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converter. As oxygen-enriched alr is introduced through tuyeres, three

liqgid layers are produced and coexist in the furnace: alag, 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 FeS.

Continued injection of the gas into the resulting white metal gradually
oxidizes Cuzs to metallic copper, which is tapped periodically after 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 recycled, and

c26
a low-copper (about 0.5%) tailing which is déscarded. (Figure Cl0)
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NORANDA PROCESS produces rich off-gases to facilitate SO, recovery Figure C1l0

WORCRA Furnace In the WORCRA procese, concentrate and flux are introduced

in & mildly oxidizing smelting zone by pneumatic or mechanical injection

at an appropriate angle to ensure particle penetration into the liquid and to
aid the continuous circulation of matte and elag in the "bowl". Some concen-

trates may be added in the converter zoune closer to the slag exit, where they
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help to control magnetite formztion in the slag.

A form of hot solvent-extréction is achieved by forecing the slag to move
generally countercurrent to the mstte, Unwented nonvolatile'compcnents,
particularly iron, are thus continuously being transferred to the slageafter
oxidation. Conversely, and particularly in the smelting and slag cleanup
zones, valuable copper in the slag can be caused tb revert to the matte
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 graviey

of these phases aid in the separations. The hearth in the converting zone
continues to slope downward to an underpase through which copper passes

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

Furnace gases rich in 802 can be treated for wvaste-heat utilization and dust
récovery in convention&l equipment prior either to venting or to conversion
in a sulfuric acid plant. In & commercial-scale plant, the low SOZ gases
generated by the burners'tha: heat the slag-cleaning zone could be used
separately for concentrate drying or combined with ;he rich smelter gas.

c26
(Figures Cll and Cl12)

Mitsubishi Furnace The Mitsubishi process ie a relatively recent development

and utilizee three separate furnaces. In the first furnace, concentrates
are dispersed in air jets which impinge sgeinet the surface of the melt, and
are smelted end partielly converted to epproximstely & 60% copper matte.

This matte then flows into & second furnace and is converted by air lances,
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b WORCRA PROCESS SCHEMAT!C shows concept Flgure Cll WORCRA FURNACE unites three operahng zones Flgure cl2

while the slag: 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 Cl13)
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MITSUBISHI PROCESS depends on matenal flow between three vessels Fjoyre C13

Britcosmaco Furnace This procesgs is intended to bring together the best

features currently availeble in pyrometallurgical methods for the trestment
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of sulfide concentrates. It is based on minimizing the use éf oxygen to
not only oxidize sulfur, but also produce a slag of high enough oxygen

potential to allow metallic copper to be made directly in the 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 slag phases. These collect on the hearth

in two layers.

As the volume of slapg 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 caesing additional rejection of copper.

Meanwhile, at the other end of the heéfth, copper falling down the main
smelting shaft is oxidized up to the state of metal, with variations in
oxidation level evening out as the particles work their way through the
slag, The copper dissolves at the top of the enriched white-metal layer,

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

C26

tapping xyphon arrangement. (Figure Cl4)
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Figure Cl4 BRITCOSKMACO PROCESS needs low energy input
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"The USBM procese consists of a furnsce with & sloping hearth.

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

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

the hearth countercurrent to slag flow.

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

lance immersed in the matte layer, 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, where it is needed, and ﬁeeps the

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

Slag formed in the smelting and

undergoing cleaning enroute by:

converting reactions flow to the slag well,

e m——

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
c26
. e reduction of magnetite ure
4, th ducti f magnetite (Fig Cl15)
CUFeS;
o 0, - _ 0;-
Outer furnace Fes, Si0, $i0,
| flue @\\t’/ 72000 e 22
. . / DI N .
Slag level ™ '\ ', Matte rSO, Ve :
Slag overﬂow? %2? a9 \ — ‘ 7 Copper overflow
White metal  Copper ~
Verticle elevauon section through center
Common reactions by z0ne
" (DFlash roasting sand smelting RN @) converting , ) ’ (@)Siag cleaning
2CuFeS, + 0, ~ Cu,S + 2FeS+S0,; 2FeS + 30, =+ 2Fe0 + 250, ~ 2Cu,0 + Cu,S = 6Cu + SO,
2FeS + 30, - 2Fe0 + 250, " 2Cu,$ +.30,; = 2Cu, 0 + 250, Cu,0 + FeS~ Cu,S + FeO
{Fe,0, and Fe,0, also formed) Cu,S +2Cu, 0 - 6Cu + SO, i} 2Cu,0+5—~4Cu+S0,
3Fe,0, + FeS = 7Fe0 + SO, ) 2Fe0 +Si0; ~ Fe,=8i0g - FeS + 3Fe, 0, —~ 10Fe0 + SO,.
3Fe,0, + FeS— 10Fe0 + SO, . 6Fe0+0; = 2Fe, 04 ; ' o

 2Fe0 +5i0, = Fe, Si0,

BUMINES AUTOGEKNOUS scheme combines mult:pie processing in single furnace Figure C1l5
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Converting
The process of converting is essentially an oxidation process, no extraneous fuel
being utilized. Air for oxidation is sdmitted a foot or so above tuyeres so when

the converter is in the normal operating positibn, the air is 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. Liqqid matte from
the smelting phase is charged to the converter together with silica fi;x. In the
case of a copper rich matte, oxidation commences and slég begins to form, the oxi-
dation of the iron producing the heat necessary to maintain the slagging action.
2FeS + 305 = 2Fe0 + 250, + 224,000 calories
The iron oxide produced combines with the silica flux to form an iron silicate slag
which i3 poured off, more matte and flux added, air readmitted, and the action
commences,
2Fe0 + §10, = 2Fe0-S10, (slag)
When sufficient copper sulfide has been accumulated in the converter, this in turn
is oxidized, the product being blister copper (928Z - 99Z Cu), which is transferred

to furnaces for casting into anodes prior to electrolytic refining.

2Cu,S + 30, = 2Cu,0 + 2S0

2 2 2 2
CUZS + 2Cu20 = 6Cu + SO2
3Cu28 + 302 = 6Cu + 3802

In the case of a copper-nickel sulfide matte, separation of the non-magnetic copper=-
nickel sulfides 1s generally affected by flotation, the copper sulfide being con-
veyed to the copper smelter, the nickel sulfide being sintered for the production

of asickel oxide,

Typical types of converters include:
1. The Pierce-Smith Sideblown Converter

2. The Hoboken Horizontal Siphon-Type Converter




3, The Kennecott Converter-Smelter 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 aﬁd scrap that might otherwise

be difficult to dispose of. Outlet gases are generally low in SO, concentration,
a consequence of excessive air infiltration into the off-take hood over the

€26
converter mouth, (Figure Cl6)

Oftt-gas

i

HOOD
Siliceous
flux

PNEUMATIC
PUNCHERS

Air

AUTOMATIC \PNEYUMA
TUYERE R B

Figure C16

Cutaway view of horizontal side-blown converter.

Hoboken Horizontal Siphon—Iypé 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

draft to give zero suction at the converting mouth,

When the converter 1s being poured or skimmed of slag, blowing air is discon-

tinued and the weak off-gases are vented to an escape stack raether than to the
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gcid plant. Significaﬁtly, an average of 8% SOz‘gas is congistently obtained
during converting operations, and if thfee or more Hoboken converters are
operating on a continuous basis, it ghould be possible to supply an acid plant
with a mixed exhaust gas containing all of the converter off-gases while avoiding

€26
excessive fluctuations in gas volume and 802 concentration. (Figure Cl7)

T
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HOBOKEN CONVERTER can improve sulfur recovery but
lacks Peirce-Smith unit's smelting efficiency- Figure C17

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

of existing converters to allow them to double as smelting and converting
vessels, Pelletized concentrates and flux are fed through the mouth of the
converter and are smelted and converted to high-grade matte through the use

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

In the KCS process, a high bath of high-grade matte is maintained in the
vessel at all timee; slgg is skimwed periodically and treated by milling; and

at hourly intervels, excess high-grede matte ig transferred to & finishing




couverter for blowizg te copser. The process mavT provile & Low-carlital

alternative for existing smelters which for scme reason do not want o contiace
' €25
operating their reverberatories. (Figure C18)
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Kennecact's canverter process affers gn artractive iow-cost altarngrive far existing smeirers = igur—: Cl3

Refer to table Cl for & statistical revievw of scme bf the features of esch
plece of pyrometallurgical equipment and/or apparatus; refer to figure Cl3
which 1llustrates in & very generalized combined flowsheet the various choices

in current and developing technology offered to smelter designers.

Figure C20 compares and coatrasts the quality of metal product produced from
the various pyrometallurgical systems. The reverberatory and electrical
furnaces produce a matte of composition A, unless they are preceeded by
fluidized or hearth roastere, im which case matte is couverted slightly to

the composition of point B. The flash smelting furnace and 2lso the converting
furnace of the Migsubishi process produce a matte of approximstely 55-60%
copper, near point C. In the Noranda process reactor, the matte can be
coaverted a&ll the way to point E (98% Cu), unless there is an electro-refining

problem due to the retemticn of high bismuth or antimouny content in the ancdes




Table Cl1

Salient Featuresg of Pyrometallurgical
Equipment and-Apparatus

APPARATUS DESCRIPTION & DIMENSIONS CAPACITY GAS GRADES DISADVANTAGES ADVANTAGES
“yltiple Hearth Roaster Cylindrical-brick-lined vessel 2-6% 50, More expensive to operate in comparison

to other calcining operationn.

Calcine Carryover of 6% in outlet gases,

TR
Fluid Bed Roaster Cylindrical-refractory-lined 1600 TPD 12-142 S()2 Processing difficulties, No moving parts in the combustion cha=ber.
steel shell Concentrate
Exceasive calcine carryover of 801 in Maintenance requirements are et 2 z=iniz ..
outlet gases
Uniform bed temperatures and cosposizion
are maintained in the floid b-d,
Little excess air {s required.
\
Stlotering Machine Traveling straight line grate 1.5-22 SOz Requires a very careful adjustment of the Excellent hearth efficiency.

