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The principal controllable parameters affecting the process of nickel-pyrrhotite 
concentrate autoclave oxidizing leaching [1, 2] are: 
the pulp flow rate and level through the autoclave sections; 
the partial pressure of oxygen in the steam-gas phase; 
the temperature in the autoclave. 
The autoclave leaching of nickel-pyrrhotite concentrates has certain perculi-

arities in control, namely the following. 
1. A high rate of heat 

release in the working range 
of temperatures, with the 
result that any excess of 
temperature due to malfunction­
ing of the temperature auto­
matic control system causes 
disruption of the process, 
sulfur-sulfide buildup on 
the mixers and heat exchangers, 
and a sharp drop in autoclave 
output. 

2. The narrow working 
temperature rarige and the 
corrosive and abrasive 

5 of the raw material 
ike it impossible to use 
ard automation resources, 
secial development work 
juired. 
The increased pressure 
Isk of explosion make it 
.mportant for monitoring 
>ntrol systems to be ex-
.y reliable. 

Fig. 1.. Routing of apparatus for autoclave oxidizing 
leaching: 
1 - gas mixer unit; 2 - 3GP 13/25 cc 
- receivers; 4, 16 - control valves 
valves; 6 - pocket feeder; 7 - init 
pulp collector; 8 - centrifugal pum 
/30 pump; 10, 11 - autoclaves, capa 
12 - discharge valve; 13 - intermed 
14 - oxidized pulp collector; 15 -
17 -supply tank; 18 - GR 16/40 pum 
nels. ' 
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The experience of the 
Nickel Industry Research 
and Design Institute in 
the adoption of auto­
mation on 15 m^ capacity 
autoclaves at the Yuzhu­
ralnikel' Combine and 
1.74 m^ capacity auto­
claves at the Madneul 
Mining and Concentration 
Combine [3] was utilized 
in the work, but most of 
the schemes were perfected 
in the process of opera­
tion. 1 

A diagram of the appa­
ratus routing appears in 
Fig. 1, and a diagram of 
the monitoring and measur­
ing instruments and auto­
mation system in Fig. 2. 
All the systems are 

^ ^ ^ 

Water s conden-_ 
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Fig. 2. Diagram of monitoring and measuring ins­
truments and automation system for autoclave 
oxidizing leaching. 

V. I, Akin'shin, N. I. Burkalenko, N. L. Voloshchuk, G. V. Kosintsev, and M. 
• Usupov from the Noril'sk Mining and Metallurgical Combine automation and moni­

toring and measuring instruments shop and v'. 1 . Keilin from the Nickel Industry 
research and Design Institute participated in the work. 
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essentially standard, but the industry does not manufacture quick-response 
sensors for measuring the temperature of an aggressive medium or instruments 
in nonsparking versions to monitor resistances in a narrow range, and does not 
make up gas analyzers in sets with units to prepare and purify gas at high 
pressures. The necessary sensors and devices were developed and tested during 
the operation of the thermal routine control system and the system for purifying 
the outgoing gas for analysis and for pulp discharge from the autoclave. 

Monitoring and Controlling the Temperature in the Autoclave 

The nickel-pyrrhotite concentrate leaching reaction is attended by considerable 
release of heat (-̂  900 kcal/kg) . It is advantageous to run the process at higher 
temperatures, but at 112° C or above the elementary sulfur which forms fuses 
and prevents the access of oxygen to the sulfides. In addition, the sulfur-
sulfide fusion settles on the heat exchanger tubes, causing a sharp deterioration 
in heat removal and in temperature control. The optimum series of temperatures 
is in the 108-112° C range. A requirement of control with the minimum dynamic 
deviation from the setting is therefore imposed on the automatic temperature 
stabilization system. 
The autoclave consists of independent chambers with ideal mixing, the chambers 

being regarded as subjects of temperature control with lumped values. Independent 
temperature control circuits are installed. Each circuit consists of the volume 
of pulp, a temperature sensor, and a secondary instrument with a regulator and 
a control valve through which cooling water is. admitted to the heat exchanger. 
The subject of control may obviously be represented as an inertial unit with a 

positive feedback characterizing the effect of pulp temperature on the reaction 
rate. 
The greatest attention was given to the accuracy and speed of operation of the 

measuring devices, because the time constant of the subject is commensurate with 
that of the standard heat sensors. 
The measuring elements in the systems had to be perfected. A quick-response 

chromel-copel calibrating thermocouple with the hot junction welded to the sheath 
and a platinum resistance thermometer based on the TSP-753 thermometer were tested 
as the sensitive element. The platinum thermometer can measure temperature with 
an accuracy of ±0.2° C, whereas the chromel-copel thermocouple has an accuracy of 
±1.5° C with approximately the same time lag. 
Experience in operating the thermal routine automatic control system shows that 

it is essential to have not less than two measurement channels in each of the 
chambers to obtain reliable temperature control. One of the sensors is included 
in the control system, the other is connected to an indicating instrument. The 
process can be run by reference to the readings of the latter if there is mal­
functioning of the control system. It is also essential to have pulp temperature 
sensors with a short time lag (not more than 10-15 sec) and a non-standard 
secondary instrument scale of 80-120° C. Standard instruments (RPD rotameters 
and PVCh-3E secondary instruments) for monitoring and recording coolant water 
temperature and flow rate are provided for measuring the heat exchanger heat 
transfer coefficient. The temperature of the water leaving the coils is monitored 
by quick-response thermocouples. Recording of thermal characteristics made it 
possible to organize systematic checks on changes in the heat transfer coefficient 
and the heat balance according to changes in raw material properties, pressure, 
pulp feed, mixer speed, and other input values, and to assess changes in the heat 
transfer coefficient in time. 
Adoption of the thermal routine automatic control system ensured reliable and 

stable operation of the autoclave as a whole. Cases of sulfur-sulfide buildup 
on the heat exchangers, overflows, and level indicator electrode system became 
rare and the periods of continuous autoclave operation increased. 
To increase the reliability of automatic control system operation, provision 

should be made in the design for all sensors, converters, and intermediate boxes 
to be located outside the autoclave working zone. Special premises should be set 
aside for this purpose, or their locations should be partitioned off. 

Monitoring and Controlling the Autoclave Gas Phase Oxygen Content 

In the process of leaching, an oxygen-air mixture or bulk oxygen is fed 
continuously into the first autoclave chamber and the outgoing gas is discharged 
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from the last chamber. The partial pressure of oxygen in the autoclave gas phase 
can be assessed by reference to its concentration in the discharge. This value 
both determines the rate of pyrrhotite leaching and substantially affects the 
passage into solution of the non-ferrous metals which the pyrrhotite concentrate 
contains. In addition, the degree of oxygen utilization determines whether the 
process is economic. On the basis of these factors the oxygen concentration of 
the outgoing gas from the last chamber is maintained at such a level as to obviate 
the danger of explosion when there are titanium components in the autoclave. 
The oxygen concentration is controlled from the monitoring and measuring 

instrument panel by reference to gas analyzer readings, using a control valve. 
During final adjustments to the oxygen concentration measurement system, a system 
of removing pulp inclusions, moisture, aerosols, and harmful impurities from the 
outgoing gas to be analyzed was developed (Fig. 3). This raised the problem of 
reducing the delay in instrument readings following installation of additional 
vessels to the minimum. 

A level gauge was installed in the expansion 
vessel to indicate filling with pulp or condensate. 
A part of the gas from the labyrinth cleaning unit 
is discharged into the atmosphere, to reduce the 
pressure in front of the gas analyzer and reduce the 
time lag by increasing the speed of flow through the 
system. The system is stable in operation and gives 
reliable gas analyzer protection from the entry of 
moisture, aerosols, harmful impurities, and particles 
of pulp. 
Stringent requirements are imposed on the valve 

controlling the outgoing gas oxygen content, which 
also acts as a seal. The valve is made from acid— 
and erosion-resistant material (E1943 stainless 
steel). Any UKN Du6 type valve with redesigned 
seating and piston is at present in operation. 

System for Automatic Maintenance of a Constant 
• Pulp Level in the Autoclave. To stabilize the 
leaching process, the volumes of pulp in the auto­
clave sections must be kept constant. This is 
achieved by cascade overflows on the pulp route on the 
autoclave and by automatic stabilization of the pulp 
level in the last autoclave section. The operation 
of the system for discharging the pulp from the auto­

clave is described below. 
Electrode type pulp level sensors are installed in the seventh and eighth 

autoclave chambers. Relays based on the IKS-2N type nonsparking relay and developed 
by the Noril'sk Mining and Metallurgical Combine automation and monitoring and 
measuring instruments shop are used to monitor the presence of the electrode-pulp 
circuit. This device makes it possible to monitor the resistance of the circuit 
in a narrow range and to install the sensor in an atmosphere of bulk oxygen. It 
is accepted that the pulp reaches its working level only when both electrodes 
are simultaneously contacted by the pulp for 2-6 sec. This reduces the possibility 
of the system being triggered by' false impulses. The order to discharge comes 
in through an intermediate relay when the 7th and Sth autoclave sections are 
filled with pulp. The duration of discharging can be controlled by the operator 
from the control panel according to the capacity in terms of pulp. 
The pilot-plant scale development of systems for the monitoring and automatic 

control of the autoclave oxidizing leach process for nickel-pyrrhotite concentrates 
has yielded findings which can be recommended for implementation in an industrial 
process. 

Fig. 3. Purification of 
outgoing gas for anal­
ysis: 
1 - droplet trap; 2 -
expansion vessel; 3 -
electrode type level 
gauge; 4 - cooler; 5 -
labyrinth cleaner unit; 
6 - chemical cleaning 
unit; 7 - drying unit; 
8 - air flow regulator; 
9 - MN 5130 gas analy­
zer; 10 - pneumatic 
valve. 
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Abstract 

Large evaporite basins are characterized by a cj'cHc alteration of sediment's deposited 
under an arid climate in itiariiie, lagoonal, and subaerial ^environments, respectively. In 
the Permo-Carboniferous Amazon Basin, niarine calcarenites are abundant, lagoonal sedi­
ments consist mostly of coarse halite, and nodular anhydrite was formed below the dry 
salt flats. In this basin, dominantly marine eotiditions passed, into, lagoonal, and ulti-
rriatfely the lagoon broke up into ciiscpnnected salt lakes. In coiitrast, at least in the 
Sergipe embayment of the Cretaceous South Atlantic salt basin, marine sediments are 
absent, coarse halite is restricted to "tidal"-type feeding^ channeis, arid the marginal la­
goons, lakes, and salt flats .are characterized by a wide array of carnallite tachyhydrite 
facies. These differences reflect the greater isolation of the South Atlantic graben from 
the -ivorld ocean. 

pn 

In t roduc t ion 

O W I N G to their great sensitivity to ehvii-dnmehtEiI 
conditions, evaporites ar€ among the best indicators 
of the facies in which' they are "deposited. Unfortu­
nately, a lack of coiitin'iidiis eorihg and no themical 

FIG. 1. Location map. Sergipe is only a marginal bay of 
the large South Atlanticsalt basin: 

uniformity of the principle evaporite often prevents 
fiill use qf this trait . I t is therefore particularly 
fortunate that this is not true.of: the Brazilian Sergipe 
deposits (South Atlantic) and, to a lesser-extent, of 
those of the Amazon evapqrite basin (Fig, 1), These 
deposits have been extensively explored and abundant 
cpreMnaterial shows these eyapor-ites are represented 
by an unusually wide range of evaporite rocks. 

A m a z o n Bas in 

The Amazon Basin is a large Paleozoic hasin in 
northern Brazil containing a thick sequence df an,-
hydrite and rock salt. THe evaporite sequence itself 
is of lower Permian age ; it is underlain by fusulinid 
upper Garboniferous (Stephanian) shallow water 
liinestones and sandstones and overlaiii by upper 
Permian to Lower Triassic fed shales deposited in a 
conti nental-laGu stri ne. environment". Thus the evapo­
rite sequence is a regressivesorie:, transitional between 
an underlyirig-Gpen marine sequence and.an overlying 
conti i ientaloi ie . The evap or ite-depo.sit ing area was 
subjected to both marine and continental influences. 
Mar ine limestotie. wedged in and intercalated with 
the evaporites from the open ocean or geosyncline 
along the western margin of the present South 
American continent, and fan deltas biiilt up from the 
Guyaiian, Brazilian, and Wes t African cratons that 
enclosed the basin from the iiorth, south, and east, 
respectively, Eolic diine sands which derived their 
material froni these fan deltas built up along the 
margins (Fig . 2 ) . 

The, texture of the evaporites reflects their ex­
posure' to" m'afihe. and contiriental influences and 
shows as well the gradual tfansitiori from marine to 

432 



Fic, 2. Amazon Basin, facies map of-evaporite cycle II. Fossiliferous normal marine lime-stones don 
elastics swept in by rivers from the Precambrian shields in the north, south, and particularly the east I 
tion is restficted to small sabkhasL 
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ninate, deJKisited in sea water supplied, from the Pacific Ocean in the west; the 
(West African cratons) form deltas and" alluyial fans. Large-scale anhydrite deposi­

ts 
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FIG, 3. Amazon Basin, facies map of evaporite cycle III . Accelerated retreat of the sea leaves large area 
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•̂  pf marine sediments exposed to.subaerial evaporation and consequent anhydrite forma-
-tudbmarine conditions arid preserving the calcareous sediments. 
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'ually broke into isolated salt lakes which deposited first fine halite, then sylvinite. 
c dissolution of the halite along the basin margins. 
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FIC. 4. Polished core slabs from Amazon Basin showing progressive subaerial anhydritiza-
tion of marine sediments. 

A. Small anhydrite nodules appear in the sediments. 
B and C. Increasing anhydrite growth constricts the original sediments to a thin inter-

concretional network. 
D and E. When there is no more space left for horizontal growth, the near-surface nodules 

grow vertically; strongly anhydritizcd, upheaved terrane is flooded by undisturbed, anhydrite-
free marine sediments. 

continental conditions. The sequence is cyclic, as most 
evaporite sequences are, and each succeeding cycle is 
represented by more continental facies than the previ­
ous one. Thus, in the lower cycles (Fig. 3) , the 
dominant evaporites are the product of subaerial 
transformation of normal marine bioclastic carbonate 

sediments in a sabkha environment. Nodular an­
hydrites resulted, with biocalcarenite forming a net­
work between the nodules as well as intercalating in 
the form of subaerially unaffected layers (Fig. 4) . 

In the middle part of the sequence, halite is the 
dominant evaporite rock (Fig. 5) . Nodular an-

) 
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FIG. 6. Cores showing coarse halite formed during the early stages of halite precipitation. 
The large crystals in A and the irregular bedding in B are both due to repeated dissolution of 
the salts by undersaturated sea water and their subsequent recrystallization. 

hydrite and limestone are restricted to the basal part 
of each cycle, becoming thinner and thinner in each 
succeeding one. The halite is typically lagoonal, 
coarse, and relatively pure; its rather low Br con­
tent (about 70 ppm) as well as its large grain size 
(Fig. 6) indicate that the concentration of the brine 
did not advance beyond the point of saturation with 
NaCI. Not unti! the end of the uppermost lagoonal 
cycle (VI I ) , as the lagooii disintegrated into isolated 
lakes, did the basin brine reach a high enough con­
centration to deposit, first, fine-grained halite with a 
high Br content and, then, sylvinite (Figs. 7 and 8 
A-D). 

The uppermost, or continental part of the evaporite 
sequence, is characterized by essentially lacustrine 
sediments. In the lakes occupying the basin oxygen-
rich (red-green) muds with abundant evidence of 
periodic desiccation were deposited alternatively with 
halite, characterized by intense recrystallization as a 
result of frequently changing salt concentrations and 
the repeated desiccation of the lakes (Fig. 8 E and 
F ) . Most of this halite had been washed into the 
lakes from subaerially exposed salt beds of earlier 
cycles. Finally, evaporite sedimentation was reduced 
to the recurring development of subaerial anhydrite 

concretions in lacustrine and alluvial muds washed 
in from the newly formed Hercynian Mountains that 
had cut off the Amazon Basin from the Pacific. 

Sergipe 

The colorful hypersaline evaporite sequence of Ser­
gipe is in sharp contrast to the rather unpretentious 
sequence of the Amazon Basin, characterized by 
evaporites deposited from relatively low-concentra­
tion brines. Sergipe is not the central part of the 
evaporite basin (that is, under the waters of the 
South Atlantic Ocean) but is only a marginal bay 
of the large Red Sea-type South Atlantic evaporite 
basin that formed during the Middle Cretaceous split 
of South America from Africa. As in the Amazon 
Basin, the evaporite sequence is transitional be­
tween a continental and a marine group, but in Ser­
gipe the continental sequence is below and the marine 
sequence above the evaporites, reflecting the gradual 
invasion of the South Atlantic rift valley by the sea. 
The evaporite sequence of Sergipe is thus transgres­
sive, in contrast to the regressive sequence of the 
Amazon Basin. 

Although the evaporite sequence in Sergipe is 
cyclic, its cyclicity is considerably less marked than 
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in the Amazon sequence. This reinforces the idea 
that the well-defined cyclicity of the late Paleozoic 
sediments, whether evaporites or eokl measures-, may 

be due to eustatic changes-result ing from cohtem-. 
po raucous glaciation. No known glaGiatlon occurred 
during the Cretaceous', and this triay explain why the 

FIC. 8. A. Slabbed core of cycle VII showing bottom growth of coarse halite crystal overlain 
by fihe-grained halite. Massive precipitation of very fine crystals dominated this depositional 
stage of cycle "VII. 

, B. Slabbed core of cycle VII showing perfect lamination of very fine halite. 
C. Slabbed core of white.sylvinite'from cycle VII. .Only selective leaching of the: KGi along 

the core margin betrays any lamination. 
D. Slabbed core of- basin margin sylvinites. The sylvite crystals are hematite-stained (black: 

in photo) in contrast to the white halite. 
Ei Slabbed tore,of halite inimediately overlying sylvinite in cycle VII after sylvinite deposi­

tion. This material -Wfas deposited during periodic ffoodihg of the salt layer by muddy fresh 
water; causing, the refcrystallization of salt cubes.in the washeS-in mud (top). 

F. Slabbed core showing continuation of conditions in E except that there is little mud and 
much halite. Recrystallization after flooding left only a discontinuous mud network (white) 
between the halite crystals. 
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FIG. 9. The transgressive basin-margin evaporite sequence of Sergipe. This consists essentially 
of a single cycle, passing from halites overlying the basal shales to increasingly soluble carnal­
lites and tachyhydrites, and then back through sylvinite and halite to anhydrite and finally to 
normal marine sediments. 

evaporite sequence of Sergipe consists of only a single 
large cycle, though it is modulated by several smaller 
ones (Fig. 9 ) . 

FIG. 10. Slabbed core of typical channel evaporite showing 
coarse halite overlying algal stromatolite in a feeding chan­
nel. 

The basal part of the evaporite sequence reflects 
the gradual entry of sea water into the area. It is 
characterized by calcareous muds and coarse-grained 
lagoonal halite as well as by algal stromatolites con­
centrated along tidal channels (Fig. 10). 

As the original fresh-water lakes of the South 
Atlantic graben liecame replaced by salt-water la­
goons of the advancing sea, salt concentrations rose 
sharply. In Sergipe the lagoonal areas (depressions) 
became sites of carnallite.deposition (Fig. 11), while 
low-concentration halite continued to form along the 
tidal channels. In both areas, the halite is markedly 
different from the relatively low-salinity coarse la­
goonal halites of the Amazon Basin. In the channels, 
it shows a typical skeletal texture, resulting from 
rapid axial growth in the dense brines. These upward-
pointing skeletal halite crystals whose shorter axes 
point to the sides sometimes grew to a height of 
several centimeters (Fig. 12A). 

In the lagoon areas, new halite-saturated water was 
brought in only occasionally by the waves and tides. 
Since the lagoon water was highly concentrated in 
MgCl2, as shown by the presence of carnallite, the 
halite precipitated abruptly, with abundant nueleation 
and consequently very small grain size. This finely 
crystalline (sucrose) halite is finely laminated and 
intercalated with the carnallite (Fig. 12 B and C) . 

The carnallite itself also shows characteristic 
changes in texture in response to changes in concen­
tration. At first, when the Mg and Ca concentration 
in the brines was still relatively low, it formed 
slowly, dissolving and recrystallizing readily, result­
ing in large nodular crystals (3-7 cm) surrounded 
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by distorted laminae of fine halite (Fig. 12 D) . At 
least part of these crystals formed, like the anhydrite 
nodules in the Amazon Basin, in subaerially exposed 
lagoonal sediments, except that in Sergipe the la­
goonal sediments consisted of halite and the inter­
stitial brine was close to saturation with carnallite. 

With the rise of the Mg concentration in the la­
goon, the crystal size of the carnallite diminished as 
recrystallization became less common. Gradually, 
nueleation became so abundant that only carnallite of 
small crystal size (1-3 mm) was deposited, still 
intercalated with occasional halite laminae deposited 
from halite-saturated brines carried by the former 
tidal channels. In the channels themselves, almost 
no carnallite formed. 

Finally, wheii the inflow through the channels 
reached its lowest level and carried only hypercon-
centrated residual brines, the carnallite gave place to, 
although occasionally still intercalated with, tachy­
hydrite. In Sergipe, tachyhydrite forms a mono-
mineralic evaporite rock which is chemically analo­

gous with but considerably more soluble than carnal­
lite. Until its discovery by R. Hite in Thailand, the 
South Atlantic and primarily Sergipe were the only 
areas where this mineral was known to form large 
deposits (in layers up to 100 m thick). With the 
precipitation of tachyhydrite, the gradual increase in 
brine concentration came to an end. A renewed in­
crease in the inflow of salt-saturated water to the 
area, probably related to an improved connection of 
the South Atlantic with the world ocean, put an end 
to the deposition of highly soluble evaporites. These 
inflowing brines, unsaturated in Mg, leached much 
of the Mg from the carnallite, dissolved tachyhydrite, 
and precipitated much of the KCl liberated from the 
former as sylvinite. The resulting sylvinite beds oc­
cur in several horizons (Fig. 12E), directly overly-
lying the tachyhydrite as vvell as farther above it, thus 
reflecting the gradual transgression of the Mg-un-
saturated brines over the terrane. In the lowermost 
beds, lateral facies changes from carnallite to sylvinite 
are common. The associated halites show an initially 
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FEEDING CHANNELS 
WITH HALfTE AND ALGAL STROMATOLITES 

CARNALLITE DEPOSfTING LAGOONS 

INTERLAGOON FLATS AND EROSWNAL BOUNDARY 
SOUTH ATLANTIC 

(ARACAJU 25 KM) 

V 
FIG. 11. Paleogeography of the Sergipe evaporites. Feeding channels bring in halite from 

the salt-saturated South Atlantic graben and deposit skeletal halite as well as, during occasional 
dilution, algal stromatolites. The lagoons, together wih the frequently emergent inter-lagoon 
flats fed by the channels, became the sites of, first, carnallite and then tachyhydrite deposition. 
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F i c 12. A. Pennate skeletal halite crystals which grew in very shallow water of a feeding 
channel. 

B. Slabbed core of finely laminated, finely crystalline halite, deposited in a carnallitic la­
goon. The growth of a large carnallite crystal (lower left) deflects and' ruptures the halite 
lamination. 

C. Slabbed core showing growth of single-crystal carnallite nodules in finely laminated 
lagoonal halite. 

D. Slabbed core containing large carnallite crystals which grew in a fine halite network. 
E. Slabbed core from a sylvinite bed showing the intricate, amoebalike intergrowth of halite 

and sylvite crystals. 
F. Slabbed core showing halite crystals grown at the lagoon bottom. This material overlies 

sylvinite and reflects the falling concentration of lagoon brines after sylvinite deposition 
and presages the end of evaporite formation as normal sea water flooded the widening South 
Atlantic ocean. 

high, and then gradually decreasing, Br concen- were stabilized in the widening South Atlantic ocean, 
tration, reflecting the increasing inflow of diluted massive halite precipitation ceased, giving place to the 
brines (Fig. 12F). Finally, as normal conditions deposition of shales and limestones in a normal 
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marine environment. In these beds, the only macro­
scopic evaporite mineral is supratidal anhydrite. 

Summary 

As this brief analysis demonstrates, the texture, 
structure, and composition of the evaporites permit a 
facies interpretation at least as detailed as can be 
obtained by such a study of the more conventional 
sediments. Besides the evident advantage the study 
has for the exploration of potassium and magnesium 
salt deposits, it can be used as a sensitive indicator of 
the paleogeographic and tectonic changes taking 
place not only in the area studied but also in the 
supplying sea. 
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ACTIVATED CARBONS AND GOLD -
A LITERATURE SURVEY 
SYNOPSIS 
The Jitef ature on activated carbon is revievved so as to provide a-generalbackgroMnc with respert to 
the effect of source material and activation procedure on.carbon properties, the structure and 
chemical natureof the surface of activated carbon, and the nature pf absorption processes on 
carbon. The various theories on the.sbsorption of gold and silverfrom cyanide solutions.are then 
reviewed, followed by a discussion of processes for the recovery ofgold and silver from cyanide 
solutions using activated carbon, including aconiparison with zinc precipitation. 
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INTRODUCTIOW 
The current inCerest in activated carbon for the adsorp­
tion of metals frorn cyanide.solutions has prompted us 
to write a review aimed at familiarizing.'the reader with 

• thc?general,physical and chemical propertie;s of activated 
carbons* and their application to the recovery of gold 
and silver from mine solutions and puips. The firstrpart 
deals with the properties of carbons, the second with the 
nature of adsorption prdcesses, and the third with some 
processes that have been proposed for the extraction of 
gold from pregnant mine solutions and mine effluetit 
sdlutions containing small amounts of dissolved gold. 

PHYSICAL AND CHEMICAL PROFERTIES OF 
ACTIVATED C J ^ R B O N 
Source materials 

.Activated carbons have been- made from almost any 
source of carbonaceous material, including bone,' 
coconut shells, wood, peach pips, peat, bituminous 
coals, sugar, arid even blood. The physical and chemical 
properties of activated carbpn are influenced by both 
the source material and the conditiotis of activation, viz, 
cherriicai or thermal (gas) activation and the teinp'erature 
and duration of the process. In Figure 1 are shown 
photohnicrographs of carbons synthesized from dif̂  
ferent starting materials, which show that the stmcture 
of the original organic material, e:g., the cellular struc­
ture of the peach-pip ahd-cdcpnut shell products,, are 
still present in the carbonskeleton.of the final carbon.-. 
Experience has^shown that the structure of the carbon '' 
skeleton of the product, and hence the quantity and size 
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distribution of the pores developed inside the carbon 
particle, are.strongly dependent ori the source; materia!. 
It is; this property that makes carbons from particular 
sources suitable for specific tasks, e.g.-, coconut shells 
for .gas-phase adsorption. Theadsorptive properties of 
activated carbon were discovered in the 18th Century, 
but the first' practical application came about in the 
sijgar-beet indtistry wheri bone char was introduced as a 
decolorant in France during the Napoleonic wars. Fur-

• ther applicatidn of activated carbon remained fairly 
static, until World War 1; when an answer to the use of 
chlorine-gas in warfare was required, atid it was found 
that cocoiiut-she!! carbijns were most'effective.as gas ad-

• sorbents. These carbons continue to be most.important 
in air purification, whilecoalybased carbons are most ef­
fective in the field bf water treatment. This is because 
the majority pf pores in activated carbon originating 
from cO(;onut shells are small, viz,f20A in diameter, and 
thus- are suitab.Ie for adsorption of small gaseous 
molecules. Garbons manufactured from bituminous 
coal have pores whose diameters span the range 20 to 

. io MO'A', and these carbons can remove large nfoiecules 
froiu liquids, e.g.j_ large'molecules respqnsi!?le for cot-

\ otir. 
For adsorption to occur, the molecule must reach the 

internal surface 'of the carbOr particle by diffusioti 
through the pores. As'a. result, tiiepore structure will 
have a marked infiuence on the adsorption kinetics, i.e., 
the rate at which themclecules are adsorbed. Since the 
pore structure is related to thet imJand temperature of 
activa'tior), it abb irifluerices the mechanical strength of 
act i vaied J a rb o n 8 ra n u I es. 
The structure qf the carbon skeleton 

The process of charring and activation, described 
below, prbducps a materialthat has a very large surface 
area, frqm.a fevv hundred tq well overa thbusand niVg. 
The structure of activated carbon is essentially graphitic 
in nature\ as shown by X-ray-diffraction studies', atid is-
not truiy amorphous, but-ha.'^'regions of.order that hav^; 
a graphite-like strdeture. The same studies' have shown 
that the size of these,fnicrocrystalline regions increases 
with temperature of activation, which might.relate to the, 
adsorptive, propenies oflhe,carton since thes? depend 

•strongly on the temperature of activation, [n Figure 2 is 
shown the proposed^ appeaiance of; the graphitic struc­
ture bf'activat'ed carboii. It cm be seen that the layers of ' 
carbon atoms are consideraljly disordered and, also, the 
separation hetween ti;i layers Js. great e.-., than that fpu-id 
in graphite itsrlf. 

J 
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FIGURE I. Photomicrographs of activated carbons, authors' samples, reflected light, magnification X175. Dark areas are 
macropores, light areas carbon, lal coconut shell, Ibi peach pip, Icl bituminous coal, and id) extruded peat based carbon. Thedark 
areas in lal are channels between the fibres of '^e coconut shell, and appear to be stripes when cut alright angles, whereas those in . 
Ibi are cells in the peach pip, and appear the same whatever the angle of cut. 
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The pore structure and surface area of carbon are 
•developed during the charring and activation process. 
The sizes o f the pores are important, because they may 
exert a screening process, which prevents molecules that 
are too large froiu being absorbed, or else protnote ad­
sorption when the pore diameters are o f optimal size for 
making the maximum number of contacts with the 
molecule to be adsorbed. For example, the small pores 
of coconut-shell carbons are ideal for adsorbing small 
gaseous molecules, which fit more snugly than into the 
larger pores of other types of carbon. This has led to the 
use of adsorption o f molecules o f different sizes by ac­
tivated carbons as an indication of the distribution of 
their internal free volume among pores of different 
sizes. .Thus, the small iodine molecule is adsorbed in 
pores down to 10 A diameter, so that the 'iodine 
nurhber' is an indication of the number of pores above 
this size, while, at the other end of the scale, molasses (a 
polysaccharide) is adsorbed only in pores above about 
30 A, and the 'molasses number' gives an indication of 
the number of pores larger than this. A more 
sophisticated approach is to measure the pressure re­
quired to force liquid mercury into the carbon, which in­
dicates the size of the pore into which it is being forced^. 
In Figure 3 is shown a typical-size-distribution diagram 
obtained by this method. In cross-section the pores in 
activated carbons may be cylindrical or rectangular, or a 
variety of irregular shapes, and constrictions may occur. 
These pores are generally classified in terms of their 
equivalent diameters, viz, • 

macropores 
transitional pores or mesopores 

micropores 

500 — 20 000 A 
100—-500 A 

8— 100 A 

The chemical nature of the sur face 
The most important division of carbons is inlo what 

Steenberg^ has called the H- and L-carbons. H-carbons 
are formed at temperatures in excess of 700°C (typically 
around I 000°C) and are characterized by taking up 
acid on immersion in water. L-carbons are activated well 
below 700°C, typically around 300 to 400°C, and are 
characterized by taking up base on immersion in \vatcr. 
Thetwo types of properties are completely interconver­
tible. Heating an H-carbon at low temperature wil l pro­
duce an L-carbon, for example. An important aspect o f 
the production of both types is the exposure to oxygen, 
which is irreversibly adsorbed by the carbon, and only 
comes of f again at high temperatures as CO and CO^, 
showing that it is present on the carbon chemically 
bound to the surface as the all-important 'surface ox­
ides' of the carbon. 

Although these surface oxides play an important role 
in the chemical nature of the carbon, their identity by no 
means can be regarded as well established. Because the 
respective temperatures at which the gases are evolved 
upon ouigassing samples of carbon under vacuum cor­
respond will) the temperature ranges involved in the pro­
duction of H- and L- carbons, it has been suggested^' 
that the surface oxides evolved as CO j al lower 
temperature are responsible for the physico-chemical 
behaviour of L-carbons-, and those evolved as. CO at 
higher temperatures are responsible for H-carbon 
behaviour. Attetnpts to identify these surface oxides in­
clude acid-base neutralization*-^ and reaction with 
specific chemicals lo provide informal ion. For example. 

Minerals Sci. Engng, vol. 12, no. 2. April, 1980 

FIGURE 2. Proposed structure o f activated carbon Ir} , with 
tbat of graphite Ib i for comparison. Adapted from Bokros^. 
The circles denote the positions o f carbon atoms, whereas the 
lines are carbon.to-carbon bonds. 

.metliylaiion will give esters wi lh carboxylale groups, 
which are hydrolysable wilh base, whereas phenolic 
groups wi l l ' give ethers which are not*'^. More 
sophisticated approaches, have involved'": ESR (Elec­
tron Spin Resonance) and N M R (Nuclear Magnetic 
Resonance), ."nd, more proi'itably, Iniernaj-renexion In­
frared Spectroscop) (IR?^). The last tpchr que, which is 
discus.sed in detail by Matlson and Mark ' " , has indicated 
that there are probably cr.rboxylatc, phenolate, and 
quinone-iypc groups present on the carbon'" (Figure 4). 
Unforumately, iRS suffers from the problem inherent 
in all infrared techniques o f identif ication, viz, mat a 
large number of groups o*" different kinds adsorb over 
similar ranges. The adsorptions have been alternatively 
interpreted as being due to ether, peroxide, and ester 
groups in the form of lactones, carbo.xylic, anhydrides, 
and cycle pero: ides (Figure 4).Becau.'^e of these uncer­
tainties, it is not our intention to go inlo the details o f 
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FIGURE 3;. The pore-t/olumeidisjnbulion o f typical activated 
carbons. A i s a coal-based carbon, showing a large number of 
mesq-porss'that make i t sui table for the adsorption o f larger 
organic molecules. 8 is a cqcgnut-shell carbcin having mainly 
micropores that make .'it. suitable' for the adsorption of small 
molecules from the'gaseous phase. !Adapted from Fornwatt 
e t a l ^ . l 

these oxides further here,..but merelytp remark that the 
lo\v-temperature oxides appear to be carboxylate in 
nature, whereas those formed at Higher Jemperacuresap-
pear to be phenolic, or some derivative of this group, 
such as a,lactone. The-impor tance of these-groups prtj-
babiy lies in their ability to,alter the. hydrophobic versus 
hydrophilic properties pf the carbpn surface, as in­
dicated in the next section. 

