metallurgical, and Petroleum
Engineers, Inc., New York.

C9.
Control, .i

1972. "Japanese Copper Smelter Strives for Total S02 Emission
Engineering and Mining Journal. August, 1972.

elO. Kruesi. P.R. 1973. "Cymet Process-Hydrometallurgical Conversion of Base­
Metal Sulphides to Pure Metals," CIM Bulletin, June, 1973.

ell. Kruesi, P.R. 1974. "Cymet Copper Reduction Process, n Mining Congress
Journal. Sept., 1974.

e 12. Mac.Askill, D.
Emissions,"

1973. "Fluid Bed Roasting: A Possible Cure for Copper Smelter
Engineering and Mining Journal. July, 1973.

e13.. Mealey, Mike. 1972. "Japan's Tamano Copper Smelter: The Most Modern in the
World," Engineering and Mining Journal. June, 1972.

C14. Merwin, R.W.. 1975. "Sulfur," A Chapter from Mineral Facts and Problems.
1975 Edition. A Preprint from Bulletin 667.

CIS. 1972. "Mitsubishi's Continuous Copper Smelting Process Goes on
Stream." Engineering and Mining Journal. August, 1972.

16. PalleYt J.N. 1972. "Can Electrowinning Replace Cement Copper,"
Mining Journal. July, 1972.

C17. 1975. "Pyrometallurgy," Mining Congress Journal. Feb., 1975.



c Rampacek, Carl. 1976. "Copper Ore Proces ing-U S. Practices and Trend
19 6

Rosenzweig, M.D. 1976. "Copper Makers Look to Sulfide llydrometallurgYIl"
Chemical Engineering, Jan. 5~ 1976.

"

C20. Rutledge, 1975. "Mitsubishi Metal Reviews its Promis Continuous
Copper Smelter Process," Engineering and Mining Journal. Dec •• 1975.

C21. 1976. -',J.'Selecting Air Quality Monitoring Instrumentation,"
Pollution Equipment News. June, 1976.

C22. 195,3. "Sherritt Gerdon Uses Ammonia Leach for Lynn Lake
Ni-Cu-Co Sulfides," Mining Engineering. June, 1953.

C23. Shroeder, J.R.
1975 Edition.

1975. "Copper," A Chapter from Mineral Facts and Problems,
A Preprint from Bulletin 667.

C24. Sibley, S.E. 1975. "Cobalt," A Chapter from Mineral Facts and Problems,
1975 Edition. A Preprint from Bulletin 667.

C25. Themelis, N.J. 1976. "The Impact of Energy and Environment'al Constraints
on Copper Smelting Technology," Mining Engineering. Jan., 1976.

C26. Treilhard, D.G. 1973. "Copper-State of the Art," Engineering and Mining
Journal. April, 1973.

C27. 1972. "What's Happening in Copper Metallurgy," Engineering
and Mining Journal. Feb., 1972.