. physical and chemical conditions of the charge.
25 fr. - 35 ft. long

5 ft. - 8 fr. vide Sulfur control is not very practical, - . -
Mezoda Blast Furnace 500 TPD 7.3T 50, Lacks capacity for large smelter Lover BTU requirements per ton of char3e
charge 9.53 COy operations. vhen compared vith the BIU requirezents par
3.12 02 ton of wet charze in reverberatorv.
Xeverderatory Furnace A long horizontal furnace with 1600 TPD .5-1.0% soO Thermal efficiency of the reverberatory Purnace possesses flexibilityﬂ with respect
a voof designed to reflect flame charge 11-202 of is low. to feed.
down onto & charge on the hearth sulfur
cootent Capable of handling large tennages of hot
120-150 fr. long removed charge per day. »

30-40 ft. wide

High temperatures 1400-1700°C
Tapping temperature 1100-1300°C

Gas temperatures 1100°C
e S S S

Electric Furnace Rectangular in cross-gection 2-41 50, High hydrostatis heads attributable to . )
i with 8 firebrick sprung-arch deep layered slags constitute a definite .
roof and & basic-brick inverted- furnace operating hazard.

arch bottom »
Bath runsways are & major hazard.

Copper matte is more di{fficult Fo produce
than nickel matte.




Table Cl continued

Flash Furnace (Outokumpu) 1400 TPD 142 s0, Slaga are too high in copper content to be Its emall physical size supporte a large
concentrate discarded, An ndditionsl electric furnace throughput.,
48 needed to treat both flash furnace slag It {8 very econcaical in its use of fuel,
and converter slag. the greater portion used for air heating,
and therefore, of low quality.
The gas produced is a good feedstock for
an acid plant,
Direct production of elemental sulfur ia
the flash-smelting emigsion system le
being developed.
Plash Furnace (INCO) 75-80% 50, Slags are too high in copper content to be
discarded, An additional electric furnace
is needed to treat both flash furnace slag
and converter slag,
Pierce-Smith Sideblowm Cylindrical steel vessel 1ined 2-6% SO, Relatively low concentration of S0, in Very efficient as o smelting mechine under
Coavarter with basiec refractory bricks. * outlet gas. certain modified conditione.
13 ft. diameter; 30 ft, length
Hoboken Horizontal Siphon- 56.5 TPD 82 50 Capital costs are high than Plerce-Smith
Type Converter blister 2 converter.
. copper
Capacity per unit size is lower thanm
comparable unite.
Efficiency es & smelting machine is low.
Mitpudbishi Procese (Continuous) 500 TPD=- 12-152 50, The system is pollution free, all exit gases
1500 TPD have a 50; content greater than 101 vhich
concentrates will permit recovery of sulfur as sulfuric acid.
‘ Capital investment is 702 of that neceded'to
build a conventional smelter.
Operating costs are reduced due to & s3aller
work force.
WORCRA Process (Continuous) 9-122 50, Capital costs 20-30I below that of reverb-~

eratory-converter plaats.

Lower oparating costs, with savings depeandent
upon local éosts for fuel, pover, mod lador.

Economic viabiliry et low ennual throughputs-
possible 10,090 to 20,000 teme per year of
copper, .

Efficient recovery of byproduct sulfur from
continuous SO, emimsion.

Process makes metal rather thean matte
directly from concantrates.



Table Cl continued N

Vost of the exotharmic oxidation reactionp
are generated and continued withio the
1iquid bath,

Injection of oxyzen-containipy geaes vis
lances creates turbulence and coatinuous >
flow in the smelriing and converting zonas.

In the converting zone, slag moves by grevity,
generally countercurrent to matte and metal.

Copper Content of the elag 1s reduced to
throwvavay levels es the slag flows through
the smelting and slag-cleaning zones; there
is no revert slag. :

Offgases generated in the smelting and con-
verting stages sre combined end leave the
furnace continuously. SOj concentration

* is mostly 4in the 9 to 12Z ranpe.
| Noranda Process (Continuous) Horizontal cylindrical furnace B0O TPD-
: with a raised hearth at one end, 1600 TPD
and a depression near the concentrate
middle in which the copper
collects.

13 ft. dimmeter; 60 ft. length

Kennecott Converter-Smelter 400~500 TPD
Vessel concentrate
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Figure C19

COMBINED FLOWSHEET shows varfety of choices in current and develoéinq technology offered to smelter designers.




ENERGY REQUIREMENTS AND SULFUR ELIMINATION
CHARACTERISTICS OF SEVERAL MATTE SMELTING SYSTEMS

{Approximate values for a concentrate assay: Cu—30%, Fe—28% and S—32%)

Smelting energy/

Gas eliminated: proportion & concentration

Matte smelting system ton conc Matte grade Roaster Furnace Conver!ei
Reverberatory green charge 3.2mm Btu? 34% — 30% a 2% S0, 70% a 6%
Reverbe:atory calcine from
multi hearth roaster 1 8mm Btu? 45% 40% a 5% SO0, 10% a 2% SO, 50% a 6%
Reverberatory calcine from L
luid bed reactor 1.8mm Btu? 45% 45% a 14% S0, 5% a 2% SO, 50% a 6°-
Etectrnic furnace calcine 500 KW hr 45% 50% a 14% SO, 1% a 4% SO, 50% a 6%
Flash furnace Outokumpu Q® 48% — 55% @ 12-14% SO, 45% a 6%
Flash turnace oxygen (Inco) 46mm Btu® © 48% — 55% a 80% SO, 45% a 6%
* Smelting energy with waste heat steam credit Table C2
Y Energy for concentrate drying included
¢ Equivaient of electrical energy used in oxygen plant
\1:.? EE——— Capacity,
N R Location Company Short tons metal
- ~2 \ © AHACONDA (Ansconda) Ajo, Az. Phelps Dodge Corp. 70,000
’ T RS T Douglas, Az. Phelps Dodge Corp. 165,000
S ) ; : : Morenci, Az. Phelps Dodge Corp. 200,000
N ¢‘~‘-7-—->\{ San Manuel, Az.  Magma Copper Co 180,000
CtnLcErT meoare | @ KEMECOT @ty -, Hayden, Az. Kennecott Copper Corp. 80,000
B ; : S Hayden, Az. Asarco, Inc. 130,000
; : Miami, Az. Inspiration Consolidated Copper
\\‘ ’;‘\7“-‘-'.‘.:;--—--1'_ i Co. 125.000
& R White Pine, Mi.  White Pine Copper Co. 90,000
" aaanco puyer Jpstincon taroent Anaconda, Mt. Anaconda Co. 200,000
sy P S McGill, Nv. Kennecott Copper Corp. 80,000
ricrs 000Gt 1Dy 2_ o s Hurley, N.M. Kennecott Corp. 100,000
AeLP3 DOCOE (rhestooy ASARCO (£} Pasa) . . .
Copperhill, Tenn.  Cities Service Co. 15,000
El Paso, Tx. Asarco, Inc. 100,000
e Garfield, Ut. Kennecott Copper Corp. 240,000
7 Tacoma, Wash. Asarco, Inc. 110,000
Total 1,885,000

Primary copper smelters in the United States

Figure C21
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produced. In thie case, the conversion in the reactor proper i stopped at

the white metal stage of point D. The Kennecott converter-smelter process
' €25
algo converte concentrates to the white metal stage of point D.

Copper matte composition diagram. Figure C20

Finally, table C2 summarizes, in tabular form, the degree of gulfur removal as

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

The fifteen operating smelters }n the United States vary inm annual capacity

from 15,000 to 240,000 tons of metal (Figure C21). Thirteen of these smelters

use reverberatory furnaces, of which seven roast concentrates before charging,
while the others practice green-feed charging. Because of air pollution regu-
lations for smelter dioxide emissions, roasting may be adopted at some of the

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

Other methode to abate air pollution and improve efficiency are being developed.

As a final note, table C3 summarizes some of the new pyrometallurgical
facilities that either have gone on stream in the last five years or will go

on stream within the next 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%)

Smelting energy/

Gas ehminated proportion & concentration

Matte smelting system ton conc Matte grade Roaster Furnace Converter*
Reverberatory green charge 3.2mm Btu? 34% — 30% a 2% S0, 70% a 6%
Reverberatory calcine from
mul!ti-hearth roaster 1 8mm Btu? 45% 40% a 5%SO0, 10% a 2% SO, 50% a 6%
Reverbe:atory calcine from .
fiuid bed reactor 1.8mm Btu?® 45% 45% a 14% S0, 5% a 2% SO, 50% a 67
Etectnic furnace calcine 500 KW hr 45% 50% a 14% SO, 1% a 4% SO, 50% a 6%
Flash furnace Outokumpu 0® 48% — 55% a 12-14% SO, 45% a 6%
Flash turnace oxygen {Inco) 46mm Btub © 48% — 55% a 80% SO, 45% a 6%
* Smelting energy with waste heat steam credit Table C2
Y Energy for concentrate drying included
° Equivalent of electrical energy used in oxygen plant
\:if' S Capactly,
S D Location Company Short tons metal
7 £, o aaconon tesconen Ajo, Az. Phelps Dodge Corp. 70,000
T ey TR Douglas, Az. Phelps Dodge Corp. 165,000
T ; Morenci, Az. Phelps Dodge Corp. 200.000
RS S 1 San Manuel, Az Magma Copper Co. 180,000
KEWRLCOT Gare | 8 KEARECOTT (Omtasa) -, Hayden, Az. Kennecott Copper Corp. 80,000
~ ; : Hayden, Az. Asarco, Inc. 130,000
; ! Miami, Az. Inspiration Consolidated Copper
N Co. 125,000
- e AN w1057 White Pine, Mi. White Pine Copper Co. 90,000
e ..'i',';ff.".,f;é?“.’.’ . Anaconda, Mt. Anaconda Co. 200,000
T A SN McGill, Nv. Kennecott Copper Corp. 80,000
PeLPs 0ODGH (Bmgine 8| . Hurley, N.M. Kennecott Corp. 100,000
st posst e Copperhill, Tenn.  Cities Service Co. 15,000
El Paso, Tx. Asarco, Inc. 100,000
Garfield, Ut. Kennecott Copper Corp. 240,000
Tacoma, Wash. Asarco, Inc. 110,000
Total 1,885,000

Primary copper smelters in the United States

Figure C21




Tabie C3

New Generation of Copper Smelters

U.S.