The activation of carbon usually involves two distinct' 
stages, viz, a preliminary charring step at lower 

temperatures (300 to 600°G), which'drives off the 
volatile matter, of the raw mtterial- to leave a 
hydrophobic carbon skfleton, followed by heating of 
the char at,higher temperatures (700 t̂ , 1 '000°C) ih.the 
presence of air, carbon dioxide, or water vapour (or 
mixtures ohthese). This is the activatiqn st-'̂ ge, and the 
reactive oxygen burns a-way part of the caff'qn skeleton 
as carbon monoxide and carbon dioxide, thereby in­
creasing the internal.surface area of iWi carbon and 
developing the pore structure. If Jxygen is excluded, the 

-resulting carbons have ho abiMty. ô adsorb acids; ESR 
experiments have shown that, after Heating at high 
temperatures, a large number of signals from unpatied 
electrons; indicating rupttired bonds, are present in the 
carbon. These highly reactive sites react with bxygeti 
when it is admitted, an-* the sigrsals from the unpafred 
electrptis decrease enormously, • 

The nature o f adsorpt ion processes. 
Apart TroiTi the strorig ititeraefions involved in form­

ing chemical bond^s between atoms, molecules; exert 
weak attractive and repulsivi; for'ies on each ptl.yr, 
which differ from those in chetiriical bonding only in that 
they are much weaker. These weak van Jer Waals forces 
are responsible for the adsorption of nori-poiar 
molecules onto surfaces, at id are of the utmost impbr-
tante in. the adsorption bf organics by-activated carbpn. 
In Figure 5 is seen the thebretical cur^;:!" for thi van der 
Waals interaction: of two hydrogen atqrns ali'eady 
cficmically bound to Oiher atoms, e:g., these niight be H 
atoms bound tp C in a hydrccarbbn. Apart from the. 
•small scale, the curve is similar to the, familiar,:cu:ve of 
energy versus atdmicseparatibn/for forming chemical 
bonds. The region where, the eiiergy falls, below the 
X-axis, i.e.j the sum of-the van der Waats cadii ofthe 
two hydrogen atoms, is energetically favourable.for the 
system, and it is the small attractive forces at'these'IUT 
teralomic separations that lead to the adsorption of non-
polar molecules onto hydrophobic stirfaces. No difi 
fererit in nature is the familiar hydrogen bond, which is 
involved in attracting more polar mqlecules like water 

FIGURE 4. Structure o f sorne'surfaca oxides'that have been 
proposed as being present on the surface 6 f activated carbon: 
ia} carboxylic acid. IB) phenolic hydroxyti fc i quinone-type car­
bonyl groups. Id) normal, and (el fluorescein-typs lactones, I f l 
carboxylic acid anhydrides, and (g) cyclic peroxides. 
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FIGURE 5; The energy of th'e yan der Waals interaction 
between two hydrogen atoms not chemjagl/y bound td each 
other. Attraction results when the curie falls,below zero (dot­
ted line), and it is this type of weak attractive force thatls 
respdnsible for the phYsical adsorption of non-polar organic 
molecules onto hydrophobic surfaces. The curve was calcu­
lated by the authors using parametersi from Allinger". 

onto surfaces; so rendering them hydrophilic. These 
bonds involve.attractibn between the, slightly positively 
charged hydrogen atom in water and the erectfoii-rith 
dipoles on oihcr atonis, typically oxygen in water^ 
alcbhols; carboxylates, silicates, and sq on. Both of 
these forces are involved in the adsorption of gases^onto 
carbons, as are also other forces variously classified as 
dipble-dipible forces, dispersion forces, etc., but that.are 
essentially no dififerent in nature, from the first twp 
types. Adsorptibn frbm aqueous solutipn may be simply, 
linderstbod as a balance between the much stronger 
hydrogen-bonding forces^and the weaker van der Waais 
forces. The lattice of-liquid water is held together by 
hydrogen bonds, and .non-polar organic molecules 
generally have oiily a low solubility in water becaiise the 
water rriolecules, form strong hydrogen bonds with each 
other rather than weak van der Waals interactions with 
the non-polar organic molecule, or a hydrpphc)bic''sur-
face incapable of forming hydrogen bonds.- It is thus 
energetically favourable for the organic molecule to 
'escape from the water structure and adsorb onto a 
hydrophobic surface. Hpwever, if the surface is made 
hydrophilic, the water will adsorb preferentjaliy and the 
organic molecule will remain in the bulk liquid. Should 
the organic rhbleculc have.a hydrophilic grpUp, eg., a 
•carboxylate as well as a hydrophobic chain, the best ar­
rangement then will be with thehydrophobic portion at­
tached tb the hydrophobic surface, "with the hydrophilic 
end oriented into the hulk aqueous solution, which, of 
course, is the basis of solubilization of .hydrophobic fat-
.ty particles in aqueous solution by soaps. The impor­
tance of the hydrophobic/hydrophilic balante bf the 
surface is seen in Figure 6: which shbw.s the adsorption 
of noUrpoJar molecules onto pqlystyrerie matrices as the 
hydrophilicity increases with the percentage sutphbna-
tion of the internal surface, which,, unsulphonated, 
presents a pheriyl group at the interface, with water''. 
The ion-exchange resin is used to illustrate bur point 
because it represents a •well-characterized and well-
,understqqd system, which activated carbons do not. As 
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the percentage sulphoiiatioh increases from zero, ad­
sorption of the, organic increases, because the resin 
swells better, .admitting the aquep-JSsdhJlibn, In addi­
tion, the sulphonic acid groups form hydrogen bonds 
with water, and structure it round themselves, renderin| 
it iess?able to solvate the organic molecules dissolved in 
it. Therefore, the equilibrium is shifted in the forward 
directipn so that adsorption o^fo the hydrophobic parts 
of the internal surface occurs.. This- is similar to the 
saldrlg put qf organics dissolved in water, where addi-
tiqn of asirriple inorganic salt caiises the organic to 

.separate out frorn th? aqueous phase. After peaking 
out, the adsorptipn pf the organic moleciles in Figure 6 
decreases as more sulphbnaticn takes place,; jecattse the 
surface is now becommg tpOi hydrq'ihilic and water is 
adsorbed preferentially to non-pclar molecules. The 
small residual affinity for non-p.blar molecules at even 
100 per cent sulphqnation accounts^ fir the 'organic 
fouling' in norrriaS ipn-exchange resins. 

The above factors lead" to a fairly sitrpiebehaviour of • 
organic molecules ads.-ifbing onto acti-;ated carbons; In 
an hbmblogous series of• qijanic rnolecules, e;g.,. 
methyl, ethyl, propyl alcohols, th*̂  adsorption becomes 
.stronger as more methylene, groups are added because 
the hydrophobic part of the molecule becomes larger, 
lowering .its affinity forthe solvent water, and increasing 
the extent: of van der Waals interactiotis with the-
hydrophobic ;surface of the carbon. This'gives ri.se to 
Traube's rule, which states thit the larger homoltigijes in 
a-series'will be the most strongly adsorbed. At the same 

-.time, because" ions are very'strongly hydfated (i.e., 
hydrophilic), activated carbbii'has,-in general, only-a 
small affinity for iprs. In Figure /is showtf the adsorp­
tion of acetic-acid by activated carbon a°s a funct'pn of 
pH.. Below a pH valu: qf 5 the acetic acid exists as a-
neutral molecule CHjCOOH, which is reasonably 

•• strongly adsoroed by the carbon, but'abpve this pH the 
proton is lost, to''give ihe anion CHjCOO'', which is 
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scarcely adsorbed by the carbon at all. Because of this, it 
is probable that theories of adsorption of ions such as 
[Au(CN)j,] as '\on% per se, discussed in the next section, 
can be largely discounted. The key to understanding the 
properties of activated carbon lies in solubility of the 
adsorbates. 

The weak adsorption of acids that does take place is 
postulated to take place via specific adsorption of 
anions into the electrical double layer, with non-specific 
adsorption of cations such as the proton or Na * so as to 
.preserve electroneutrality. In Figure 8 is shown a 
schematic representation of the electrical double layer, 
lons are adsorbed onto a surface because pf an elec­
trostatic potential on that surface, and form several 
relatively structured layers extending out into the greater 
disorder of the solvent. It is postulated'" that the anions 
are in the innermost, specifically adsorbed layer, 
because Ihe adsorption of ionic substances is mdre sen­
sitive to.the nature of the anion than of the cation in 
these substances. 

On the freshly activated carbon, stronger take-up of 
acid occurs, which is not anion-dependent. Frumkin'-' 
proposed that oxygen reacts with the freshly, activated 
surface to form surface complexes of the type Cj,0, 
which then react with water according to equation [IJ: 

C,0 + HjO =^ CJ^ -I- 20H-. [1] 
The net effect of this reaction is the removal of protons 
frotn the bulk aqueous solulion. The formulation C O 
indicates that the exact nature of these groups remains 
unknown. Garten et at̂ ^ proposed that these groups 
were chromenc groups, although it is not apparent how 
these (Figure 9) could be formed by exposure of carbon 
to oxygen at room temperature. These would account 
for the appearance of peroxide ions after reaction wilh 
oxygen, and also a very important property of the car­
bon, namely ils reducing ability. Only vague suggestions 
of the origin of the reducing power of activated carbon-
are to be found in the literature at present. It is possible 
that phenolate groups are involved in a quinonc-
hydroquinonc type of redox couple, or that chromene 
groups may be involved as suggested above. A third 
possibility is that the graphitic structure of the carbon 
may act as an 'electron sink' and that electrons are 
delqcalized over this aromatic structure and, are 
available, for reducing purposes. 

Another important properly of carbon is its catalytic 
ability. This derives from adsorption of the reactants 
onto the surface, where they react more readily than . 
when in the bulk aqueous solution. This catalytic activi­
ty of carbon is caused by a variety of factors. The pro-

• cess of adsorption may activate one of the reactants ow­
ing to electronic interaction with the surface, which 
alters the electron distribution wiihin the molecule, or 
orients it correctly for reaction. Mc^t important, in 
practice, is that activated carbon can act as an oxidation 
catalyst,and, for example, can catalyze the oxidation of 
ferrous ion to ferric by atmospheric oxygen. 

ADSORPTION A N D ELUTION OF GOLD A N D 
.SILVER ON ACTIVATED CARBON 
Proposed mechanism of adsorp t ion 

Activated carbon was first used as a precipitant for 
gold in the chlorination process as early as 1880, and for 
the recovery of gold from cyanide solution iu the 1920's 
at the Yuanmi mine in Australia. In the adsorption of 
gold from chloride medium, where it is present as the 
easily reducible AuC17ion, metallic gold can be usually 
detected (Figure 10) on the surface of the carbon par­
ticles, and so there is no difficulty in deciding on the 
mechanism of gold absorption froiu chloride medium. . 
In a cyanide medium, nq metallic gold is discernible on 
the carbon. Theories on the adsorption from cyanide 
medium can be divided into two types — those that pro­
pose that the [Au(CN)jl~ ion present in cyanide solution 
is adsorbed as "such, and those that propose that it is 
altered chemically by, for example, reduction/o metallic 
gold or precipitation as the insoluble aurocyanide, 
AuCN. The earliest theories were bf the second type. 
Green'^ originally proposed reduction to metallic gold 
by adsorbed carbon monoxide, since heating the carbon 
to drive off the carbon monoxide destroyed its ability to 
adsorb gold. Feldtrnann'^ pointed out, however, that 
gold adsorbed from chloride medium was readily 
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C a 2 ' ^ > M g 2 * > H * > H + > L i + > N a + > K + . 
Grabovskii et a P \ because of the reducing properties 

of activated carbon, proposed, on the basis of very little 
evidence, that the loading of gold from cyanide solu­
tions took place via more or less complete reduction to 
the metal. 

Dixon, Cho, and Pitt^ proposed that the loading of 
both Au(CN)7 and Ag(CN)7 proceeded by an ion-
exchange mechanism. Initially^, it was thought that at­
traction to positive charges generated in accordance with 
the ideas of Frumkin'^ occurred. Subsequently^ in their 
work on silver cyanide adsorption, it was proposed that 
specific adsorption into the electrical double layer occur­
red in accordance with the theory of ionic solvation 
energy developed by Anderson and Bockri.s^ to account 
for specific adsorption of anions on melal electrodes. 
According to this model, the more easily dehydrated 
anions, which are those of largest radius and smallest 
charge, will be the most strongly adsorbed, since adsorp­
tion involves a loss of the hydration sheath. In agree­
ment wilh this, it was found^ that the order of strength 
of adsorption was IAu(CN)jl > [Ag(CN)J] > CN"", which 
is the order of decreasing size of the anions. This ignores 
the fact that such large and weakly hydraled anions as 
perchlorate are only very weakly adsorbed by the car­
bon, which, as pointed out by Kuz'minykh et a/'®, is in­
consistent with the loading of the simple anionic com­
plexes by electrostatic effects. The ability of the cyanide 
ipn to depress the loading of Ag(CN)^ noted by these 
authors^ could just as well be explained through the for­
mation of the more highly charged [Ag(CN)j]^" anion, 
which is more weakly loaded. 

One can summarize the position with respect to the 
loading of gold from cyanide solutions onto activated 
carbon by saying that the theories proposed lo account 
for it fall into three categories: 
• those where it is proposed that the gold is still present 

as the aurocyanide, held by electrostatic or van "der 
Waals lype of forces"•'^•^'•^, 

• those in which it is suggested that it is present as a 
gold compound other than the aurocyanide ion, e.g., 
precipitated AuCN'^" '^ , and 

• those in which it is proposed that reduction to 
metallic gold occurs'^-^. .• 

The reader will have gained the impression that there is 
much confusion and little agreement over the 
mechanism of gold adsorption. This has derived chiefly 
from ihe fact that activated carbon offers little scope for 
more direct investigations, e.g.. X-ray diffraction or in-, 
frared spectroscopy, into the nature of the gold species 
present on the charcoal, and researchers are free to 
speculate on how the bewildering array of observations 
on factors affecting gold loading might be explained. 
Any future meaningful advances will only come about 
as the result of the successful application of more direct 
techniques. 

PROCESSES FOR THE RECOVERY OF GOLD A N D 
SILVER FROM CYANIDE SOLUTIONS USING 
ACTIVATED CARBON 

Dissolut ion of go ld by cyanidat ion 

In the dissolution of gold by cyanidation, the milled 
ore is agitated with a dilute alkaline cyanide solution 
(cither sodium or calcium cyanide with lime) in the 

page 92 

presence of air. It has been shown'^ 'hat the dissolution 
proceeds by two reactions, viz, equations (10) and [II]. 
The relative proportion of the gold that aissolves by 
either reaction is not alvays constant, but depends on, 
for example, the purity of the solution. 
2Au + 4CN- -f- O J + 2H2O — 

2Au(CN)7-f HjOi + 2 0 H - . ' [10] 
4Au -f- 8CNI -(- O^ -I- 2 H f i - * 

4Au(CN)ij -• 40HI [11]-. 
Soon after the dissolution of gold a id silver by 

cyanidation had been discovered^^,.Johnson^, in 1894, 
patented the use of activated carbon as an adsorbent for 
gold cyanide. In the absence of an efficient elution pro-, 
cedure for the gold-laden carbon, the gold was 
recovered by burning the carbon to ashes and smelting 
the gold to bullion, which was an expensive and wasteful 
procedure.- This disadvantage, coupled with the major 
advances that were made in the technology of gold 
recovery by cementation with zinc dust at that time, led 
to a waning of interest in proce<:ses utilizing activated 
carbon for the recovery of gold. 

However, in the early 1950's, interest in the 
metallurgical applicalion of activated'carbon was reviv­
ed when Zadra^''^ developed a procedure for the elution 
of gold and silver adsorbed onto carbon granules, which 
allowed re-use of the carbon. Since then, many other 
procedures that enable gold and silver to be eluted rapid- • 
ly and efficiently from carbOT have been developed, and 
these will be briefiy dealt with later. Numerous processes 
for the recovery of gold in which activated carbon was 
used as an gdsorbent for gold cyanide were proposed, 
and the technical feasibility of some of the processes was 
demonstrated on a'pilot-plant scale. One of the most im­
portant properlies of the carbon is that, unlike an anion-
exchange resin, it retains its gold (and silver) selectivity 
in the presence of large conccutrations of other metal 
cyanide complexes, e.g., Cu(CN)J, Ni(CN)J", and 
Fe(CN)^"' which are sometir^es encountered in preg­
nant cyanidation liquors. However, as di-cussed on 
pages 90-92, the mechanism of the adsorption of gold 
and silver cyanide on carbon, as yet, is not fully 
understood. 

Processes for the recovery of gold and s i l v e r f r o m 
cyanide solut ions 

Some of the more important processes '.hat have been 
proposed for the recovery of gold and silve: from 
cyanide solutions and pulps in which activated granular 
carbon or powder is used as the adsorbent will be outlin- • 
ed in this section. However, owing lo the prominence 
that the carbon-in-pulp (C-l-P) process is enjoying in 
South Africa at prcseni, a more detailed description of 

.this'process, based on the one currently being employed / 
by the Homestake Mining Company^--* of South 
Dakota, will be given. 

The carbon-in-pulp process 
. Zadra and coworkers^-^^ demonstrated the technical 
feasibility of the carbon-in-pulp process at the United 
Stales Bureau of Mines Laboratories. The process incor­
porated a procedure for tl;e desorption and electrowinn­
ing of the adsorbed gold and silver values, and it was 

FIGURE 10. Peach pip carbon (top) ar ' l a spherical carbon 
(bottom) derived from polystyrene beads coated with metallic X . 
gold alter loading from auriferous chloride solutions. ( r 
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FIGURE 11. Carbon-in-pulp adsorption circuit as used at 
Homestake. (Adapted from Laxen et aisi.) 

this technology that led to the installation of a C-I-P 
process by the Homestake Mining Company in 1973 
when the slime-filtration plant needed to be replaced. 
This plant has operated successfully from its inception 
and has demonstrated the viability of the C-l-P process 
at commercial level. In. recent years, the C-I-P process 
has generated much interest in South Africa, and the ex­
cellent results that have been obtained at pilot-plant 
level at various mines on the Witwatersrand, e.g., Dur­
ban Roodepoort Deepand Grootvlei, and Fairview in'­
the Barberton area, have paved the way for the installa- • 
tion of large-scale fully integrated C-I-P plants^'. 

In a typical C-I-P gold-recovery process, granular car­
bon (usually between 6 and 16 mesh) is moved counter-
current lo the cyanided pulp in the adsorption contac­
tors. Countercurrent operation is used because the 
amount of gold that is adsorbed on the carbon is in 
equilibrium wilh the residual gold concentration in the 
solution-'^, and therefore low gold tailings in the final 
stage can be obtained only if the pulp in this stage is con­
tacted with fresh (or reactivated) carbon. The loaded 
carbon is then eluted by one of the proposed processes, 
and the gold and silver values.in the eluate are recovered 
by electrowinning. 

An important requirement of the C-I-P process is a 
tough, abrasion-resistant granular carbon, which will 
minimize the loss of gold in the pulp residue held by fine 
abraded carbon, which is not recovered by screening at 
the end of the adsorption circuit. Suitable carbons have -
been manufactured from coconut shells and certain fruit 
pips as well as from peat and bituminous coal. 

The Homestake Gold Mine 
. Homestake^-*' treats about 5 000 tons of ore per day, 

which, after milling, is split into two fractions, viz, a 
sand fraction that constitutes 60 per cent of the ore, and 
the slimes fraction. At present, only the gold in the 

cent of the lolal production. However, owing lo '.he ex­
cellent performance of the C-I-P process, it was recently 
decided to repHce the zinc-precipitation circuit used for 
treating the sand fraction, by a carbon process^. Since 
the fillers on this side of the plant are functioning well, a 
fluidized-bed technique is envisaged in which the: 
clarified liquor wiM be pumped upfibw through columns 
of granular carbon. About 55 per cent of the gold pro- • 
duction comes from the sand fraction, and the remain­
ing 30 per cent is in the gravity concentrate. The concen­
tration of gold in the liquor arisrng from cyanidation of 
the sand fraction is about 14 to. 15 grams of gold per ton 
of solution, whereas the gold concentration in the 

' cyanide slimes fraction is aboui 2 grams of gold per ton 
of solulion. 

Adsorption at Hotrieslnke. An avernge of 2 300 tons 
per day of the slimes fraction, which has been cyanided 
and from which woodchips and oversize material have 

-been removed by screening at 710 pm, is treated by 
C-I-P. 

Four adsorptioii stages are empLyed, and a simplified 
fiowsheet of the adsorption circuit is shown in Figure • 
11^'. The pulp is moved from one adsorption stage lo 
the next (a contact lime of between 20 and 60 minules is 
usually employed) by means of airlifts that are situated 
on the outside of each adsorption agitator and rai';e the 
pulp and carbon granules onio b50 pm vibrating screens. 
The coarse granular carbon that is retained on the screen-
is allowed to fiow back inlo the agitator from which, it 
was extracted, while the fine pulp fiows through the 

^_screen inlo the next stage. With the pjove.ment of pulp 
through the four stages, the concentration of gold in 
solulion decreases.from'the firsi agitator through to the 
fourth, which is concomitantly accompanied by an in­
crease in the gold corlent -of the Cc»rbon as it moves 
countercurrent to the pulp from stage to stage. The 
loaded carboh is moved by means of eductors (i.e., 
water pressure that minimizes losses from carbon abra­
sion) from the first stage to elution, after the completion 
of a loading cycle thit can be one ojy, for example. The 
amount of carbon iv.oved in each cycle depends mainly 
on the concentration of gold in 'he infiuent solulion. 

To compensate for-the lemoval of the loaded carbon 
from the circuit, an equiv,^lent'.amo'jnl of carbon is 
moved up one stage, while fresh (or reactivated) carbon 
is introduced into the fourth stage. From a head value of 
about 2 grams of gold per ton cf solution, a carbon 
loading of about 11 kilogiams of gold per ton 0( carbon 
is achieved, anu the tailings, which average 0,015 grams 
of gold per ton of solution, are discarded. ' 

Elution at homestake. Elution is conducted in cylin-
drically shaped vessels (the diameter and height of each . 
vessel is aboul 116 cm) manufactu-.ed from stainless steel 
and insulated with fibre glaso. The vessels, which have ' 
conical bottoms, can I.old r>ne ton of carbo- . 

The adsorbed ^old and silver >falues arc eluted by a 
modified Zadra'* procedure, :n which the loaded car­
bon, aftci being washed with water to remove residual 
pulp, is transferred to two eluiion vessels connected in 
series. The hot eluant (90 to 93 °C), which is composed 
of 0,2 per cent NaCN and 1 per cent NaOH, is pumped 
upfiow through the vessels in series at a fiowrate of 
about 1 bed •. olume per hour. As the eluant containing 
the desorbed gold jnd silver values emerges from the 



~ ^ ' 

barren eluant from the electrowinning stage, after being 
reheated to 90°C in a heat-exchange unit, is then recycl­
ed to the first elution vessel. The eluant has to be for­
tified regularly by the addition of NaOH and NaCN to 
maintain the desired concentration of these chemicals. 

The gold concentrations in the pregnant and barren 
. eluants are monitored regularly, and it has been found 

that these values are a good indication of the extent of 
elution. Generally it has been found that at an eluant 
flowrate of I bed volume per hour, 50 hours are re­
quired to elute a carbon with a. gold loading of 9,6 
kilograms of gold per lon of carbon to less than 160 
grams per ton. 

Electrowinning at Homestake. The pregnant eluant 
from the eluiion circuit is pumped to the electrowinning 
circuit, which is composed of three electrowinning cells 
coupled in series. The electrowinning cells, which are of 
the Zadra type^^ are manufactured from fibre glass and 
contain anodes of stainless steel and cathodes of steel 
wool (the strands of the steel wool providing a large sur­
face area for the deposition of gold and silver), the laiter 
being contained in a pervious polypropylene basket. 
Each week, the cathode in the basket is moved to the ad­
jacent cell, so that each cathode spends 3 weeks in the 
circuit. After 3 weeks, the cathode in the last cell, which 
then contains about 30 kg of gold and 6 kg of silver, is 
removed from the circuit, the gold and silver are smelted 
to bullion, and a new cathode is placed in the first cell. 

Reactivation al Homestake. When the gold content of 
the carbon goes below 160 grams of gold per ton cf car­
bon, the eluant is drained from the elution vessels and 
the carbon is given a hot-water wash followed by a cold-
water wash to remove any adhering solulion. It has been 
found that the carbon, in addition to adsorbing gold 
and silver, also adsorbs organic molecules and small 
quantities of iron sulphide compounds and calcium car­
bonate, hydroxide, and cyanide, and, sin>,e these con­
taminants are apparently not removed in the desorption 
cycle, they poison the carbon, which is obvious from the 
resultant loss of gold activity. Nevertheless, the original 
activity of the carbon can be restored by suitable reac­
tivation. 

At Homestake, reactivation is accomplished by 
heating of the carbon granules in an externally heated 
rotary kiln at 600 to 650''C for 30 minutes in the absence 
of air. After heating, the carbon is allowed to.cool in the 
air, because it has been found that carbon granules 
become'brittle when cooled by quenching in water. 
After cooling, the carbon granules are wet-screened and 
•the fines are removed. The coarse carbon granules are 
then ready lo be recycled to the adsorption circuit. 

In South Africa, difficulties ha-vc been experienced on 
pilot plants owing to the precipitalion of calcium car­
bonate onto the carbon granules**. No such problems 
have been encountered at Homestake, so acid washing 
to remove the calcium carbonate is not necessary. 
However, a water-softening reagent, viz, Barbchem S35, 
is added to the cyanided pulp prior to gold adsorption^. 

Advantages of C-l-P over zinc precipitation 
The C-I-P process for the recovery of gold has several 

advantages over the conventional zinc-precipitation pro­
cess. 

It is well known that the cementation reaction is sen­
sitive not only to alkalinity and free cyanide but also to 
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.̂  other common constituents of cyanidation liquors, e.g., 
.'sulphide salts and the cyanide complexes of copper, 

nickel, arsenic, and antimony, all of which' have the ef­
fect of decreasing the gold recoveries. On the olher 
hand, activated carbon retains its excellent ability to 
scavenge gold and silver even in *he presence of large 
concentrations of the cyanide com'^ilexes of the nickel, 
copper, and iron sometimes encountered in certain 
South African ores. In the C-I-P process, the activated-
carbon granules are added direct to Ihe cyanided pulp, 
which obviates the expensive filtration and clarification 
stages that are required for zinc precipitalion. Clarifica­
tion is necessary to eliminate suspended constituents 
that can coat the zinc particles and retard precipitation" 
of the precious metals. Elimination of dissolved oxygeri 
from the pregnant soiution is also essential to prevent 
the redissolution of the gold. Furthermore, the soluble-
gold losses on a conventional plant generally are 
significantly higher than thos.' encountered in a C-I-P 
process. 

Therefore, it ic generally believed that C-I-P offers 
certain economical advantages over zinc precipitation 
not only in highei gold recoveries, but also in lower 
capital and operating costs. 

Other applications ir gold recovery 
In a preliminary laboratory investigation, Gilmore-'^ 

demonstrated the feasibility of using activated carbon 
for the recovery of sniall concentrations of soluble go'd 
from notation-plant wasic efHt'ents emanating from-
base-metal mills. In these plants, sodium cyanide is used 
as a notation depressant, and it was shown that carbon 
was capable of concent.ating large amounts of gold 
from very dilute solutions, and that the gold concentra­
tion of the barren solulion was in equilibrium with the 
gold content of the carbon (1 igure 12). Thus, in a single-
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(Adapted from Heinen et aPt.) 
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stage contact of carbon and gold-bearing solution, a 
barren solution of 0,01 gram of gold per ton of solution 
was found lo be in equilibrium with a gold loading o f 
about 3 kg o f gold per ton of carbon. 

The excellent scavenging ability of activated carbon 
for small amounts of dissolved gold in gold-plant ef­
fluent streams was demonstrated at pilot-plant level by 
Nicol^^. The tests were conducted in an up f low 
fluidized-bed contactor based on the continuous-ion-
exchange ( N I M C I X ) contactor developed at the Na- • 
tional Institute for Metallurgy. Granular coconut-shell 
carbon, in the size range 1,2 to 2,4 mm in diameter., was 
used in the tests, and, from a head solution containing 
about 0,2 gram of dissolved gold per ton of solution, a . 
barren solution containing 0,01 gram of gold per ton 
could be obtained, provided the carbon in the coIiuun 
was treated with hydrochloric acid at least once a week 
to remove calcium carbonate that was precipitated onio 
the carbon granules. 

Cyanide heap leaching-"--'^ is a comparatively recent 
hydrometallurgical development for exploiting low-
grade gold ores, mine-waste material, or deposils too 
small to justify the construction of milling facilities, and 
processes that utilize activated carbon for the recovery 
of gold have become economically viable owing to the 
high gold price. Basically, two methods of heap-leach 
cyanidation are uscd commercially, viz, short-term 
leaching of a crushed ore and long-term leaching of run-
of-mine material. In the short-term process, the ore is 
crushed small and stacked on watertight pads, and the 
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top of the heap is sprinkled with .: dilute cyanide solu­
t ion. The cyanide solution percolates through the heap 
and dissolves the gold and silver values. The Icach liquor 
is subsequently collected on the watertight pad, which is 
shaped lo permit the pregnant solulion to fiow into 
storage tanks. On ihe other hand, long-term leaching is 
used primarily to extract gold and silver from uncrush­
ed, porous, sub-mill-grade mate- ial ' f rom open-pit 
operations^'. In the absence o f mil l faciiities with a zinc-
precipitation circuit, or i f the concentration of gold in 
solution is below d nominal 1 ,*; grams of gold per ton of 
solution, adsorption onto activated carLon is the pref"r-
red niethod for rtcovering the nrccious m'-tal values. 

In a typical carbon-ad<:orption operation, ihe preg­
nant solution is pumped upfiow tlirough three to live 
columns in series, which contain granular coconut-shell 
carbon, at a velocity suffii-icnt to mainiain the bed of 
carbon in a l l j id izcJ stale. Hcwcvci-. the gokl-bcnring 
cyanide solution can also be percolaicd downward^ 
through a fixed bed of activated caruon. The choiccof, 
loading technique depends on '.he amount of undissolv­
ed solids in the heap-leach liquor. The most economic 

•method for recovering the preciou.s-inetal values from 
the loaded carbon is by- elution and electrowinning, 
which allows the carbon to be re used. However, many 
small companies dispatch the loaded carbon to smelters, 
where the carbon is burnt to recover the gold and silver,' 

The application of this technology lo ihe treatmeni o f 
gold ores rich in silver has been found to greatl> increase 
the amount of activated carbon required to effect a high. 
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silver recovery, owing to the fact that the adsorptive 
capacity of c rbon for silver is substantially less than for 
gold. This problem has been overcome by the develop­
ment of a processing sequence that consists of recover­
ing the silver selectively, as insoluble silver sulphide 
(AgjS), with sodium sulphide as the precipitant, and, 

• after filtration, recovering the gold from the filtrate wilh 
activated carbon. Figure 13 shows the fiowsheet propos­
ed by Heinen and. coworkers-" for the heap-leach 
carbon-adsorption process. 

Hussey and coworkers'*^ have conducted pilot-plant 
tests on a C-I-Pprocess for tne adsorption o f silver from 
cyanided pulps o f a silver ore, and have obtained en­
couraging results. From a pregnant solution containing 
an average of 50 grams of silver per ton o f solution, a 

. barren solulion between 0,60 and 0,40 g/t was obtained. 
It was also illustrated how data on the rate o f silver ad­
sorption as well as equilibrium adsorption curves can be 
helpful in process design. 

As mentioned previously, one of the problems 
associated with the use of activated carbon for the ad­
sorption of gold and silver from cyanided pulps or 
clarified solutions originating f rom Witwatersrand ore 
bodies is the precipitation o f calcium carbonate onto the 
carbon. It has also been, reported^ that gold cyanide 
displaces the adsorbed silver. Davidson and coworkers^ 
investigated the possibility of overcoming these pro­
blems by acidification of plant pregnant solutions prior 
to the carbon-adsorption stage. Excellent gold and silver 
adsorption characteristics were obtained at an influent 
pH value of 5, and no calcium carbonate fouling of the 
carbon was observed. In the light of this work, it was 
suggested that significant improvements could be made 
in the use o f activated carbon for the recovery of gold 
and silver by acidification o f cyanided liquors that con­
tain low concentrations o f copper. 

Testwork at plant scale was recently conducted-" by 
the addition of powdered carbon to a repulped cyanida­
tion residue for recovery of dissolved gold values, prior 
to the recovery of pyrite by flotation. I n such a.process, 
the carbon powder is separated from the pulp by flota­
t ion, and the gold is recovered by burning the carbon lo 
ashes. The recovery of about 90 per cent of the gold 
from a head value of 0,16 gram o f gold per ton of solu­
tion has been rcporlcd. A similar process was patented 
by Chapman'"'in 1939. 
Review of elution procedures 

Gross and Scot t " investigated the eluant power of a 
wide range of inorganic compounds for gold cyanide ad­
sorbed onto carbon. Potassium cyanide and sodium 
sulphide showed the highest solvent power for the ad­
sorbed gold. This was pursued more recently by Zadra'* 
who found that a gold-loaded carbon containing a 
negligible silver loading could be eliitcd efficiently wilh a 
hot (93 °C) alkaline solution of sodium sulphide. This 
elution lechnique is not applicable to carbons carrying 
silver, since insoluble silver sulphide (Ag^S) is pre­
cipitated in the pores o f the carbon and so is retained. 
However, in the modified Zadra'* procedure (which was 
was the first practical elution procedure to be developed 
and is currently being used at Homestake), which 
utilizes a hot (90 to 93 " Q alkaline cyanide solution (1,0 
per cent NaOH + 0,1 per cent NaCN) at aimosphcric 
pressure as the eluant, both gold and silver can be eluted 
efficiently. In the circuit that was originall> proposed, 
the eluant is pumped upf low through the bed of loaded 
carbon, and the eluant containing the desorbed gold and 

Minerals Sci. Engng, vol. 12, no. 2. April, 1980 

lao-

170-

150-

130-

110-

90-

70-

50 

y^ 
1 

/ ^ 

/ 

1 1 — 

y 
X 

; 

1 — - I • - - — 

20 80 100 40' 60 
Gold eluted, % 

} FIGURE 14. Influence of temperature on the elution of gold 
from activated carbon. (Adapted from Ross et al^^.) 

silver is then fed to a circular electrowinning cell fitted 
with a stainless-steel anode and a pervious cathode con­
taining steel wool. As the electrowinning cell and the 
elution unit form a closed circuit, the' eluted gold and 
silver values are removed from the eluant by elec­
trodeposition as rapidly as they are desorbed from the 
carbon, and the barren eluant is recycled to the elution 
circuit;- Thus, continuous elution is achieved with the 
minimum volume of eluant, thereby reducing reageni 
consumption. The gold and silver values are finally 
recovered by smelting the wool to bul l ion. Tests have in­
dicated Ihat 4 lilros of solulion per kilogram of carbon is 
sufficient for continuous operation. 

Zadra'* also rcporlcd the efficient elution of gold and 
silver by a column technique, after preconditioning of 
the loaded carbon for 30 minutes wi th a solution com­
posed of I per cent NaOH -f 0,1 per cent NaCN at 
93 " C , followed by draining and elui ion o f l h e gold and 

.silver values with boiling water. A similar elution techni­
que was developed by Dav id jon" " at the Anglo 
American Research Laboratories. This elution pro­
cedure is usually preceded by treatment of the loaded 

•carbon with hydrochloric acid to remove calcium car­
bonate and nickel cyanide from the carbon. 

However, on implementing the modified Zadra elu­
tion procedure at the Carlton M i l l , Cripple Creek, Col­
orado, Ross and coworkers^' found that, contrary to the 
laboratory elution results of Zadra, f rom 24 to 48 hours 
instead of the claimed 6 hours was required in practice 
to strip a carbon containing between 200 and 4(30 
kilograms of gold per ton down to about 10 kg/ t . This 
prompted them to investigate elution techniques thai 
would strip the gold more rapidly, and led to the 
development of.a pressure method for stripping the gold 
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FIGURE 15. Elution circuit for the simultaneous desorption 
and electrowinning o f gold. I Adapted f rom Heinen et al^^.) 

from activated carbon by simultaneous elution and elec-' 
trolysis in a cyclic process. 

It was found that the elution of gold in a pressurized 
column at high lemperatures resulted in a marked im­
provement in the rate of gold elution compared with 
that observed at atmospheric pressure. This is apparent 
from the data in Figure 14, which shows the results of 
equilibrium elution tests conducted by the mixing of one 
volume of carbon with five volumes of eluant (compos­
ed by 1 per cent NaOH + 0,1 per cent NaCN) at various 
temperatures up to the boiling point of the eluant at 
atmospheric pressure, as well as those obtained in a 
pressurized (360 kPa) elution column at temperatures 
between 100 and 180°C. The results indicate that, 
whereas only 8 per cent of the adsorbed gold would 'ue 
eluted from the carbon at 90''C, more than 90 per cent 
would be eluted at ISO'C, i.e., the rate of elution 's 
about 12 times greater al 180°C. The effect ofthe com­
position of the eluant on eluiion was also investigated, 
and it was shown that gold could be eluted efficiently 
with tap water at 150°C, after preconditioning of the 
loaded carbon with one column volume of 1 per cent 
NaOH + 0,1 per cent NaCN for 30 minules. Subse­
quently, Davidson and coworkers'" also repo.ied ac- ' 
celerated eluiion rates wilh pressure eluiion. 

Nizamutdinova and Chuvasheva*^ reported excellent 
eluiion of gold from carbon with anhydrous ammonia 
under a pressure of about 600 to I OCX) kPa. 

Heinen and coworkers** found that modification of 
the alkaline cyanide eluant (I per cent NaOH -i- 0,1 per 
cent NaCN) by the addition of, for example, 20 per cent 
(by volume) of a water-soluble alcohol (e.g., ethanol or 
methanol) results in a dramatic improvement in the effi­
ciency of desorption of the gold, so that 99 per cent of 
the precious-meial values can be eluted in aboul 6 hours 
at a temperature of 80°C, as compared with 50 hours 
without an alcohol additive. Figure 15 shows the pro­
posed''* elution circuit, which utilizes the Zadra'* con­
cept of simultaneous elution and electrowinning. 

Sodium sulphide was also shown to be effective for 
selectively precipitating silver from the pregnant eluant, 
thereby providing a means of producing high-purity 
gold by sub.sequent electrolysis. 

From this brief review it is apparent that, although ef­
ficient elution can be achieved at atmospheric pressure 
with a hot (90 to 93 "C) alkaline cyanide eluant, or after 
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pretreatment of the loaded carbon with a hot alkaline 
cyanide eluant, followed by elution of the gold and 
silver values wilh hot water, the rale of desorption of the 
precious-metal values can be accelerated markedly on 
modification of the alkaline cyanide eluant by the addi­
tion of a water-soluble alcohol or by conducting the elu-. 
tion at elevated temperature and pressure. 
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APPARENT CONSUMPTION OF INDUSTRIAL EXPLOSIVES AND 
BLASTING AGENTS IN THE UNITED STATES, 1980 

Apparent consumption of explosives and blasting agents in the United States 
increased 11% to 4.6 billion pounds, according to the Bureau of Mines, U.S, Department 
of the Interior. Apparent consumption is measured by sales reported by manufacturers. 

Ammonium nitrate fuel-mixed blasting agents showed the most significant change in 
consumption of all classes of explosives and blasting agents in 1980, an increase of 
24% over the amount used in 1979. 

All principal consuming industries except the coal mining industry used less 
quantities of explosives and blasting agents in 1980 than in 1979. Over 56% of the 
total weight was utilized in the mining of coal. Nearly all permissibles and 61% of 
ammonitim nitrate fuel-mixed blasting agents and unprocessed ammonium nitrate were con­
sumed in coal mining. Other high explosives were used primarily in quarrying and 
nonmetal mining (29%) and construction (26%). The majority of water gels and slurries 
went into metal mining (41%). 

Seven States collectively consumed 60% of all explosives and blasting agents 
used in the United States in 1980. These were, in order of consumption, Kentucky, 
Alabama, Pennsylvania, West Virginia, Ohio, Arizona, and Indiana. 

Prepared in the Section of Nonmetallic Minerals, July 2, 1981. 



Classification of Industrial Explosives and Blasting Agents 

"Apparent consumption" of explosives and blasting agents, as used in this 
report, means sales reported to the Institute of Makers of. Explosives (IME) by 
IME members and provided to the Bureau of Mines on a proprietary basis, plus 
sales by nonmember manufacturers reported directly to the Bureau on Form 6-1439-A. 
Classification of explosives and blasting agents by type and use appears as reported 
by the manufacturers. Sales of explosives and blasting agents imported by nonmanu-
facturers are not included, but may be locally important. Some quantities are 
published in such a way as to avoid disclosing company proprietary data. 

The principal distinction between explosives and blasting agents is related 
to their sensitivity to initiation—explosives are cap-sensitive but blasting 
agents are not, and therefore require a primer. Only "high" explosives are 
currently reported. "Low" explosives, which burn very rapidly but do not detonate, 
include principally black powder and propellants. Black powder has not been 
reported in industrial use since 1971. Both explosives and blasting agents vary 
widely in composition, although most blasting agents are essentially mixtures of 
ammonium nitrate plus a fuel. 

Water gels and slurries may be either explosives or blasting agents, but for 
convenience are classified separately in a recognizable category. 

The five product classifications used in this report are the same as those 
adopted by IME. These are: 

1. Permissibles.—Grades of high explosives approved by brand name by the 
U.S. Bureau of Mines or the Mine Safety and Health Administration for use, in a 
prescribed manner, in underground coal mines, including water gels and slurries 
approved as permissibles. 

2. Other High Explosives.—All high explosives except 

a) permissibles and 

b) any water gels or slurries that would otherwise be classified 
as high explosives. 

Included in the "Other High Explosives" classification are all formulations 
packaged in metal containers. 

3. Packaged and Bulk Water Gels and Slurries.—All water gels and slurries, 
packaged or in bulk, made by addition of more than 5% water to high explosives 
or blasting agents, except those approved as permissibles. 

4. Ammonium Nitrate Fuel-Mixed Blasting Agents.—^Without regard to packaging 
or container. 

5. Unprocessed Ammonium Nitrate.—Prilled or grained ammonium nitrate for 
use in blasting agents. 



Companies covered by this report. Including IME members, are: 

American Cyanamid Company—^Wayne, New Jersey 
Apache Powder Company—Benson, Arizona 
Atlas Powder Company—Dallas, Texas 
Austin Powder Company—Cleveland, Ohio 
C-I-L Inc.—(^ebec, Canada 
Columbia Nitrogen Corp.—Augusta, Georgia 
E. I. du Pont de Nemours & Co., Inc.—^Wilmington, Delaware 
Energy Sciences & Consultants, Inc.—Biwabik, Minnesota 
Goex Inc.—Cleburne, Texas 
W.R. Grace & Co. ACQ—^Memphis, Tennessee 
Gulf Oil Chemicals Company—^Merriam, Kansas 
Hawkeye Chemical Company—Clinton, Iowa 
Hercules, Inc.—^Wilmington, Delaware 
Independent Explosives Company of Pennsylvania—Scranton, Pennsylvania 
Ireco Chemicals—Salt Lake City, Utah 
Kaiser Aluminum & Chemical Corp.—Savannah, Georgia 
Monsanto Co.—St. Louis, Missouri 
Phillips Chemical Co.—Bartlesville, Oklahoma 
Sierra Chemical Company—Reno, Nevada 
Southern Explosives Corporation—Glasgow, Kentucky 
Trojan Division, IMC Chemical Group, Inc.—Ailentown, Pennsylvania 
Union Oil Company of California—Los Angeles, California 
USS Agri-Chemicals—Atlanta, Georgia 



TABLE 1. - Salient statistics of industrial explosives and blasting 
agents sold for consumption in the United States, 1979-80 

(Thousand pounds) 

Class 1979 . 1980 

Permissibles y ^ i l , 3 0 7 55,461 
Other high explosives J^/182,319 175,910 
Water gels and slurries 460,913 420,299 
Ammonium nitrate fuel-mixed blasting agents £/l,331,313 1,652,258 
Unprocessed ammonium nitrate r/2/2,068,606 2,248,243 

Total £/4,090,458 4,552,171 

_r/ Revised. 
l̂ f Some quantities of this class of explosive are included with "Unprocessed 

arnmonium nitrate" to avoid disclosing company proprietary data. 
2_/ Includes some quantities of permissible explosives and other high explosives. 



TABLE 2. - Industrial explosives and blasting agents sold for consumption in 
the United States by class and use, 1979-80 

(Thousand pounds) 

Quarrying and Construction All other 
Class Coal mining 1/ Metal mining 1/ nonmetal mining 1/ work 1/ purposes 2/ Total 

m 9 1980 1̂ 79 1980 1979 1980 1979 1̂ 80 1979 19^0 1979 1980 

Permissibles V — A4,891 52,476 281 81 615 716 1,294 973 226 1,215 47,307 55,461 
Other high 
explosives 2/-- 25,783 24,912 23,699 25.085 60,734 50,138 52,924 46,185 19,179 29,590 182,319 175,910 

Water gels and 
slurries 74,739 94,618 238,738 170,652 107,280 95,196 38,284 35,672 1,872 24,161 460,913 420,299 

Ammonium nitrate 
fuel-mixed 
blasting agents x/889,368 1,126,850 65,394 65,637 221,460 187,434 151,669 110,611 3,422 161,726 £/l,331,313 1,652,258 

Unprocessed 
ammonium 
nitrate V r_/l,202,612 1,260,286 £/284,708 291,489 _r/262,944 242,602 229,951 218,597 £/88,391 235,269 £/2,068,606 2,248,243 

Total £/2,237,393 2,559,142 _r/612,820 552,944 £/653,033 576,086 474,122 412,038 r_/113,090 451,961 jc/4,090,458 4,552,171 

r J Revised. 
\J Some quantities of this use are included with "All other purposes" to avoid disclosing company proprietary data. 
2J Includes some quantities from coal mining, metal mining, quarrying and nonmetal mining, and construction work. 
2J Some quantities of this class of explosive are included with "Unprocessed ammonium nitrate" to avoid disclosing company proprietary data for 1979. 
jtj Includes some quantities of permissible explosives and other high explosives for 1979. 



TABLE 3, Industrial explosives and blasting agents sold for consumption 
in the United States, by State and use, 1980 

(Thousand pounds) 

Use 
Coal Metal (Juarrying and 

Sta te mining mining nonmetal mining 

Alabama 485,646 50 8,277 
Alaska 975 2,432 42 
Arizona 29,128 178,010 3,362 
Arkansas 3,529 911 6,441 
California 1,880 16,525 10,373 
Colorado 59,949 23,131 2,327 
Connecticut 9,938 
Delaware 193 
District of Columbia y 
Florida 28,346 
Georgia 162 16,174 
Hawaii 312 
Idaho 1,375 13,835 11,019 
Illinois 95,268 3 37,375 
Indiana 176,971 252 21,971 
Iowa—^ 2,536 19,282 
Kansas 7,200 6,264 
Kentucky 574,663 6 56,048 
Louisiana 8 3,242 
Maine 820 
Maryland 7,166 10,506 
Massachusetts 322 3,669 
Michigan 3,251 28,608 25,323 
Minnesota 1,660 116,012 4,304 
Mississippi 443 
Missouri 15,544 5,224 27,884 
Montana 38,948 24,635 1,582 
Nebraska 3 1,756 
Nevada 20,803 1,881 
New Hampshire 738 
New Jersey 17 2,894 
New Mexico 15,115 45,046 5,504 
New York 321 392 8,150 
North Carolina 3,716 18,133 
North Dakota 334 
Ohio 128,283 488 64,424 
Oklahoma 36,126 2,213 7,768 
Oregon 83 2,758 
Pennsylvania 351,955 1 52,249 
Rhode Island 390 
South Carolina 3,686 
South Dakota 8 542 484 
Tennessee 50,617 4,830 26,189 
Texas 256 2,465 25,942 
Utah 1,529 47,418 4,466 
Vermont 37 851 
Virginia 109,700 10 13,412 
Washington 5,600 5,417 1,560 
West Virginia 210,099 4,071 
Wisconsin 2,464 5,817 
Wyoming 139,179 11,204 7,446 
Undistributed 2^/ 21 V 

Total 2,559,142 552,944 576,086 

Construction 
work 

All other 
purposes Total 

109,640 
7,020 
2,140 
2,290 
7,208 
757 

4,838 
1,437 

12,758 
3,380 

8 
3,139 
3,549 
5,748 
1,844 
2,184 
27,887 

97 
273 

3,555 
1,653 
5,386 
528 
60 

10,835 
1,160 
769 
122 
894 
654 

1,105 
5,090 
19,086 

4 
9,825 
2,294 
9,374 
14,599 

159 
2,928 

30,836 
39,155 
1,233 
786 

20,087 
7,874 
19,248 
6,075 
467 
2/ 

60,434 
146 

2,000 
7,605 
1,662 
3,581 
361 
165 

2,566 
6,272 

128 
6,617 
3,995 
7,563 
10,396 
90,580 
2,596 

5 
377 
256 

2,013 
3,323 
2,145 
6.971 
8,623 

28 
389 
62 
85 

25,178 
1,913 
763 

2,176 
20,994 
12,488 

604 
25,634 

205 
3 

7,191 
9,873 
1,889 

1 
13,463 

692 
5,621 
1,463 

27,561 
63,305 

664,047 
10,615 

214,640 
20,776 
37,648 
89,745 
15,137 
1,795 

43,670 
25,988 

320 
29,496 
142,812 
208,937 
31,225 
26,044 
749,184 
5,943 
1,098 

21,604 
5,900 
64,581 
125.827 
2,648 
66,458 
74,948 
2,556 
23,195 
1,694 
3,650 
91,948 
15,866 
41,698 
2,514 

224,014 
60,889 
12,819 

444,438 
549 

6.819 
1,037 

119,663 
77,691 
56,535 
1,675 

156,672 
21,143 
239,039 
15,819 

185,857 
63,305 

412,038 451,961 4,552,171 

\ J Included with Maryland. 
2/ Quantities included with "All other purposes" to avoid disclosing company proprietary 

data. 



TABLE 4. - Industrial explosives and blasting agents sold for 
consumption in the United States, by State and class, 1980 

(Thousand pounds) 

Class 
Fixed h igh e x p l o s i v e s 

State Permissibles 
Other high 
explosives 

Water gels 
and 

slurries 

Ammonium 
nitrate fuel-
mixed blasting 

agents 

Blasting agents 

Unprocessed 
ammonium nitrate Total 

Alabama 3,355 
Alaska 
Arizona 
Arkansas 
California 
Colorado 331 
Connecticut 
Delaware 
District of Columbia \ J 
Florida 

Hawaii 
Idaho 
Illinois 536 
Indiana 408 
Iowa 143 
Kansas 4 
Kentucky 27,260 
Louisiana 8 
Maine 
Maryland 22 
Massachusetts 
Michigan 10 
Minnesota • 
Mississippi 
Missouri 12 
Montana 
Nebraska 1 
Nevada 
New Hampshire 
New Jersey 
New Mexico 22 
New York 7 
North Carolina 
North Dakota 
Ohio 949 
Oklahoma 
Oregon 
Pennsylvania 1,349 
Rhode Island 
South Carolina 
South Dakota 
Tennessee 1,152 
Texas 
Utah 178 
Vermont 1 
Virginia 12,123 
Washington 313 
West Virginia 7,093 
Wisconsin 6 
Wyoming 178 
Undistributed 

2,891 
2 ,063 
2 ,420 
1,306 
3 ,306 
5,671 
1,783 

2 

11,637 
2,811 

1,746 
7,414 
2,308 
2,616 

473 
9,749 
2,666 
313 

3,075 
2,182 
1,294 
517 

2,141 
7,803 
8,135 
348 
619 

1,080 
1,350 
5,762 
2,304 
2,980 
2,177 
4 ,953 
3,762 
3,607 

15,735 
182 

1,124 
9 

7,595 
8,986 
5,078 

428 
6,950 
3,387 
5,818 
1,356 
3,998 

18,443 
5,031 

44,092 
2 ,420 
6,663 
22,209 
4,306 

52 

17,585 
6,650 
320 

1,270 
7,721 
7,990 
5,595 
2,191 
10,378 

475 
262 

4,101 
364 

20,493 
71,813 

450 
5,188 
1,417 
495 
376 
68 

566 
15,039 
2,082 
8,811 

7,203 
2,932 
1,258 

41,044 

2,453 
1,028 
3 ,856 
4,024 
10,069 

607 
9,420 
2,611 
3,315 
6,663 
28,900 

382,463 
116 

12,921 
6,678 
3,842 
22,296 
3,017 
1,741 

9,585 
16,302 

708 
85,969 
149,659 
1,558 

20,486 
287,551 
2,794 
523 

13,605 
2,781 
14,287 
38,310 

57 
14,740 
1,091 
1,712 
6,436 
478 

1,690 
30,068 
6,320 
17,560 

9 
75,703 
50,993 
3,687 
62,919 

367 
3,242 

41,458 
23,462 

937 
639 

63,064 
335 

92,867 
6,852 
68,380 

256,895 
3,405 

155,207 
10,372 
23,837 
39,238 
6,031 

4,863 
225 

25,772 
41,172 
48,572 
21,313 
2,890 

414,246 

801 
573 

28,497 
15,187 

38,715 
64,305 

15,764 
68 
44 

41,057 
5,153 
12,347 

328 
135,206 
3,202 
4,267 

323,391 

65,602 
41,219 
40,273 

65,115 
14,497 
129,946 

942 
84,401 

2/63,305 

664,047 
10,615 

214,640 
20,776 
37,648 
89,745 
15,137 
1,795 

43,670 
25,988 

320 
29,496 
142,812 
208,937 
31,225 
26,044 
749,184 
5,943 
1,098 

21,604 
5,900 
64,581 
125,827 
2,648 
66,458 
74,948 
2,556 
23,195 
1,694 
3,650 
91,948 
15,866 
41,698 
2,514 

224,014 
60,889 
12,819 

444,438 
549 

6,819 
1,037 

119,663 
77,591 
56,535 
1,675 

156,672 
21,143 
239,039 
15,819 

185,857 
2/63,305 

Total 55,461 175.910 420,299 1,652,258 2,248,243 4,552,171 

\ J Included with Maryland. 
21 Quantities undistributed to avoid disclosing company proprietary data 



TABLE 5. Permissible explosives sold for consumption in the United States, 
by State and use, 1980 

(Thousand pounds) 

Use 
Coal 

State mining 

Alabama 3,07 6 
Alaska 
Arizona 
Arkansas 
California 
Colorado 331 
Connecticut 
Delaware 
District of Columbia y 
Florida 
Georgia 
Hawaii 
Idaho 
Illinois 457 
Indiana 397 
Iowa 136 
Kansas 
Kentucky 26,419 
Louisiana 8 
Maine 
Maryland 22 
Massachusetts 
Michigan 
Minnesota 
Mississippi 
Missouri 1 
Montana 
Nebraska 
Nevada 
New Hampshire 
New Jersey 
New Mexico 2 
New York 
North Carolina 
North Dakota 
Ohio 665 
Oklahoma 
Oregon 
Pennsylvania 1,148 
Rhode Island 
South Carolina 
South Dakota 
Tennessee 417 
Texas 
Utah 95 
Vermont 
Virginia 12,043 
Washington 313 
West Virginia 6,874 
Wisconsin 
Wyoming 72 

Total 52,476 

1/ Included with Maryland. 

Metal 
mining 

Quarrying and 
nonmetal mining 

Construction 
work 

All other 
purposes Total 

71 

10 

81 

128 

79 
11 
7 

36 

10 

11 

279 

85 

70 

716 

151 

20 
7 

108 

973 

805 

3,355 

331 

536 
408 
143 
4 

27,260 
8 

22 

10 

12 

1 

22 
7 

949 

8 1,349 

665 

1 

5 
6 

11 
1 
70 

214 

106 

1,152 

178 
1 

12,123 
313 

7,093 
6 

178 

1,215 55,461 



TABLE 6. - Other high explosives sold for consumption in the United 
States, by State and use, 1980 

(Thousand pounds) 

Use 

State 
Coal Metal 

mining mining 
Quarrying and 
nonmetal mining 

Construction 
work 

All other 
purposes Total 

Alabama 445 
Alaska 
Arizona 1.745 
Arkansas 11 6 
California 30 217 
Colorado 435 4,902 
Connecticut -r— 
Delaware 
District of Columbia y 
Florida 
Georgia 100 
Hawaii 
Idaho 791 
Illinois 929 
Indiana 568 252 
Iowa 5 
Kansas 
Kentucky 6,121 
Louisiana 
Maine • 
Maryland 119 
Massachusetts 
Michigan 
Minnesota 10 
Mississippi 
Missouri 359 
Montana 476 
Nebraska 3 
Nevada 
New Hampshire 
New Jersey 
New Mexico 22 
New York 
North Carolina 
North Dakota 2 
Ohio 1,394 
Oklahoma 21 
Oregon 1 
Pennsylvania 5,371 
Rhode Island 
South Carolina 
South Dakota 6 
Tennessee 1,008 
Texas 12 
Utah 258 
Vermont 10 
Virginia 1,536 
Washington 37 
West Virginia 4,607 
Wisconsin 
Wyoming 1,016 

Total 24,912 25.085 

372 
152 

3.805 
922 

527 

4,827 
194 

463 

1,640 
265 

2.685 

1.174 

145 

332 

221 
547 
472 
10 

1.118 

4.604 
1.907 

1 
5,737 
1.309 
2,269 

98 
1,989 
209 
147 

1,740 
1.265 
802 
87 
116 

2,571 

410 
1.185 

75 
857 
805 

2.433 
432 
477 

6.920 
121 
19 

2.830 
630 
106 
143 

4,663 
32 
223 
114 
112 

1.045 
1.955 
250 
643 

2,298 
93 
665 

7,033 
789 

954 
748 
179 
262 
72 
815 
4 

166 
1.206 
764 
29 
268 
59 

1.068 
776 
317 
26 
621 
153 
804 
902 

2.165 

561 
575 

2,822 
3,170 

61 
1.105 

2,117 
2,741 
839 
275 
640 

2,108 
673 

1.242 
127 

1 

2 

1 

5 

2 

2 

5 
1 

2 

,069 
108 
204 
99 
289 
231 

2 

15 

80 
303 
824 
,453 

10 
153 
91 

.966 

,961 
28 
66 
49 
12 
34 
351 
10 

,175 
102 
.734 
307 
273 

3 

,338 
,190 

111 
36 
315 

.598 

2.891 
2,063 
2,420 
1,306 
3,306 
5,671 
1.783 

2 

11.637 
2,811 

1,746 
7,414 
2.308 
2.616 
473 

9,749 
2.666 
313 

3.075 
2.182 
1,294 
517 

2,141 
7,803 
8,135 
348 
619 

1,080 
1,350 
5.762 
2,304 
2,980 
2,177 
4,953 
3,762 
3,607 
15,735 

182 
1,124 

9 
7,595 
8,986 
5,078 
428 

6,950 
3,387 
5.818 
1.356 
3.998 

50.138 46.185 29.590 175.910 

y Included with Maryland. 



TABLE 7. - Packaged and bulk water gels and slurries sold for 
consumption in the United States, by State and use, 1980 

(Thousand pounds) 

Use 
Coal Metal 

State mining mining 

Alabama 11.407 50 
Alaska 2 
/ t f izona 43 .396 
Arkansas 19 55 
C a l i f o r n i a 301 
Colorado 5.392 14.854 
Connec t i cu t 
Delaware 
District of Columbia y 
Florida 
Georgia 62 — 
Hawaii 
Idaho 787 
I l l i n o i s 2,602 
Indiana 5,115 
Iowa 90 
Kansas 205 
Kentucky 7,734 6 
Louisiana 
Maine 
Maryland 272 
Massachusetts 
Michigan 18,833 
Minnesota 70,722 
Mississippi 
Missouri 238 310 
Montana 784 75 
Nebraska 
Nevada 20 
New Hampshire 
New Jersey 17 
New Mexico 8,935 4,624 
New York 42 148 
North Carolina 
North Dakota 
Ohio 752 25 
Oklahoma 770 11 
Oregon 
Pennsylvania 24,318 
Rhode Island 
South Carolina 
South Dakota 2 542 
Tennessee 99 727 
Texas 13 
Utah 176 8,870 
Vermont 
Virginia 856 
Washington 1,033 
West V i r g i n i a 1,306 
Wisconsin 2,464 
Wyoming 23.440 2,769 

T o t a l 94.618 170,652 

(Juarrying and 
nonmetal mining 

C o n s t r u c t i o n 
work 

A l l o t h e r 
purposes T o t a l 

1.561 
42 
46 

1.717 
4,035 
612 

1,354 

14,332 
3,752 
312 
237 

3,039 
2.614 
5,142 
1,108 
1,819 
239 
229 

2,866 
188 

1,652 
1.036 
270 

3,501 

368 
340 
37 
479 
347 
617 

5,449 

5.369 
1.139 

83 
14.086 

1,422 
484 

2,293 
2,308 

66 
520 

3,421 
65 
466 

3.349 
785 

1.291 
4,982 

41 
480 

2,196 
499 

2.868 

2.457 
739 
8 

158 
1,125 
258 
359 
179 
412 
93 
28 
963 
130 
8 
55 
1 

982 
364 
127 
14 
29 
69 
265 

1,057 
2,996 

849 
424 

1,170 
1,011 

827 

692 
1,379 
393 
87 
357 

1.314 
1,196 
672 
68 

4.134 
5 

609 
149 
131 
852 
84 
52 

796 
2,097 

88 
955 
3 
4 

699 
407 
143 
5 

46 

179 
157 
194 

2 
2 
1 

868 
218 
366 

208 
588 
5 

1,629 

204 

45 
324 
564 

4,786 
199 
347 
178 

1,838 

18,443 
5,031 

44,092 
2,420 
6,663 
22,209 
4.306 

52 

17.585 
6.650 
320 

1.270 
7,721 
7,990 
5,595 
2,191 
10,378 

475 
262 

4,101 
364 

20.493 
71,813 

450 
5.188 
1.417 
495 
376 
68 
566 

15,039 
2,082 
8,811 

7,203 
2,932 
1,258 

41,044 

2,453 
1.028 
3,856 
4,024 
10.069 

607 
9,420 
2.611 
3.315 
6.663 
28,900 

95,196 35,672 24,161 420,299 

1/ Inc luded w i t h Maryland. 
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TABLE 8 . - Ammonium n i t r a t e fue l -mixed b l a s c i n g a g e n t s so ld fo r consumption 
in the United States, by State and use, 1980 

(Thousand pounds) 

Use 

State 
Coal Metal 

mining mining 
Quarrying and 
nonmetal mining 

Construction 
work 

All other 
purposes Total 

Alabama 326.782 
Alaska 
Arizona 939 6,296 
Arkansas 3,499 1 
California 39 
Colorado 19.764 
Connecticut 
Delaware 
D i s t r i c t of Columbia y 
F l o r i d a 
Georgia 
Hawaii 
Idaho 30 
I l l i n o i s 73 .575 3 
I n d i a n a 126,244 
Iowa 6 
Kansas 6,817 
Kentucky 240,025 
Louisiana 
Maine 
Maryland 6,133 
Massachusetts 
Michigan 386 3.373 
Minnesota 38.241 
Mississippi 
Missouri 4,034 1,109 
Montana 892 165 
Nebraska 
Nevada 5,820 
New Hampshire 
New Jersey 
New Mexico 556 138 
New York 279 
North Carolina 
North Dakota 4 
Ohio 50,184 
Oklahoma— 35,243 2,202 
Oregon 82 
Pennsylvania 43,851 
Rhode Island 
South Carolina 
South Dakota 
Tennessee 28.110 
Texas 2,187 
Utah 846 
Vermont 27 
V i r g i n i a 40.803 
Washington 
West V i r g i n i a 75,563 
Wisconsin 
Wyoming 43.052 5,187 

Total 1,126,850 65.637 

437 

3.095 
2.266 
1,586 
1,705 
2.289 
193 

4.547 
10.290 

638 
6.865 
18,024 
1.403 
3.705 
14,711 
2,794 
444 

5,763 
2,115 
10,404 

29 
57 

5,289 

1.388 
213 
223 

1,226 
5,082 
2,672 
11,879 

13,285 
4,447 
928 

13,000 
269 

2,245 

5,101 
15,145 

50 
188 

4,713 
4 

2,448 
2,354 
1.925 

87,434 

83 
83 

1,653 
871 
975 
165 
728 

1.437 

3,268 
1.852 

_ — -. 
1.676 
5.311 
149 

1,929 
17.778 

79 
1.342 
609 
124 
40 

4.207 
20 
324 
82 
244 
432 
16 

2.025 
5.294 

4 
6.324 
1.203 
2.385 
3.808 

98 
996 

6,906 
4,913 

424 
14.306 

70 
11,951 
4,155 
272 

110,611 

55,161 
33 
938 
41 

1,242 
662 

Ill 

1,770 
4,160 

40 
3,850 

80 

8,035 
15,037 

367 
57 

101 
14 

321 
11 
32 

24,276 
1,344 
387 
1 

5,910 
7,898 
292 

2,260 

1 

1.341 
1.217 

41 

3,242 
261 

2,905 
343 

17.944 

161,726 

382,463 
116 

12,921 
6.678 
3,842 

22,296 
3,017 
1,741 

9,585 
16,302 

708 
85,969 
149,659 
1,558 

20.486 
287.551 
2,794 
523 

13,605 
2,781 
14,287 
38,310 

57 
14,740 
1.091 
1.712 
6.436 
478 

1.690 
30,068 
6,320 
17,560 

9 
75,703 
50,993 
3,687 
62,919 

367 
3.242 

41.458 
23.462 

937 
639 

63.064 
335 

92.867 
6.852 

68.380 

1,652,258 

1/ Included with Maryland. 
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TABLE 9. - Unprocessed ammonium nitrate sold for consumption 
in the United States, by State and use. 1980 

(Thousand pounds) 

Use 
Coal Metal Quarrying and Construction All other 

State mining mining nonmetal mining work purposes Total 

Alabama 143.936 5,819 107.070 70 256,895 
Alaska 973 2,432 3.405 
Arizona 28.189 126,573 196 249 155.207 
Arkansas 849 1.911 296 7.316 10,372 
California 1.850 15,968 4,280 1,739 23.837 
Colorado 34,027 3,375 1,836 39.238 
Connecticut 5.177 577 277 6.031 
Delaware 
D i s t r i c t of Columbia y 
F l o r i d a 4 ,863 4 .863 
Georgia 225 225 
Hawaii 
Idaho 1.375 12,227 10.143 2.027 25.772 
Illinois 17,705 21,655 1,812 41,172 
Indiana 44,647 13 3,912 48,572 
Iowa 2.299 10,461 1,074 7,479 21,313 
Kansas 178 1,353 1,359 2,890 
Kentucky 294,364 37,493 8,882 73,507 414,246 
Louisiana 
Maine 
Maryland 620 137 44 801 
Massachusetts 322 101 150 573 
Michigan 2,865 6,030 12,455 5,225 1,922 28,497 
Minnesota 1,650 6,897 3,152 165 3,323 15,187 
Mississippi 
Missouri 10,912 16.512 4.578 6.713 38.715 
Montana 36.796 23,473 1.582 2.454 64.305 
Nebraska 
Nevada 14.436 1.328 15.764 
New Hampshire 68 68 
New Jersey 4 40 44 
New Mexico 5,600 35,457 41,057 
New York 50 4,004 1,099 5,153 
North Carolina 3,716 8,631 12,347 
North Dakota 328 328 
Ohio 75,288 43,058 2,086 14.774 135.206 
Oklahoma 92 1.750 92 1.268 3.202 
Oregon 1,270 2,997 4,267 
Pennsylvania 277,267 18,158 6.502 21,464 323,391 
Rhode Island 
South Carolina 
South Dakota 
Tennessee 20,983 2.463 15.895 20.456 5,805 65.602 
Texas 244 7.859 30.122 2.994 41.219 
Utah 1.000 34,946 4,244 83 40,273 
Vermont 
V i r g i n i a 54,462 615 4.784 5.254 65,115 
Washington 5,250 3 .210 1.459 4.382 196 14,497 
West V i r g i n i a 121,749 934 5.423 1.840 129.946 
Wisconsin 942 942 
Wyoming 71.599 3.103 4.624 5,075 84,401 
U n d i s t r i b u t e d 2_l V 'il V V 63,305 63.305 

T o t a l 1.260.286 291,489 242.602 218.597 235.269 2 ,248 .243 

y Inc luded w i t h Maryland. 
y (Quant i t i es u n d i s t r i b u t e d t o avoid d i s c l o s i n g company p r o p r i e t a r y d a t a . 
3 / U n d i s t r i b u t e d q u a n t i t y for t h i s u s e i s inc luded wi th u n d i s t r i b u t e d "Al l o t h e r p u r p o s e s . " 
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ACOUSTIC CORE LOGGING IN BLAST-DAMAGED ROCK 
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ABSTRACT 

lliill, R. E. and D'Andrea, D. V., 1975. Acoustic core logging in blast-damaged rock. Eng. 
Geol., 10: 13—36. 

The Bureau of Mines, in cooperation with the Duval Corp., conducted a blast-
fragmentation experiment to determine the feasibility of preparing a porphyry copper-
molybdenum deposit for in-situ leaching. The blast was designed with ten 9-inch-diameter 
blastholes to depths of 110 feet in an equilateral triangle configuration; spacings between 
blastholes were 15, 20, and 25 ft. One of the major problems in the experiment was in 
assessing blast damage. Acoustic core-logging equipment and methods were devised and 
used as one approach in solving this problem. Ultrasonic pulse travel-times were determined 
in four diametral directions at 2-ft intervals of depth to a final depth of 120 ft in three 
preblast and six postblast drill cores at the Duval test site. The acoustic logging program 
provided compressional wave travel-time at 0°, 45°, 90°, and 135° around the core 
circumference, maximum travel-time diffei-ence, mean compressional-wave velocity, and 
an anisotropy factor. Other acoustic parameters introduced in the analyses were stiffness 
modulus, seismic quality designation (SQD), and a compensated velocity Co account for 
portions of the core that were nonrecoverable or too highly fractured to permit diametral 
traveltime measurements. 

The acoustic parameters all indicated the deterioration in structural quality from the 
preblast condition, in v/hich the rock already was badly fractured and weathered, to the 
more highly fractured postblast condition. Because of the highly fragmented, poor 
structural condition of the rock after blasting, the rock was indicated to be suitable for 
in-situ leaching, at least at the 20- and 15-ft blasthole spacings, and even in some zones in 
the rock at the 25-ft blasthole spacing. 

INTRODUCTION 

In 1973 the Bureau of Mines conducted a fragmentation experiment in 
cooperation with the Duval Corp. to determine the feasibility of breaking up, 
in place, a porphyry coppeir-molybdenum deposit in preparation for in-situ 
leaching (D'Andrea et al., 1974). The deposit is located near the Sierrita pit 
south of Tucson, Ariz. Ten blastholes were drilled to a depth of 110 ft in an 
equilateral triangle configuration at three different blasthole spacings of 25, 
20, and 15 ft (Fig.l). The lower 50 ft of each blasthole was loaded with 
aluminized slurry blasting agent and the upper 60 ft with stemming. 
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Fig.l. Test blast design. 
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Diamond-drill cores were taken before and after blasting from the different 
blasthole spacing zones as indicated in Fig.l. One of the important objectives 
of the experiment was to find qualitative or quantitative methods of describing 
the structural condition of the rock before and after blasting, thereby 
indicating location and magnitiide of blast damage. Other methods used to 
evaluate blast damage in this experiment are described by Steckley et al. 
(1975). 