Designed Capacity Start- )
Plant Location Process (Tons of Cu/Year) Up Comments
Copperhill, Tennessee Llectric Furnace 1972
Noranda, Quebec Noranda Continuous Process 50,000 1973 Worlds First Continuous Copper
Furnace
Onahama, Japan Reverberatory Furnace 1973 99.77% fixation of the imput
sulfur, % as sulfuric acid
using a magnesium hydroxide
scrubbing process, % as gypsum.
Ready markets for these two by-
products exist,
Inspiration, Arizona 51-MVA Electric Furnace (Dry
Charge) with Hoboken Sypon Worlds largest electric copper
Converters 150,000? 1974 smelting furnace
Naoshima, Japan Mitsubishi Continuous Smelter 1974
Chile Reverberatory Furnace 1974 - Uses auxiliary oxygen-oil roof
burners to increase smelting
capacity; higher SO, strength
in outlet gases
Lakeshore, Arizona Roast-Leach-LClectrowin Process 1975
Butte, lontana 36-1IVA Electric Furnace (Calcine 210,000 1975 Worlds largest calecine-charged
Charge) w/38-Ft. Diameter Fluid electric copper smelting furnace
Bed Roaster
llidalgo, New lexico Autokumpu Flash Furnace with 100,000 1977 First North American Ouatokumpu
reduction of SO, to Elemental Flash Smelter. First copper flash
Sulfur smelter to employ S0, reduction
Garfield, Utah Noranda Continuous Smelting 298,000 1977 . 2nd Noranda Process Smzlter, lst in
1
Timmins, Ontario Mitsubishi Continuous Smelting 130,000 1978 2nd Mitsubishi process smelter,
l1st in North America
Kamloops, British Columbia Top Blown Rotary Converter 28,000 - First commercial use of TBRC for

copper smelting
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" Bydrometallurgy

Wet methods are frequently resorted to‘in the case of low-grade ores or those ores
whose coﬁcentration by ore-dresging presents 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 th;E'the leaching
solution effects its solvent action, the ore must be in a fine state and hence the
first 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.

Bydrometallurgy offers many features which make it attractive as a means of metal
extraction. The following generalizations are readily revealed in contemporary
literature which deal specifically with leaching systems.

1. In leaching generally & high rate of extraction is realized. This

is important, extremely important in contemporary mining where lower
and lower cut-off grades are anticipated and/or expected.
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Energy requirements are very, very, very low except when preliminary
roasting is essential or necessary.

[

3. The equipment utilized is relatively simple and inexpensive when
compared with equipment used in pyrometallurgical operations. (When
considering -small scale operstions only.) The principzl expense in
our case, is the cost of the chemical reagent used, which incidentally,
is a direct fumction of rock competency, leachability, and‘certain
environmental characteristics.
Leaching 1s a heterogeneous process involving three vertical stages of development.
The first or initial vertical stage 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 final 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 materials, further
clasgified as

a) concentrates

b) calcines

¢) matte

d) speiss

e) certain alloys
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Solventg Solvente typically used in commercial operations should be:
1. cheap and readily available in large quantities

2. regenerative in nature (regenerated in the precipitation cycle of
the leaching system)

3. non-reactive with the gangue minerals.
Specific solvents include:

natural

connate

interstitial

acld mine type of water .
brine T

1. wheer

2. acids

dilute sulfuric acid
nitric acid (concentrated form)
hydrochlorie acid

3. bases - ammonium hydroxide

ammonium carbonate

4, 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 ore 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-gitu.

The basic principles involved are applicaeble to all three methods of extraction.
The leach solutions must pass downward through the ore mnd contact and dissoclve the
copper-bearing minerals. Adequate arrangements afa ﬁeceaaary to collect the regultant
copper-bearing liquore 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 posegibilities for eomplex extraction from ores. All
valuable components im the orebody can be recovered either simulteneously or

succegsively,
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‘Methode of Lezcking Physical-chemical and microbiological methods for winning metals

and other substances can be utilized in complementary fashion in combination with
conventional mining. It is possible to combine the washing out of the ore through
boreholes with leaching, to combine underground leaching with drilling and blasting,

or underground 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 ;ulfide concentrate, ore,
or métte. To adapt the ammonia-deaching process for the treatment ofrcopper—nickel
sQlfide concentrates, it is 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 Feq0,.

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

4., Leach the digested calcine with ammonja-ammonjum-carbonate solution
to extract nickel and copper, leaving the iron oxides as an inscluble
residue.

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

From this point, the copper and nickel can be recovered and the ammonia leach
solution regenerated by any one of a number of accepted methods. Figure C22
identifies the various steps in the recovery of nickel and copper from sulfide ores

c7
and concentrates.

Ammonia Leaching - Copper-Nickel-Cobalt Sulfides An ammonla pressure leaching

process for producing high purity copper, nickel, and cobalt from a sulfide concen-
trate can be used suécessfully at e cost appreciebly lower then 1if conventional

smelting and electrolytic refining were used (small scale operation).




- 28 -

COPPER -TICKEL
SULPHIDE C?('.\CE;HTR &TE

ROAST —+= SO,

v
" — emenuce (s00°F)
‘fz um.u;l
0, — DGEST — ~

(30% ‘sot*xas - 100°F)

0, — > _LEACH =
(57 so\;ds - 8OF;

FILTER
|
v R
FILTRATE RESIDUE. '
(Ni-Co-Cv) (Fe,0, , 5i0,)
v
MR, — CEMEm;AT\ON
F\LI(‘ER
)
¥ Y
SOLIDS FILTRATE
7 v
(SQ/?C“) rucx:\..Y
COPPER RECOVER
RECOVERY \
MNICKEL N, CO, UQUCRS
OX\DE L‘_____A
[ oa - LEACH
METAL SOLUTION
REGEH*f.RAT\On
LEACH
SOLUTION

_/

Figure C22 Proposed flow-sheet for adapting the ammonia-leaching process
to the treatment of copper-nickel sulphides.

The process involves treating the copper-nickel-cobalt-iron sulfide concentrates
under pressure with air and ammonia to dissolve the variable métals and most of the
sulfur, leaving the iron and other impurities in a tailing which is discarded. The
copper is first separated from the solution &s sulfide by a boiling operation, the
nickel is then precipitated by hydrogen under pressure, the cobalt removed and

purified, and the end solutions evaporated to produce ammonium sulfate.

The leaching operation is carried out at relatively low temperatures of the order
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of 150-220°F under total pressures of lese than 125 pounds per squere inch.. The
copper sulfide 1s precipitated by bailing the pregnant leach solution at atmospheric
pressure. Hydrolysies and hydrogen reduction of nickel are carried out at higher

temperatures and pressures.

The total leaching time in continuous operation is less than 24 hours, whild 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 sireams. Essentially,
the leaching operation comprises & reaction between the ;ulfide minerals, oxygen,
armonia, and water. Although the mechanism has not fully been established, it is
récognized that a number of reactions take place in sequence, some being more rapid
than others. The principle reactions in a batch operation are presumed 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 + 8FeS = 140, + 20 NH3 + 8 820 = ZNi(NH3)6 SO4 + 4?e203 x

2
H,0 + A(NH[.)2 5203

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.

803 NH, + 2(N36)2 804

4 2
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

& continuously operated compartmented autoclave. The first stage
treate fresh concentrate with recycle liquor from the second stage
and the partly leached solids go to the second stage where they

are supplied fresh ammonia. Oxygen demand is lower in the second
stage and increasing amounts of sulfate and sulfamate are formed.

2. Copper Removel -- Boiling im & continuous still removes excess free
ammonia and recomposes thiosulfate and trithionate accordingly.

S30677 + cu’™ + 21,0 = 250,77 + CuS + 4H'
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0 = so,7" + Cus + 257

b

- d

8Cut + 25,0377 + 4H,0 = 8Cu¥ + 5,

2Cut + 5,0,77 + 20,0 = Cu,S + 250, + 4Kt

- 0 +
0g™" + 80, + 8

i

Insufficden sulfide ion is 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 H,S

2 ®

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

20377 + 20, + H,0 = 250,7 + 26"

2

-_— -— +*
S30¢ + 202 + 2820 = 350, + 4&H
NHaSO3NHZ + 820 = (NH‘.)2 SOA

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

Ni(NHj)p SO, + Hy = N1° + (NH,), SO,

Co(NH4), SO, + Hy = Co’ + (NH,), SO, » )
Separate nickel precipitation, leaving cobalt in solution, is
possible because the nickel reaction proceeds more readily. To

minimize cobalt precipitation due to overlap of reaction coundi-
tions, about | gram of nickel is left per liter of solution. <

The Arbiter Process The Arbiter process 1s 2 hydrometallurgical process capable

of treating copper sulfide concentrates. A number of options are evailable to the
operator, depending on the characteristics of the feed, the market for sulfur

compounds, and the cost of energy and/or other supplie;. The system allows for the
treatment of mixed concentrates containing apprecisble asmountg of zinc, nickel, end

cobalt, or lesser smounts of other materials.

The Anaconda plant which hosts the arbiter process is based on a moderate-temperature,

low-pressure leach of concentrates in en oxrygen-ewsonis-

emzouaiuz sulfate eystesm.

The procesg is outlined in figure C24. Slurried conceantrate is leached with ammonis,
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the pregnant solution filtered, the coppér then extracted with an organic solvent.
The copper is stripped from the organic by means of an electrolyte, and recovered

c26
by electrowinning.

Feed slurry

| Solution
Recycle

]
Residue

L-- L XX ]
{Discard)
= e o @

Stripped organic

| Loaded organic

Metaliic Copper

Ammonium

< Gypsum
sulfate OR P

ARBITER PROCESS of Anaconda Copper is hydro-
metallurgical, using ammonia to leach feeds Figure C24

The Cymet Process The Cymst process ia a hydrometallurgical process utilizing

electrochemical techniques to put metal values into solution for eventual recovery.
The process has been demonstrated in a semi-works plant at a capacity of 50 TPD

of chalcopyrite concentrate,
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,fhe‘cheﬁistry of the process (gspecifically for a ch&lcopyriticvore) ie presented in
figufe C25 in simplified form. Sulfide concentrate§ are ground in ball mille to a
fineness of at least 952 - 200 mesh, to facilitate contact in the leaching step.
Leaching with ferric chloride anolyte solution ffom the iron electrolytic cells
produces the following reaction: ‘

| 6FeC13 + 2CuFeS2 = 1CuCl + 8FeC12 + 48
Leached slurry goes to the anode compartment of electrolytic dissolution cells,
which are diaphragm-fitted cells with a woven permeable synthetic matgrial that

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

ducting oxides.

The chemical reaction at the anode is:
CuFeS, + 2HC1 - 3e = CuCl + FeCl, + 25 + 3H'
Slurry discharge from this compartment is 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 rdda, 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 filtratiom.
The chemical reaction is: ,

3CuCl = 3e = 3Cu + 3C1”

cio0
The copper powder eventually goes to electrorefining. (Figure C26)

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

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

washed with water, and the golid tail%ngs rejected. Produdt from the washing step

is precipitated and filtered in the presence of copper sulfite, then separated into:
1. a rejected calcium carbonate stream

2. concentrated copper cyenide end copper sulfide that are combined
with the rich liquor from the first leach stage
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CYMET PROCESS is one frontrunner in hydrometallurgical recovery of copper Figure C26
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In the second leaching step, copper values sre recovered Iin contact with 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 S0, (generated)

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

to copper.

The CLEAR Process The CLEAR process involves ferric chioride as an a{g‘ént in
cé

leaching. Refer to figure C27 for a flowsheet analysis of the process.
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H>0 — 1000 mols } ‘ (15! Stcge Leach)
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The USBM Revised Ferrie-Chioride Process  In this process, sulfide concentrate,

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, 96Z 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 5.5Z copper, goes to a diaphragm-type electrolytic
cell operating at 105°F. Copper and silver plate onto the cathode, andlﬁie 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 175°F regenerates ferrous chloride to the ferric state, and
also yields solid ferric oxide which is removed by & 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 ammonium-sulfide
solution dissclves free sulfur to form ammonium polysulfide. Solids then are
separated out by a rotary vacuum filter and sent to a tailings dump. Sulfur is

19
precipitated from the liquid by heating to decompose the polysulfide. (Figure C28)

The Lurgi=Mitterburg Process In this process, sulfide concentrate goes to &

vigration mill. The mill reduces the size of particles plus causes a high degree
of distortion in crystal latices, enhancing subeequent leaching. Ground concentrate

then is slurried with spent sulfuric-scid electrolyte from & downstream electro-
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Revised ferric-chloride process now  Fjgyre €28
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 teﬁove leach residue, including all the iron (im 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 Nitrie 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 slurried with & nitric/sulfuric-

acld solution, and sent to a two-step leaching system featurimg countercurrent flow,
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In the first step, preferably teking place at &hgu; 230-240 F and‘iﬂnlﬁ psigai

the acid solution dissolves most of the copper and ironm, and produces ﬂecessary
ferrous ions for a subsequent nitrate-removal step. Then, in the second step, held
at the same temperature and pressure levels, a preferably threefo}d excess of
nitric and sulfuric acids accelerates the leaching of the partially 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 aﬁ*autoclave;
heating to approximately 285-390°F drives off nitrate as nitric oxide, which is
recycled to a nitric-acid recovery circuit. Next, the solution goes to another
aytoclave for removal of iron that otherwise would impair the efficiency of electro-
winning. Contact with ammonia at 320-390°F precipitates iron from solution as an
easily filterable jarosite mineral. Electrowinning of the purified stream then

19
yields product copper.
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. Refining

The metal obtained from pgro- and hydro-metallurgical operations generally centains
impurities originslly pregent in £he ore which heve remmined with the metal during
smelting and/or leaching. Blister copper for example rarely exceeds 99.5Z% purity
and frequeritly runs as low as 98.5Z, the chief impurities being sulfur, iron,_
oxide, arsenic, and bismuth, all of which tend to have vardous 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 dévided into two sections:

1. The metal is liquified in & reverberatory furnace, the impurities
being oxidized by the application of air or oxidizing agents
and slagged off. Alternatively, chemical reagents such as soda
ash 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 is carréed out by oxidizing the impur-
ities, the oxide slags so formed being removed by skimming. Pertial

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-
purities are removed is related both to the heat of formation of the metallic
oxides and also to the extent of the solubility of the oxides in molten
copper. Sulfur, iron, and zinc are eliminated without undue difficulty,

but nickel, selenium, te-lurium, and bismuth are very difficult elements to
slag and have usually been dealth with by electrolysis. In practice, ig is
found that the bulk of impurities are eliminated early in the process, but

cs
the removal of the remainder often requires repeated and prolonged slagging.

Electro-metallurgy Electrometallurgy involves the application of electric

current by two means:

1. electrolysis




2. utilization of the heat liberated by 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;ﬁor 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, & soluble
electrode is untenable, an insol&ble anode being the rule. With golutions,
the insoluble anode may be of lead or a lead alloy, the metal in solution
plating out in the ugual manner on the cathode. In the case of a solid chemical
compound, however, electrolysis takes place in & fused-salt bath, an insoluble
anode of graphite or similar compound being used. The liberated metal does
not plate out on the cathode, but either floats on the surface of the
electrolyte or else ginks to the bottom of the cell.CS
In gummary, the new generation of smelting equipment captures the energy of the gulfides

for autogenous smelting, producing either a high-grade matte in the case with the
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Outokumpu flash smelter, or converting the concentrated sulfide minerale directly -
into & crude metal, as is the”case with the newer smelting processes - Noranda,
WORCRA, and Mitsubishi. These processes use &ir, oxygen, or oxygen-enriched air
for more efficient sombustion, producing a rather strong S0, gas which is amenable
to conversion into sulfuric acid, reduction to elemental su¥fur, 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 lé;éh concentrate
directly while others involve special pre-treatments. Some processes dissolve
copper selectively, others do not. Most, if not all systems, include a primary
leach step. Sulfur is oxidized at least to the element with oxygen from the air
directly or indirectly, or electrolytically directly or indirectly, ot‘vith both.
Where iron dissolves, precipitation at a later stage is required (as a ferric
compoynd). Dissolving and precipitating steps usually utilize the -ic and -ous 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 summarized below:

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

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

3. Pyrometallurgical processes do not consume large quantitiesg 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 facilities have larger
production per unit than hydrometallurgical facilities.

5. Disposal of glurried residues in hydrometallurgical process plants
necegsitates the construction of tailings damsg. Soluble salts in
the residues may find their way into ground waters and contaminate
them. Thie is not the case with waste slags from smelter operations.
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Distinct advantages of the hydrometzllurgical procesges are 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

mmssbemaTd o d o £ ____ _,
GEULZELLZEG LU 10Tm EYypsUR.

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 takenthe lead.¢'7




Sulfur Dioxide Recovery Systems

The domestic base-metal-producing industry has been challenged with the task of
reducing the amount of sulfur oxides and other pollutants 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 802 from stack gases in the latew1960'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.
Digscharges to the atmosphere at such heights diluted 50, values when dispersed into
the lower atmosphere. Even if other processes for removal of S0, from the smelter

gas are adopted, the tall stack will still be an important contrel 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% SO2 in the feed gas for acid production
and cannot economically treat veaker gases. Production of sulfuric acid by the

contact process 1is a well established process.

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

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

Process selection will be dictated by economic conditions for sulfur byproduct
diespogal and by variation in the nature of the off gases, such aes Sulfur dioxide
concentrations, impurities carried over from smelting operations, and fluctuations

in gas flow rates. Other factors, both economic and noneconomic, such as geographic
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locetion; nearness of markets for sulfurous products, available land for product
disposal, and potential water pollution problems will influence the choice of

c3
method for controlling emissions.

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

established chemical process for removing sulfur dioxide from smelter gases.

Smelter gases are first cleaned of particulates, gulfut trioxide removed in a mist
cattrell precipitator, the remaining gas stream dried with strong sulfuric 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 (581) sulfuric acid to yield
the product of the plant. The tail gas is treated to remove droplets of acid and

ﬁormally is vented to the atmosphere. Tazil gases will contain from 0.2-0.5% 50,.

c3
(Figure C29)
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Figure C29  Contact Sulfuric Acid Process.
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The Cominco Abeorption Process. This preocess is an zmmonium sulfite-bisulfite
bsorption pfocess which involves chemical regeneration with sulfuric acid to release

so, and form ammonium sulfate. Figure C30 outlines the process.

Sulfur dioxide-bearing gas, free of sulfur trioxide and particulates, is absorbed
by an ammonium sulfite-ammonium bisulfite solution. The sulfur dioxide in the gas
reacts with ammonium gulfite 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 25Z sulfur dioxide gas and a
solution of ammonium sulfate containing approximately 10Z of the feed sulfur. The
process will remove 90Z of the sulfur dioxide from dilute flue gases, even at con-

c3
centrations as low as 0.5Z. Tall gases contain as little as 0.03% sulfur dioxide.
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Figure €30  Cominco Absorption Process.
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The Dimethyleniline (DMA) Absorption Process This process, developed by the

American Swelting and Refining Company is wsed for recovering sulfur dioxide from

. smelter gases containing 4-192 50,. Outlined in Figure C3l, flue gases are first
cleaned, the cleaned gas stream then passing through a bubble—cap tower where the
50, is absorbed 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 sulfu;icmacid used
for DMA vapor recovery as well as any acid formed through sulfur dioxide oxidation.
The upper section of the absorption tower serubs 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 aqueocus scrubber solutions, by steam distillation in the lower section of
the stripping tower. The hot gas stream leaving the stripper, conteining sulfur
dioxide, steam, and dimethylaniline vapor, ie cooled in the upper or rectifier
section of the stripping column. In the presence of the gulfur dioxide, dimethy-
laniline vapor is recovered as water soluble dimethylaniline gulfate. This leaves
essentially pure sulfur dioxide vhiﬁh can be liquified. The process can recover
from 90-95% of the sulfur dioxide from a gas stream containing 2-4% sulfur dioxide,

' c3
and as much as 95-98% from a gasnstream containing 8-10% sulfur dioxide.