The degree of fissuration or size of fragments required for successful in­
situ leaching is not well known and depends on the physical and structural 
properties of the host rock as well as on the type and distribution of 
mineralization. Blast design for in-situ leaching operations at the Old Reliable 
mine in the Galiuro Mountains of Arizona required shattering the ore body 
to 11-inch fragments or less, and results from the 4-million-pound ammonium 
nitrate blast detonated in 1972 produced fragments measuring 9 inches or 
less (Engineering and Mining Journal, 1972). 

This report describes results from acoustic logging m.ethods used on the 
drill cores to assess the structural integrity of the rock and compare rock 
condition before and after blasting. In earlier Bureau research, pulse velocities 
were used to indicate the extent of blast damage from small-charge blasting 
in a granite (Olson et al., 1973) and shale (Siskind et al., 1973) and from 
production bench blasting in a granite gneiss (Siskind and Fumanti, 1974). 
Subsequent improvements in the logging apparatus, technique, and data 
analyses permit increased information on structural quality of the rock and 
help reduce ambiguity in interpreting blast damage. The acoustic core-
logging apparatus comprises a modification of the acoustic bench (Thill et al., 
1968), and interfacing equipment which inputs travel-time readings directly 
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into a programmable calculator for computation and immediate printout of 
results. 

Acoustic-wave propagation methods to assess blast damage are based on 
the fact that cracks impede the progress of acoustic energy propagated in the 
rock and cause reduction in velocity and amplitude of the Wave. The amount 
of reduction depends on the size, orientation, and density of cracks; on wave 
type and wave length of the propagating wave; and on the mismatch in 
acoustic impedance between the rock and the crack-filling medium. Since 
the acoustic impedance mismatch is substantially larger between rock and air 
than between rock and fluids or drill muds, the greatest velocity reduction 
from the effects of cracks, and correspondingly, maximum sensitivity in 
detecting fragmentation damage will be obtained in dry rock with air-filled 
cracks. Because the acoustic core logging technique makes comparisons 
before and after fragmentation.in the rock at the same locality and under 
identical envuronmental conditions, other causes that might affect the 
propagation of wave energy in the rock are held nearly constant, and reduction 
in wave velocity after blasting therefore can be assumed to result from 
increased fracturing in the rock. 

Core logging is presented as an alternative or supplement to the more 
conventional downhole logging. In acoustic downhole logging, cracks may be 
filled with water or drill mud, and little, if any, control can be had of the 
moisture environment. In acoustic core logging, however, the recovery core 
can be air-dried, thereby increasing the sensitiyity of the logging method in 
detecting fragmentation damage. Other advantages of acoustic core logging 
over downhole logging are that the equipment can be stationary, less 
complex, and comparatively inexpensive considering costs of comparable 
field instrumentation. Moreover, problems peculiar to downhole logging such 
as those caused by hole size variation and caving in the hole are circumvented. 
Acoustic core logging is not without its problems, however, some of which 
are: (1) Measurements are made usually in small intact rock specimens and, 
therefore, large-scale joints and fractures are not sampled; (2) continuous 
logs with depth are sometimes difficult to obtain because intervals of core 
may be missing and depth often is not precisely known; (3) obtaining 
representative samples at regular intervals may be difficult; and (4) measure­
ments are made in core often disturbed by the drilling and recovery processes. 
Our sampling and data analyses techniques attempt to minimize some of 
these problems. 

PHYSICAL PROPERTIES 

Preliminary rock property determinations made to characterize the rock 
from the Duval test site included pulse and resonance velocities, dynamic 
elastic moduli, density, porosity, and permeability. For the resonance tests, 
several long pieces of core with length/diameter ratios of 4/1 or greater were 
selected from each of the three preblast cores (Thill and Peng, 1974; Thill et 
al., 1974). Most of the pieces with sufficient length came from the uppermost 
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50 ft of drill core. Velocities, density, and dynamic moduli were statistically 
tabulated and combined for all the preblast holes (Table I). The properties 
exhibited considaable range because the competency of the rock varied 
from san-iple to sample. 

TABLE I 

Rock properties of Duval test site rock 

Prop)erty Mean N ' 

Density (g/cm') 
Longitudinal pulse velocity (km/sec) 
Longitudinal bar velocity (km/sec) 
Torsional (shear) velocity (km/sec) 
Dynamic Young's modulus (GN/m') 
Dynamic shear modulus (GN/m^) 
Poisson's ratio' 

2.50 
4.21 
3.65 
1.98 

34.4 
10.5 
0.29 

16 
16 
16 
16 
16 
16 
16 

0.086 
0.604 
0.647 
0.515 
12.19 
5.29 
0.051 

3.4 
14.3 
17.7 
26.0 
35.5 
50.6 
17.5 

' N = number of specimens. 
, , , . (^x^—xl.x)"" 

' S = standard deviation-
, where x = sample variable and x = sample mean. 

N - 1 
^ C = coefficient of variation in % = lOOS/mean. 
'Poisson's ratio is derived from the ratio of longitudinal pulse velocity, V , to longitudinal 
bar velocity, V^̂ , in the equation: 

V = 0.25 {[(1 - fi') ( 9 - fi')]"-' - (1 - R ' ) ] , where R' = [ V J V f . 

TABLE II 

Porosity and permeability of Duval test site rock — preblast 

Sample 
number 

Borehole Porosity 
(%) . 

6071 
6072 
6073 
6033 
6034 
6035 
6037 
6038 
6039 
6040 
6041 
6036 
6032 
6044 
6047 
6048 
6043 

Mean Value 

5.0 
4.5 
5.3 
5.6 
4.7 
4.5 
3.5 
4.0 
4.3 
5.7 

10.4 
5.9 
6.8 
6.7 
5.8 
5.9 
5.9 

5.6 

Permeability 
(10"' darcys) 

<0.10 
7.27 
4.13 
0.77 
7.39 
1.80 

<0.10 
<0.10 
<0.10 
<0.10 

6.32 
0.98 
0.55 
5.37 
2.48 
0.47 
4.70 

2.51 
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Porosity and permeability determinations were made on 1-inch-diameter 
by 1-inch-lpng solid cylindrical specimens taken from the three preblast 
cores (Table il). Most of the samples tested were from borehole 2, since many 
of the specimens selected from holes 1 and 3 did not remain intact during 
sample preparation. The mean porosity and permeability values probably 
represent minimal values of these properties, since they are determined in 
small intact specimens. The in-situ rock includes fractured and weathered 
zones that should result in higher values of both porosity and permeability 
for the rock system. 

ACOUSTIC CORE LOGGING 

The core-logging apparatus measures the transit time of a mechanical 
impulse transmited across the core dizuneter and consists of a pulsing unit, 
sample-holding device, signal-detection unit, display and timing units, and 
data processing equipment (Fig.2). Cores are placed between the transducer 
heads in a core holder tray specially designed to accommodate long length 
of core (Fig.3). The acoustic logging apparatus is a modification of the ultra­
sonic pulse measurement system and acoustic bench described earlier (Thill 
et al., 1968; Thill and Peng, 1974). The timing circuitry is interfaced directly 
into an on-line Hewlett Packard* HP 9810A programmable calculator 
wherein computations are made and output printed on the typewriter. The 
flow diagram (Fig.4) outlines the program steps. Program output gives the 
diametral travel-time at 45° intervals from 0° to 135" around the circumfer­
ence of the core, maximum travel-time difference, average travel-time and 
velocity, and the anisotropy factor. Only compressional (P-wave) velocity 
was used in these determinations. Anisotropy factor was calculated from the 
maximum travel-time difference divided by the mean travel-time expressed in 
percent. These acoustic parameters were determined on an intact piece of 
core within each 2-ft-depth interval along the entire length of each core. 

Pulse 
generator 

Driver 
I ronsdi icer 

Core holder 

Output 
typewft ter 

On line 
progrommobie 

co lcu lo tor 

T iming 
unit 

Fig.2. Core-logging apparatus. 

*Trade names are used for identification purposes only and do not irnply endorsement by 
the Bureau of Mines. 
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Pig.3. Acoustic core-logging system in operation. 

Other parameters determined to indicate structural integi-ity were the seismic 
quality designation, SQD; stiffness modulus, Y; and compensated velocity. 
Rock quality designation, RQD, defined as the total length of all pieces 
greater than or equal to 4 inches divided by the total length of core run, was 
used here for comparison with the acoustic data and also in calculating ' 
compensated velocity to weigh velocities for fractions of fractured rock. 

The three preblast and six postblast cores were air-dried for a minimum 
period of two weeks before testing. To compensate for any anisotropy 
caused by preferred orientation of cracks or mineral constituents, travel-times 
were taken at four positions at 45° intervsds around the circumference of the 
core, and then averaged to provide a mean velocity for each 2-ft interval. The 
zero position was arbitrary since the drill cores were not oriented. Accuracy 
in each velocity determination was within 1% (Thill et al., 1968). 

Seismic quality designation 

SQD compares the determined wave velocity, F (including effects from 
discontinuities and fractures), to that of an ideal material of the same 
mineralogical composition. SQD is analogous to RQD in the sense that RQD 
compares the fractured rock to an unfractured solid run of core with 100% 
recovery. The idealized velocity is calculated from the volume fraction of 
each mineral component and the Voigt-Reuss-Hill (VRH) aggregate average 
of each mineral phase using the relationship: 
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Fig. 4. Flow diagram for core-logging program. 

1/VvRH = f f i / V , = f l / V l + h l V 2 + f , / v , . . . f .JV, 

where: Vy^^j = the nonporous aggregate average velocity, 
f, = the fraction of the total volume occupied by each mineral 

constituent where S /, = 1, and 
• y,. = the single crystal VRH velocity. 

(1) 
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•.c'l ; Thus SQD is simply the ratio WVym,. SQD therefore retlects the rock's 
-';.$ ; structural ititegrity since velocity changes due to mineralogical differences 
.̂ ,'1; ; are compensated for in the Vy^„ calculation and comparison. For example, 
•f.l 1 when the SQD ratio approaches 1.0, the rock is fresh and intact and has few 
•ii.''-| \ pores or cracks; conversely, lower ratios indicate poorer structural quality 
v.,I , with different amounts of crack or void porosity. 
C.;| '. SQD was related to rock quality in a way analogous to the way Deere et 
'(; I : al. (1969) relate RQD to rock quality. An SQD base value of 35% was assumed 
Tv|- i for highly fractured rock, four divisions of rock quality were made in the 

region from 35 to 95%, and the uppermost five percentile was designated 
excellent quality as shown in the following tabulation: 

SQD(%) RQD(%) Rock quality 

• < 50 
5 0 - 65 
6 5 - 80^ 
8 0 - 95 
95-100 

0 - 25 
2 5 - 50 
5 0 - 75 
7 5 - 90 
90-100 

very poor 
poor 
fair 
good 
excellent 

Stiffness modulus 

The stiffness modulus is calculated from density and compressional 
"(P-wave) velocity by the formula: 

I 'Y = PVI . (2) 
where: Y = stiffness modulus, 

p = bulk density, and 
Vp- compressional wave velocity. 

The stiffness modulus is a quantity similar to Young's modulus, E, and is 
related to the latter by the relationship:, 

( i + u ) a - 2 u ) •̂̂ '' 

where y is Poisson's ratio. Thus, for constant u, Y varies as does E, and 
indicates the dynamic stress-strain characteristics of the rock. 

Increase in fracture porosity normally is accompanied by decreases in both 
Vp and Y; hence, structural integrity can be interpreted from changes in V̂  
and Y. The change in 7 is a sensitive indicator of structural changes since Y 
is a function of F^. 

Compensated velocity 

Compensated velocity, V ,̂ was calculated to estimate a weighted velocity 
when compensation was made for highly broken or nonrecoverable cove over 
a particular core interval. The RQD was used t a weight the velocity by the 
averaging formula: 

1 _ _ „ 
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V;' = RQD/V, -f (1 - RQD)/V> • (4) 

where V̂  = compensated mean velocity, 
V, = mean velocity for intact rock, 
Vp = velocity for highly fractured rock estimated at 2 km/sec, and 
RQD = fractional RQD. 

As RQD gives the fraction of pieces 4 inches or greater in length in a core 
run, the assumption is made in eq. 4 that all pieces of core 4 inches or greater 
in length would have the mean velocity of the intact rock over that particular 
depth interval or core run, and that the remaining highly fractured or missing 
core would have an appropriate low velocity. The composite velocity for the 
preblast or postblast cores was used for the value, V,, at each depth interval. 
A value of 2 km/sec was arrived at for Vp from the following considerations: 
an absolute lower velocity limit, in the absence of any higher velocity 
materials, would be that for air at 1 atm, that is, 0.33 km/sec. Rock, of 
course, is a higher velocity material, and even sand and gravel range between 
0.6 and 2.5 km/sec, depending upon the degree of consolidation. Previous 
measurements of velocity in rock fractured in uniaxial compression gave a 
velocity of about 2 km/sec for highly fractured rock in the "postfailure" 
region of the stress-strain curve (Thill, 1973). Deere and Miller (1966) also 
found a lower limiting velocity near 2 km/sec, estimated statisticdly from a 
group of 28 rocks comprising 13 different geological rock types. The value of 
2 km/sec, therefore, seems to provide a reasonable estimate for highly broken 
rock. Thus, for 100% recovery of solid core, compensated velocity becomes 
the mean intact velocity. At the other extreme, when there is no core recovery, 
or core consists of broken pieces less than 4 inches long in a particular 
interval, the compensated velocity becomes that for highly fractured rock; 
that is, 2 km/sec. 

ACOUS-nC LOG RESULTS 

Online core logging was accomplished by feeding the travel-time data 
directly into the programmable calculator with simultaneous printed output 
(Fig.5). Graphs plotted from pulse velocity data at 2-ft-depth intervals show 
considerable fluctuation with depth for both the preshot and postshot cores 
(Figs.6 and 7). The in-out fluctuations in the logs correspond to the frequent 
change in structural character of these rock cores. In perfectly uniform intact 
rock such fluctuations would be absent. 

Averaging velocity over 10-ft intervals reduced fluctuation considerably 
(Figs.6 and 7, dashed lines), making it easier to interpret overall trends. A 
trend toward decreasing velocity with depth is shown in the zone from about 
25—80 ft in the preblast cores. This trend is opposite that normally anticipated 
and results from a more deteriorated condition of the rock with depth. The 
trend reverses at depths of 80—90 ft when velocity begins to increase 
moderately. Deterioration in the quality of the rock with depth also was 
evident from visual observations of the preblast core in the core boxes, 
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RDCK PHYSICS 
MATERIAl. COPPER PORPHYRY 
PROJECT IN S I I V LEACHINC - DUVAL 
DATE DEC. 3 , 1173 
HOLE HUMDER ' 
OIA AVE 4 . 7 7 3 CM 

DEPTH 
PI 
t.o 
6 .0 
B.O 

10.0 
12.0 
I « . 0 
16.0 
18.0 
20.0 
22.0 
24 .0 
26 .0 
28 .0 
30 .0 
32 .0 
34 .0 
36.0 
38 .0 
40 .0 
4 2 . 0 
44 .0 
4 6 . 0 
4 8 . 0 

- 5 0 . 0 

0 
KICRO-S 

9 .75 
10.60 
10.20 
8.70 
9.75 
9.45 
9.55 

10.15 
12.15 
i0 .2S 
9 .65 

10.05 
10.05 
12.65 
10.55 
9 .85 
9 .75 
9 .45 

11.45 
12.55 
16.55 
13.05 
10.85 
11.75 

45 
KICRO-S 

9.65 
11.00 
10.50 
9.35 
9.5.". 
9.35 

10.95 
10.85 
12.65 
10.65 
9 .95 

10.45 
10.25 
12.45 
10.35 
9.85 

10.65 
9.75 

11.15 
12.15 
15.65 
15.55 
12.65 
11.85 

90 

mcRo-s 
9.75 

12.35 
10.25 
9.15 
9.65 
9.55 

10.45 
10.25 
12.25 
10.55 
10.15 
10.25 
10.15 
12.55 
9.75 

10.25 
9 .60 

11.85 
12.05 
14.15 
15.55 
12.75 
11.75 

135 
HICRO-S 

10.15 
10.45 

9 .95 
9 .05 
9.45 
9.75 

10.55 
10.35 
11.95 

• 9 .85 
9 .45 
9 .65 

10.25 
12.35 
10.85 

10.65 
9.65 

11.95 
12.10 
13.85 
13.15 
12.35 
11.85 

T AVE 
KICRO-S 

9 .83 
11.10 
10.23 
9.06 
9.60 
9.53 

10.38 
10.40 
12.25 
10.38 
9 .80 

. 10 .10 
10.18 
12.50 
10.38 
9.85 

10.33 
9.61 

11.60 
12.21 
15.05 
14.33 
12.15 
11.80 

RANGE 
KlCRO-S 

0.50 
1.90 
0.55 
0.65 
0.30 
0 .40 
1.40 
0.70 
0.70 
1.00 
0 .70 
0 .80 
0 .20 
0 .30 
1.10 
0 .00 
0 .90 
0.30 
0 .80 
0.50 
2.70 
2.50 
1.90 
0.10 

V AVE 
K.M/S 

4 . 8 5 8 
4.300 
4.668 
5.267 
4.972 
5.011 
4 .600 
4.589 
3.896 
4 .600 
4 .670 
4 .725 
4.691 
3.818 
4 .600 
4.846 
4 .623 
4 .965 
4 .115 
3.908 
3.171 
3.332 
3.928 
4 .045 

A;< ISOTROPY 
PERCEIIT 

5.09 
17.12 
5.38 
7.17 
3.13 
4 .20 

13.49 
6.73 
5.71 
9.64 
7.14 
7.92 
1.97 
2.40 

10.60 

8.72 
3.12 
6.90 
4 .09 

17.94 
17.45 
15.64 
0 .35 

,Fig.5. Sample data sheet from acoustic logging program. 

although such observations could not place a numerical value on the structural 
condition. 

In the postblast cores, the trends in velocity include effects of blast 
damage superposed over effects from initial discontinuities in the rock. Since 
these graphs are more complex, they are best interpreted by direct comparison 
with the preblast condition. 

BLAST DAMAGE COMPARISONS 

Pulse velocity 

•I 

: i 
V 

Comparisons of the blast-damaged cores with the preblast cores were 
complicated by the already weathered and fractured condition of the preblast 
cores. It was observed, in fact, that the mean velocity for postblast hole 4 
actually was higher than that of any of the preblast cores (Table III). This 
could have occurred because intact pieces of core selected in the postblast 
cores may represent the more durable, intact, higher velocity pieces. Weaker, 
more friable pieces sampled in the preblast core may have subsequently been 
broken up by the blast. Averaging all the preblast core data and all the 
postblast core data over 10-ft-depth intervals in composites gives a better 
basis for comparison and removes most of the minor discrepancies that occur 
when comparing one hole with another. Table IV compares averages for all 
of the preblast (BH 1—3) and postblast (BH 4—9) holes for pulse velocity, 
RQD, SQD, Y, and compensated velocity. 

i 
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RANGE 
MICRO-S 

0.50 
1.90 
0.55 
0.65 
0 .30 
0.4Q 
1.40 
0.7Q 
0 .70 
1.00 
0 .70 
0.80 
0 .20 
0 .30 
1.10 
0 .00 
0 .90 
0 . 3 0 
O.flO 
0 .50 
2 .70 
2 .50 
1.90 
0.10 

V AVE 
KM/S 

4.858 
4 .300 
4 .668 
3.267 
4 .972 
5 .QU 
4.600 
4.589 
3.896 
4 .600 
4 .870 
4 .726 
4 .691 
3.818 
4 .600 
4 .846 
4 .623 
4 .965 
4 .115 
3.908 
3.171 
3.332 
3.928 
4.045 

ANISOTROPY 
PERCENT 

5,09 
17.12 

5.38 
7.17 
3.13 
4 .20 

13.49 
6.73 
5.71 
9.64 
7.14 
7.92 
1.97 
2 .40 

10.60 

8.72 
3.12 
6.90 
4 .09 

17.94 
17.45 
15.64 
0 .85 
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VILOCITT, km/««c 

POSTSHOT VELOCITY 
VELOClTT.»in/».e 

.? T 

vtLOClTT. k<..l\.i v£t.OCITY.»m/,«c V£LOCITT.Hn/uc 
J < 6 

Fig.7. PuLse velocity logs —postshot cores. 

The overall averages for velocity show a reduction of 7.5% from the 
preblast to postblast condition (Table V). Decrease in velocity is calculated 
from the difference between preblast and postblast velocities divided by 
postblast velocity. Because of the nonhomogeneity of the rock from location 
to location indicated by the velocity variation at different depths between 
the preblast cores, we place little statistical significance on mean velocity 
reductions of less than a few percent. We note, however, that postblast 
velocity is always less than the preblast velocity (Fig.8). As indicated earlier, 
preblast velocity decreases with depth to roughly 80-90 ft and gradually 
increases below that depth. Velocities are between 4.0 and 4.5 km/sec down 
to about 40—50 ft and between 3 and 4 km/sec at greater depths with a meaii 
of 3.86 km/sec for the entire length of core. 
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TABLE UI 

Summarized velocity for each borehole at 10-ft intervals of depth 

Depth 
(ft) 

Pulse velocity (km/scc) 

BH 1 BH 2 BH 3 BH 4 BH 5 BH 6 BH 7 BH 8 BH9 

5 - 15 
1 5 - 25 
2 5 - 35 
3 5 - 45 
4 5 - 55 
5 5 - 65 
6 5 - 75 
7 5 - 85 
8 5 - 95 
95 -105 

105-115 
115-120 

Mean 
velocity 

4.88 
4.51 
4.54 
4.16 
3.98 
3.82 
3.41 
3.43 
3.74 
3.38 
3.00 
3.89 

3.89 

3.74 
5.17 
3.99 
4.22 
3.67 
3.78 
3-. 69 
3.41 
3.07 
3.71 
3.96 
3.75 

3.85 

3.46 
4.02 
4.60 
3.97 
3.70 
3.58 
3.86 
3.35 
3.67 
4.11 
3.98 
3.92 

3.85 

4.03 
4.25 
3.57 
3.93 
3.90 
4.22 
3.55 
3.65 
4.31 
4.49 
3.75 
3.44 

3.93 

3.37 
3.50 
3.49 
3.65 
3.70 
2.83 
2.73 
3.20 
3.03 
3.72 
— 
— 

' 3.32 

2.70 
4.29 
3.91 
4.30 
4.41 
3.17 
4.00 
2.75 
2.81 
3.96 
3.65 
3.49 

3.62 

3.02 
3.88 
4.12 
4.37 
3.53 
3.40 
3.55 
3.30 
3.36 
2.72 
3.27 
4.22 

3.55 

3.87 
4.68 
3.31 
3.64 
3.34 
2.80 
2.26 
3.11 
3.79 
3.04 
3.13 
3.94 

3.41 

4.03 
3.41 
4.19 
4.48 
3.56 
3.92 
3.85 
2.76 

.3.42 
3.39 
— 
— 

3.70 

Blast damage was indicated in the overall reduction in velocity from 
3.86 km/sec in the preblast cores to 3.59 km/sec after the blast. Greatest 
effects from blast damage were expected in the 60- to 110-ft region of the 
powder column. The lowest recorded velocities did, in fact, occur in that 
region in the postblast cores, indicating that the rock here was the most 
broken and in poorest structural condition. Greatest change in velocity 
between preblast and postblast condition, however, occurred in the stemming 
region (Fig.9). The stemrriing zone was a region of higher velocity and more 
intact rock (based on RQD results) in the preshot core, and the greater 
change in velocity in the stemming region is interpreted to mean that the 
rock underwent greatest structural change here. The likely cause of the struc­
tural change in the stemming region was the lifting and doming effect of the 
blast. The comparatively small change in velocity at depth below 115 ft 
suggests that blast damage extended only a smedl distance below the powder 
column. 

-Anisotropy factor 

The anisotropy factor calculated from the range in travel-time at each depth 
increment fluctuated irregularly with depth (Fig.5). In an isotropic, 
homogeneous rock, the anisotropy factor would be zero. Yn a uniform aniso­
tropic rock, the anisotropy factor would be a.constant. Thus, the large 
fluctuations in anisotropy factor in the rock from the Duval site indicated 
that this rock is nonuniformly anisotropic. Velocity anisotropy in this case 
was caused mainly by preferred orientation of partially welded or open 
fractures. In the preshot core, such fractures could be seen cutting across 

• » - . = f - > - — 1 

i 'J!l^•^'ll^-i, ' | ' i^fi^'^lffJ'..i^iJv,iXm,'l'!tJH't«-*f.^^y•^^t::-^•y•'^»••'^-^>.' ' |JS 
, - j ^ . - . , •, •;. a;.,iv,,>: -, :,•:.-. .v^.i-..V--.f r- .V.v.?.-•.»;.'•• ,"i%-';< , ;*5- - ' ' ' *>-• ; • ' " • "' •"• 

- ' • ^ - S ' 



• t 
.'.? 

., V* .-. . -.oC-tM--T>^» • -'•»• 
»o-*<**'^c^it>'S>>—-SJ ) ^ t 

% 

•u 

s 

I 

TABLE IV. . , 

Comparison of velocity, RQD, SQD, 'V, and compensated velocity in the preblast and postblast drill core 

IO 
<D 

Depth 
(ft) 

5 - 15 
1 5 - 25 
2 5 - 35 
3 5 - 45 
4 5 - 55 
5 5 - 65 
6 5 - 75 
7 5 - 85 
8 5 - 95 
9 5 - 1 0 5 

1 0 5 - 1 1 5 
1 1 5 - 1 2 0 

Mean 
values 

Preblast*' 

velocity 
(km/sec) 

4.03 
4.56 
4.37 
4.12 
3.78 
3.73 
3.65 
3.40 
3.49 
3.73 
3.65 
3.85 

3.86 

RQD 
(%) 

47 
59 
47 
43 
37 
28 
21 
23 

• 35 
36 
31 
40 

37 

SQD 
(%) 

66 
74 
71 
67 
62 
61 
60 
55 
57 
61 
60 
63 

63 

y 
(GN/m^) 

40.6 
52.0 
47.7 
42.4 
35.7 
34.8 
33.3 
28.9 
30.4 
34.8 
33.3 
37.0 

37.6 

compensated 
velocity 
(km/sec) 

2.62 
2.99 
2.68 
2.57 
2.4 2 
2.30 
2.21 
2.21 
2.35 
2.40 
2.33 
2.48 

2.46 

Postblast*' 

velocity 
(km/sec) 

3.51 
4.00 
3.76 
4.06 
3.74 
3.39 
3.32 
3.13 
3.45 
3.55 
3.45 
3.77 

3.59 

RQD 
(%) 

28 . 
20 
19 
21 
14 

8 
11 
12 
14 
12 
21 
38 

18 

SQD 
(%) 

57 
65 
19 
66 
61 
55 
54 
51 
56 
58 
56 
62 

58 

y 
(GN/m') 

30.8 
40.0 
35.3 
41.2 
35.0 
28.7 
27.6 
24.5 
29.8 
31.5 
29.8 
35.5 

32.5 

compensated 
velocity 
(km/sec) 

2.27 
2.22 
2.20 
2.24 
2.14 
2.07 
2.09 
2.09 
2.12 
2.11 
2.19 
2.43 

2.18 

•a 
^:: 

ll 

ii 

*' Averaged from boreholes 1—3. 
*' Averaged from boreholes 4—9. 
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TABLE V 

Comparison of preblast and postblast velocities 

Depth 
(ft) 

5 - 15 
1 5 - 25 
2 5 - 35 
3 5 - 45 
4 5 - 55 
5 5 - 65 
6 5 - 75 
7 5 - 85 
8 5 - 95 
95-105 

105-115 
115-120 

Mean 

Preblast 
BH 1-3 . 
(km/sec) 

4.03 
4.56 
4.37 
4.12 
3.78 
3.73 
3.65 
3.40 
3.49 
3.73 
3.65 
3.85 

3.86 

Postblast 
B H 4 - 9 
(km/sec) 

3.51 
4.00 
3.76 
4.06 
3.74 
3.39 
3.32 
3.13 
3.45 
3.55 
3.45 
3.77 

3.59 

Difference 

- 0 . 5 2 
- 0 . 5 6 
- 0 . 6 1 
- 0 . 0 6 
-0 .04 
- 0 . 3 4 
- 0 . 3 3 
- 0 . 2 7 
- 0 . 0 4 
- 0 . 1 8 
- 0 . 2 5 
- 0 . 0 8 

- 0 . 2 7 

Percent 
decrease 

14.8 
14.0 
16,2 

1.5 
1.1 

10.0 
9.9 
8.6 
1.2 
5.1 
7.2 
2.1 

7.5 

the core at low angles (< 45°) With the core axis. Therefore, propagation 
velocity normally is low in a path perpendicular to the crack and high in the 
plane of the crack. The anisotropy was found to be erratic and often large in 
both the preblast and postblast cores. Postblast results tended to be more 
erratic than the preblast ones, however, indicating induced blast damage. 
Because the rock at the Duval test site was initially very fractured, changes in 
anisotropy factor are not as distinct and indicative of blast damage as they 
might be for initially uniform, intact rock. 

Seismic quality designation 

Seismic quality designation was calculated using a modal analysis (Table VI) 
for the Duval test-site rock and an estimated aggregate average for the rock 
based on the mineral Voigt-Reuss-Hill (VRH) averages as given in the tables 
of Simmons (1965). Since aggi-egate average velocities for chlorite and sericite 
are unlisted, they were assigned the value 5.78 km/sec given for muscovite. 
Sericite is mineralogically similar to muscovite, and chlorite comprises only 
0.2% of the rock by volume; thus en-or .introduced into the calculation of the 
aggregate average velocity for the rock should not be great. Using eq. 1, the 
VRH aggregate average velocity is calculated to be 6.13 km/sec. This velocity 
considerably exceeded even the highest velocities recorded in the Duval test 
site core. Although only one modal analysis was available from the rock core 
for the calculation of the aggregate average velocity, the comparatively high 
velocities of the mineral constituents (Table VI) indicate that aggregate 
average velocity would not change much for minor changes in modal 
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Fig.8. Pulse velocity log comparing preshot to postshot velocities. 

composition. Thus, minor changes in modal analysis would not extensively 
alter the SQD results. 

SQD results for the preblast and postblast core follow trends and indicate 
fragmentation damage in much the same way as the pulsed velocity resuUs. 
The main difference is that the SQD value is normalized to the velocity in ai:i 
ideal unfractured rock of the same composition; hence, results can be inter­
preted in terms of rock quality. Deterioration in rock quality following 
blasting is shown in the reductions in mean SQD from 63 to 58% and in RQD 
from 37 to 18% (Table IV). Based on the earlier breakdown comparing SQD 
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Fig.9. Percent decrease in pulse velocity with depth after blasting. 

TABLE VI 

Mineral aggregate average velocities 

Mineral Percent by volume VRH velocity (km/sec) 

Plagioclase 
Orthoclase/microcline 
Quartz 
Biotite 
Sericite (muscovite) 
Chlorite 

66.6 
14.0 
11.2 

5.0 
3.2 
0.2 

6.22 
6.01 
6.31 
5.26 
5; 7 8 

and RQD to rock quality, SQD results ranged from fair to poor, and RQD 
results from fair to very poor for tli'e quality of the preblast rock. In the 
postblast rock, rock quality was classified as poor at all depth intervals for 
SQD, with only one borderline exception, and quality ranged from poor to 
very poor for RQD. The greater change in RQD than in SQD following 
blasting was interpreted to mean that comparatively greater dainage was 
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Comparison of Rock Quollly 

White Light 
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Fig.lO. Comparison of rock quality in normal light for SQD of .4, 77%; B, C6%; C, 56%; 
and D, 36%. 

induced at the macrofracture than at the microfracture scale. That is, RQD 
sensed comparatively larger fractures that completely severed the core into 
smaller segments, whereas the SQD determined in small intact specimens 
sensed mainly microcracks. Both macrofracture aiid microfracture damage 
could be important in the leaching process since the larger interconnected 
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fractures permit easy percolation of the acid solutions through the rock from 
injection to recovery wells along zones of mineralization associated with 
macro-structures, and the microcracks permit entry of the acid solutions into 
zones of disseminated mineralization in competent areas of the rock, resulting 
in more rapid dissolution in the rock. 

Samples were taken from the recovery core to examine the rock structure 
at different values of SQD. The highest value of SQD for the core was 77%, 
representing fair rock quality. Since no samples characterizing the good or 
excellent rock quality categories could be obtained from any of the core, 
samples were obtained at SQD values of 77, 66, 56, and 36%, representing 
rock qualities respectively in the upper-fair, lower-fair, poor, and very poor 
categories. Core at these localities was sectioned in half parallel to the core 
axis and then surface ground to remove saw marks. One half was photographed 
in ordinary white light (Fig.lO), and the other half was treated with a dye 
penetrant and photographed under black (ultraviolet) light (Fig.ll). Specimens 
were photographed using the same exposure times and lens openings. The 
dye penetrant was absorbed into fracttures, pores, and altered zones in the 
specimens, sometimes making entire zones glow under the black light. Wave 
paths corresponding to the velocities used for computing SQD cross the 
specimen diameter afits midheight. Figs.lO and 11 show that along the wave 
path, there is a progression from a more fresh, less altered, less fractured rock 
in >1 to a badly decomposed, highly altered and fractured rock in D. Although 
specimen A appears more fresh and less altered than the other samples, it has 
some alteration, a few minor cracks, and a fair'amount of small pores, some 
of which could have been caused by plucking out material from altered zones 
during specimen preparation. Therefore, its designation of rock quality based 
on SQD of "upper-fair" appears appropriate, since its visible quality would 
not seem to warrant classification in a good or excellent category. Likewise, 
the designated rock quality from SQD appears appropriate for specimens B, 
C, and D based on the cursory physical or petrographic examination. The 
visible fractures and interconnected pores in specimens C and D, and possibly 
even B, suggest that the rock might respond well to in-situ leaching. Further 
work may establish that SQD indices of less than, say, 60—65% might indicate 
rock sufficiently fractured for successful in-situ leaching, assuming the 
fractures create adequate permeability for leach liquid percolation. 

SQD could be determined also in downhole or other seismic surveys and 
could have an important advantage over RQD in such cases since core 
recovery would not be required. 

Stiffness modulus 

Stiffness modulus calculated by eq. 2 is a sensitive indicator of changes in 
structural condition of the rock since it changes as a function of the velocity 
squared (Table 4). Furthermore, the stiffness modulus indicates dynamic 
stress-strain behavior in much the same way as Young's modulus, this being 
apparent from eq. 3. Stiffness modulus is calculated here using the average 
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Fig. l l . Comparison of rock quality in black light for SQD oi A, 11%; B, 66%; C, 56%; and 
D, 36%. 

density value of 2.50 gm/cm^. A more accurate assessment of Y with depth 
could be obtained by determining density with depth at the same increments 
as velocity, either by measurements on the rock core or in-situ with dcn.sity 
logging surveys. 

On the basis of statistical correlation, stiffness modulus can be used to 
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infer static Young's modulus (Deere and Miller, 1966, p.l27), and even 
compressive strength (Judd and Huber, p.636). These relationships implied 
that the rock at the Duval test site on the average would have low static 
Young's modulus, less than roughly 30 GN/m' (=4.0 • 10^ psi), and low 
compressive strength, less than about 69 MN/m^ (1 • 10" psi). 

Compensated velocity 

Compensated velocity calculated by eq. 4 takes into account the fraction 
of pieces of intact core exceeding 4 inches against the remaining fraction of 
broken material and is calculated at 10-ft intervals. Both macrofracturing 
and microfracturing effects were taken into account in the compensated 
velocity. Velocities fell considerably below those determined on the intact 
pieces (Table IV). Trends were similar, however, in comparing preblast and 
postblast values; that is, velocities were lower in the postblast core with 
greatest change occurring in the top 40-50 ft. Again velocities were lowest in 
the powder column region, suggesting that most severe blast damage occurred 
in that zone. 

In-situ velocity logs probably would have velocities between that of 
compensated velocity and that for the intact pieces, depending on the in-situ 
contact between pieces, and on the moistuire condition. Alternatively, 
compensated velocity might have been calculated from the fraction of 
recovered core over a particular interval with slightly different results. 

Effects of blasthole spacing 

Comparing pulse velocity in the preblast cores with the postblast cores in 
the same vicinity at different blasthole spacings (Table VII), mean velocity 
was found to decrease only 3% for the 25-ft spacings as opposed to a.l2-
and 14-% decrease for the 20- and 15-ft spacing, respectively. Mean pulse 
velocity for postblast core BH 4 actually was slightly higher than for preblast 
core BH 3 (Table III). The other postblast cores, BH 7 and BH 9, showed only 
moderate reduction in mean velocity over the preblast condition, notwith­
standing that BH 9 was drilled closer to one of the blastholes than any other 
recovery core (Fig.l). These results suggested that the rock blasted at the 
25-ft blasthole spacing was not as effectively broken up as the 20- ajid 15-ft 
spacings. The reduction in mean velocity of nearly the same magnitude for 
both the 20- and 15-ft spacings, on the other hand, indicated that the rock 
underwent roughly the same degree of blast damage, at least in terms of 
microstructural damage, at both of these blasthole spacings. 

CONCLUSIONS 

The determinations of longitudinal pulse velocity, anisotropy factor, RQD, 
seismic quality designation (SQD), stiffness raodulus, and compensated 
velocity for core recovered before and after blasting at the Duval test site all 
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TABLE VII 

Comparison of pulse velocity in pre- (BH 1—3) and postblast (BH 4—9) cores at different blasthole spacings 

CO 

• I 

Depth 
(ft) 

25-ft spacing 20-ft spacing 15-ft spacing 

BH 3 BH 4, 7 , 9 Differ- Percent BH 2 BH 5, 6 Differ- Percent BH 1 BH 8 Differ- Percent 
(km/sec) (km/sec) ence decrease*' (km/sec) (km/sec) ence decrease (km/sec) (km/sec) ence decrease 

i ? 

H 
'•• .? 

1 
1 ;<' 

5— 15 
1 5 - 25 
2 5 - 35 
3 5 - 45 
4 5 - 55 
55— 65 
65— 75 
7 5 - 85 
8 5 - 95 
95—105 

105-115 
115-120 

Mean 
values 

3.46 
4.02 
4.60 
3.97 
3.70 
3.58 
3.86 
3.35 
3.67 
4.11 
3.98 
3.92 

3.85 

3.71 
3.85 
3.96 
4.26 
3.66 
3.85 
3.65 
3.24 
3.70 
3.53 
3.51 
3.83 

3.73 

-0.25 
0.17 
0.64 
-0.29 
0.04 
•0.27 
0.21 
0.11 
0.03 
0.58 
0.47 
0.09 

-^7 
4 

16 
-^7 

1 
+ 7 

6 
3 

-H 
16 
13 

2 

0.12 

3.74 
5.17 
3.99 
4.22 
3.67 
3.78 
3.69 
3.41 
3.07 
3.71 
3.96 
2.75 

3.04 
3.90 
3.70 
3.98 
4.06 
3.00 
3.37 
2.98 
2.92 
3.34 
3.65 
3.49 

3.85 3.45 

0.70 
1.27 
0.29 
0.24 

-0.39 
0.78 
0.32 
0.43 
0.15 
0.37 
0.31 
0.26 

0.40 

23 
33 

8 
6 

+ 10 
26 

9 
14 

5 
11 

8 
7 

12 

4.88 
4.51 
4.54 
4.16 
3.98 
3.82 
3.41 
3.43 
3.74 
3.38 
3.01 
3.89 

3.89 

3.87 
4.68 
3.31 
3.64 
3.34 
2.80 
2.26 
3.11 
3.79 
3.04 
3.13 
3.94 

3.41 

1.01 
- 0 . 1 7 

1.23 
0.52 
0.64 
1.02 
1.15 
0.32 

- 0 . 0 5 
0.34 

- 0 . 1 2 
- 0 . 0 5 

26 
+ 4 
37 
14 
19 
36 
51 
10 
-H 
11 
-t-4 
+ 1 

0.48 14 

*' Percent decrease = _£i|=—P££t 100; increase is indicated by + sign, 
^pos t 
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showed the effects of blast damage in different ways and with different 
sensitivity. The acoustic core logging data gave information beneficitil in 
interpreting blast damage and structural quality of the rock. Velocity changes, 
in recovery core indicated the overall structural deterioration caused by 
blast damage mainly at the microstructural damage level. The compensated 
velocity provided an overall estimate of mean velocity over a core run taking 
into account the fraction of a' badly fractured, crushed, or nonrecoverable 
core. Anisotropy factor indicated preferred orientation in fracturing and 
changes in uniformity with depth. The SQD gave an index useful for indicating 
change in stiuctural quality of the rock with baseline reference to an ideal, 
unfractured material of the same composition. Stiffness modulus showed a 
high degree of sensitivity to changes in structural condition and provided 
information on stress-strain and even strength behavior. 

The data showed that the rock at this site initially was badly v/eathered 
and broken with structural quality designated as fair to poor, compared with 
hypothesized fresh, unfractured rock of the same composition. Reduction in 
pulse velocity, RQD, SQD, stiffness modulus, and compensated velocity 
showed that the structural condition of the rock was poorest after blasting in 
the powder column region (60—110 ft). Rock in the stemming region (0—60 ft) 
underwent greater change from the blast; however, initially the rock here 
was in better condition than in the powder column region. The effects of 
blasting diminished rapidly at depths below the base of the powder column, 
becoming small at depth of 115—120 ft. RQD showed greater reduction 
(37—18) than SQD (63—58) suggesting comparatively greater .darhage was 
induced at the macrofracture scale sensed by RQD than at the microfracture 
scale sensed by SQD. Closer correspondence might have been observed 
between RQD and SQD either if (1) RQD had been measured at a smaller 
scale, say, considering the length of aU pieces > 1 inch, or (2) velocities had 
been determined in larger diameter core containing macrofractures. 

Comparison of data at the different blasthole spacings indicated that the 
rock blasted at the 25-ft blasthole spacing was nbt as effectively broken up 
as at the 20- and 15-ft spacings. Because of the highly fragmented, poor 
structural condition of the rock after blasting, the rock was indicated to be 
suitable for in-situ leaching, at least at the 20- and 15-ft blasthole spacings, 
and even in some zones in the rock at the 25-ft blasthole spacing. 

ACKNOWLEDGEMENTS 

The authors express appreciation to Rollie Rosenquist, Stephen Anderson, 
and James Jessop, for assistance in the experimentation, and to R. C. Steckley 
and \V. C. Larson, for the modal analysis and RQD data. 

' ' ^ ^ ' ' ^ ' ^ ' ^ ' ^ 5 ^ S r a T ^ ' ^ ' T T ? r j j T ? : ! ! ^ » r s t ! ^ ^ 
7:i'..U.'^l^.,-IJ''>i.'^^lfi}'miJiil'.'jiitMx^.i-'.iJ' -nfji-f̂ iy. 



u 36 

REFERENCES 

\ . -f̂  D'Andrea, D. V., Dick, R. A., Steckley, R. C. and Larson, W. C , 1974. A fragmentation 
V experiment for in situ extraction solution. Proc. Solution Mining Symp., AIME Annu. 

: : ' | Meet, Dallas, Tex., Feb. 2 4 - 2 8 , 1974, pp. 148 -161 . 
,1 4. Deere, D. U., Merrit,.A. H. and Goon, R. F., 1969. Engineering classification and index 
•; -J .. properties of in situ rock. Air Force Weapons Lab., Tech. Rep., AFWL-TR 67—144: 
"̂ , i 272 pp. 
^̂  .1 Deere, D. U. and Miller, R. P., 1966. Engineering classification and index properties for 
'. I intact rock. Air Force Weapons Lab., Tech. Rep., AFWL-TR-65-116: 308 pp. 
:'.. ^ Engineering and Mining Journal, 1972. Ranchers' big blast shatters copper ore body for 
. • insitu leaching. 173(4): 98—100. 

t !. Judd, W. R. and Huber, C , 1967. Correlation of rock properties by statistical methods. 
;i :Proc. Int. Symp. on Mining Res., 2: 621—648. 

•" \ Olson, J. J., Willard, R. J., Fogetson, D. E. and Hjelmstad, K. E., 1973. Rock damage 
.. • y from small charge blasting in granite. BuMines RI 7751, 44 pp. 
^ ', Simmons, G., 1965. Single crystal constants and calculated aggregate properties. J. 
.' i Graduate Res. Center, S. Methodist Univ. Press, 34: 269 pp. 

f Siskind, D. E. and Fumanti, R. R., 1974. Blast-produced fractures in Lithonia Granite. 
. j BuMines RI 7901: 38 pp. 
:; ' Siskind, D. E., Steckley, R. C. and Olson, J. J., 1973. Fracturing in the zone around a 

; blasthole. White Pine, Mich. BuMines RI 7753: 20 pp. 
... > Steckley, R,C., Larson, W. C. and D'Andrea, D. V., 1975. Blasting tests in a porphyry 

(' copper deposit— In preparation for in situ extraction. BuMines RI 8070: 47 pp. 
>' • Thill, R. E., 1973. Acoustic methods for monitoring failure in rock. Proc. 14th Symp. on 
.. ; Rock Mech. (publ. as Newr Horizons in Rock Mechanics, University Park, Pa., June 

1 1 - 1 4 , 1972) (Ed. by H. R Hardy, Jr., and R. Stefanko). Am. Soc. Civil Eng., N.Y., 
•;• f pp.649-687. 

Thill, R. E. and Peng, S. S., 1974. Statistical comparison of the pulse and resonance 
• ' methods for determining elastic moduli. BuMines RI 7831: 24 pp. 

Thill, R. E., McWilliams, J. R. and Bur, T. R., 1968. An acoustical bench for an ultrasonic 
pulse system. BuMines RI 7164: 22 pp. 

Thill, R. E., Bur, T. R. and Hjelmstad, K. E., 1974. Elastic Response to Induced Vibration. 
In Bureau of Mines Test Procedures for Rocks (Ed. by W. E. Lewis and S. Tandanand). 
BuMines IC 8628: pp.139—143. 



SUBJ 
MNG' 
ACOe 

SPE 9490 SoctBtu or FtBtrdeun Efigiieers of AIME 

THE ADVANTAGES OF CONDITIONING AN OREBODY WITH A CHLORIDE 
SOLUTION BEFORE IN SITU URANIUM LEACHING WITH A CARBONATE 
SOLUTION 

by Daryl R. Tweeton, U.S. Bureau of Mines; Terry R. Guilinger, 
W. Michael Breland, and Robert Schechter, U. of Texas 

-Si} 

•-•^ 1 ) . - i t i f 

This paper was presented at the 55th Annual Fall Technical Conference and Exhibition of the Society of Petroleum Engineers of AIME. held in Dallas. Texas, September 21-24,1980. 
The material is subject lo correction by the author. Permission to copy is restricted to an abstraci of not more than 300 words. Write; 6200 N. Central Expwy.. Dallas. Texas 75206. 

ABSTRACT 

Labor*atory experiments conducted by the 
Univeralty of Texas at Austin as part of a 
research contract funded by the U.S. Bureau of 
Mines Indicate that conditioning an orebody with 
a chloride solution prior to carbonate leaching 
offers two advantages. First, the permeability 
loss occurring upon the injection of the car­
bonate solution is reduced. This effect is 
tentatively attributed to a reduction in pre­
cipitation of calcium carbonate. Calcium 
chloride is soluble, so calcium can be flushed 
out of the orebody. Second, the great difficulty 
of complying with current regulations concerning 
restoration of groundwater quality after leaching 
with ammonium carbonate may be avoided because 
the substitution of potassium carbonate for ammo­
nium carbonate may be made economically fea­
sible. Flushing the orebody with potassium chlo­
ride before leaching satisfies cation exchange 
sites with potassium from relatively cheap potas­
sium chloride, thereby reducing the consumption 
of the raore expensive potassium carbonate. Field 
tests are planned. 

INTRODUCTION 

The Bureau of Mines Twin Cities (Minnesota) 
Research Center is conducting research on various 
aspects of in situ uranium leaching. Discussions 
with leaching companies have shown that meeting 
environraental regulations involving restoration 
of groundwater quality following leaching is a 
concern. The primary question currently revolves 
around restoration following leaching with 
ammonium carbonate. The permissable concentra­
tion of ammonium ions in the postleach ground­
water is very low. In Wyoming, the limit is 0.5 
ppm for water for domestic use. In Texas, the 
limit is the preleach concentration which is gen­
erally less than 0.1 ppm. .Restoration to meet 
these standards has not been demonstrated. The 
Bureau of Mines has funded research to determine 
whether substituting leach solutions that present 
less restoration problems than ammonium carbonate 

References and illustrations at end of paper. 

is technically and economically feasible. 
The research to be described was conducted at 

the University of Texas at Austin, funded through 
a Bureau of Mines contract. The principal 
investigator is Prof. Robert Schechter. The 
investigators primarily responsible for devel­
oping the chloride preflush are Mr. Terry Gui­
linger and Dr. Michael Breland. 

Past studies have reported on the extent of 
ammonium ion retention (1) and on methods for 
hastening the release of ammonium ions with a 
flushing fluid of a high ionic strength (2). The 
current report takes an approach different from 
trying to find a way of making ammonium carbonate 
acceptable. It suggests that using potassium 
carbonate, which is now considered too expensive, 
could be made economically feasible by flushing 
the formation with potassium chloride before 
leaching. 

The cost is reduced because much of the con­
sumption of leach solution is by cation exchange, 
so satisfying cation exchange sites with potas-
.3ium from relatively cheap potassium chloride 
before leaching would substantially reduce the 
consumption of expensive potassium carbonate 
during leaching. 

An additional benefit is that clogging tenta­
tively attributed to calcium carbonate precip­
itation is reduced. Calcium chloride is much 
more soluble than calcium carbonate, so much of 
the calcium can be flushed out of the formation 
before leaching begins. 

ALTERNATE LIXIVIANTS 

Ammonium carbonate-bicarbonate is currently 
the most widely used lixiviant. This fact 
suggests that alternatives have disadvantages or 
limitations. The suggestion is correct, and they 
will be discussed below. Oxidizers such as 
hydrogen peroxide or oxygen must be used with all 
of these lixiviants. 

Sulfuric acid can be used only where the 
concentration of acid-consumers such as car­
bonates is not 30 great as to consume too much 
aeid or generate too much gas. However, where it 
can be used, it will generally extract more 
uranium than carbonate lixiviants. An additional 
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advantage is that hydrogen peroxide does not 
decompose as quickly in acids as in bases. 

Carbon dioxide has been considered by many 
companies and tried by a few. It forms car­
bonic acid, which will combine with oxidized 
uranium to form anionic complexes, Just as other 
carbonate lixiviants do. Little published data 
is available, but discussions with those who have 
tried it suggest it does not leach as effectively 
as ammonium, potassium, or sodium carbonate-
bicarbonate. 

Sodium carbonate-bicarbonate tends to swell 
clays. Swelling can be so severe that the fluid 
flow is essentially blocked. It can be used in 
some deposits wher« the natural sodium content is 
high or wher^ the concentration of swelling clay 
is very low. Some operators have stated that 
swelling can be minimized by keeping the pH near 
neutral. 

Potassium carbonate-bicarbonate has several 
technical advantages. It is normally in preleach 
groundwater in significant concentrations, and is 
not considered harmful. Therefore, one would 
expect that restoration requirements would not be 
as stringent as those for ammonium carbonate-
bicarbonate. It does not swell clays as sodium 
carbonate-bicarbonate does, and it does not 
generate gas when it contacts carbonates, as acid 
does. The disadvantage is its high cost, about 
five times as high for potassium bicarbonate as 
for ammonium bicarbonate on a molar basis. Oper­
ators have considered it too expensive to use. 
The chloride preflush may make it economically 
feasible. 

THE CHLORIDE PREFLUSH 

To be useful, the chloride preflush must 
provide the claimed advantages without reducing 
the uranium recovery. Accordingly, column 
leaching tests were conducted to measure the 
effect of the preflush on uranium leaching, 
permeability, and carbonate consumption. 

Experimental Procedure 

Three different ores were used, designated A, 
B, and C. All were poorly consolidated sandstone 
ores. Ore A was from Wyoming and had a cation 
exchange capacity (CEC) of 12.2 meq/lOOg. Its 
carbonate content was quite low, less than 0.1 
pet. Ores B and C were from Texas and had CEC's 
of 11.3 and 9.8 meq/IOOg, respectively. Each or^ 
was sifted through a sieve with 0.59 mm openings 
to remove large particles and then blended until 
uniform. 

The leach column was a Hassler cell. Ore was 
held in a rubber sleeve. With ore A, the column 
was 1.75 cm in diameter and 30 cm long, and the 
confining pressure was 2070 kPa (300 psi). With 
or^s B and C, the column was 2.5 cm in diameter 
and 10 cm long, and the confining pressure was 
690 kPa (100 psil. 

After the or^ was packed, the column was 
evacuated. With ore A, groundwater from the site 
containing about 300 ppm sodium and 60 ppm cal­
cium was then pumped through the column. With 
ores B and C, simulated groundwater containing 
200 ppm sodium chloride and 150 ppm calcium 
chloride was used. The pressure drop across the 
column was continuously monitored by transducers 
connected to chart recorders. After the perme­

ability stabilized, the column was again eva­
cuated, and the chloride or carbonate solution 
pumped through. All pumping was done with a 
piston-cyolinder pump that provided 1000 
ml/stroke so no pulsing occured. 

The concentrations of chloride preflush were 
about 0.1 molar. With ore A, the carbonate 
concentrations of the leach solutions were 2.0 
g/1, and the initial pH values were all about 
10.2. The solutions initially contained 0.2 g/1 
hydrogen peroxide. With ores B and C, the car­
bonate solutions were 0.1 molar, which is 13«8 
g/1 for potassium carbonate and 9-6 g/1 for ammo­
nium carbonate. The initial pH values were about 
11.3 for potassium carbonate and 8.6 for ammonium 
carbonate. No hydrogen peroxide was added. The 
effluent was collected and the solutions were 
analyzed for various cations, anions, and pH. 

Uranium Recovery 

The percentage of uranium leached out of the 
cores with and without the chloride preflush was 
determined for ore A, and the results are shown 
in table 1. The initial uranium content was 
calculated by fluorometric analysis of the 
blended ore. The amount of uranium removed was 
calculated by fluorometric analysis of the • 
leached core and also from the measured volume 
and uranium concentration of the effluent 
solution. 

The data show that the chloride preflush did 
not reduce the uranium recovery. The ammonium 
carbonate data suggest that the chloride preflush 
increased recovery. However, more data would be 
required before a claim that the chloride 
preflush often increases recovery would be 
justified. 

Permeability 

PerTneability data for all three ores are 
presented in table 2. The table lists the ratios 
of final permeability obtained near the end of 
each test, after the perTneability had stabilized, 
to the stabilized permeability during the ground­
water flow near the start of each test. Results 
separated by commas are replications. With ore 
A, the tests involved 5 to 10 pore volumes of 
groundwater, followed by 3 pore volumes of chlo­
ride solution (if used), and then a final perme­
ability measured after 30 pore volumes of car­
bonate solution. For ores B and C, the tests 
involved about 18 pore volumes of simulated 
groundwater, 22 pore volumes of chloride solution 
(if used), and then a final permeability measured 
after 20 to 30 pore volumes of carbonate solution. 

The data show that the chloride preflush 
significantly decreased the most serious perme­
ability losses. For both ammonium and potassium 
carbonate solutions, the permeability loss was 
less following the chloride preflush than without 
it. The effect is the largest where it is most 
needed, that is, where the permeability ratio 
without the preflush is lowest. 

The reduction in permeability loss is 
attributed to a reduction in calcium carbonate 
precipitation. Ammonium or potassium tends to 
drive calcium off clays by ion exchange. The 
calcium may be transported some distance in a 
supersaturated condition, but causes clogging 
when calcium carbonate does precipitate. The 
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clogging can be. especially troublesotne near 
productipn wells. As the ieach solutipn ap­
proaches a production well the pressure, decreases 
and some carbon dioxide may go out of the solu­
tion,- causing oaloite to precipitate, as the pH 
rises. 

The data suggest that ammonium carbonate Is 
often less damaging than potassium carbonate, but 
the variability In the ratios and differences tn 
pH do not allow a firm conclusion. The. key facts 
are that whichever of the two leach.solutions is 
chosen, the chloride preflush helps prevent 
perraeability loss, and that pernieability is at 
least as good for potassium carbonate following a 
preflush as for ammonium carbonate without a 
preflush. 

Garbonate Consuinption And Costs 

The effectivehess of the chloride preflush in 
reducing the consumption of potassium carbonate 
was calculated for̂  ore A. It was calculated from 
the measured .concentrations of potassium and 
carbonate in the .known volumes of effluent of 
carbonate splution with and without :a chloride 
preflush. When potassium carbonate followed a 
potassium chloride preflush, the potassium 
concentration in the effluent carbonate solution 
stayed at or above the concentration in the 
feed. Thus, no potassium vas being consumed 
during the carbonate leaehing. However, the 
carbonate concentration in the effluent vras lower 
than In the feed, so some carbonate was being 
consumed. The carbonate consumption without the 
preflush was 14.0 meq/IOQg ore, and was. ?.4 
-meq/IOOg ore following the preflush. Thus, for 
this ore,.the consumption of potassium .carbonate 
could be reduced 83 pot by usirig a potassium 
chloride preflush. 

Now cotisider the reduction in cost of leach 
solution. The material costs for potassium, 
ammonium and sodium carbonate, bicarbonate, and 
chloride are shown in table 3. -They were deter­
mined from published prices (3) and by contacting 
vendors. The costs of ammonium carbonate and 
bicarbonate were calculated assuming that they 
were made by comb in irig anhydrous ammonia and 
carbon dioxide. These costs do not Include 
freight, labor, or equipment for handling- the 
chemioaIs. Assume that potassium bicarbonate is 
being considered, that a .chloride preflush re­
duces the potassium bicarbonate consumption by 93 
pet, and that the reduced consumption pf the 
potassium bicarbonate must be made up by the con­
sumption of potassium chloride on, a molar equi­
valent basis. Then the effective cost of the 
potassium-bicarbonate is (.83) ($3.29/k'g-nole.) 
plus (.17) ($30.65/kg-mple) equals $7.9't/kg-
mole. this Is still '1.4 times as, expensive'as 
ammoniun bicarbonate, so savings in restoration 
costs would have to be realized to offset the 
extra leach solution post. Under the current 
regulations governing restoration, such savings 
appear probable.. 

The cost data also suggest that using a sodium 
Ichloride, preflush before leachirig with sodium 
bicarbonate could reduce expenses, and should be 
considered wher:e the formation is-amenable to 
sodium. An.ammonium chloride preflush before 
leaching with aimnonium bicarbonate would increase 
posts because amraoniura chloride is' more ;expensive 
than ammonium bicarbonate-. A thorough site 

specific, economic oomparlsbn should include not 
only material costs of the chemicals, but also 
factors such as freight, labor and equipinent for 
handling the chemicals, ineluding the handling 
the oaloium-ridh solutions produped during the 
preflush, and the .possible effects of chloride on 
the loading ability of resins. 

Restoration Flushing 

It should be pointed out that potassium ions, 
like araraonlum, are held tightly by clays. The 
number of pore volumes of groundwater required to 
lower the ponoeri tra tion by a given amount is not 
necessarily any smaller for potassium than for 
ammonium lons. The advantage of using potassium 
stems, from the very low cdnpehtratioris of ammo­
nium ions allowed in the groundwater after 
restoration, not fron fuhdamental geoohemlpal 
differences. 

the calcium-rich solution produced during the 
chloride preflush tnay be useful during restor­
ation. Depending on the post-restoraton limits 
set for potassium, it may be advisable to inject 
a solution of high ionic strength during part of 
the restoration flushing to facilitate removal of 
potassluH by lon exchange. To avoid creating new 
restoration problems, the primary cation in the 
high ionic strength solution should be, harmless 
and found in fairly high levels in natural 
groundwater. Thus, the calcium-rich solution 
produced during the chloride preflush 'appears 
ideal for that purpose. 

C0HCLU5I0HS 

Laboratory experiments have shown that 
flushing ore with a chloride solution prior to 
leaching with a carbonate solution reduces, 
permeability losses, and does not redupe the 
uranium rep dy ery. .Experiments showed that if 
potassium ohloride preceeda potassium parbonate, 
the consumption of expensive potassium car^bonate 
is' greatly reduced. Therefore, the substl.tution 
of potassium Garbonate-biearbonate for ammonium 
ca'rbonate-bicarbohate may be economically fea­
sible, thereby avoiding the restoration prpblems 
associated with ammonium carbonate-bioarbonate. 
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Table '1 Pc.t of Uranium Recovery, With and Without 
Chloride Preflush 

Pot urahium recovered 

With preflush Without: preflush 

Amraonium carbonate 

Potassium carbonate 

P-om, umnlura 
l e f t in-- Ofa 
From effluent 
concentrations 
From uranium 
left .ip; one 
From effiuent 
0 0 nc e n t r̂ a t i bhs 

9-5 

.B.2 

83 

8̂7 

51 

54 

32 

93 

Table. 2 Ratios of Final "Permeability to Initial permeability, 
With and Without Chloride Pt-aflush 

Final aermeability/initial permeability 
With oreflush Without preflush 

Ammonium carbonate 

Pj) ta s s i 1 jm car bp naj; e 

iOre A 
Ore B 
One C 

Ore A 
.Ore B 
Ore C 

0.89 
0,.79,, 
0;77,, 

0.74 
0.58,: 
0..68, 

.75, 

.57 

.68 

.80 

.84 
0,43 
0.U2, .37, 
0.75, ,87 

0,55 
0.21, .26, 

.46 

.53, .25 

.35 

Table 3 Prices of Chemicals for Carbonate ;and Bicarbonate 
Lixiviants and Chloride Preflushes 

Dollars /kg?:raole Do1lar3/1b-mo1e 
Rotas.sUum carbonate 
Amnoniurn carbonate 
Sodium carbonate 

60.86 
9-00 
8.95 

27.50 
4.08 
4.06 

Potassium b ica rbona te 
Amnipnium bicarbonate 

•Sodium b ica rbona te 

30.65 
5.60 

20.56 

13.90 
2.54-
9-32' 

Potassium c h l o r i d e 
Arranonium ch lo r ide 
Sodium ch lo r ide 

3.29 
32.88 
2,01 

1.49 
14.92 
0.91 
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Pressure Leaching of Uranium Ores 

By B. G. Langston, R. D. Macdonald, and F. M. Stephens, Jr. 

W ITH the development of uranium ores that 
contain substantial amounts of acid-consum­

ing compounds, the alkaline Ieach has become an 
attractive method for extraction. Considerable 
work has been done on both atmospheric and 
pressure-leaching with aqueous solutions of sodium 
carbonate and sodium bicarbonate as the lixivi-
ants.'''-° For the treatment of uranium-bearing 
limestones and other high-lime (CaO) ores, the 
sodium carbonate Ieach has proven attractive be­
cause it avoids the high reagent consumption in­
curred by the reaction of sulfuric acid with lime. 
In addition, the corrosion problems with sodium 
carbonate are negligible as compared with those 
encountered in the acid-leach system. The sodium 
carbonate leach, however, does not yield as high an 
extraction of the uranium as the acid Ieach and is 
not attractive for economic reasons when treating 
ores that are high in sulfates or sulfides. 

Although in the sodium carbonate leach process 
the bulk of the sodium carbonate can be reclaimed 
and returned to the system, some reagent is con­
sumed by contact with gypsum, pyrite, and silica. 
Ammonium carbonate would have no advantage 
over sodium carbonate with respect to the consump­
tion resulting from the presence of gj'psum or pyrite 
in the ores, but consumption resulting from the re­
action of sodium carbonate with silica would be 
eliminated. It was believed that steam stripping 
of the ammonium carbonate leach solutions to pre­
cipitate the uranium and recover the ammonia 
would give the process an advantage over the sodi­
um carbonate leach, where sodium hydroxide must 
be supplied to precipitate the uranium. 

Chemistry of the Process 

• If it is assumed that dissolution of uranium in the 
ore by an ammonium carbonate solution forms am­
monium uranyl carbonate, the following equations 
express the chemistry of the process: 

9(WH.),CO, -f U,0, 4- l/20» H- 9H=0 -̂  
3[(NH.) . • UO,iCO,)> • 2H=0] -F 6NH,(OH) [1] 

NH,(,OH) -1- NH,HCO,-* iNH.),CO, -f H,0 [2] 

[3] 
(NH.).U0=(CO„), -I- heat-* 4NH3(gas) -f-

3CO,(gas) -1- UO, • 2H,0(ppt) 

Because, at atmospheric pressure, ammonium 
uranyl carbonate decomposes at 212°F, pressure is 

B. G. LANGSTON, R. D. MocDONALD, F. M. STEPHENS JR. are 
Assistant Division Chief, Extractive Metallurgy Division, Assistant 
Chief, Minerals Beneficiotion Division, ond Division Chief, Extractive 
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Columbus, Ohio. Paper presented at AIME Annual Meeting, New 
Orleans, Februory 1957. 

utilized in the leaching step to minimize the loss of 
ammonia and carbon dioxide. In addition, to obtain 
maximum extraction of the uranium from many of 
the ores, which contain both quadrivalent and hex­
avalent uranium, pressure facilitates oxidation to 
the readily soluble hexavalent state in the presence 
of free oxygen. Although potassium permanganate 
is an effective oxidizing agent in the ammonium car-

. bonate pressure leach, air is equally effective and 
much less expensive. 

Equation 2 is of interest because ammonium' bi­
carbonate is not required in an ammonium carbon-, 
ate leach, as is sodium bicarbonate in a sodium car­
bonate leach. The formation of free ammonium hy­
droxide within the concentrations obtained in this 
study had no adverse effect on the dissolution of 
uranium. 

The precipitation of the uranium from the preg­
nant solution. Equation 3, involves passing steam 
through the' solution, heating it to approximately 

= 212°F, and serving, as a sweeping gas to aid in the 
removal of ammonia and carbon dioxide. Air can 
be employed as a substitute for steam as a sweep­
ing gas. 

The Integrated Plant 
A series of five pressure-leaching towers 10 ft. 

high with an inside diameter of 4 in. were fabricated 
for study of the process variables. Fig. 1 is a photo­
graph of the towers and the countercurrent washing 
and precipitation tower that was added later to 
give an integrated plant for evaluation of the unit 
processes required for both the extraction and re­
covery of uranium. 

Fig. 2 is a flowsheet of the process as visualized 
for a pUpt-plant operating at a feed rate of 12 tons 
per hSfif. Although, other modifications of the flow­
sheet might be employed, for the purpose .of demon­
strating an integrated system, one utilizing a dry 
grind is shown. 

Development of the Leaching Conditions 
To determine the amenability of.high-lime ores 

to an ammonium carbonate pressure leach for the 
extraction of uranium, temperature, pressure, 
strength of solution, and the amount of oxidation 
required to convert the quadrivalent uranium to 
the hexavalent state were considered. 

Nine different ores were studied either by small-
scale testing or by operation of the pressure leaching 
towers, but the major emphasis was placed on three 
of the ores that contained varying amoimts of lime 
(CaO); Table I gives the chemical analysis of these 
three ores. 

Because over 85 pet of the uranium was present 
in the —200-mesh fractions when the ore was 
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Fig. 1—Integrated plant for the extraction and recovery of 
uranium by the ammonium carbonate pressure-leach '••—"•" process. 

ground to pass a 100-mesh screen, it was believed 
that grinding to a finer particle size would not ma­
terially affect the leaching characteristics of the 
ore. For most ores a slurry with a 50 pet pulp density 
was sufficient to prevent classification in the towers. 

Teniperature: A series of tests was run in the 
towers at temperatures of 185, 225, and 250°F. A 
pressui-e of 90 psig and a solution containing 98 g 
(NH,):COa and 54 g NH.HCO, per liter were chosen 
arbitrarily, based on preliminai-y test runs in a 
batch autoclave. In addition, to provide for oxida­
tion of any quadrivalent uranium in the ore, 1500 

• cu cm of air per min were passed through the tow­
ers. This was the smallest flow rate that could be 
maintained without plugging the air line with slurry. 
Fig. 3 shows the effect of temperature ahd time oh 
the extraction of uranium by the ammonium car-
-bonate leach. The primary effect of temperature 
was the rate of dissolution of the uranium. The 
leach temperature had little effect, if any, on the 
maximum extraction of uranium from the ore; in 
each case about 93 pet was extracted. However, as 

the temperature was increased from 185 to 250°F 
the time required for maximum extraction de­
creased from 375 to 150 min. 

Pressure: A series of tests was run varying the 
pressure from 80 to 1.15 psig. A temperature pf 
225 °F was chosen to obtain comparative data' as to 
the effect of pressure on the dissolution of uranium, 
since at 250°F, approximately 92 pet of the uranium 
was extracted in Tower 1, representing a retention 
time of 75 min. Fig. 4 gives the data obtained and 
shows that, although pressure had little effect on the 
extraction, when extended retention periods were 
employed, pressure does affect the rate of dissolution 
of the uranium. 

Although the data in Figs. 3 and 4 are believed 
to be typical of the relation between temperature, 
pressure, and the extraction of uranium, it is 
known that the position of the curves varies with 
each ore, depending probably on the mineralogical 
state of the uranium-bearing mineral. Fig. 5 shows 
a comparison of the performance of three ores run 
through the pressure leaching towers. 

Oxidation with air and oxygen enriched air: Tests 
were run to determine the amount of air required to 
convert uranium to the hexavalent form. A tem­
perature of 225 °F, a pressure of 90 psig, and a solu­
tion containing 98 g. (NH.)=C03 and 54 g NH.HCO, 
per liter were employed and the air flow varied from 
1500 to 6000 cu cm per min. 'Within this range, the 
amount of air passed through the towers had no 
effect either on the rate of dissolution of the urani­
um or the final extractioii. 

An analysis of the exhaust gases from the towers 
showed that they contained 17 pet O; even at the 
lowest flow rate studied. Thus, it was concluded 
that a flow rate of 1500 cu cm per min was sufficient 
for oxidation of anj-̂  quadrivalent iiranium in the 
ore. However, because the partial pressure of oxy­
gen in the system might affect the rate of oxidation, 
a test was run with oxygen enriched air. Oxygen 

wOtyUo, cc , k>«« A ceo 

V M l . tau ol NH, • ' 0 «M>r 

1 0 A 3 . y . A M t f W P i a ^ . ^Hm|^^|^;ni37Jt>H.«l>rit. ' 

Fig. 2. Process flowsheet fcr ammonium carbonate leoch pilot plant. 
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Fig. 3—(upper left) The effect of temperoture and time on 
the extraction of uranium. 

Fig. 4—(above) The effect of pressure and time on the ex­
traction of uranium. 