The Monmsanto Cat-Ox Process The Cat~0Ox process is particularly suited for gas

streams lean in sulfur dioxide. As 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 apptoximétely 800-900°F, and finally is oxidized to
sulfur trioxide in the presence of vanadium pentoxide catalyst. Conversione &are

of the order of 90%.
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Product gases from the converter are heatveﬁchanged sgainst feed gases, the sulfur
dioxide then absorbed in water. Product acid ranging in concentration from 80-93%
is then recovered in a cooler, with offgases 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

c26
4, corrosion in the heat exchanger unit

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

on a cyclical absorption-desorption phase, with sodium sulfite solution as the
absorbent. During the absorption cyc1e, 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.
ABSORPTION CHEMICAL RECOVERY S0 SO, S0,
SECTION SECTION : ) 1 € Compressor Heater
Gas to stack i H - Ty “
: WY 2! Condenser $0,
Lean I
H absorbent HER PO : ‘ o
Absorber |~ . Condenser =g Tank Tank st(:;;;r:sate
, ’ Steam o Condensate
. um : : e
ump p . o and SO, Condensate Pump and SO,
. 1 . - . Steam
: Rich i Absorbent F—-——- AT =
Clean smelter N absorbent regeneration b : ; : —
BstihealesctLLEN ¥
gas 110 F l povstem 7 . - - Condensate

DAY CBP PR a

WELLMAN-POWER GAS absorbs SO, with Na, SO  Figure C33

Gases coming from the smelter must be cleaned of particulate matter before treatment,
Upon entering the absorber, the gases ;ome in contact with the sodium sulfite
solution and the sulfur diexide is tripped out by converting the sbsorbent te the
biogulfute form. Exit gases contain approximately 500 ppz= when input gas hae a

sulfur dioxide concentration of 1-2%.
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Degsorption is accomplished quite easzily by etripping. the enriched bisulfite solution

with steam in a countercurrent tower (7-15 # stream per # 802);

Any entrained stresm in the sulfur dioxide gas is remsved in 2 twe-stege cendeneatiqn
process which removes the bulk of the water vapor at a relatively‘high temperature,
and most of the remainder at approximately 120°F. The product sulfur dioxide gas
contains approximately 107 water vapor, which makes it suitable as feed to a sulfuric

c26
acid plant or a sulfur dioxide reduction plant.

The Allied SO, Process The Allied 50, process involves the removalef 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)
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In thé reduction section, approximately half of the sulfur dioxide is comverted to
elemental sulfu; by reaction with methane, creatingAin the process HZS' -In the
subsequent sulfur recovery system, sulfur formed in the reactor is condensed and
the remaining sulfur dioxide and HZS are reacted in e mul:istage.claus conversion
system to product additional sulfur via the reaction:

2 HZS + 50, = 2-320 + 3§

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

c26
to remove traces of H,5 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, foldlowed 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. 90-95Z of the sulfur dioxide is claimed to be removed.

The gulfur dioxide stream pext goes to a reactor unit where hydrogen sulfide reacts
with the absorbed eulfur dioxide to yield elemental s&lfur. This is eeparated from

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

A small portion of the sulfur product is diverted to a HZS generator, where it is
burned with steam and methane to produce HZS and CDZ' the latter passing through

c26
the process and exiting from the reactor. (Figure C35)

The Limestone Scrubbing System A process for removal of sulfur dioxide from

effluent gases by exposure of such gases to materials such as limszgtone exists.

Designed systems convert the sulfur dioxide to an innocuous form.

Flue gas is precleaned of fly ash, them blown into the bottom of a spray tower
where it is sprayed with & slurry containing 7-10% powdered limestone. As contact
is made, the limestone reascts with the sulfur dioxide to yield insoluble calcium

sulfite and sulfate. Slurry effluent drains by gravity into a delay-and-mixing
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Figure C35 Citrate Process (U.S. Bureou of Mines).

tank, wherein supersaturated calcium salts settle out before the solution is recycled

back to the scrubber. PFresh limestone is added im this tank.

A portion of the recycle stream is directed to a clarifier that returns a fairly
clear overflow stream to a wet electrostatic precipitator inte which the treated
pases flow after scrubbing. Underflow from the clessifiers is filtered so that

precipitated calcium salts can be eliminated from the system and filtrate returned

to the mixing tank.

. c3
Other limestone-based processes exist, many in verious stages of development.
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The Closed-Loop Control System for SO, Emissions . Thie approach to control of

sulfur dioxide emissions involves the use of special automated inetrumentation for
the continuous measurement of sulfur dioxide in the air. The system includes
designed monitoring stations, degital computers which guestion each monitor and
printing out average SO2 values for each station periodically, a full-time
meteorologist, plus supporting staff with extenaiQe 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 gsecond 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 SO, concen-

2
trations as ground level.

Refer to figure C36 (a generalized flow diagram) to compare and contrast the various
processes for sulfur dioxide concentrationm 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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Additives and Catalysts Necessary for Process

Process

Contact Sulfuric Acid Process

Cominco Absorption Process

Dimethylaniline Absorption Process

Monsanto Cat-Ox Process

Wellman-Power Gas Process

Allied 502 Process

Bureau of Mines Citrate Process

Limestone Scrubbing System

Table C4

Concentration and/or Conversion
of Sulfur Dioxide
Gas

Drying Reduction }

Sulfuric Acid

Methane,
Allied Catalyst

Conversion Reaction

Vanadium Pentoxide

Sodium Sulfite

Hydrogen Sulfide

Hydrogen Sulfide

Limestone

Absorption Reaction

Sulfuric Acid

Ammonium Sulfite-
Ammonium Bisulfite,
Ammonia, HZO

Dimethylaniline,
Dilute Sulfuric Acid,
Sodium Carbonate

H20

-Partially Neutralized
Solution of Citric
Acid

Stripping l

Sulfuric Acid,
Air

Steam

Steam
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c23
_Copper

Uses Copper is utilized as a pure metal, alloyed with ainc to form brass, and
alloyed with tin to form bronze. Copper is used as a pure metal principally:
l. in electrical mining for motors
2. transformers
3. generators and instruments
4. as copper and brass tubing
5. as sheet for roofing, gutters, decorative applicagions. and coinage

6. 1in copper and alloy coatings and forgings for bearings, bushings,
jewelry, and mechanical posts

7. ordnance

8. 1in chemicals for insecticides, pigments, and agriculture

Supply-Demand The domestic demand for copper is distributed libezally among the

following industries:

Industry Percent of Total Market
Electrical Equipment

and Supplies 60Z
Construction ’ 152

Industrial Machinery 10%
Transportation 8%

Ordnance 27
Miscellaneous 5%

World copper production for 1974 was 8.1 million tons. U.S. production for the

same period totaled 1.6 million toms.

Figure C37 indicates the supply-demsnd relationshipe im 1973 end table C5 reveals

copper-supply-demand data for the period 1964-74.
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Figure C37 Supply-demand relationships for copper, 1973.
Table C5  Copper supply-demand relationships, 1864~74
(Thousand shon tons)
1864 1085 1968 1867 1868 1969 1970 1971 1972 1973 1074
World production (primary):
Mine production:
Untted States .. _._______..______.__ 1,247 1,352 1420 954 1.205 1,545 1,720 1,522 1,685 1,718 1,597
Restofwortd . __ .. ___. ... ___.._ 3.865 3,867 , 4,058 4,270 4,438 4,679 4,918 5,131 5,649 6,139 6,512
Toted . 5,112 5319 5.485 5224 5,641 6,224 6,638 6,653 7314 7.857 8,109
Components of U.S. supply (primary
and oid scyap):
Refined production: .
Domestic mines  _____._______._. 1.259 1,338 1353 847 1,161 1,469 1,521 1411 1,680 1,698 1421
Oid soap 188 214 262 180 231 284 278 208 212 241 268
Imports of ore, bister, etc ________ 398 376 358 286 276 274 244 181 193 170 234
Salas of Governmant stockpile excesses 27 120 400 149 - ——- — - e s 252
Imports of refined 140 137 164 331 400 131 132 164 192 202 314
Oid scrap (unrefined) . 288 299 283 293 290 281 228 237 246 245 215
Industry stocks, Jan. 1 527 467 498 602 507 563 541 645 586 517 456
Totad US.supply _______.__________ 2823 2,949 3,308 2,698 2,865 3,012 2,942 2,846 3,109 3073 3.160
Distribution of U.S. supply:
Industry stocks, Dec. 31 ... _.._ 487 498 602 07 563 541 645 588 517 456 597
Exports (refinsd) 325 273 159 241 200 73] 188 183 168 127
industnal demand 2,128 2433 2,032 2,061 2271 2,078 2,072 2,409 2428 2,436
U.S. demand patisrn:
Elsctnical 241 1.028 1.178 1,113 1,048 1,183 1.101 1,113 1,252 1.445 1.250
Construction 420 415 410 2m 316 341 328 35y 432 355 425
Machinery ___ 312 305 318 208 239 254 251 243 300 253 340
Transportation _ 222 227 226 145 183 108 173 192 227 198 257
Ordnance . 43 45 182 188 164 172 119 69 78 57 42
Other _______ . . ... 102 108 1214 101 103 113 104 104 120 120 122
Totaldemand ... _.____...._.. 2.040 2.128 2,433 2,032 2.061 2.271 2.076 2.072 2409 2.428 2,438
Total U.S. pamary demand (industnal :
oemand less old 5GTaP) ... 1,568 1,613 1,608 1,549 1.540 1,696 1,572 1,627 1.851 1.942 1,853
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The forecasted demand for copper in the year 2000 ie expected to.range from 4.1-7.5
million short tons. The most probable demand figure is 60 ﬁillion tons. Copper
demands for the rest of the world are expected to range from 16.9-28.5 million tons
in 2000. A summary éf forecasted U.S. and world demand is included in table C6.

Table C6 Summary of forecasts of U.S. and rest-of-world copper demand, 1973-2000
{Thousand short tons)

2000

Probable Probable average
1973 Forecast range annual growth rate
3
Low High 1985 2000  '973-2000 (percent)
United States: B
Primary 1942 2,900 5,300 2,700 4,200 - 29
Sacondary 486 1,200 2,200 900 1800 50
Total 2,428 4,100 7.500 3.600 6.000 34
Cumulative (primary) ____ - 65,000 92,000 28,000 80,000 N
Rest of world: v
Pnmary ____ . . _______. 6,058 12,700 21,400 10.000 18,000 4.1
Secondary _______._____. 2.158 4,200 7.100 3,000 6.000 39
Total ______ .. _____... 8,216 16,900 28,500 13,000 24,000 4.0
Cumuiative (primary) ____ - 246.000 337,000 97,000 301,000 J.
wwd:A
Primary 8.000 15,600 26,700 12.700 22,200 39
Secondary 2,644 5,400 9,300 3,900 7,800 41
Total 10,644 21,000 36,000 16.600 30.000 39
Cumuiative (primary) ____ . 311,000 429,000 125,000 381,000 .

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

in ore 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 202 of known
copper reserves and 20Z 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 wkich the copper is not now economicelly recoverable.

Domestic reserves of copper in ore are estimated at 90 million short tons. Five
states - Arizona, Utah, New Mexico, Montana and Michigan - account for more than
90Z of the total reserves. Nearlyyall of the reserves are in deposits where copper

is the dominant value; in the remainder, copper occures as & coproduct of mixed or
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Table C7 - world copper resources
(Milkon shorl tons of copper)

Reserves Othert ~  Tow!
North America:
United Statss 20 320 410
Cenede _____ e e 40 130 170
Other ______ . ... 20 30 50
Total .. 150 480 630
South America:
Chile . 80 130 220
Peru . 30 40 70
Other _.___ ... 10 70 80
Total __ ... 130 240 370
Europe:
USSR ... 40 90 130
Other _____ ... 20 40 60
Total .. 60 130 1280
Africa:
Zaire .. 20 30 50
Zambia __ .. .. ... 30 70 100
Other ________ ... 10 20 30
Total 60 120 180
Asia: Total 30 170 200
Oceania: Total . 20 60 80
Seanodules ___________._________._. . 400 400
Worldtotal  _.__.____..____. .. 450 1.600 2050

' 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-nickél bearing Duluth Gabbro of Minnesota.

Excluding deep sea resources, the amount of copper estimated to e#ist 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 56X of other resources.
Remaining reserves are divided among many other countries including Australia and
Papua New Guinea, Finiand, Iran, Japan, Panama, the People's Republic of China,

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

Economics The price of copper, inm terms of constant 1973 dollars, for the 1954-74
period, is summarized im table C8. Prices shown in the table are domestic producer

quotations for delivered electropytic wirebar refined copper.
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The price of copper (Domestic Refined) ‘for the week of July 5, 1976 was guoted

at $.74 in terms of 1976 dollafs.

Costs of producing copper are variable, largel; depending ona location a&nd
physical characteristics of the ore deposit. For a representativek large open
pit copper operation, cost components in terms of percentages of the price of
copper are estimated to be:

15Z mining

25% ore Beneficiation

25% freight, smelting, and refining

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

Table C8 Time-price relstionship for copper

Average ennus price, csnis psr pound

Year
Actusl prices Constant 1973 doliare

1954 295 508
1955 373 633
1958 425 €98
1957 301 476
1958 283 408
1859 307 46.6
1860 329 480
1881 30.0 442
1962 308 449
1863 308 443
1964 328 462
1965 35.4 493
1968 36.68 496
1867 386 50.7
1668 422 53.2
1969 479 578
1870 . 582 684
1971 52.0 56.8
1972 512 54.1
1873 . 595 59.5
18741 773 70.1

! The prics wes 63.625 to 85 cents par pound in December 1975,

c4
Nickel

Uses More than 90Z7 of all nickel consumed is in the form of metal, principally
in alloys. Its ability to resist corréosion and to impart corrosion resistance,
strength, and specific physical properties in alloys leads to ite wide and variable
uge in many producer and consumer goods. Nickel's chemical properties lead to its

use in batteries, dyes, and pigments, as a catalyst, and in inesecticides. HMajor
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end uged'include:

1.
2.

3.

10.

chemicals and allied products and petroleum refining and allied products
fabricated metal products
ajircraft and parts
motor vehicles and equipment
electrical machinery, equipment, and supplies
household appliances
machinery
general building contractors
chip and boat building and repairing

miscellaneous

Supply-Demand The domestic demand for nickel is distributed among the following

industries:

Industry Percent of Total Market
Chemicals 152
Petroleum 9Z
Fabricated Metal Products 10%
Transportation 212
Electriecal ’ 13%
Household Appliances 1z
Machinery 7Z
Construction - 92
Miscellaneous 9z

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

same perlod totaled 14.l1 thousand tons;

Figure C38 indicates the supply-demand relationships im 1973 end table C9 reveals

nickel-supply-demend date for the period 1964-74.




WORLD PRODUCTION .
- NICKEL
' SUPPLY-DEMAND RELATIONSHIPS.1973
PO R0 UNITED STATES | ] DIB4ZAL
123 ve 3¢
SK 28
INOONESIA AUSTRALA i BPOATS. PRIMARY TABRICATED
230 “2 iy METAL FROUCTS
5K 3¢
CusA .| soumn amaa 34 TRANSPORTATION
350 i ns (e s 845
- n [res——" L] ELECTRICAL
- BATED KBéco04 e 316
. USs SwAY US DEMAND
H m3 25900 T M-
T e m WDUSTRY STOCKS HOUSENOLD
7609 wm APPLANCES
re- 932 [— 181
' o5 SiC 363
i HORWAY us GOVERALENT MACHIMERY
- o " REL ‘;:5;; L]
S 35
_..| tewcuroowa | W0 CONSTRUCTION
. %90 23
4
: SC 344
. 21 PETROLEUM
" FRANCE P 03
T sk aan
RAODESIA as DTHER
B2 KEY 232
w ESTRAATE .
GREECE s SI: STANDARD MDUSTRIAL CLASSIRCA
e ABSIT: THOUSAND SHOHT TOMS OF MICKE. (W)
DDMNICAN 1ns
REPUBLIC
20 BUREAU OF MINES
U.S. DEPARTMENT OF THE INTERIOR
USSR k2
50D
oTven 12
04
WORLD YOTAL
7260
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 1873 1874°
World mine production:
Unted States __.____.___.___.______ 122 135 132 146 15.2 158 1586 156 157 139 141
Restotworld ______.___________.___ 3968 454 8 426.9 480.2 5329 516.9 6768 685.0 666.2 7077 809.1
.. Total . 409.0 468.3 - 4401 4948 5481 5327 6924 7006 681.9 7216 8232
Components of U S. supply:
Domestic mines .. 12.2 135 132 146 152 158 156 156 15.7 138 141
Secondary 50.9 514 63.1 523 36.6 710 487 728 740 68.5 700
Net Government release 29 163 103.8 233 3.2 43 2.1 14.9 18 1.6 46
Imports _.__ .. ... _...... 129.0 163.0 1410 1426 1437 1258 1563 1422 1739 1911 220.7
Industry stock, Jan. 1 _____.._ . ... __. 17.2 172 141 445 396 7.2 318 56.0 82.0 99.2 1088
Total US. Supply .- 2122 2614 3350 2773 2383 2541 2546 301.6 3474 3723 418.2
Distribution of U S. supply:
Industry stock, Dec. 31 ... ._.._.. 172 14.0 313 346 373 39 . 56.0 82.0 99.2 108.8 1503
Expcrts .. _..____. 120 56 118 80 65 14 6.3 46 26 45 43
Industrial demand 183.0 2418 2919 2347 1845 2208 183.3 215.0 24586 2550 263.6
U.S. demand patiern: ) -
Chemcals ___ 105 168 214 258 219 340 289 32.% 368 389 397
Petroleum ________.__ 58 9.1 "7 141 19 170 154 194 222 233 237
Fabrcated metal products 158 225 28.7 402 245 184 184 220 248 26.0 28.5
Transportaton;
Avcrafl oo 145 238 304 18.5 242 148 118 151 16.9 18.1 184
Motor vehicles and equipment ____ 272 384 384 23¢9 220 233 231 236 275 285 29.0
Shp & boat buiding and repass 53 9.1 1.2 73 9.1 8.5 57 6.6 71 79 8.0
47.0 714 785 477 553 46.6 404 453 515 54.5 554
170 285 347 202 202 297 249 278 319 336 342
169 249 28.9 184 18.2 134 12,5 147 17.2 181 18 4
i 216 336 426 129 126 16.0 143 148 17.2 18.1 184
' 68 28 138 11.0 103 158 184 196 22 233 237
416 252 316 443 196 299 193 193 220 232 2386
TYotal US. pumery demand (ndus-
trial demand less secondary) ... 132.1 1804 2288 1824 157 9 149.8 1436 1421 171 8 1828 1838

¢ Preemnary.
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The forecasted demand for nickel in the year 2000 is expected to range from 420-640
thousand short tons. The most probable demand figure is 550 thousand tons. Nickel
demands for the rest of the world are empected to range from 1190-1710 thousand

tons in 2000. A summary of forecasted U.S. and world demand is included in table ClO.