Fig. 5—(left) A comparison of the performance of three ores 
tested in the ammonium carbonate pressure leaching towers. 

content of the air was enriched to 30 pet, but addi­
tion of this amount of oxygen did not improve 
either the rate or final extraction of uranium. Al­
though pressures greater than 90 psig or a gas with 
greater than 30 pet O:; might have improved the 
uranium extractions to as much as the 95 pet com­
monly obtained with a chemical oxidizing agent, 
further study of oxidation did not appear to be 
warranted. 

Concentration of Ammonium Carbonate and Am­
monium Bicarbonate: To evaluate the effect of the 
concentration of ammonium carbonate and ammo­
nium bicarbonate on the dissolution of uranium, 
chemical analyses were run on periodic samples of 
the leach solution from each of the towers. In addi­
tion, because the commercial grade ammonium car­
bonate employed for this work was what is referred 
to in the literature as ammordum carbo'nate of com­
merce (NH»NH»COs • NH,HCOa) which decomposes 
in water to give variable amounts of ammonium 
carbonate and ammonium bicarbonate, it became 
necessary to run chemical analyses on the solutions 
prior to their addition to the repulping.tank rather 
than relying on weighed amounts of the compounds. 
Fig. 6 shows the data obtained from a series of tests 
employing varying amounts of ammonium carbonate 
and ammonium bicarbonate in the leach solution. 

Since only small quantities of ammonia and car­
bonate ions are required for combination with the 
uranium, then in evaluating the data two factors 
warrant discussion: 1) total ammonia in the solu­
tion contributing to the partial pressure of am­
monia in the system and 2) the amount of bicar­

bonate required to prevent the build up of hydroxyl 
ions. As shown by Fig. 6, total ammonia content of 
the solution had a marked effect on the rate of disso­
lution of the uranium and the maximum extraction. 
For example, extraction increased from 73.5 to 90 
pet in 75 min when concentration of ammonia was 
increased from 16.3 to 46.2 g per liter. The same 
change boosted extraction from 86 to 93 pet after 
the slurry had passed through all the towers. 

These data, however, do not indicate any definite 
effect of the ammonium bicarbonate concentration 
on the dissolution of uranium. In both tests, repre­
sented by Curves A and B, analyses showed that 
after Tower 1 the solutions contained no ammonium 
bicarbonate. 

To determine whether stabilization of ammonium 
bicarbonate in solution would improve the dissolu­
tion of uranium, the test represented by Curve B 
was repeated with the addition of 475 cu cm CO. 
per min. Figs. 7 and 8 show that despite addition 
of carbon dioxide to the system, the rate of dissolu­
tion was only improved slightly and maximum ex­
traction was only equal to that obtained in Curve A. 
These data show that the use of carbon dioxide 
would permit the use of weaker solutions, but the 
system appears to have no advantage where the 
ammonia is recovered by steam stripping. 

Prec ip i ta t ion of U r a n i u m From the 

A m m o n i u m Carbonate Leach Solutions 

Uranium can be precipitated merely by heating 
the solution. This decomposes the ammonium uranyl 

Ore 

1 
2 
3 

UaOs 

0.32 
0.12 
0.61 

V 

0.02 
0.03 
0.08 

CaO 

49.9 
S.56 

10.8 

Table 1 

Al.-O, 

1.19 
10.0 
7.1 

. Chemico 

MgO 

0.62 
3.98 
2.7 

1 A nalysis of the Ores 

Assay, Pet 

C 

10.4 
0.43 
2.6 

COi, 

37.4 
1.41 
8.0 

SIO,. 

9.13 
66.3 
61.6 

F t j O j 

0.64 
2.74 
2.56 

S 

0.13 
0.20 
0.16 

L.O.I. 

38.9 
9.3 

12.3 
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carbonate and ammonium carbonate-bicarbonate, 
and expels the ammonia and carbon dioxide, which 
are then recovered by absorption in a solution 
brought to a concentration satisfactory for return to 
the leaching system. The following equations ex­
press the chemical reactions involved: 

(iVH.)=CO,(aq)+heat-^2]VH,(g)+CO=(g)+H.O(l) 
[4] 

iVH.HCO,(aq)+heat-^JVH,(g)+CO=(g)+H=0(l) [5] 

(WH.).UO.(CO,),(aq)+heat^4NH,(g) + 
CO,(g)-l-UO, • 2H=0(s) [6] 

2JVH3(g)+CO=(g)+H=0(l)-» (NH.).CO, [7] 

In the experimental work, steam was used to heat 
the solutions and to serve as a sweeping gas. In the 

operation of the integrated plant, air was substituted 
for part of the steam. Fig. 9 shows the relation be­
tween pH of the solution, time, and the amount of 
uranium precipitated. 

The pH of the pregnant sdlutions varied from 9.0 
to 9.2, depending on the variation in pulp density. 
In the test represented by the curves A and A', the 
pH of the solution was not controlled by the addition 
of fresh solution. As the ammonia was stripped from 
the solution, the pH dropped, and almost complete 
precipitation occurred within 60 min at a pH of 7.3. 
As the pH dropped to below 7, the precipitate began 
to redissolve. At the time of maximum precipita­
tion, the stripped solution contained 0.005 g U per 
liter compared with 2.0 g per liter in the pregnant 
solution. 

To determine whether pH of the solution could 
be employed for operational control when the pre-

Table I I . Chemical and Spectrographic Analysis of Precipitate 

1 
t 
\ 

\ 
^ 1 

\ 

\ 

% • 1 

O r e l 
Air Dried 
Ignited 1742'F 

Ore 2 
Air Dried 
Ignited 1742*F 

Ore 3 
Air Dried 
Ignited 1742*F 

H..O 
(2.'iO<>F) 

. 23.4 
— 
6.0 
— 
7.3 

— 

Cliemtcal Assay, Pet 

L.O.I. 
(1742°F) 

— 
33.2 

— 
15.0 

17.0 

U 

44.7 
67.3 

49.7 
59.3 

. 59.0 
72.5 

v 

0.40 
0.50 

0.25 
0.21 

0.40 
0.44 

Fe 

<0.01 
<o.oi 
<0.01 
<0.01 

<0.01 
<;o.Oi 

SpectroEraphic Assay, 

Ca 

0.05 
0.08 

0.34 
0.40 

0.12 
0.16 

JUNE 

Me 

0.01 
0.02 

0.5 
0.7 

0.04 
0.05 

Pet 

AI 

1.3 
2.0 

0.4 
0.3 

1.6 
2.0 
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1.3 
2.0 

3.1 
3.7 

1.3 
1.8 

- 7 5 5 
'I 1 



Table III. Typical Uranium or 

Uranium Balance 
Ba.sls: 

Ore assay uranium, pet 
Feed rate, kg per h r 
Extraction uraniurn, pet 
Pregnant liquor assay uranium, 

e per liter 
Soluble uranium to CCD system. 

g 
Soluble uranium removed as sam­

ples, g 
Net soluble uranium to CCD sys­

tem, g 
Distribution of Uranium In CCD 

System: 
Thiclcener No. 1 overflow: 

45.4 liter per h r x 1.5 g per 
liter X 12 hr 

Soluble loss: 
9.5 liter per h r x 0.11 g per 

liter x 12 hr 

Total 
Distribution of Uranium In Precip­

itator: 
Loss in l^arren soluUon: 

SO liter per lir x 0.006 g per 
liter x 12 hr 

Over-all uranium loss: 
Soluble loss + loss In barren 

solution 
Ammonia Balance 

Basis: 
Discharge from leacliing unit. 

liter per hr 
Assay of pregnant liquor, NHa, g 

per liter 
Total NH3 to CCD system, g 
Nfti removed by sampling, g 
Net NHa to CCD system 

Distribution of NHj In CCD System: 
Thickener No. 1 overflow: 

45.4 liter per h r x 12.8 g per 
liter X 12 hr 

Soluble loss: 
9.5 liter per hr x 1.2 g per 

liter X 12 hr 

Total 
Distribution of Ammonia In Precip­

itator: 
Ammonia recovery: 

35.2 liter per lir x 15.7 g per 
liter X 12 h r . 

Loss in barren solution:. 
50.0 liter per h r x 0.30 g per 

liter X 12 lir 
Unaccounted loss 

Total 
Over-all loss; 

Soluble loss + loss iji bar ren 
solution + unaccounted loss 

A Ammonia 

Grams 

789.6 

12.6 

802.2 

3.6 

16.2 

Grams 

6973.2 

' 137 

7110.2 

6631.7 

180 
161.5 

6973.2 

478.5 

Balonce 

0.52 
13.63 
98.0 

3.36 

816 

14 

802 

20.2 

30.0 
7272 

143 
7129 

Dist. Pet 

98.4 

1.6 

0.7 

2.3 

Dist. Pet 

' 98.0 

93.0 

2.6 
2.3 

6.9 

cipitation tower is operated on a continuous basis, 
a test was run maintaining the solution in the pre­
cipitation tower at pH 8 by continuously feeding 
the pregnant solution to the tower. The curves B 
and B' show that by maintaining pH 8, the precipi­
tation tower could be operated on a continuous basis 
and accomplish almost complete precipitation of the 
uranium. Although a pH of 7.5 appears to be a crit­
ical point with respect to redissolution of the pre­
cipitate, it is believed that the critical pH varies 
with each ore, depending on the salts remaining in 
the solution after stripping the ammonia. 

At the time maximum precipitation of the urani­
um occurred, more than 99 pet of the ammonia and 
carbon dioxide had been stripped from the solution. 

Composition of the Precipitate: Precipitates were 
produced from operation of the integrated plant on 
three ores. Table II gives the data obtained from 
chemical and spectrographic analysis of these pre­
cipitates. These data show that when the precipi­
tates are air dried, uranium content varies from 44.7 
to 59 pet. 'When the precipitates are ignited at 
1742°F the uranium content varies from 59.3 to 72.5 
pet. As shown by the spectrographic analysis, the 
variation is caused primarily by solids carry-over 
from the countercurrent washing circuit. This con­
tamination could have been reduced by employing a 
clarification filter between the thickener overflow 
and the precipitation tower. The uranium compound 

in the air-dried precipitates was identified as UO,-i;;' 
2H;0 by X-ray diffraction. The ignited precipitate .̂  
was identified as UaOa. 5- " 

Opera t ion of the In tegra ted Plant for theV^^ 

Ext rac t ion and Recovery pf U ran ium '^^I 

Because one of the attractive features of the am-^ 
monium carbonate pressure leach is the recovery.̂ ?, 
of the ammonia for return to the leaching circuit,-! 
a countercurrent decantation washing circuit and i), -
•precipitation tower were added to the system. The.̂ - • 
objective of the program was to demonstrate the. 
uranium and ammonia recovery that could be ac-^./ 
complished in an integrated plant. Although it was;', 
not within the scope of this program to actually rec­
tum the ammonia to the leaching circuit, absorptionj;; 
towers were employed to recover the ammonia fronu' 
the precipitation tower. Table III gives the uraniumr; 
and ammonia balance obtained from operation of;/ 
the integrated plant on Ore 3. '"^r-

These data show that the soluble loss of uraniumJ'C 
from the countercurrent decantation system was 1.6%' 
pet of the uranium in the pregnant liquor and thafcji; 
an additional loss of 0.7 pet was incurred by the&C 
barren solution discharged from the precipitation;^" 
tower. On this basis, the recovery of uranium from :̂_ 
Ore 3 was 95.5 pet of the uranium in the feed to the^-
leaching system. In the case of Ores 1 and 2, where.!' 
approximately 93 pet of the uranium was extracted^-
in the leaching towers, the over-all recovery a t^ 
uranium was approximately 91 pet of the feed to]^' 
the integrated plant. -T-Ur 

.With respect to the ammonia recovery system,.' 
the data show that the ammonia lost with the dis- . ' 
charge from the countercurrent decantation washing: 
system was equivalent to 1:67 Ib .NH, per ton of. dry 
feed, and that the total loss of ammonia from the 
system including the loss with the barren solution­
and the unaccountable loss was equivalent to 5.85 lb. 
per ton of drj' feed to the integrated plant. ~-̂ ,.-

Conclusions . i ^ -

The data obtained from this study have demon--"' 
strated that the ammonium carbonate pressure"-
leach is a technically attractive method for extrac--'-
tion of uranium from high-lime ores. •'.'--; 

As in the case of other processes developed fore 
the extraction of uranium from domestic ores, the • 
process does not. appear applicable to high gypsum-
or high vanadium ores. On the other hand, with its:. • 
low reagent cost for precipitation and the recovery %. 
of substantially all of the ammonia, the process ap­
pears to have advantage over other alkaline leach 
processes. In addition, because of these same factors, 
it is probably competitive with an acid leach of 
medium-lime ores. At the same time, because an 
acid leach usually will extract about 98 pet of the • 
uranium from low-lime ores, the acid leach still 
appears to maintain its advantage. The advantages-
and disadvantages of the several methods available • 
for extracting uranium from low-grade ores are 
such that a careful economic comparison should be 
made for each ore being considered. ' "' " 
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dian exploration and development 
company, is 28 miles south of Casa 
Grande, the nearest supply and ran 
center. Both electric power and. na­
tural gas for calcining the crushed, 
screened, and mixed plant feed are 
available at the plant site. Mining 

^Vlj^vS^"' '*'v'*^i?l operation in the shallow pit follows 
*;_ii-.G-.^.f'^•l'S'.Ji.'l standard practice: primary blasthole* 

are drilled with- a Gardner-Denver 
wagon drill and drill rods are fitted 
with detachable 3'/2-in. T-C bits. 

Broken, ore is loaded "into 8-ton 
trucks by a Michigan.loader with a 
2-yd scoop for subsequent transfer 

' -to the processing plant. Blastholes 
for ammonium nitrate and Prima­
cord are drilled on 6-ft centers to a 
depth that will' give a 12-ft bench. 
The trucks dump their load onto the 
elevated stockpile area near the rail 

^„ grizzly covering a 45-ton ore storage 
"hopper. "_.': . - ' ' " ' . ' . ' 

-.y^i-
: : ' ^ 

•:ar 

:?«3i*ia«?UiW'S«Siffi£2 

HEART OF THE PROCESS is the 54-in. x.'42-ft rotary calciner. Fourteen gas 
;_i.:.-fired burners keep combustion zone temperatures in l,400tl,500°F range. . .„ , 
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GEORGE A. FREEMAN is manager of 
operations; has office in Casa Grande. 

T H E FIRST COMMERCIAL PLANT in the 

United States using the segregation 
process for treating silicate and 
mixed silicate-sulphide copper ores 
was recently placed in operation at 
Transarizona Resources' property 
south .of Casa Grande, Ariz. 

The company mines a copper sili­
cate (chrysocolla) ore, averaging 2% 
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ur"an B-ceiT^To „ 
chine. Froth produced' by the first 
two cells goes to an 8-cell cleaner 
machine, and the tails are pumped to 
the tailing, pond. Concentrates pror 
duced by the first two cells of the 
cleaner machine are pumped to a 
6-ft, 3-leaf disc filter. Cake produced 
by the filter falls by gravity onto a . 
concrete' storage, and loading, floo'r. 
below. .. • 
.. Reagent setup is relatively simple;. 
Lime is used for pH control; xan­
thates for collector; and alcohol for 
frother. Final concentrates assay 
froin 4 5 % to 50%' metallic copper. 
They are trucked to Casa Grande 
for shipment to the.Asarco smelter 
at El Paso, Texas. 

GENERAL VIEW of segregation plant. 
Shed holds fine-ore, coke and salt bins. 

copper, from an open pit developed 
on their mineral holdings — three 
patented claims in the Lake Shore 
group, a section of ground adjoining 
the Papago Indian Reservation, and 
22 additional claims known as the 
Drake group. 

Transarizona, controlled by Trans­
continental Resources Ltd., a. Cana^ 

ir'i^.':' r. Process Not New ' ' . ' • 

" . In the processing plant, minus ,10-
' mesh ore is heated at 1400°F to 

1500°F with sodium chloride and 
coke (or other carbonaceous mate-

- t ia l s ) . This segregation process pro­
duces fine metallic copper, which can. 

-be recovered by conventional flota­
tion methods. 

The USBM anid Transarizona Re­
sources ran-e.xtensive bench and pilot 
plant tests but~the segregation proc­
ess is not new. It was developed and 
patented in the '20s by Alineral 
Separations Ltd., who, at that time, 
tried it in Africa. The company built-
a plant, in Southern Rhodesia and 
Union Miniere du Haut Katanga 
built one in the Congo. The plants 
were successful, producing copper 
concentrates with better than 85% " 
recovery. They were closed after 
short runs due to a variety of rea­
sons (mechanical problems, econo­
mies), but mainly to the low copper 
price in the depression period. 

Transarizona's processing plant is 
made up of a crushing and screening 
plant to reduce pit ore to 10-mesh 
calciner feed; fine-ore storage and 
mixing units; calcining and cooling 
unit; ball mill-classifier circuit to re­
duce cooled calcines to 65 mesh; 
xanthate flotation; and filter unit. 

Pit ore is fed onto the rail grizzly, 
spaced 12 in. at a rate of 15 to 20 
tph. Reduction to 10-mesh calciner , 
feed is done in three stages, the 
equipment available for this opera­
tion consisting of a primary jaw 
crusher, set 2 in.; vibrating screen 
with Vi-in. openings;-secondary cone 
crusher, set 3 /8 in.; 10-mesh vibrat­
ing screen; and a 36-in. rolls unit, 
taking the 10-mesh vibrating screen 
oversize and operating in closed cir­
cuit with the secondary cone crusher., 
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1 . 

2 . 

3 . 

4 . 

5 . 

6 . 

7. 
8. 
9. 

10. 
n. 

Rail grizzly, spaced 12 in. 1 3 . 

45-ton hopper 1 4 . 

24x18-in. jaw crusher set 2 in. 

Vibrating screen with Vi- in. openings I S . 

•3-ft Symons cone crushers set % in.- 16'. 

A-C vibrating screen with 10-mesh 17 . 

deck—5x10 f t 18-

36-in. rolls 19-

400-ton fine-ore bin , 

3-ton coke bin • • 2 0 . 

3-ton salt bin 

Weightometer 2 1 . 

Bucket elevator 2 2 . 

November 1960—Engineering aad Mining Journal 

Concenlroles to ' 
El Poso Smelter. '. 

12-ton surge bin 

15-in. by 42- f t Standard Steel Co. 

rotary calciner 

4x44-ft Baker type rotary cooler 

6xl2-ft ball mill .' 
Rake classifier -, -

5x6-ft conditioner 

Rougher flotation machine made op of 

8 Denver 48-in. cclls 

Cleaner flotation machine made up of 

8 Denver 36-in. cells 

Eimco 6-f t , 6-leaf disc filter 

Concrete storage and loading .floor 

97 .. f.i-
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ADOPTION OF A CARBON SORPTION SCHEME FOR GOLD EXTRACTION AT THE BELOUSOV PLANT' 

ODC 669.213 

N. I. Taskln, A. G. Komanenko, N. ,S. Chekanov, K. G. Egorov, and Z. M. Burenko 

Practical experience and research show that sorption using carbon agents is the 
aost effective method of extracting precious metals from cyanide solutions of complex 
.:hemical composition at polymetallic concentration plants. 

Pulverized activated carbons (ground KAD and activated flotation carbon UAF) are 
aow mainly used as carbon sorbents; they have good sorption and kinetic properties, 
tut their use involves difficulties of separation from solutions and pulps. 

The present work was carried out to find a highly efficient technology and equip-
aent for extraction of gold with UAF carbon from the copper concentrate thickener 
overflow at the Belousov Concentration Plant. The thickener overflow precious metals 
jnd impurities content (in mg/liter) fluctuates widely: 

0.8-2.0 Au 
0.5-1.5 Ag 

1500-2100 CN 

300-460 Cu 
20-30 Zn 
30-30 Ca 

total 

10-15 Mg 
30-40 sulfates 

150-270 Cl 
1500-2000 carbonates 

3-5 xanthates 

Research 11,2] has 
•Jie most promising. 

Gold extraction reaches 96% and carbon saturation with gold is 1 
:AF carbon consumption of 1,0 kg per m' of overflow. 

It was established during tests on the scheme that 

established that a two-sta'ge counterflow sorption scheme is 

0 kg/ton at a 

proportion of the gold (10-15%) 
was being lost with microdis-
persed particles of gold-bear­
ing carbon and slimes, which 
were being carried out with 
the waste overflow from sorp­
tion stage II, Various coagu­
lants (ferric chloride, fer­
rous, copper, and zinc sulfates, 
and aluminum sulfate) were tes­
ted with a view to creating 

'ig. 1. Scheme for extraction of dissolved crold 
from copper concentrate thickener overflow: 
I - copper concentrate thickener; 2 - sorption 
stage I mechanical mixer; 3 - sorption stage I 
carbon thickener; 4 - sorption stage II hydrau­
lic mixer; 5 - sorption stage II carbon thicke­
ner; 6 - solution tank for preparation of carb-
or\ suspension; 7 - solution tanks for prepara­
tion of aluminum sulfate solution. 

Fig. 2. Hydraulic mixer: 
1 - tank; 2 - circulation 
: pump; 3 - central pipe; 
4 - receiver channel. 
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conditions for rapid precipitation of the gold-bearing carbon and to prevent losses. 
The speed of carbon precipitation in the presence of the various coagulants is ap­
proximately the same, amounting to 2-2.5 m/hr. 

The sorption capacity of the carbon is reduced by more than 50% in the presence 
of copper sulfate, by 30% in the presence of zinc sulfate, and by 20-25% in the pre­
sence of ferrous sulfate and ferric choride; this makes the sorption process ineffec­
tive, and it cannot be used on an industrial scale. 

Satisfactory results in terms of gold sorption and carbon coagulation were obtained 
in the presence of alumintom sulfate. At an aluminum sulfate consumption rate of 1.0 
kg/m of overflow, the suspended matter content is reduced from 300-500 to 30-50 g/m'. 

The flow chart for carbon sorption extraction of gold from overflow using a coagu­
lant is shown in Fig. 1. .., 

The prepared 5% water-carbon suspension and 10% aluminum sulfate solution are fed 
to sorption stage II (4), where they make contact with the overflow from stage I (3), 
which has been stripped of gold. Carbon from stage II, which is partly saturated with .. 
gold, passes continuously to sorption stage 1 for final saturation from the initial 
(gold-rich) overflow. The thickened carbon from sorption stage I is a commercial-grade 
gold-carbon product, which is used to make up a charge with lead concentrate, and the 
degolded overflow from stage II is sent for neutralization. 

A hydraulic mixer designed and manufactured at the Kazmekhanobr Institute has been 
tested and adopted to intensify the sorption process (Fig. 2). 

The hydraulic mixer operates on the following principle: the initial overflow is 
fed through a tangential pipe to the lower opening in tank 1, which has a conical bot­
tom; as a result the overflow "uncoils" and the tank fills. The overflow, together 
with the carbon, flows by gravity from the upper opening to circulation ptimp 2, 
which pumps the overflow back upon itself through central pipe 3 and radial sprayers, 
thus producing supplementary intensive mixing. 

This efficient mixing reduces external diffusion resistances, maintains good con­
tact between the solution and the carbon, and improves sorption kinetics. A hydraul­
ic mixer of this type does not take up a large floor area and is highly efficient and 
reliable in operation. 

The two-stage scheme for gold sorption with coagulated carbon has passed its indus­
trial tests and was adopted at the Belousov Plant in 1975. 

Adoption of the scheme has made it possible to increase gold extraction by 2.9%, 
yielding savings of 110,000 rubles per year, due to reduced losses of gold with the 
liquid and solid phases of the copper concentrate thickener waste overflow. 

S 

VDC 669 
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jadapt its limestone kiln technology and 
hardware to the related problem of retort­
ing oil shale. A 30-month demonstration 
program calculated to cost some S7.5 mil­
lion, with Development Engineering Inc. 
(DEI) of Denver as the operator, is 
planned. 

"Private industry.' particularly pclro­
leum. natural gas, and electric generating 
companies, are invited to become partici­
pants by individual commitments of 
$500.000'toward the cost of ihe program, 
payable as moneys arc expended over the 
life of the project," John B. Jones, DEI 
president, said. 

The prograni calls for a semi-works size 
kiln to be buill at the Federally owned 
Anvil Poinis oil shale research facility. 
Under terni". of a recent lease agreement 
between Dili and the government, the An­
vil Points works will be available for use 
in Paraho's experimental work, including 
a mine, crushing equipment, retorting and 
related plant, laboratories, and certain on-
site- housing and office space. The Cleve-
land-Clifls Iron Co. has offered to handle 
the mining for DEI at .Anvil Points. 

The low per-company cosl in the project 
was made possible by the number of par­
ticipating companies, and through the use 

RESEARGH INSTITUTE 
EARTH SCSENCtUB. 

of the mine and supporting equipment at 
Ihe government faciliiy. According to 
Harry Pforzheimer. vice president of 
Sohio Petroleum Co., "A broad spectrum 
of indusiry is expected to support the pro­
gram. Il would be desirable for at least 15 
companies to participate." 

Companies investing in the project on a 
"participant" basis will receive a favorable 
licen.se lo use the process and hardware on 
oil shale, the advantages ofa pioneer's po­
sition in Ihe proprietary technology, the 
data and information developed, and an 
opportunity lo advise and observe the 
progress of the program. Q 

AEC and KCC will jointly study potential of nuclear blasting to mine copper 
A CONTRACT TO UNDERTAKE JOINTLY a 
program of investigation, sludy, and eval­
uation of in-place copper leaching tech­
nology that could be applied in an ore-
body fractured by a nuclear detonation 
has been signed by the US Atomic Energy 
Commission (AEC) and Kennecott Cop­
per Corp. (KCC). The AEC portion of the 
study will be conducted as part of the 
commission's Plowshare Program to de­
velop peaceful uses for nuclear explosives. 

The process to be studied would involve 
ihe possibility of fracturing a deeply 
buried low grade copper bearing deposit 
with a nuclear explosive, and then perco­
lating an oxidizing leach fluid through the 
fractured rock. The leach fluid would then 
be pumped to the surface, where the cop­
per would be extracted. 

The study will help determine Ihe feasi­
bility of recovering copper from low grade 
orebodies, many of which are deep under­
ground and are not economically recov­
erable using conventional mining tech­
niques. The study, designed to investigate 
the requirements' for nuclear fracturing 
and leaching ofa representative orebody, 
will incorporate data on several orebodies. 
The results will enable the parties to de­
cide whclher an actual leaching experi­
ment should be conducted. No actual field 
work is contemplated, bul a concept will 
be developed for a surface extraction 

. plant and other facilities needed for pro­
cessing copper leach solulions. 

Preliminary engineering and technical 
Sludies will be carried out by Kennecott's 
Ledgemoni Laboratory in Lexington, 
Mass., and by the AEC's Lawrence Liver­
more Laboratory in California. Environ­
mental elTecls will be considered in the 
sludy by the AEC's Nevada Operations 
Oflice in Las Vegas. The US Bureau of 
Mines (USBM) will provide advice and 
assistance in assessing Ihe potential ben­
efits and disadvantages of nuclear in-place 
copper leaching, as compared wiih al­
ternative mining practices. The sludy is 
expected to be completed lale Ihis year. 

A KCC scientist who is working on the 
project. Dr. Robert Hard, lold E7M.I ihal 
this invesligalion program does not repre­
sent a revival of the old Sloop project con­
sidered in 1967 by KCC. the AEC. and 
USBM. As Hard put it. "This project in­
corporates newer concepts that were 

26 
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evolved al the AEC's Lawrence Livermore 
Laboratory. One of Ihe major difl'crences 
is Iht: fact ihat ihe orebodies that will be 
considered in this new project are primary 
sulphide orebodies located under the wa­
ter lable, as oppo.scd lo priniary oxide ore-
bodies located over Ihe water table in the 
Sloop project." 

As the Sloop projeci was conceived 
back in 1967, a 20- lo 30-kilolon device 
would be planted at a deplh of 1,200 ft in 
Ihe mineralized zone. After ihc explosion 
would come a solution test. Attack wells 
would flood the rock chimney and estab­
lish communication wilh recovery wells, so 
that pregnant liquor could be pumped lo 
the surface. Al the lime of the Sloop proj-

• eel, ihc problem of radioactive contamina­
tion of the copper ore had received alien-

lion, and ihe general conclusion was that 
it was manageable. The AEC had indi­
cated that the concentration of radioactive 
isotopes in the leach solulion would be 
sufficiently low so ihat special shielding 
against exposure would not be needed. 

As conceived al the lime of Ihe Sloop 
projeci, a nuclear blast for copper leaching 
would foriunalely lock the relatively non­
volatile radionuclides in a congealed 
"puddle glass" at the bottom of the rock 
cavity, and only a small percentage would 
enter the leach solulion. Subsequent met­
allurgical processing by the then newly de­
veloped solvent exlraclion process was 
being considered lo remove virtually all 
radioactive conlaminanis from the fin­
ished copper. The Sloop project was even­
tually shelved. Q 

The 300 inillionlh ton of molyh'dcnile ore 
produced by ihe Climax Molybdenum Co. 
mine al Climax. Colo., was hauled from 
the Phillipson level recently. The Climax 
mine, which has produced more ore than 
any olher underground mine in Nonh 
America, continues lo produce nearly 14 
million Ipy of raw ore, according lo Ihe 
company.' 

After morc ihan 40 years as a producing 

area supplying a major portion of the 
mine's loial output, Ihe Phillipson level is 
nearing exhaustion. Continued operations 
from ihe main producing level, the Storke, 
and from the new 600 level will mainiain 
production al ils 43,000 ipd capacity. The 
mine has been one of the world's leading 
producers of molybdenum since it began 
operations in 1918. • 

(Continued on p 30) 
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Asarco and Dovy Chemical to leach deep copper orebpdy In situ in Arizona 
A PATTERt* FOR COPPER MINING in t h e 
fijture may. be set by, a joint project of, 
American Smelting and Refining Co. 
(Asarco) .and the Dowell Div. of Dow-
ehemical Go.,'̂  which plans to use sul­
phuric acid to leach put copper in situ, 
then recover the copper by plating an­
odes in an electrowinning ptanf. 

In the 50-50 joint venture operation, 
Dowell will use lechniques developed in 
oilfield work to help Asarco exploit a 
copper oxide body near Florence, Ariz. 
It is eslimated that there are about 300-
400 million lb of .xopper about l,100.'a 
underground •at.the 90-acre Asarco site; 
The, depth of the orebody Ts too great 
for an open-pit mine, and the grade— 
le.ss than 1%—is not high enough to 
merit sinking shafts. Leaching in situ, it 
is believed, offers an economic altema-
iive. Dowell says it will'be the first time 
this process has been used for leaching 
•at such a depth'. 

Dowell'has started driliing five holes 
^t the site. Four wiii be used for injec­
tion of a weak acid solution, and one • 
will be a' producing well Drilling will 
take six weeks fo two months, then 
water will bep.urnped in under pressure 
to fracture the orebody. The; pressure 
wsed will be aro^und 1,000-1,500 psi at; 
ihe siirfaee, which is relatively low in 
comparison with the 3,000-10,00,0 psi 

-used in oilfields. The flow will be about 
1 to 1.5 bbl per minute. Sometime this 
fall, depending on how long'it lakes to 
saturate the orebpdy and establish a 
flow pattern, Dowell will start metering 
concentrated acid into the water, fprin-
iug a 3 % acid solution iii water to leach 
out the copper. It is expected that suf­
ficient results will be available for an 
evaloatibn of the process by early, 1973. 

According to Doweil.ŝ  tils system 
could make smelters obsolete within 15, 
years because it isa-cleaner process, On 
the other, hand, it-is likely that the En­
vironmental Protection Agency wilt be 
monitoring the project to determine the 
possibility of the. water table being .po!-. 
luted by the acid, Dowell says there, is 
litiie likelihood, .pf .such pollution: be--
caiise stainless, steel pipes will be used 
lo carry the .splution' down, to the prer 
body,, and after that, the already, weak 
spiuiion will be neutralized by reaction 
with the pre. 

liiitially, Dowell will use oilfield serv­
ice triplex pumps—three-cylinder pumps 
made pf carbon steel—-but expects that 
eventually th'ese^ too, wili have to be of 
stainless steel td avoid corrosion. 

The solution obtained from the. pro­
ducing well will be shipped by tank 
trucks to 4^sarcp's San !^avier plarit, 
south of Tucson (about: 75 mi away),, , 
where the copper witl be. recovered by 
electrowinning; A plaint will be built at 
Florence as~soon as the mine proves suc­
cessful. 

Currently, the electrbwihriing opera­
tion at San Xavier is used to recover 
copper leached from copper oxide, which' 
is obtained along with sulphide copper 
from AsarcoJs adjacent open-pit Mission 
mine. 

Leaching operations are vei-y inef­
ficient, according to Dowell, But the 
company expects its experience>iii deai-
ing with fluids underground^ wilt enable 
it to recover at least 60% of ihe copfHjr 
at'FIorence over a peripd of 20-25 years. 
The process wil! be rnore tKan economi­
cal with only 30% recovery,, according 
to Dowell. 

A pilot,.plant osing a similar process 
has been operated by Kennecott Gopper 
Corp. for. abput twp years.at Rutil, l^ev. 
However, that orebody is pnly about 300 
•ft deep, as against 1,100 ft fbr the Dow-
ell-Asarco project. Dowell did thei initial 
hydraulic fractliririg of the.body. The 
Kennecott plant is small scale, pumping 
about' 30-40 gal pf solution per riiin. 
About.10-15 lb of copper results from' 
every 1,000 gal. Kerinecott is operating 

its plant Intermittently to obtain data. 
So far, results have- been very encourag-' 
ing, according to Kennecott's Research 
Center in Salt Lake City, and the com­
pany is planning fo expand fhe pilot 
planf and put it into continuous produc­
tion. 

In .another r e c e n t development. 
Ranchers Exploration and Development 
Go. is planning to leach copper from its 
Old Reliable mine in Arizona, a deposit 
df oxidized and secondarily enriched 
copper ( E / M J , April 1972̂  pp 98-100). 
In this case, the orebody v âs first shat­
tered by 2,p0'0 tons of explosive, placed 
according to a plan devised by E.I, Du 
Pont deNemours & Co., which is pro-

. viding.explosive and technical assistance. 
Also," since'the Old Reliable deposit is 
located in a hillside. Ranchers Explora­
tion 'plans leaph percolation, TThe are"a 
•above the deposit wi|l~be terraced, per-
fprated pipes will be laid on the terraces 
for irrigation pf the pfebody, and the 
leaching solutions will be drawa off by 
gravity at thei base of the rnine. 

Amax chief sees marketing challenge for copper 
THE COPPER INDUSTHV WILL BE; CHAL­
LENGED over the next 10 years to devel­
op a more aggressive marketing ap­
proach, it was suggested receniiy by fan 
MacGregor, chairman and chief execu­
tive officer of American Metal Climax 
Inc: (Amax). 