Table Cl0  Summary of forecasts of U.S. and rest of world nicke! demand, 1973-2000
{Thousand tons)
2000 Probable average
1973 Forecast range Probable annual growth rate
1973-2000
Low High 1885 2000 (percent)
United States:
Prmary . 193 300 450 260 385 26
Secondary ... ___.___ 66 120 180 100 165 3as
Total oo 259 420 640 360 550 28
Cumulative (primary) _.__.. - 6.600 8,300 2,700 7,600 -
Rest of world:
Primary ... .. 597 990 1450 810 1,205 26
Secondafy .o ooocooooooo 144 200 260 160 245 20
Total s 741 1,190 1,710 970 1,450 25
Cumulative (primary) .__._. ——- 21200 26,200 8,500 23,600 —
World:
Primary - o oieioioo 790 1.280 1.900 1,010 1,590 26
Secondary . ..._._.____ 210 320 450 260 410 25
Total . 1.000 1.600 2,350 1.300 2.000 26
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 reserves at Riddle, however, they are not mineable
at a profit under current economic conditions. The large low-grade sulfide deposits

in the Duluth Gabbro of northeastern Minnegota e&re currently clessified as resources.

World nickel reserves have been estimated by the Bureau of Mines at nearly 50
million tons, however, the estimates are based on fragmentary information and are
considered to be low. The general distribution emd order of magnitude of primciple

nickel reserves are given in table Cll, Total resources are estimated at 100

million tone of mickel.

Combined sulfide and laterite world resources averaging approxim@tély 17 nickel are

estimated by the U.S. Geological Survey to totel 70 million tons of nickel in
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Table Cl1l

(Thoussand tons)

Assessment of worid nickel resources

Reservi Otherre- Total re-
eserves sources' sources
North America: )
United Stetes _..._ ... _.._.__ 200 15,000 15,200
Canade ______ ... 8,000 9,900 17.800
Totel o eeee 8,200 24,900 33,100
Central America end Cearibbean
Islands:
Cuba 4,200 13,800 18,000
Dominican Republic -...__._____ 800 ... 800
Guat | 500 500 1,000
Puerto Rico __ oo — 100 100
Total ____.__ - 5,600 14,400 20,000
Europe: USSR, oo 10000 . 10,000
Oceania:
Australia 2,000 4,500
Indonesia 4,300 8,000
New Caledonia .___ 1100 18,500
Philippines 3,500 8,000
Totel o eeeee 10,800 37,000
World totaP 50,200 100,100

! Derived from U.S. Geo!l. Survey Prof. Paper 820, 1973.

* Excludes smeall quantities of reserves in Brazil, Rhodesia, Republic of
South Africa, and Burma, and an unknown quantity of low-grade Iaterites
that exist in tropical and semitropical areas. Also excludes nickel associated

with copper deposits of Bolswana and seabed manganase nodules.

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

nickel are U.S. sulfide depogits, estimated to contain 7 billion tons of material

averaging 0.2% nickel.

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

Economics

period in actual cents per pound and in conatant 1973 dollars.

In addition, the peridotites and serpentinites containing

Table Cl2 shows the time-price relationship for nickel over a 20-year

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 relationship for nickel
Aversge annual price, cants par pound
Year
Actual prices Constant 1873 dollars

1954 64.50 "
1955 64.50 110
1858 74.00 12
1957 7400 "7
1958 74.00 114
1959 74.00 112
1960 74.00 11
1861 8125 120
1862 7900 115
1963 79.00 114
1984 79 60 112
1985 71.78 108
1866 8525 116
1967 84.00 123
1988 103.00 130
1969 128.00 154
1970 128.00 148
1971 133.00 145
1972 140.00 148
1673 153.00 153
1974 17424 158

! Price changes (cents per pound): 1874—Jen. 4, 182; June 28, 185; Dec.

20, 201; and 1875—Jenuary-May, 201.
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Cobalt
Uses Cobalt is used principally in heat and corrosion-resistant materials, high-
strength materials, and permsnent msgnets. Other imporrant uses include hard‘
facing alloys for wear and abrasion resistance, and tool and die dteels. 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 ite use

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 producte

7. mnmiscellaneous

Supply-Demand The domestic demand for cobalt is distributed amont the following

industries:
Industry ) Percent of Total Market
Paints 12%
Chemicals 7%
Ceramice and Glass 10X
Transportation-Aircraft 131
Electrical 291
Machine Tools 11%
Construction Machinery ~ 9%
Miscellaneous 4%

The U.S. industry reliee elmost entirely on imports of cobeslt for ite supply.

In 1974, imports constituted 631 of domestic supply. The remainder came from
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national stockpiles and secondary production. Except for one nickel-cobalt refinery
in Louisiana, which processes an imported matte, no primary cobalt is producte in

the United States.

Virtually all cobalt is recovered as a byproduct of copper or nickel. In 1974,
world mine broduction 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 60-652 of total world cobalt, followdd by Zambia, 10Z, 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 Cl3 reveals

cobalt-supply-demand data for the period 1964-1974.
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Table C1l3  Cobelt supply-demand relationshipe, 1964-74
(Thousand pounds) .

1964 1885 1868 1867 1068 1869 1870 1971 1972 1873 1974°

World production: ’ . ‘
United States ... 1.084 1,188 1,215 1,168 1376 1,003 897 680 - an— ——

Restofworld ... eee.. 38,150 40,624 48,782 44,028 41,988 43,558 52,580 47,808 51,280 58,510 67,008
Totel oo e 39,234 41810 47,997 45188 43,144 44,559 53,287 48,508 51290 56,510 67,008
Components of U.S. supply:
D tic mineg . e 1,084 1,188 1,218 1,168 1.178 1,003 8s7 680 ¥¥ 24 w
SeCONdBRY ot eeeeee 148 87 48 120 143 328 €9 125 197 454 270
Net Government rele 733 {1) 762 8,189 4,953 6.007 5,162 1,683 5845 8.569 8,838
Imports _ . 12,443 15,408 18,823 8,215 9,068 12911 12,417 10812 13.915 18,201 15878
Industry stocks, Jen, 1Y ____________ 1.099 1.420 3,600 8,400 8.552 5,888 5,128 §.733 5,235 4,534 9,184
Totel U.S. supply o coooooannes 15,507 18,100 24,448 22,092 21,892 28,137 23,473 19,143 25292 32,758 34,268
Distribution of U.S. supply:
Industry stocks, Dec. 31" __________ 1.420 3,600 6,400 6.552 5,668 8,128 5,733 §,235 4,534 8,184 9.487
Exports __ 108 116 100 200 1,420 1.497 1478 385 1283 |, 1388 1,348
Industrial demand _________.__._..... 13979 14384 17848 15340 14,584 19512 16262 13,543 19485 22176 23453
U.S. demand pattern:
Nonmetal
Paints s 1,246 1,258 1.481 1.044 1,451 1,288 2,152 2,042 233 2684 27718
Chemicals ... 899 6885 753 658 882 1382 538 707 1,270 1.640 1,838
Ceramics and glass _._._....... 1,528 1.428 1,580 1135 1.261 858 1,880 1.768 1.882 2234 2308
Tota} tal 3.474 3,352 3,784 2,875 3614 3,525 4580 4,517 5575 8528 7.024
Metal-
Transportation: Aircreft ___.._._ 3.208 3.514 4,482 3,575 2,544 4,046 3,297 2518 4,204 4,035 5238
Eloctncal ..o oooeeee 372 3.976 5,387 4,160 5,100 4,024 4,589 3,833 6,080 8,478 5571
Machirary:
Maeachine toota  _..__ - 1.ezx 1672 2,152 1,628 1,616 1811 1,882 1376 1,717 2,458 2820
Construction machinery ___. 1,418 1,582 1,688 1,623 088 1,268 1.17¢ 1,080 1,180 2,037 2,102
Toted oot eaceeee 3,048 3.254 3,837 3.251 2,614 3.17e 3.081 2,458 2,907 4488 8,012
Coating and plating - . — —-—- R 3,351 —— - ——— —— ——-
Other .. eeeeeeeee 279 288 458 1479 712 1,387 735 419 820 3¢ én
Total metal .. . . .ocoo-. 10,505 11,032 14,184 ' 12485 10070 15887 11882 9028 13890 15648 186429
Totatl U.S. primary demand
(total demand less
secondary supply) __...... 13,831 14,297 17,800 15,220 14,441 19,184 16,183 13.418 19268 21,722 23,183
Total U.S. demand for primary
metal L eeaes 10,387 10,845 14,118 12,345 10,627 i5.85¢ 11,813 8,801 13,883 15,184 18,158

YIncludes consumers' and producers’ stocks aftar 1884. Producars’ stocks not availeble prior to 1885.
®* Preliminary.

The demand for primary cobalt in the United States for the year 2000 is forecast
at bétween 29.7 and 52.1 million pounds. The wmost probable demand figure is 44.7
million pounds. Cobalt demands for the rest of the world are expected to range
from 69.8-113.0 million pounds im 2000. A summary 6f forecested U.S. and world

demand is included im table Clé.

Reserves and Resourees Most cobalt resources are only availsble &g byproducts

of mining for more abundant elemesnts. According to the U.S5. Geological Survey,
Minnesota possesses the largest deposits (identified resources) in the United
States, approximately ! billion pounds of cobalt in the form of sulfides in the

Ely area. Migsouri is esecond with 150 million pounde in the southeast Migsouri




Table Cl4 Summary of forecasts of U.8. and rest of world cobalt demand, 1973-2000
. {Thousand pounds)

2000 Probabie
Forecest renge Probable gversgs ennus!
1873 . [} h rate
19732000
Low High 1885 2000 percent
United States:
PrMENY oo oeoecemeeeeee 21,722 29,700 52,100 27,100 43,000 3.1
Secondary ______________ 454 1.400 2,000 800 1,700 5.1
Total s 22178 31,100 54,100 27.900 44,700 3.1
Cumulative (primary)* __.. - 651,000 896,000 278,000 804,000 -
Rest of world:
Primary ___ 37.309 69,800 113.000 58.400 94,500 35
Secondary _ 2,600 3,200 4,600 3,200 4,200 18
TYotal . 39,902 73,000 117,600 59,600 88,700 ¢ 34
Cumulative (primary) ___. — 1,430,000 1,890,000 564,000 1,680,000 e B
World:
Primary .. 59,031 9,500 165,100 83,500 137,500 34
Secondary ... _ooo.o.. 3,054 4,800 8,600 4000 5,800 25
Total ..o 62,085 104,100 171,700 87,500 143,400 33
Cumulative (primary) ... —— 2,081,000 2,786,000 842,000 2,494,000 -

1.Calculated from the 20-year primary demand trend value of 18,888 for 1873.