MacGregor told the spring meeting of 
the Cppper Development Association 
that "Free World copper production wilt 
remain somewhat in excess of demand 
through the rest of the ISfOs, and pos­
sibly not until 1982 might demand over­
take, supply. At .that tiriie, it is estimated 
that Free World primary and Mscpndary 
supply will have jncrea^d to close; to 11 

. million tpy, while, demand-, including ex­
ports to fhe Eastern Bloc natiPtis, may 
slightly exceed the. .11 million-tpy fig­
ure."-

This; 10-year outlook, MacGregor de­
clared; "indicates fp me that we, as ^n 
industry, have a marketing opportunity 
ahead. We must- do some re-thinking 
about the capabilities of; our industry, ' 
and how all of us^-whether miner, cus­
tom smelter, or fabricator—can work 
together to achfeve the common goal of 
i ric re asing copper usage." -

MacGregor cited the success of ODA 
in developing such new uses for copper 
as the Decade .70 House of New Concepts, 
the C/jppir Mflmier^shrimp boat, copper 
solvent plumbing, the Exemplar auto-
mob lie, and the life safety sprinkler sys-
tern, "I heartily endorse CDA's ap­
proach to market developriient, vf'hich 
emphasizes ihe.. creation of whole sys­
tems using cqpper," MacGregOr said. 

"and the impressive job of creating these 
copper systems 4nd seeing-theni through 
the prototype, stage to commercial re­
ality. However, our indastry.—wh!ch_ 
supports-CDA—^is not following througii 
forcefully and exploiting, the lead-t'urie 
advariiage. We must pick up where 
CDA's initial goals are achieved." 

MacGregor stated that the copper in- • 
diisiry has primarily been • "concerned 
with sales:—that is; rnoving metal at a 
profit—btft wh'en it comes to marketingj 
the finding of new applications that will 
serve as/ future, oiitlets for our produc­
tion. We are not •attuned'to the total ef­
fort required;" . 

"Th6te is great danger," he--told the 
meeting, "that the. industry has not; de­
veloped t i e inarketing expertise of 
familiarity with today's sophisticated 
technology and the systems selling ap­
proach and techniques necessaiTf for the 
expansion of the market base for cop­
per. iWeshould be,selling plu rnbing sys­
tems rather than cppper itubing, roofing 
system^ rather than sheet . . , To think 
in, terms of systems; and .market, rather 
than merely"se]l copper, requires a vei"-
satile sales, force that can talk to re^ 
search groups, design engineers, produc­
tion people, and general managers of 
companies—on their own terms." 

MacGregor called bn the industry to 
"fully understand the implications of 
new markets, have the required alloys 
readily available, and be willing io offer 
technical service, to suppprt new high-
technology applicaitoris,." 

(This Month continued on p,20) 
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Asarco and Dow Chemical to leach deep copper orebody in situ in Arizona 

' ' t 

A PATTI-RN FOR COPPER MINING in t h e 
fulurc may be set by a joint project of 
American Smelting and Refining Co, 
(Asarco) and the Dowell Div, of Dow 
Chemical Co,, which plans to u.se sul­
phuric acid to leach oul copper in situ, 
then recover the copper by plating an­
odes in an electrowinning plant. 

In the 50-50 joint venture operation, 
Dowell will use lechniques developed in 
oilfield work to help Asarco exploit a 
copper oxide body near Florence, Ariz, 
ll is estimated ihal there are aboul 300-
400 million lb of copper about 1,100 fl 
underground al the 90-acrc Asarco sile. 
The deplh of the orebody is too great 
for an open-pit mine, and the grade— 
Ic-ss than I %—is not high enough to 
nieril sinking shiifis. Leaching in situ, it 
is believed, offers an economic alierna­
iive, Dowell says it will be Ihc first lime 
this process has been uscd for leaching 
at such a depth, 

Dowell has started drilling five holes 
at the'sile. Four will be used for injec­
tion of a weak acid solulion, and one 
will be a producing well. Drilling will 
lake six weeks to two months, then 
water will be pumped in under pressure 
lo fracture the orebody. The pre.ssurc 
used will be around I,OOO; 1,500 psi at 
ihe surface, which is relatively low in 
comparison with the 3,000-10,000 psi 
u.sed in oilfields. The flow will be about 
I 10 1,5 bbl per minute. Sometime this 
fall, depending on how long it takes to 
saturate the orebody and establish a 
flow patlern, Dowell will start metering 
conccnlraled acid inlo the water, form­
ing a 3% acid solulion in water to leach 
out the copper. It is expected that suf­
ficient results will be available for an 
cvaluuiion of the process by early 1973. 

According lo Dowell, this system 
could make smellers obsolete wiihin 15 
years because it is a cleaner process. On 
the other hand, it is likely that the En­
vironmental Protection Agency will be 
nioniloring the project to determine the 
po.ssibility of the water table being pol­
luted by ihc acid. Dowell says there is 
litlle likelihood of such pollution be­
cause stainless steel pipes will be used 
to carry the solution down to the ore-
body, and afler that, the already weak 
solulion will be neutralized by reaction 
wilh the ore. 

Initially, Dowell will use'oilfield serv­
ice triplex pumps—three-cylinder pumps 
made of carbon steel—bul expects that 
eventually these, too, will have to be of 
stainless siecl lo avoid corrosion. 

The solution obtained from the pro­
ducing well will be shipped by tank 
trucks to Asarco's San Xavier plant, 
south of Tucson (about 75 mi away), 
where the copper will be recovered by 
electrowinning. A plant will be built at 
Florence as soon as the mine proveS^uc-
cessful. 

Currently, the electrowinning opera­
tion nt San Xavier is used to recover 
copper leuchcd from copper oxide, which 
is obtained along with sulphide copper 
from Asarco's adjacent open-pit Mission 
mine. 

Leaching operations are very inef­
ficient, according to Dowell, But the 
company expects ils experience in deal­
ing with fluids underground will enable 
it to recover at least 60% of the copper 
at Florence over a period of 20-25 years. 
The process will be more than economi­
cal with only 30% recovery, according 
10 Dowell. 

A pilol plant using a similar process 
has been operated by K'.nnecoil Copper 
Corp. for about two yea , at Ruth, Nev. 
However, that orebody is only about 300 

-ft deep, us uguinsi 1,100 fl for the Dow-
ell-Asarco project, Dowell did the initial 
hydraulic fracturing of the body. The 
Kennecott plant is small scale, pumping 
about 30-40 gul of solution per min. 
About 10-15 lb of copper results from 
every 1,000 gal. Kennecott is operating 

/ 

its plant intermittently to obtain data. 
So far, results have been very encourag­
ing, according to Kennecott's Research 
Center in Salt Lake City, and the com­
pany is planning to expand the pilot 
plant and put it into continuous produc­
tion. 

In another r e c e n t developmenl. 
Ranchers Exploration and Development 
Co, is planning to leach copper from ils 
Old Reliable mine in Arizona, a deposit 
of oxidized and secondarily enriched ', 
copper (U/MJ . April 1972, pp 98-100). i 
In this case, the orebody was first shal- | 
tered by 2,000 tons of explosive, placed I 
according lo a plan devised by E.I, Du 
Pont de Nemours & Co,, which is pro­
viding explosive and technical assistance. 
Also, since the Old Reliable deposit is 
located in a hillside, Ranchers Explora­
tion plans leach percolation. The area 
above the deposit will be terraced, per­
forated pipes will be laid on the terraces 
for irrigation of the orebody, and the 
leaching solulions will be drawn off by 
gravity al the base of the mine. 

Amax chief sees marketing challenge for copper 
Tun COPPliR INDUSTRY WILL HH CHAL­
LENGED over the next 10 years to devel­
op a more aggressive marketing ap­
proach, it was suggested recently by lan 
MacGregor, chairman and chief execu­
tive officer of American Metal Climax 
Inc, (Amax), 

MacGregor told the spring meeting of 
the Copper Development Association 
that "Free World copper production will 
remain somewhat in excess of demand 
through the rest of the 1970s, and pos­
sibly npt until 1982 might demand over­
take supply. At that time, il is estimated 
that Free World primary and secondary 
supply vkill have increased to close to 11 
million tpy, while demand, including ex­
ports to the Eaiitcrn Bloc nations, may 
slightly exceed the 11 million-tpy fig­
ure," 

This 10-ycar outlook, MacGregor de­
clared, "indicates to me that we, as an 
indu.stry, have a marketing opportunity 
ahead. We must do some re-thinking 
about the capabilities of our industry, 
and how all of us—whether miner, cus­
tom smeller, or fabricator—cun work 
together to achieve the common goal of 
increasing copper usage." 

MacGregor cited the success of CDA 
in developing .such new uses for copper 
as the Decade 70 House of New Concepts, 
the Copper Mariner shrimp boat, copper 
solvent plumbing, the Exemplar auto­
mobile, and the life safety sprinkler sys­
tem. "I heartily endorse CDA's ap­
proach to market development, which 
emphasizes the creation of whole sys­
tems using copper," MacGregor said. 

"and the impressive job of creating these 
copper systems and seeing them through 
the prototype stage to commercial re­
ality. However, our indusiry—which 
supports CDA—is not following through 
forcefully and exploiting the lead-time 
advantage. We must pick up where 
CDA's initial goals are achieved," 

MacGregor stated that the copper in­
dustry has primarily been "concerned 
with sales—that is, moving melal at a 
profit—but when it comes to marketing, 
the finding of new applications thai will 
serve as future outlets for our produc­
tion, we are noi attuned to the total ef­
fort required," 

"There is great danger," he lold the 
meeting, "Ihat the industry has noi de­
veloped the marketing expertise of 
familiarity with today's .sophisticated 
technology and the systems selling ap­
proach and techniques necessary for the 
expansion of the market base for cop­
per. We should be .selling plumbing sys­
tems rather than copper tubing, roofing 
systems rather than sheet , . , To think 
in terms of systems and market, ralher 
than merely sell copper, requires a ver­
satile sales force that can talk to re­
search groups, design engineers, produc­
tion people, and general managers of 
companies—on their own terms," 

MacGregor called on the industry to 
"fully understand the implications of 
new markets, have the required alloys 
readily available, and be willing to offer 
technical service to support new high-
technology applications." 

(This Month continued on p 20) 
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AN EXAMINATION INTO THE CONDITIONS FOR EXTRACTING NICKEL FROM 
SERPENTINITE ORE WITH AMMONIA SOLUTIONS 

UDC 669.243(729.1) 

Guillermo Samaleya and N. A. Filin 

The ammonia method of treating oxidized nickel ores, applied to ochreous ores, has 
been developed in detail and is being used worldwide. However, none of the attempts 
made to use it to treat serpentinite ores have yet yielded positive results [1,2). 
Despite roasting at high temperature (1000-1100° C) for 3 hours and more, nickel 
extraction to soJ.ution did not exceed 70-80%. It is considered [3] that nickel will 
coirdsine in magnesium silicate and this hinders its extraction. Only Caron [4J has 
been able to achieve high nickel extraction (89%) from ores, containing 1.47% Ni, 
8.7% Fe, and 27.9% MgO. He confirms the conclusion that any increase of the magne­
sium content or reduction of the iron content in ore will lead to a drop in nickel 
recovery. 
Today, for the first time, we have data on work done to treat high-magnesial ser­

pentinite ore by the anmonia method. The composition of the examined ore is 1.41-
1.68% Ni, 0.013-0.026% Co, 4.09-6.49% FejOa, 31.51-32.5% MgO, and 40.45-42.9% Si02 . 
It was established by petrographic analysis that serpophyte is the principal mine­

ral as a nickel-carrier. 
Differential-thermal analysis showed that at 670° C, an endothermic effect exists 

which, according to the literature, is caused by the decomposition of the magnesium 
silicate and the transfer of the serpentinite to an amorphous state. 
At 790-800° C, an intensive endothermic effect emerges which, according to the 

literature, is caused by crystallization of the olivine. 
As the ore reducing agent, use was made of charcoal, cane-sugar extracts, and two 

varieties of Cuban bitumen: 

Form of 
bitumen 

No. 
No. 

C, % 

78.16 
44.19 

H, ̂  
7.4: 
9.6: 

Ash con­
tent, % 

1.6 
39.4 

Yield of 
volatiles, % 

63.8 
33.9 

By compressing the extract in an atmosphere of argon and air, it was possible to 
determine their carbon and ash content to be 10% and 1%, respectively. 

Reduction was performed in a boat, placed inside a 23-mm diameter quartz tube. A 
detached resistance furnace was used to heat the charge. The heating rate was 
10 deg/min. 
The rapidly cooled cinder was leached in a glass, cone-shaped vessel 37 cm high. 

A ceramic filter was placed at the bottom of the vessel to disperse the air. The 
rate of air feed was 1 lit/min and it was first passed through a solution with a 
concentration of ammonia and carbonic acid capable of lowering their losses from 
the leached pulp. 
Under constant leaching conditions (100 g/1 NHj and 50 g/1 COj, a l:s ratio of 

10:1, T = 180 min, and t = 20° C), a study was made of the effect which the follow­
ing factors had on nickel passage to solution: the reduction temperature; the dura­
tion; the ore and coal size; the amount of coal; and the duration of the period 
used to cool the cinders. 
The effect of the coal-reduction temperature on nickel extraction to solution 

(held for 120 minutes) was: 

t, " C 600 700 900 950 
Ni extraction to solution . . 34.3 58.3 59.6 78.1 

1000 1050 
85.8 84.3 

The effect of the reduction time on nickel extraction to solution was (in %) 

T, m m 

t, » 

950 . 
1050 

30 

80.5 
85,8 

60 120 

78.1 
84.3 

210 

20.7 
71.6 

Increasing the ore size to above 0.105 nun, with the coal size kept at a constant 
value (0.105 mm) leads to a drop in the degree of nickel extraction. For example, 
where reduction is performed at 950° C for tv/o hours there will be a 78.1% extrac­
tion from ore 0.105 mm in size; for ores, 0.315 and 3.)2 mm in size, the extraction 
would be 70.2% and 37.7%, respectively. 
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It was found that to attain tho maximum nickel extraction it would be sufficient 
to add coal in an amount 6-7% of tlia ore weight. At the same time, the cinder 
should be cooled rapidly in order to avoid any drop in extraction indices. 
With a 2-hour reduction with bitumen (10% of the weight of ore, 0.105 mm in size), 

the following data were obtained: 
The effect of the reduction temperature, using bitumen, on nickel extraction is as 

follows (in % ) : 

t, 
Form of bitumen 

No. 1 . 
No. 2 
No, 1 with additions 
1% of the charge weight 

500 

20 

600 

58 
45 

82* 

700 

87 
81.2 

87 

900 

90 
88 

83.5 

1000 

89 
87 

78 

•Temperature of 650° C 

The effect of the reduction period, when using bitumen No. 1, on nickel extraction 
to solution is as follows (in % ) : 

t. 
700 
900 

30 

85 
9 4 . 1 

T , 1 

90 

87 
92 .8 

t i i n 

120 

87 
90 

210 

84 
90.7 

If reduction is conducted for 2 hours at 900° C, then it would be possible to 
reduce ores up to sizes of 0.85 mm with the use of bitumen. It is difficult to 
reduce ores of larger sizes and nickel extraction is dropped to 82.6% for 3.2-mm 
ores. 

It was established that in order to achieve a maximum nickel extraction, it would 
be adequate to add bitumen No. 1 (in an amount no greater than 4% of the ore weight) 
to ore. 

Reduction using cane-sugar extracts will provide worse results because of its low 
reduction capacity. The extracts used contained a total of about 10% carbon. 

Reporte de Investigaciones 35.12. 
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hal f o f 1976. To ta l cosl o f ihe first 
pha,sc o f the project is estimated 
al upwards o f SI35 m i l l i on . The 
company has ore reserves con­
sidered sul l ic ienl for produc ing 
more than 100 mi l l ion lb o f product 
annual ly . 

Sh imura K a k o C o . , S u m i t o m o 
Metal iVIining Co . and T o k y o 
Nickel Co . have agreed lo purchase 
the output o f Ihe plant for 15 years. 
Project par l i c ipa l ion agreemenl.s 
have been signed w i th these com-

>v 
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Rotates with belt—No Power Drive 
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insub-zero weather 

For on-the-spot ehgineering assistance, 
phone (215) 821-0210 or write 

ASGCO MANUFACTURING, INC. 

735 N. Ouincy St., Ailentown, Pa, 18103 
FLEX-O-DtSC Patented in USA 

and torcign countries 

panics and wi th M i tsu i and Co . , 
N issho- lwai Co . and Sumi tomo 
Shoji Kaisha, L t d . 

An i- \pcrimei i tal in-place. leaching 
te.sl wi l l be underiaken in A r i zona 
by Amer ican Smel l ing and Ref ining 
Co . Asarco has reached an agrce-
meni in principle with Dow Chemical 
Co , to conduct a lest o n , a deposit 
conta in ing perhaps 100 mi l l i on lons 
of o.xide ore, which may assay in 
excess o f 0.4 percent copper. 

The plan is to ieach the deposit 
w i th sulfur ic acid solul ions which 
would then be recovered through 
wells. The copper wou ld in tu rn be 
recovered f rom the soluiion.s. l l was 
poin led out iha l the projeci wou ld 
provide an addi t iona l out let for sul­
furic acid f rom ihe company's Hay­
den, A r i z , smelter. 

A copper faci l i ty is planned at the 
lead smeller o l ' Bunker H i l l Co. at 
Ke l logg, Idaho. The new plant wi l l 
process by-products f rom Bunker 
H i l f s lead and zinc smelters by 
pressure leaching, solvent ext rac l ion 
and electrowinning to produce high 
grade cathode copper at the rale o f 
appro.ximately 10 i pd . .Scheduled 
complet ion for the project is the end 
o f the lirst quarter o f 1974. Engi­
neering and construct ion manage­
ment o f the faci l i ty has been con­
tracted to Holmes & Narver, Inc. 

Use of coal rather than natural gas 
for ihe generation of electrical power 
has been "recommended in a report 
released by the A lber ta Energy 
Resources Conservat ion Board. The 
repor i suggests iha i coal probably 
wou ld provide addi t ional electrical 
energy ;it lower cosl than gas over 
the ne.xi 30 years. 

The province current ly produces 
more than 1.8 t r i l l ion cu ft o f gas 
annual ly for shipment outside the 
province. If the Board's recommen­
dat ions were adopted, an addi l iona l 
10 lo 12 t r i l l ion cu ft m igh l be re-
leasetl as surplus to the province's 
needs over the next 30 years. 

• Uescarchers at Pennsylvania State 
University believe that a plant called 
elcocharis acicularis may be one 
answer to establishing plant life in 
acid streams. The plant is described 
as a br ight green reed that is a rela­
tive o f the Bibl ical papyrus, l l has 

/nâ  , m 

been observed in acid streams in 
mats as large as a put t ing green and 
colonies o f elcocharis have been 
termed underwater oases by Richard 
Wagner, assistani professor of bot­
any at Penn State. He believes it 
migh l be used as a starter ci^op in 
which micro-organisms, algae and 
insects could lake ho ld . 

The reason the plant grows in acid 
streams is u n k n o w n , but it has to 
dale been found only in quiet pools 
or where ihere is a slight downhi l l 
grade in the stream bed. The plant 
is said to lend itself to transplanta­
t ion . 

The Cornwal l i ron ore mining oper­
ations o f Bethlehem Steel Co rp , at 
Co rnwa l l , Pa. are being shut down 
after morc than 230 years of con­
t inuous operat ion. Bethlehem had 

-been p lanning an order ly closure of 
the mines for some years, bu l last 
year hurr icane Agnes accelerated 
those plans because of inundat ion of 
underground work ings at Cornwal l . 
It is estimated that some 110 mil­
l ion tons o f ore have been mined 
f rom iwo deposils ai Cornwa l l —one 
of which outcropped and was mined 
by surface min ing methods and one 
of which occurred 150 fl below 
surface. 

Anaconda Co. has entered' into a 
SI IO.<S-niillion lease cover ing all of 
the equipment at the company's 
new I20,000-ipy pr imary a luminum 
reduct ion plant at Sebree, K y . This 
is believed to be the largest equip­
ment lease ever arranged for a single 
faci l i ty. It extends for 20 years and 
al lows for renewal or purcha.se of 
the equipment at fair market value. 

Seven equity investors provided 
S38.S mi l l ion in the form o f owner­
ship part ic ipat ions in an equipment 
i rusi and three insurance companies 
made loans tota l ing S72 mi l l ion, 
secured by the equ ipmeni . United 
Slates Leasing In ternat ional , Inc. 
negotiated equity for ihc transaction 
and I ' irsl Boston Co rp . placed the 
debt. 

The Scbrec plant is located near 
Henderson, K y . It is to begin 
product ion du r ing the second quar­
ter, l l is Anaconda 's .second reduc­
t ion plant and increases the com­
pany's annual ou ipu l capacity to 
aboul 300,000 lons o f pr imary 
a lum inum. 

Mining Congress Journal 

http://purcha.se


i r-
18 I H ^ -^ l l f J^ 

TSVETNYE METALLY / NON-FERROUS METALS 

SUBJ 
MNG 
AELI 

THE ANTICIPATED EFFICIENCY LEVEL IN HYDROMETALLURGICAL PROCESSING OF MADNEUL' 
CONCENTRATES 

UDC 669.334,012.7 ^ 

P. G e l e i s h v i l i , I . A. Te ren t ' ev , and R. N. Dvuidua 

2'c 

« « 9 

The Madneul' Mining and Concentration Combine came into operation in 1974 in the 
Bolnisi region in the Georgian SSR, mining and processing copper pyrite ore from the 
Madneul' copper-barite-polymetallie deposit. In accordance with the scheme, the basic 
product from the Combine (copper concentrate) is shipped for further processing to 
the Alaverdi Copper and Chemical Combine, where spare capacity is available in both . 
the roasting and the copper-smelting shops. Very little capital investment will there-^ 
fore be required (only for expansion of the refining process) and additional copper, * 
sulfur, and by-products will be obtained with the minimum outlay. 
However, having regard to the increased demand in the national economy for a number 

of higher-grade products and to the necessity for gradually phasing out pyrometallur­
gical processes generating large amounts of dust and gas, the Institute of Physical 
and Organic Chemistry of the Academyiiof Sciences of the Georgian SSR, the Institute 
of Inorganic Chemistry and Electrochemistry of the Academy of Sciences of the ; 
Georgian SSR, and the Caucasus Institute of Mineral Raw Materials have collaborated 
with the Nickel Industry Research and Design Institute, the Urals Copper Industry 
Research and Design Institute, and the Madneul' Combine in developing an essentially 
different (autoclave-hydrometallurgical) scheme for integrated processing of Madneul' 
copper ore mixed with Chiatura low-grade manganese ore. 

The scheme provides for the following: 
autoclave oxidizing leaching of copper concentrate; 
hydrogen reduction of copper powder and the production of various copper rolled stock 

sections by powder metallurgy methods; 
leaching the manganese carbonate ore with the residual solution from hydrogen reduction 

of copper; 
electrolysis of the manganese sulfate solution to produce active electrolytic manganese 

dioxide, a valuable and scarce product for the electrical engineering industry; 
extraction of copper, gold, and silver from the autoclave mud; 
processing the production waste. 
The autociave-hydrometallurgical scheme for processing copper and manganese material . 

was acknowledged to be the most efficient of the series of process schemes and versions 
examined (provision was made in all cases of copper powder production for processing 
to obtain copper strip). By comparison with the other 
versions, in this version commodity output increases 
by 30% and the profit is doubled, capital investment 
being approximately the same as in the other versions; 
the lowest adjusted expenditure per ruble of commodity 
output is therefore assured. 

In 1973-1974 the pilot autoclave installation at the 
Madneul' Combine was used to complete the experimental 
work on integrated autoclave-hydrometallurgical pro­
cessing of copper and manganese raw material, obtain­
ing and delivering the necessary data for final tech­
nical and economic justification of the construction 
of a hydrometallurgical plant. 

The Nickel Industry and Design Institute enlisted 
the aid of the Leningrad Research Institute of the 
State Chemical Industry Plant Design Institute and 
the State Research and Design Institute for Alloys 
and Non-Ferrous Metalworking in working out the 
technical and economic justification with various 
ways of using the autoclave copper powder (see 
Table). 
The calculations showed that processing copper 

concentrate from the Madneul' Combine with Chiatura 
low-grade manganese ore at a hydrometallurgical 
plant gave better technical and economic results 
than copper concentrate processing at the Alaverdi 
Copper and Chemical Combine, the annual saving being 
10.7 million rubles. 

Principal Technical and 
Economic Results of Hydro-
metallurgical Processing 

of Copper Concentrate 

Indices 

Capital axpendituras,' 
millions of rubles 

Clrcul.capital, nil. T . . 
Prod'uctlve capital, ( 
oilllons of rubles.... 

Capital expentllVure'^i -
ruble of comioaity 
output, rubles 

Return on capital,'r/r. . 
Prine cost of commodity -
OP*-out. mil. of rubles 

expenditure per ruble 
of commodity output k. 

Profit, mil. of rubles. 

Profitability, t of 
productive capital 

Anortization period of 
capital Investaent yr. 

Copper prod­
uct vereiona 

u u w 
94,0 
6,0 

100,0 

1.44 
0,69 

40,1 

57.7 
29,4 

29,4 

3,2 

• 

ô loi,; 
UauA 

101,8 
6,0 

107.8 

J.47 
0.68 

40.7 

ss.e 
28,7 . 

26.6 

3,5 
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101,8 
G,0 

107.6 

1,«7 
0,f* 

40,7 

l i i . i ' 
28,7 

26.0 
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The economic efficiency level of the hydrometallurgical scheme is governed by the 
•following: 

a) the use of processes for the treatment of copper concentrate and the production 
of copper powder which ensure full utilization and a high degree of extraction of 
ninerals without producing harmful gases, dust, and effluents; 
b) the intake into production of low-grade manganese material for which there is no 
industrial demand at present; 
c) the utilization of the industrial effluent in various branches of the national 
economy. 
The principal technical and economic results of the process scheme are given in the 

•Table. 

Note: in publishing this paper the Editorial Board view is that the problem touched 
upon requires additional study, taking account of the solution of the problem of eco-
noaic efficiency in the tenth five-year plan. 

i-̂ i'-. 
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An extremely effective method of precipitating platinum metals using thiourea is 
widely used in analytical practice. This method is unsuitable for industrial use be­
cause of the need for evaporating large volumes of acid solutions to a sulfuric acid 
concentration of about 80% (to achieve a temperature of 200-220''C). The possibility 
of precipitating platinum metals using thiourea with solution heating in an autoclave 
was therefore studied. 

m 

^ 

pn 

Autoclave Extrac t ion of Precious Metals with Thiourea 

I n d i c e s 

Content : 
in i n i t l a ; s o l u ­
t i o n , mg/l 

in d i s cha rged 
s o l u t i o n , m g / l . . 

in s o l i d r e s i d u e 
1 

IS t t rac t ion from 
s o l u t i o n , % 

" Content in q 

Rb 

86 

Undet. 

1.0 

100 

/ I 

Ru 

32 

undet. 

0,35 

100 

Ir 

13 

3,7 

0,10 

71 

Ag 

28 

Ondet 

1.65 

100 

Se 

0,3 

T« 

140 

75 

1.3 

64 

Al 

80* 

780" 

0,3 

H.SO. 

220' 

220* 

Cu 

30* 

50 

Nl 

25* 

4 

wo 

ao 

so 

fO 

J 
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too 
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Relationship of Ru extrac­
tion (a) and Ir extraction 
.(b) from the solution to 
the tellurium extraction 
at temperatures of: 
X - leO'C; - 180-190°C 
0 - 210°C. 

Solutions of the following composition (in g/liter) 
were used: 150-250 HzSO^, 4-30 Ni, 20-30 Cu, 1-3 Me, 
and 0.8-1.5 As; in mg/liter: 80-200 Rh, 30-80 Ru, 10-
-30 Ir, 0-40 Ag, 30-80 Se, and 150-700 Te; Pd and Pt 
were absent. Thiourea was added to the test solution, 
which was then heated to the prescribed temperature, 
and cooled and filtered after holding for 10-20 min. 
Autoclaves were used without mixing, because the pro­
cess being studied consists of the formation of sol­
uble thiourea complexes and their subsequent thermal 
breakdown to form metal sulfides, i.e., the initial 
system is homogeneous. The thiourea consumption va­
ried from 1.2 to 25 g/liter, and the temperature '. 
from 160 to 220°C. 
The experiments showed that rhodium was completely precipitated in all the routines 

tested. For complete extraction of all the platinum metals, including iridium, a tem­
perature of 210-220"C is required and a thiourea consumption permitting complete pre­
cipitation of tellurium (see Fig.). Precipitation of Se and Ag in the entire range 
of temperatures studied (160-220''C) preceded precipitation of Ru and Ir and was comp­
lete; there was practically no precipitation of As. 
The precious metals content of the residue is determined first by the thiourea con­

sumption, because the entire excess of thiourea goes to precipitate copper; second, 
it is determined by the relative Se and Te content of the solution. Under optimum 
conditions, the residues contain (in % ) : 1.2-2,7 total platinum metals; 3-4 Te, 0.3-
-0.4 Se, and 1.2-1.3 As, with the remainder copper sulfide. 
Calcining at 600°C followed by leaching with sulfuric acid solution.(100 g/liter) 

were used to concentrate this primary product. Under these circumstances a concent­
rate containing 13% total platinum metals and 13% Ag was produced from a residue con­
taining 1.3% total platinum metals, 1,3% Ag, and 1% Te. 
No more than 1-2% platinum metals passed into solution during leaching; in view of 

its small amount this solution is returned to autoclave precipitation with the initial 
solution. Industrial tests were made in a continuous column-type titanium autoclave 
with a 300-mm column diameter. Thiourea (5 kg/m^ was added beforehand to the initial 
solution, from which Pd, Pt, and Au were absent, and it was fed into the autoclave 
(pressure in last column 10-11 gauge atmosphere). Heating was by live steam to an av­
erage temperature of ISO'C, and holding time was 1 hr. Under these conditions, Rh, 
Ru, and Ag were entirely precipitated, and precipitation of Ir and Te was 17% and 64%, 
in complete accordance with the laboratory tests (see Table). Live steam should not 
be used because it dilutes the solution; external heating maintaining a solution tem­
perature of 210-220"C IS the most effective. 
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EXECUTIVE SUMMARY 

A. OBJECTIVES AND SCOPE 
At the request of the Department of Energy, the University of Utah, Arthur D. Little, Inc., 

Mountain States Research, Inc., and Ford, Bacon and Davis Utah Inc. have undertaken an 
assessment of energy expenditures in various copper producing processes. Objectives may be 
listed as follows: 

• Determine energy expenditures in existing and recently developed copper tech­
nology; 

• Aid government and industry in screening and developing processes which are least 
energy intensive; 

• Provide infonnation that will direct research toward constructive areas for energy 
conservation; and 

• Compile and disseminate energy analyses for selected new technology areas to 
industry and government. 

The processes selected for study along with the companies primarily concerned with 
analyzing each process are listed in Table A-1. The University of Utah acted as prime contractor 
for the project with Arthur D. Little, Mountain States Research and Ford, Bacon and Davis Utah, 
acting as principal sub-contractors. In most cases the University of Utah personnel acted as 
advisors and coordinators on each process. 

It must be strongly emphasized that the analysis undertaken in this report is strictly on an 
energy basis and does not directly address economic considerations or, in some cases, the 
technological fecisibility of the processes considered. These areas would have to be evaluated 
carefully before an overall decision could be made to adopt a given process. Likewise a complete 
evaluation would have to include the consideration of the nature of the ore, its composition and 
plant location and capacity in determination of process feasibility. 

B. APPROACH 
Several recent efforts for the estimation of copper processing energy requirements are evi­

dent in the literature. Articles by Kellogg (1974, 197t) and Kellogg and Henderson (1976) 
consider energy consumption for producing copper from nine pyrometallurgical processes. A 
study by .Arthur D. Little (1976) delineates energy requirements in relation to pollution control 
requirements in some of the newer processes. Fairly complete assessments of energy use in 
conventional copper production have been attempted by Battelle Columbus Laboratories (1975) 
and by Gordian j\ssociates (1975). A thorough and detailed analysis, however, of energy expendi­
tures for the complete range of copper processing is not presently available. 

1. Criteria for Process Selection 
Ores of copper are classified as sulfide, native copper or oxide. Of these, sulfide porphyry 

deposits account for about 90% of the U. S. production, most ofthe world output, and most ofthe 
estimated commercial copper reserves of the world. Therefore, this study focuses on processes 
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TABLE A-1 

COPPER PROCESSES EVALUATED/COMPANIES ASSIGNED FOR EVALUATION 

Process 

Mining Operations 

Mineral Processing Operations 

Gas Cleaning 

Acid Plant 

Refining 

In Situ Solution Mining 

Copper Cementation 

Conventional Smelting 

Impurity Control 

Electric Furnace Smelting 

Outokumpu Flash Smelting 

INCO Flash Smelting 

Top Blown Rotary Converter Smelting 

Noranda Continuous Smelting 

Mitsubishi Continuous Smelting 

Queneau-Schuhmann Continuous Smelting 

AMAX Dead Roast Blast Furnace Smeiting 

Segregation Process 

Thermo Electron Chlorination Process 

Oxy-Fuel Reverberatory Smelting 

Oxygen Sprinkle Smelting 

Arbiter Ammonia Leach Process 

Roast Leach Elearowin Process 

Cymet-Ferric Chloride Process 

Sherritt-Cominco Process 

Nitric-Sulfuric Acid Leach Process 

University of Utah — Martin Marietta Process 

Electrosiurry-Envirotech Process 

Roast/Sulfite Reduction Process 

Section 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

2.11 

2.12 

2.13 

2.14 

2.15 

2.16 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.7A 

3.8 

Company 

Ford, Bacon and Davis Utah, Inc. and 
University of Utah 

Mountain States Research and Development 
and University of Utah 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

Mountain States Research and Development 
and University of Utah 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

Mountain States Research and Development 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

Ford, Bacon and Davis Utah, Inc. 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

AMAX 

Ford, Bacon and Davis Utah, Inc. 

Mountain States Research and Development 

University of Utah 

Arthur D. Linle, Inc. 

Arthur D. Little, Inc. 

Mountain States Research and Development 

Arthur D. Little, Inc. 

Arthur D. Little, Inc. 

Ford, Bacon and Davis Utah, Inc. 

Arthur D. Little, Inc. 

Envirotech Corporation 

Ford, Bacon and Davis Utah, Inc. 



that extract copper from sulfide ores. Sulfide ores, after mining, are primarily treated by 
crushing, grinding and froth flotation to produce a concentrate of sulfide minerals. In contrast, 
many oxide ores are not amenable to concentration and are treated with dilute sulfuric acid to 
dissolve the copper. 

The extraction of copper from sulfide ores is conveniently divided into four segments: 

• mining — ore containing 0.4 to 2% copper is blasted and excavated; 

• beneficiation — copper minerals are crushed, ground and separated from the 
gangue materials to produce a concentrate containing about 25% to 30% copper; 

• smelting — concentrates are smelted and reacted to produce anode copper contain­
ing 98% to 99% copper; and 

• electrorefining — the anode copper is refined to produce over 99.9% pure cathode 
copper. 

This report evaluates a wide range of processes covering the spectrum from those that have 
been in operation on a full scale to those on which data are still being gathered on a laboratory 
scale. These processes cover the treatment steps necessary for the production of cathode quality 
copper from sulfide resources. 

The front-end processes for the production of concentrates (i.e., mining and beneficiation) 
are analyzed sepeu'ately to define the important parameters that affect overall energy consump­
tion in the production of copper. For the remainder of the analysis, a fixed concentrate input 
compKisition is assumed. Plants of conventional size (i.e., 100,000 tons/year of copper) for pyrome­
tallurgical and hydrometallurgical processes are considered. The process criteria are: 

Mill Feed Grade 
(Dry Basis) 

• 0.55% Copper 

Mill Concentrate Grade 
(Dry Basis) 

• 25% Copper 
• 28% Iron 
• 31% Sulfur 

Annual Plant Capacity 

100,000 Tons Cathode Copper 

Cut-Off Grade 

• 0.29% Copper 

Mill Recovery 

• 87.5% 

Base for Comparison 

Conventional Reverberatory 
Smelting: 98.7% Recovery 

The subject matter in the text is organized into three general groupings: Front-end Oper­
ations, Pyrometallurgy and Hydrometallurgy. Within each section, individual processes are 
presented in an essentially random sequence, reflecting the order in which the information was 
received and developed and the inclusion of additional processes during the course of this study. 
Summary information, however, is organized under the headings: Older Proven, Newer Proven 
and New Unproven for pyrometallurgical processes and Commercial Processes and New Unpro­
ven Processes for hydrometallurgical processes. 