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

regources.

Much of the world's identified resources are in the form of lateritic nickel ores
in tropical regions. However, most cobalt currently comes from sulfide deposits
in Zaire, Zambia, and Canada. An assessment of world cobalt resources is shown

in table Cl15.

Table Cl5 Aseessment of world cobalt resources
(Million pounds)

Estimated Other Total
reserves resources? resources?
North America:
United States' ________________ 0 1,684 1,684
Canada _____________.__________ 386 164 650
Cuba _ 744 1,568 2312
Total oo . 1,130 3418 14,548
Africa:
Morocco ... _____________._. 28 NA 28
Zpire S 1,500 160 1,680
Zambia ... .. 768 NA 768
Total ... 2294 160 2,454
Oceania  __________________________ 1.480 460 1.840
450 NA 450
80 NA 50
500 - 500
Worldtotal __________________ 5404 4,038 9,440

NA Not gvzilable.

' No resources of cobelt Bre considsred reserves because R i currantly
(1874) uneconomical to mine coball in the United States.

* Source: U.S. Geol. Survey Prol. Peper 820, 1973,
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‘Economice  Cobalt prices have risen staeily from §$1.50 per pound in 1964 to over
$4.00 in 1976. Factors affecting this increase include:
1. inflation

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

3. a 307 increase in U.S. industrial consumption as a result of
the Vietnam War

4, the announced nationalization of mines in Zaire

5. 1increased demands because of the nickel shortage dues to the
Canadian nickel strike ST

6. currency realinement

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

c14
Sulfur

Uses  Sulfur is unusual as compared with most major mineral commoditiee in that by
far the largest portion of it is used as a chemical reagent rather thamn as a component
of a finished product. Its predominant use as a process chemical generaily requires
that it be first converted to an intermediate chemical product prior to its initial

uge by industry.

Sulfuric acid is the most important of these intermadiate producte. Ninety percent
of the gulfur consumed in the United States in 1974 was either converted to sulfuric
acid or produced directly in this form. Other intermediate products included carbon
disulfide and sulfur dioxide. Four percent of the tofal consumption was used

directly in the elemental form.

The distribution of U.S. sulfur consumption is as follows:
1. agricultural products
2, plastic and synthetic products

3. paper products




4. psaintg

5. nonferrous metal production
6. explosives

7. petroleum refining

8. diron and steel production

9. miscellaneous‘

Supply-Demand The domestic demand for sulfur is distributed among the following

f

-

industries:
Industry Percent of Total Market
Agriculture (Fertilizers) 55%
Plastic & Synthetic Products 62
Paper Products 4z
Paints 42
Nonferrous Metal Production 5%
Explosives 3z
Petroleum Refining 2%
Iron & Steel Production 12
Other 20%

World production of sulfur in all forms exceeded world demand by a substantial
amount, In 1974, world production of sulfur in all forms was 50.9 million tons.

United States production for the same period totaled 11.4 million toms.

Figure C40 indicates the supply-demand relationships in 1973 and table Cl6 reveals

sulfur-supply~demand data for the period 1964-1974,

The forecasted demand for sulfur in the year 2000 is expected to raenge from 18-26
million tons. The most probable demand figure is 23 million tons. Sulfur demands
for the rest of the world are ezpected to renge from 71-104 million toms im 2000,

A summary of forecasted U.S. end world demand is included in teble Cl7.
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Figure C40  Supply-demand relationships for sulfur, 1973.
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(Thousand long tons)
1964 1085 1866 1967 1868 1968 1970 1971 1972 1873 1974
World producton:
United States 8,188 9,141 9121 9735 9545 9557 9580 10218 10921 11419
Rest of world 21,804 22550 24,579 25565 27.655 29,643 31,320 32782 35079 39.48%
Total e 30,000 31,700 33,700 35300 37,200 39,200 40,900 43,000 46,000 50,900
Components of U.S. supply:
Domeslic MINGS .. e 7.087 8,188 9,147 9,121 9,735 9545 9557 9580 10218 10,921 11419
imports 1,646 1674 1639 1,754 1,795 1667 1429 1,188 1222 2150
Industry stocks, Jan. 1 4403 3425 2704 1954 2655 3338 3829 4,120 3786 3,828
T e 13352 14245 14240 13464 13443 13995 14562 14838 15528 15839 17,497
Distribution of U.S. supply:
Industry stocks, Dec. 3V _____ ... 4403 3425 2704 1954 2655 3338 3&0 4120 3786 3828 3,957
Exports e 1828 2635 2373 2193 1,602 1,551 1433 1536 1,852 1,777 2601
Demand .. .. ... ... _____. e ————— 7255 7981 8,145 98251 9,072 9,169 8227 9173 985 10234 10880
Apparent surplus (+), defiat (~) of supply' ______._______ -234 +204 +18 +66 +114  -63 +73 +9 +24 - +59
U.S. demand pattem:
Agneulture (lerbhizers) __ . een. 3020 3810 4425 4735 4470 4,465 4680 4800 5210 5520 5980
Plastic and synthebc products 555 555 495 550 570 495 515 540 580 610
Paper products __..._._._.__... 430 440 400 380 365 350 320 340 370 320
Pats _____ ... 510 520 505 480 445 420 380 380 420 440
Nonferrous metal producton (Cu-U) 265 310 260 300 370 3%0 410 430 500 560
Explosives 230 260 265 250 260 255 255 260 280 280
Petolsum refinng 165 180 195 180 190 185 200 220 230 240
fron and steel producton  ____ 285 275 220 170 125 120 105 110 110 110
(04 I 1,929 2170 2178 2272 2379 2322 2188 2354 2224 2280
US.pnmarydemand _______________ .. 7255 7281 8,145 9251 9072 9168 8227 9173 9885 10234 10,680

' The dterencs between tote! U.S. distnbution of supply and total U.S. supply.
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-Table Cl7  Summary of forecasts of U.S. and rest-of-world suffur demand, 1973-2000
{Thousand long tons)

2000 Probable

{forecast renge Probable average annual
1973 growth rate
- 18732000
Low High 1885 2000 (percent)
United States.
Total ___________. - - —-- 10,234 18,000 26,000 14,500 “ 23,000 3.0
Cumulative ___ e --.— 380,000 460,000 150,000 430,000 ——
Rest of world:
TR e mmm 32,768 72,000 104,000 50,500 87,000 a7
Cumulative _____ e —-.- 1,400,000 1,700,000 500,000 1,500,000 ———
World:
LI, 43,000 90,000 130,000 65,000 110,000 35
Cumulalive e emmem ---. 1,780,000 2,160,000 650,000 1,830,000 U

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

sulfur amount to 2000 million tons. U.S. reserves total 230 million tons. A major
port;on of the reserves is in the sour natural gas deposits in the Near East,
Canada, 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

Near East.

An assessment of world geserves and identified resources is shown in table Cl8.

A similar assessment for the United States by tppe of deposit is shown in table C19.
Quantities are based on complex fgctors relating to the geélogical occurrence of
sulfur deposits and the technical and economic problems associated with the

recovery of sulfur from widely varying spurces.

Economics Table C20 shows the time-price relationship for sulfur during the past
22 years in terms of actual and constant 1973 dollars per ton. These prices are
based on tge average reported prices for elemental sulfur (Frasch and recovered)
f.o.b. mine/plant and reflect easentia}ly 90Z of the shipments of gulfur in all
forms during this period. Rszpid increase in the price of sulfur in recent years
can be attributed to:

1. rapid expansion in fertilizer maznufecturing, both domestically
and worldwide
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& continuing dependency upon Frasch sulfur for the large forward
commitments that were required for this purpose

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

the recognition that Frasch sulfur production costs has increased
substantially :

1ogistic problems which restricted deliveries from other sources.




Table

C1l8 igentified world sulfur resources

{Million long tons)

Reserves  Other  Total
North America:
United States . _________ . .o._____... 230 400 630
Canada ___ 410 1,100 1,510
Mexico __ 90 60 150
Other e 5 o 5
Total el 735 1,850 2285
South America ________________ .. 30 30 60
Europe:
USSR s 150 450 600
Poland __ 70 10 80
France ___ 35 10 45
West Germany ______ .o 20 5 25
Spain e 20 450 470
haly 15 25 40
Other 185 285 470
435 1,235 1,730
20 en 20
Asia:
Japan L. 20 40 60
Near East .. . .. ... 600 300 800
China, People's Rep. of _____ . _.______._.._ 25 25 50
Other e 50 200 250
Total 695 565 1,260
OCBAMIA _ e 25 10 35
World total .l 2,000 3,400 5,400
Table C19 identified U.S. sulfur resources
(Milion long tons)
Type of deposit Reserves Other  Total
Salt domes and evaporites 150 50 200
Nonterrous metal sulfides 40 60 100
Natural gas 25 10 35
Petroleum 10 135 145
Pyrites 5 55 60
Gypsum and anhydnte —— 50 50
Volcanic e 30 30
Tar sands S 10 10
Total e 230 400 630
Table C20 Time-price relstionghip for sulfur’
Aversge annual price, dollars per long ton
Year
Actual prices Constant 1873 dolars
1954 28.85 45.87
1855 27.94 47 .44
1856 26.49 4350
1857 24.41 38.62
1958 .82 36.76
1959 23.48 35.60
1960 23.13 34.57
1981 23.12 34.10
1662 21.75 31.70
1983 19.89 28.76
1984 20.19 28.64
1865 2247 31.30
1868 25.77 34.92
1887 32.64 4283
1868 40.12 50.59
1969 27.05 3255
1870 23.14 26.42
1971 47.47 19.07
1972 17.03 17.88
1973 17.84 17.84
1974 2B .88 26.18
1975 46.50 38.72
1878 © (firg2 quarisr) 55.00 43.55

¢ Egtimats. ®* Prefmunery

' Fresch

and recovered suifur.
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