Table B-1 lists the processes analyzed to be compared to the conventional processes they 
replace. Production steps from mining through refining or reduction are indicated. 



TABLE B-1 

PROCESS STEPS ANO CLASSIFICATION USED IN THIS STUDY 
COMPARISON IS MADE TO CONVENTIONAL SMELTING 

Conventional Processes 

Older Proven Process 

Older Proven Process 

Older Proven Process 

Newer Proven Process 

Newer Proven Process 

Newer Proven Process 

New Unproven Process 

New Unproven Process 

New Unproven Process 

New Unproven Process 

New Unproven Process 

New Unproven Process 

Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pil Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Berteficiatlon 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Grinding and Froth 
Flotation 

Smelting 

Reverberatory 

Outokumpu Flash 

INCO Flash 

Electric Furnace 

Noranda Continuous 

Mitsubishi Continuous 

Oxy-Fuel Reverberatory 

Top Blown Rotary Converter 

Refining 

Electrorefining 

Electrorefining 

Electrorefining 

Electrorefining 

Electrorefining 

Electrorefining 

Electrorefining 

Electrorefining 

Queneau-Schuhmann Continuous Electrorefining 

Oxygen Sprinkle Reverberatory Electrorefining 

AMAX Dead Roast Blast Furnace Electrorefining 

Segregation 

Thermo Electron Chlorination 

Electrorefining 

Electrorefining 



TABLE B-1 (Continued) 

Mining 

Commercial Hydrometallurgical Open Pit Mining 

Processes 

Commercial Hydrometallurgical Open Pit Mining 

Processes 

New Unjiroven Processes 

New Unproven Processes 

New Unproven Processes 

New Unproven Processes 

New Unproven Processes 

New Unproven Processes 

In Situ Solution Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Open Pit Mining 

Partial Underground 

Mining 

Beneficiation 

Grinding and Froth 

Flotat ion 

Grinding and Froth 

Flotation 

Grinding and Froth 

Flotation 

Grinding and Froth 

Flotation 

Grinding and Froth 

Flotation 

Grinding and Froth 

Flotation 

Grinding and Froth 

Flotation 

Grinding and Froth 

Flotation 

None 

Leaching 

Arbiter Ammonia 

Roast-Leach 

Sherritt/Cominco 

Nitric-Sulfuric 

Acid Ferric Sulfate 

Electroslurry-Ferric Sulfate 

Cymet Ferric Chloride 

Roast/Sulfite 

Leaching in Place 

Reduction 

Electrowinning 

Electrowinning 

Electrowinning 

Electrowinning 

Electrowinning 

Electrowinning 

Hydrogen Reduction 

Ammonium BisulHle 

Solvent Extraction — 

Electrowinning 



2, Method of Analysis 
The analysis involved the calculation/estimation of material balances for each process 

based on available data. It should be noted that, when available, actual operating data for unit 
operations have been used. In addition, several general processes, such as gas cleaning, sulfuric 
acid production, and electrorefining common to most processes were considered. Next, a Level 1 
analysis was performed which calculated the fossil fuel equivalent of all forms of purchased 
energy consumed in the process, and credited for byproduct heat recovery only in those cases 
where such heat recovery was carried out in plant practice. In addition, a Level 2 analysis was 
performed where the fossil energy equivalent of the major materials consumed in each process 
was evaluated separately. Table B-2 lists the energy values for various energy sources and 
commodities utilized in this study. This analysis of individual processes was supplemented by a 
theoretical analysis of energy requirements to go from a pre-defined initial state (e.g., sulfide 
concentrates) to a pre-defined final state (e.g., blister copper at 1200°C, slag at 1200*'C, and off-
gases at 400''C), in order to estimate the minimum energy requirements. Since impurity behavior 
is a major impediment to the widespread adoption of some of the newer pyrometallurgical 
technology, it has been investigated separately. 

TABLE B-2 

ENERGY VALUES FOR FUELS, 
OTHER ENERGY SOURCES AND COMMODITIES 

Commodities 

Metallurgical Coke 
Distillate Fuel Oil 
Natural Gas 
Elearical Energy 
Steam 
Carbon Electrode 
Graphite Elenrode 
Limestone 
Nitric Acid 
Refractory 
Sand (silica sand) 
Oxygen 
Lime 
Sulfuric Acid 
Ammonia 
Hydrogen 
Scrap Iron 
Nitric Acid 
Ammonium Nitrate Blasting Agent 

Unit 

Net Ton 
Gallons 

Cubic Foot 
Kilowatt-hour 

Pound 
Net Ton 

do 
do 
do 
do 
do 
do 

Pound 
Net Ton 
Net Ton 
Net Ton 
Net Ton 
Net Ton 
Net Ton 

Million Btu per 

31.5 
0.139 
0.001 
0.0105 
0.0014 

82.0 
160.0 

0.104 
14.2 
26.6 

0.042 
4.41 
0.0027 
0.83 

41.73 
234.0 

18.0 
14.2 
30.0 

Source: U.S. Department of the Interior, Bureau of Mines Information Circular, IC 8781, 
1978. 



It is important to note that all pyrometallurgical processes are strictly comparable (i.e., the 
iron in the concentrate ends up as a silicate slag and the sulfur in the concentrate ends up as 
sulfuric acid). In the hydrometallurgical processes, the iron ends up as a variety of jarosites or iron 
oxides while the sulfur either remains in the elemental state or is converted to throwaway gypsum 
and/or jarosites. The byproduct sulfur has not been allowed any credit in energy balances. If such 
credit were allowed (on the basis of comparing this sulfur against Frasch sulfur), the energy per 
ton of cathode copper would decrease by about 6% but a similar credit would have to be given 
those processes producing sulfuric acid or liquid SO,. 

Similarly, refractory consumption data for a wide variety of pyrometallurgical processes 
were not generally available and therefore refractory consumption waa excluded from Level 2 
analysis in many instances. However, such consumption appears to fall in the range of 20-50 lb of 
refractory per ton of cathode copper which is equivalent to less than 1% of the total energy 
consumed in cathode copper production. Similarly, no credit has been allowed for by-product 
metals. 

In this energy analysis, actual operating data have been used for the various unit operations, 
when such data were available. This accounts for differences among similar unit operations. For 
these, no attempt has been made to rationalize these variations. For Level 2 values, broad 
variations are to be expected since consumables are process specific. 

C. ASSESSMENT OF ENERGY CONSUMPTION 

1. Mining and Concentration 
Today open pit mining is extended to depths of as much as 1,500 feet below the rim. The 

energy use and dollar cost of hauling rock from such depths become limiting factors in determin­
ing the life of the surface mining operation. Ejiergy use and dollar cost optimization represent 
separate analysis strategies. There is an increasing bias relative to energy optimization as its 
availability is constrained, as its unit cost goes up, as mining proceeds to ores of lower grade, and 
as environmental protection regulations increase. The cutoff grade significantly affects the 
tonnage of the ore going to the mill and the tonnage going to dump leaching. Using an average 
mill feed grade of 0.55% copper and a cutoff grade of 0.29% copper, the energy use in mining 
(Level 1 plus Level 2) is listed in Table C-1. The analysis is presented in terms of energy per ton of 
cathode copper produced and is based upon a copper recovery of 87.5% in concentrating and 
98.7% by conventional smelting. From a sensitivity analysis which varies the cutoff grade, it can 
be shown that the energy per normalized ton of cathode copper charged to mining decreases, 
while that charged to milling increases. The resulting counter-active changes produce a small net 
energy difference in the overall energy requirement; although a minimum is indicated at a cutoff 
val-je of 0.4% copper. 

The increased recovery of copper from dump leaching as the cutoff grade increases does not 
markedly decrease the average energy use per ton of cathode copper produced. This insensitivity 
results from the high energy use in current dump leaching practice. Conversely, the energy use 
per net ton of cathode copper produced is very sensitive to stripping ratio and pit depth. 

Energy use in milling is very sensitive to mining cutoff grade when normalized in terms of 
cathode copper produced. The approximate energy use per net ton of ore-milled (Level 1 plus 



TABLE c-1 

ENERGY USE IN MINING FOR A 
STRIPPING RATIO OF 1.25 

Unit 

Drilling 
Blasting 
Loading 
Hauling 
Ancillary 

Million Btu's |>er Ton 
Cathode Copper 

0.612 
3.895 
1.849 

13.137 
0.638 

% 
Total Mining Energy* 

3.0 
19.4 
9.2 

65.2 
3.2 

Total 20.131 100.0 

'Level 1 plus Level 2. 

Level 2) is 0.156 million Btu of which 60% is in the grinding step. Assuming an average recovery of 
87.5% in concentration and 98.7% in conventional smelting, milling energy is 42.57 million Btu 
per net ton cathode copper when produced from a mill head ore grade of 0.55% Cu. 

It appears that major improvement in energy use in milling will require optimized energy 
use in grinding. This conceivably may be achieved by the application of stabilizing control 
strategies in the grinding operation itself and in related operations such as flotation and classifi­
cation. This analysis points to potential energy savings in the use of autogenous and semi-
autogenous mills for certain copper sulfide ores. Also pebble mills may be an attractive option for 
grinding when viewed in terms of energy optimization. 

The tonnage of ore mined and beneficiated depends upon the final recovery inherent in the 
pyrometallurgical or hydrometallurgical process used. The results of a sensitivity analysis are 
presented in Table C-2. Clearly the energy of mining and beneficiation is relatively insensitive to 
recovery for the range of 97.0 to 99.5 percent recovery. 

TABLE C-2 

ENERGY FOR MINING ANO BENEFICIATION 

End Process Recovery 

97.0 
97.5 
98.0 
98.5 
98.7' 
99.0 
99.5 

Million Btu/Ton Cathode Copper 

Mining 

20.48 
20.38 
20.27 
20.17 
20.13 
20.07 
19.97 

Concentration 

43.32 
43.09 
42.87 
42.66 
42.57 
42.44 
42.23 

Total 

63.80 
63.47 
63.15 
62.83 
62.70 
62.51 
62.20 

*Base Case is 98.7% recovery for conventional smelting and refining. 

8 



2. Pyrometallurgical Technology 
Table C-3 lists the energy use evaluated for several older and newer commercial and 

proposed pyrometallurgical processes. Included in the table are Level 1 plus Level 2 values for 
each process. The range of values for each category are also listed. The mining and milling values 
may be adjusted relative to conventional smelting with a recovery of 98.7% according to Table C-2. 

TABLE C-3 

ENERGY USE IN COPPER PYROMETALLURGY TECHNOLOGY 
FOR SMELTING AND REFINING 
(Million Btu/Ton Cathode Copper) 

Category Process 

OLDER Conventional Smelting (Green Charge) 
PROVEN Conventional Smelting (Calcine Charge) 
PROCESSES Electric Furnace Smelting 

Outokumpu Flash Smelting 
INCO Flash Smelting 

NEWER Noranda Continuous Smelting 
PROVEN Mitsubishi Continuous Smelting and Converting 
PROCESS Oxy-Fuel Reverberatory Smelting 

NEW • Top Blown Rotary Converter Smelting 
UNPROVEN Queneau-Schuhmann Continuous Smelting 
PROCESSES Oxygen Sprinkle Smeiting 

AMAX Dead Roast Blast Furnace Smelting 
Segregation Process 
Thermo-Elearon Chlorination Process 

Total 
Level 1 plus Level 2 

35.16 
30.92 
42.97 
18.92 
21.25 

24.00 
19.76 
28.62 

23.56 
22.63 
22.43 
19.58-H.5* 
21.03 
20.20 

Range 

30-44 

19-21 

20-29 

20-24 

To obtain the total energy required for producing a ton of cathode copper the energy for mining and 
concentrator operations must be added. For a 98.7% recovery in the smelting operation the estimated 
mining energy Is 20.13 and concentrator energy is 42.57 million Btu/ton cathode copper. 

'Value reported by AMAX for elearo-refining is approximately 1.5 million Btu less than value used 
for other processes in this study; also, energy requirement for fugitive emissions control is not included. 

It is important to note that the energy-based comparison amongst processes can be signifi­
cantly different from an economic comparison between same processes since the labor and fixed 
capital requirements for the processes may vary considerably. Similarly, the processes produce 
different tjnpes of environmental intrusions (fugitive emissions, waste water, slag and sludge) and 
the costs or future potential cost of dealing with these streams may vary from process to process. 
What is presented here is a comparative discussion ofthe processes based on energy consumption 
alone. 

Table C-3 shows that conventional smelting is energy intensive. It uses large quantities of 
hydrocarbon fuels, deriving little energy from the combustion of the sulfides. Hot calcine smelt-



ing (roast-reverberatory) practice is less energy intensive than green charge practice by 
approximately 4 million Btu, mainly resulting from lower fuel and air requirements and the 
resultant decrease in the volume of offgas which must be handled. The Oxy-Fuel process at about 
29 million Btu shows considerable improvement over conventional smelting. More important, 
while sulfur recovery as acid in conventional smelting is below 70%, sulfur recovery in Caietones 
Oxy-Fuel smelting would be over 90%. 

Electric Furnace Smelting is the most energy intensive of all of the pyrometallurgical 
processes analyzed in this study. The addition of fluid bed roasting could reduce the fuel 
requirements by approximately 3 million Btu's per ton of cathode copper. 

It is evident (see Table C-3) that two of the older proven processes based on matte smelting, 
Outokumpu Flash Smelting and INCO Flash Smelting, fall in the lowest range of energy 
consumption (19-21 million Btu per net ton cathode copper produced). This is a significant 
improvement over conventional smelting and illvistrates the important conclusion that with the 
many technological improvements incorporated in these processes over the last 30 years, there 
has been a significant improvement in energy efficiency. Newer proven processes (based on matte 
smelting) fall in the mid-range of energy consumption (19-29 million Btu/net ton cathode copper 
produced). These are the Mitsubishi, Noranda and Oxy-Fuel Processes. Of these the Mitsubishi 
and Noranda Processes are at the lower end of the range and are close in energy consumption to 
the flash smelting processes.lt should be noted that improved reactor design in general also 
makes these processes more environmentally acceptable. This is particularly true for devel­
opments which reduce converter aisle-type operations in a process, reducing fugitive emissions. 

Six processes are newer, unproven processes and fall into two categories. Three of these 
processes are based upon matte smelting. They are TBRC, Q-S, and oxygen sprinkle smelting. 
These three processes fall in the same energy range (20-24 million Btti/net ton cathode copper 
produced) as other newer processes based on matte smelting. Three processes, not based on matte 
smelting, are the AMAX Dead Roast Blast Furnace, Segregation and Thermo Electron processes. 
These processes similarly show relatively low energy usage. However, the energy values for the 
Amax Dead Roast Blast Fiumace process would have to increase for controlling fugitive emissions. 

The AMAX Dead Roast Blast Furnace process and the Segregation process, have been 
tested only on a pilot plant basis, but not on a commercial scale. The Segregation process has 
been tested on a commercial scale for refractory silicate ores but not on roasted calcines. It is 
difficult to analyze the Thermo Electron Corp. process comparatively, since background data are 
incomplete and are based on bench scale tests only. 

As stated earlier, when available, actual operating numbers for the various unit operations 
have been used. This accounts for the variation in values presented for similar steps in Level 1 
analyses. Some differences such as smelting energy and surplus steam generation are expected for 
the various pjo-ometallurgical processes. Also, although process units perform similar functions in 
different processes, operating conditions such as matte grade, degree of oxygen enrichment in 
smelting and converting, air preheat etc. vary considerably leading to differences in energy 
requirements. Other process steps should be similar. For these, no attempt has been made to 
rationalize the variations although subtle differences may, in fact, exist for the separate processes. 
Where the deviation is large, special note is made of the differences. Broad variations are 
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expected for Level 2 values since consumables are process specific. Table C-4 lists the Level 1 plus 
Level 2 values for unit operations within each process illustrating the degree of variation. Some of 
the major variations are: 

• The energy requirements for electric smelting are highest reflecting to a large extent 
the inefficiency of power generation based on fossil fuels. 

• The fugitive emissions control energy use for the Mitsubishi Process is 
approximately 25% of that attributed to other processes reflecting the transfer of 
molten matte through launders. For the Q-S Process no energy has been assigned 
for fugitive control, since all the processing will be done in a single reactor. For 
electric smelting, energy for fugitive emission is not listed separately but is included 
under cold gas cleaning. The energy for fugitives emission control is likely to be 
similar for the Segregation procesa and the Amax Dead Roast Blast Furnace process 
because they both involve handling of dusty calcines. Although Table C-4 shows 
3.57 million Btu/ton for fugitive emission control in the Segregation process, the 
actual requirements need to be established for both processes. 

The values shown in Table C-3 may be compared to the values reported by Kellogg and 
Henderson (1976) for several pyrometallurgical processes. This comparison is showii in Table C-5 
where the Kellogg & Henderson values have been adjusted to the same basis as Table C-3 by 
adding an average value of 3.57 million Btu/ton copper for fugitive emission control and 4.69 
million Btu/ton for electrorefining. 

Evolutionary development of pyrometallurgical processes employing matte smelting 
chemistry may be viewed in terms of two major developments beyond conventional reverberatory 
smelting; namely, flash smelting and continuous processing. In the future, energy saving features, 
improved environmental acceptability, minimal loss of copper in the slag, large capacity, fugitive 
emission control and design features minimizing heat loss must receive special attention. The 
conventional reverberatory-Pierce Smith process is clearly obsolete. Flash furnace technology, 
now over 30 years old, and well proven, may be viewed as modem transitional-proven technology, 
while Mitsubishi and Noranda are modem continuous-proven processes. It is difficult to assess 
whether or not these latter two are transitional. Mitsubishi uses three smelting steps and, while it 
is effective in conserving on fugitive emission energy requirements, it deviates from a single 
reactor concept. The Noranda process is too new to assess from this point of view. It is continuous, 
but slag cleaning appears to be a problem. Oxygen sprinkle smelting by these citeria may be 
viewed as transitional, unproven. representing a potentially significant linking between older and 
newer technologies. The TBRC is difficult to analyze in the same framework as the other 
processes mentioned, except it must be considered at this point as somewhat unproven for large 
scale smelting of copper. It is limited in size, operates best on high grade mattes and has the 
added capability of fire refining. The Q-S process as designed is capable of going from copper feed 
to blister copper and falls in the category of modem and continuous-unproven processes. A 
similar version, the QSL (Queneau-Schuhmann-Lurgi) process for lead is now at the demonstra­
tion stage in Germany by Bundes Minesterium Siir Forsching und Technologie. The demonstra­
tion plant (250 tpd galena) is funded at a level of S25 million U.S., one-half by German industry 
and one-half by the (jerman government with tests to be completed by the end of 1982. 
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TABLE C-4 

ENERGY (MILLION BTU/NET TON COPPER) COMPARING SIMILAR STEPS IN PYROMETALLURGICAL PROCESSES 

Section 

Process 
Designation 

LEVEL 1 
Materials Handling: 
Dry or Roast: 
Heat Recovery 

SMELTING 
Fuel 
kWh 
Surplus Steam 

CONVERTING 
kWh 
Fuel 
Slag Cleaning 

GAS CLEANING 
Hot Gas 
Cold Gas 
Fugitive Emissions 
Acid Plant 
Water 
Anode Furnace 

Electrorefining 

2.5 2.3a 

o . g> 
. H 8 s . £ •§ .15 
u C a S '^ c S 
Hi u. O CA O M S 

2.67 

19.03 

2.92 
3.58 

.78 
2.21 

4.74 

5.10 

.73 

25.01 
.64 

-10.00 

1.63 
.54 

4.03 
.25 

3.57 
2.27 

.10 
6.82 

2.3b 

T3 e u o . o. 

S.f.g S ±: o 
o I ^ 
o M o 

.73 

.66 

14.50 
.64 

-4.35 

1.26 
.32 

2.83 
.40 

3.57 
3.87 

.10 
5.82 

2.15 

S 

>• > 
X » 
O cc 

2.10 

. - 3 oa g 

? I f? ! 
S 8 £ » c 

.73 
1.35 

9.27 
.64 

3.71 

1.63 
.50 

1.27 
.48 

3.57 
4.51 

.10 
5.82 

1.29 

6.46 
1.58 
8.00 

1.42 
.25 

1.35 

.86 

.32 

.89 
4.08 

.10 
5.82 

2.9 

.79 

.80 

3.72 
1.26 

-1.82 

.37 

.09 
1.31 

.69 

3.57 
3.10 

5.82 

2.11 2.16 2.7 2.8 2.6 2.12 

'•^ CO 

.66 
1.47 

.13 

.05 

4.30 
.10 

5.82 

.73 
1.72 

1.38 
.64 

1.09 

1.26 
.23 

.64 

.24 
3.57 
3.91 

.10 
5.82 

.73 
1.86 

.05 

0.94 

.59 

.31 
3.57 
3.19 

.10 
5.82 

a § S o o E 3 - 5 K 9 x a E ?,SE o o o 
Z O M O M O f O S M S U . M I-CC O 

.73 
1.86 

.40 
1.16 

.51 

.34 
3.57 
4.09 

.10 
5.82 

E s> 3 i 

3 -S E S 3 .s 
O u. M < a ta 

.57 
1.23 

.80 

3.43 

.64 

1.49 

0.42 
0.21 
3.57 
3.86 

.10 
5.82 

1.58 
-4.73 

10.88 
1.27 

- .50 

.84 

4.18 

6.03 

TOTAL LEVEL 1 

LEVEL 2 
Misc. Materials 
Oxygen 
Electrodes 
Fluxes 
Water 
Anode Furnace 

Electrorefining 

TOTAL LEVEL 2 

41.03 

.86 

.12 

.51 

1.49 

34.59 

.04 

.08 

.47 

.59 

30.35 

.03 

.08 

.47 

.58 

26.16 

1.88 

.04 

.08 

.47 

2.47 

17.08 

.63 
1.29 
0.16 

.06 

.08 

.47 

2.69 

19.70 

.65 
3.17 

.02 

.47 

4.31 

12.53 

2.80 
6.70 

.05 

.08 

.47 

10.10 

19.15 

2.71 

.03 

.08 

.47 

3.29 

17.16 

3.53 

.02 

.08 

.47 

4.10 

18.58 

0.13 
4.74 

.02 

.08 

.02 

4.99 

15.28 

.04 
3.04 

.01 

.08 

.47 

J.64 

19.55 

.03 

.01 

.04 

GRAND TOTAL 42.52 35.18 30.93 28.63 19.77 24.01 22.63 22,44 21.26 23.57 20.87 19.59 



TABLE C-5 

COMPARISON OF TOTAL ENERGY (LEVEL 1 PLUS LEVEL 2) 
WITH VALUES FROM KELLOGG AND HENDERSON (1976) 

FOR SEVERAL PYROMETALLURGICAL PROCESSES 

Total Energy Consumption 
Level 1 plus Level 2 

(Million Btu/Net Ton Cathode Copper) 
Process This Study Kellogg and Henderson (1976)^ 

Conventional Smelting: Green Charge 35.16 26.73 
Conventional Smeiting: Calorie Charge*̂  30.92 23.84 
Electric Furnace Smelting^ 42.97 32.55 
Outokumpu Flash Smelting^ 18.92 20.51,23.69 
INCO Flash Smelting^ 21.25 18.20 
Noranda Continuous Smelting^ 24.00 20.53, 29.41 
Mitsubishi Continuous Smelting^ 19.76 22.21 

a. Add to Kellogg values, 3.57 million Btu/ton cathode copper for fugitive emissions and 4.69 million 
6tu/ton cathode copper for electrorefining. 

b. This study: no air preheat; Matte Grade — 42.0%. 
Kellogg and Henderson: 72% preheated to 220''C, Matte Grade - 35%. 

c. This study: no air preheat; Matte Grade — 50.0%. 
Kellogg and Henderson: 72% preheated to 220°C. Matte Grade - 43.5%. 

d. This study: no air preheat; Mane Grade — 41%. 
Kellogg and Henderson: no air preheat. Matte Grade — 35%, 

0. This study: enriched air 36.5 wt % oxygen, preheated to 200°C, Mane Grade - 65%. 
Kellogg and Henderson: (1) air preheat at 77% to lOOO^C, low oxygen enrichment Matte Grade - 59%. 

(2) air preheat 80% to 200°C, higher oxygen enrichment Matte Grade - 61.4%. 
f. This study: oxygen, Matte Grade — 50.45%. 

Kellogg and Henderson: pure oxygen. Matte Grade — 54.3%. 
g. This study: oxygen enrichment. Matte Grade - 70% Cu. 

Kellogg and Henderson: (1) Blister copper, no air preheat. 
(2) Oxygen enridiment, Matte Grade - 75% Cu. 

h. This study: Oxygen enrid>ment (40.9%), no preheat, Matte Grade — 65%. 
Kellogg and Henderson: air preheat 25% to 275°C. 

moderate oxygen use. Matte Grade - 64.5%. 

Following the above logic and using the data of this study, it appears that the reactor of the 
future, with a production capacity of 100,000 tons per year, most likely will be a single continuous 
reactor capable of minimizing convective and radiative heat loss, fugitive emissions, and effective 
in removal of impurities. Such a single reactor should meet the following conditions: 

• Produce blister copper low in impurities; 

• Produce a clean slag; 

• Increase SOj concentration and minimize gas volume; 

• Fully ultilize the fuel energy in the copper-iron sulfide feed; and 

• Provide close control over emissions. 

For smaller operations, e.g., 25,000 tons per year, other options appear likely, e.g., the TBRC may 
be well suited to plants of this size as may be several hydrometallurgical processes. 
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3. Hydrometallurgical Technology 
Table C-6 lists the Level 1 plus Level 2 energy requirements for the eight hydrometallurgical 

processes considered in this study. Energy usage for in situ solution mining is also included, and is 
discussed in Section C.4. The hydrometallurgical processes sire grouped according to three ranges 
of energy (Level 1 plus Level 2) required. The total energy values, including mining plus 
beneficiation, are also listed in Table C-6. The table clearly shows that hydrometallurgical 
processes in general are more energy intensive than smelting. This comes mainly from high Level 
2 components and ineffective use of the heat of reaction. The processes having lowest Level 2 
components, viz., Roast-Leach-Electrowin, Cymet Ferric Chloride Leach, Electroslurry and 
Sulfite Reduction, are notably less energy intensive and, in terms of energy, are comparable with 
Conventional or Electric Furnace Smelting. 

TABLE C-6 

ENERGY USE IN COPPER HYDROMETALLURGICAL TECHNOLOGY 
(Million Btu/Ton Cathode Copper) 

Process 

Roast Leach Electrowin* 
Cymet Ferric Chloride Leach 
Roast/Sulfite Reduction 

Electrosiurry-Envirotech 
U of U/MM Ferric 

Sulfate Acid Leach 
Sherritt Cominco 

Arbiter Ammonia Leach* 
Nitric-Sulfuric Acid Leach 

In Situ Solution Mining - - approx. 80 

*Processes which have been used commercially. To obtain the total energy required for producing a ton of 
cathode copper the energy for mining and concentrator operations must be added. For 98.7 percent re­
covery In the smelting operation the estimated mining energy Is 20.13 and the concentrator energy Is 42.57 
million Btu/Ton of cathode copper. 

All of these processes, with the exception ofthe Cymet Ferric Chloride Leach and the Sulfite 
Reduction process, employ electrowinning for metal reduction. Improvement in electrowinning 
thus presents an area for reduction in the overall energy use in these processes. Chemical 
reductants, used in the Cymet and Sulfite Reduction processes are clearly less enegy intensive 
than conventional electrowinning. The Envirotech Electroslurry cell appears to be operable with 
approximately 25 to 30 percent less energy than conventional electrowinning. 

Combination processes, using both pyrometallurgical and hydrometallurgical steps, are 
generally less energy intensive than all-hydrometallurgical processes. The combination processes 
are Roast-Leach-Elecirowin, Cymet Ferric Chloride, Sherritt-Cominco, and Sulfite Reduction. 
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Concentrate to Refined Copper 
Total Range 

Level 1 Plus Level 2 

30.45 
30.92 
23.64 

39.61 

49.45 
48.13 

62.05 
74.45 

24-31 

40-50 

60-75 

Range 
(Mining to Refined Coppar) 

87-94 

103-113 

123-138 
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The all-hydrometallurgical processes in general are the most energy intensive. These are the 
Arbiter Ammonia Leach, the Nitric-Sulfuric Acid Leach and the Ferric Sulfate Leach. The 
Electroslurry modification ofthe Ferric Sulfate Leach is less energy intensive than the University 
of Utah/Martin Marietta version based on electrowinning because of the lower cell voltage of the 
electroslurry electrowinning step. The Arbiter Ammonia Leach is less energy intensive than the 
Nitric-Sulfuric Acid Process, resulting principally from the high heat of reaction since sulfide 
sulfur is oxidized all the way to sulfate. Improvements in the Nitric-Sulfuric Acid and Arbiter 
processes require a more effective recovery of waste heat. 

In general, the high energy requirement for hydrometallurgical processes results from 
electrowinning, inefficient use of reaction heat, high process steam requirements, and large Level 
2 components. It does appear that significant improvements can be made in energy usage by more 
effective waste heat recovery, new electrowinning technology, and the combination of alternate 
lower energy unit processes. 

The Smelting-Electrorefining processes recover byproducts such as precious metals, sele­
nium, and tellurium in the form of anode slimes. This stream of slimes is small, about 5 to 25 lb 
per ton of cathode. The slimes are treated by a combination of processes to recover these 
byproducts. Technology for the recovery of such byproducts from the hydrometallurgical proc­
esses is not as well developed. Furthermore, it will involve the handling and treatment of much 
higher volumes of solids residues (iron oxides and/or jarosites), about 3 to 6 tons per ton of 
cathode. This treatment is likely to entail more energy consumption than anode slimes treat­
ment. An exception to this is the Sherritt-Cominco Process which produces only 0.7 tons of solid 
residue per ton of cathode copper, thus enhancing precious metals recovery. In addition this 
process can recover the associated metal values such as moiybdenum and zinc. 

One of the major apparent benefits of hydrometallurgical processing is the absence of 
significant emissions to the air from process units. In pyrometallurgical processing, on the other 
hand, the control of emissions is expensive in both energy and economic terms. This has to be 
weighed against the increased potential for water pollution. In this analysis, we have allowed for a 
significant amount of energy for the control of fugitive emissions in pyrometallurgy (about 4 
million Btu per ton of cathode). In spite of this, there is a significant difference in energy 
consumption between the two types of processes generally in favor or pyrometallurgy. 

Of all the processes proposed, Roast/Sulfite Reduction has the greatest potential for com­
peting with smelting processes in terms of energy usage. However, the process is unproven. Also, 
effective recovery of heat from the roasting step by an auxiliary heat exchange system seems 
capable of reducing the reported values appreciably for both the Roast Leach and Sulfite 
Reduction. 

The construction of hydrometallurgical process plants capable of producing 100,000 tons of 
copper per year seems unlikely, at least in the next decade. AppUcation to smaller tonnages is 
more likely, i.e., less than 25,000 tons per year of finished copper. The hydrometallurgical process 
most likely to succeed in the future will have to be designed to recover process heat in a useful 
form and will require vastly improved electrowinning technology or use chemical reductants. 

15 



Research to decrease energy consumption in electrowinning is important since 
electrowinning consumes 21-24 million Btu's per ton of cathode copper or almost 
20% of the total. This energy could be reduced by a direct approach to increase the 
efficiency of electrowinning by lowering overpotentials and by investigating 
alternative anode reactions. Another approach would be to avoid the use of electric 
energy for reduction (which incorporates the inefficiencies in electric power gener­
ation) and use, instead, other reductants such as hydrogen, sulfur dioxide, and 
other reducing gases or coal. 
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processing in the molten state, the procedure requires conditions which will max- ^ 
imize the reduction and separation of the copper. It should be noted that the Q-S • 
process best addresses these questions conceptually. 
Continuous one-step smelting processes are energy efficient as compared to two-
step processes because of better utilization of heats of reaction. In addition, a hot-
matte transport step and the attendant heat loss and fugitive emissions are elimi­
nated. Several of the new generation of pyrometallurgical processes can be operated s 
in continuous one-step fashion. However, the potential for transfer of arsenic, I 
antimony and bismuth to the metallic copper phase in such processes requires 
special design criteria. Current electrorefining technology is generally inadequate ^ 
for handling significant levels of these impurities in anode copper. Therefore, M 
research on unit operations which would remove these impurities from blister 
copper prior to electrorefining in a single continuous reactor would be very desir­
able. The successful implementation of this research would lead to tme one-step 
smelting of copper concentrates and may result in a slaving of 10-20% of the energy 
used in smelting. Potential approaches would include slagging and/or vaporization 
of the impurities. Future research for a large capacity copper smelting process for 
optimizing energy usage, environmental control and minimizing metal loss should 
be centered around the development of a single continuous reactor. 

The flue dusts collected in pyrometallurgical processing are rich in volatile impu- . • 
rities such as arsenic, zinc, and lead. Because of tbe high copper content (over 5%), * 
these dusts are generally recycled. However, when impurity concentrations reach ^^ 
such levels that this recycling has a deleterious effect on copper quality, the dusts 
have to be stockpiled or discarded. This reduces copper recovery and represents a 
significant energy loss. Appropriate processes for flue dust treatment would prevent 
this loss and also recover valuable byproducts. 

Steam recovered from waste heat in smelters is used to generate electric power to 
drive the blowers in the acid plant and for converter air. If the smelter had an 
adjoining electrolytic refinery, the low level steam, after a topping steam turbine 
cycle, could be used for electrolyte heating. A detailed assessment of utility require­
ments in a smelter/refinery complex is necessary to quantify the potential for energy 
saving using this approach. 
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4. Hydrometallurgy 
While hydrometallurgical processes show a higher level of energy consumption than py- • 

rometallurgical processes, they are at an early state of development and, therefore, offer consid- • 
eiable potential for improvement. The areas for research and evaluation are: 
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• Research is desirable to optimize the transfer of heat from the exothermic leaching 
reactions to the reactants more effectively. This would involve major modifications 
in reactor design. 

• Research in hydrometallurgy process development most likely should move towards 
processes which pretreats the chalcopyrite feed to provide a more suitable feed 
material and either avoids electrowinning by using chemical reductants or uses 
some totally new, low energy electrowinning step. 

• It may be possible to generate electrical energy while recovering copper by treating 
copper concentrates in a slurry electrode/fuel cell configuration. Research in this 
area has potential for energy savings in the future. 

5. In Situ Solution Mining 
While all of the research ideas discussed earlier increase conventional reserves by reducing 

energy requirements and costs, in situ solution mining is unique in that it adds low grade deep-
seated deposits (which cannot be exploited economically by conventional technology) to the 
reserves of available copper. 

A multi-faceted R & D program is desirable for optimizing the overall extraction of copper 
by in situ leaching techniques including a demonstration phase under field operating conditions 
to improve the technique tp obtain higher recoveries than the 50% recovery assumed in this study. 
Specifically, such a program would include work on: 

• actual oxygen or air consumption related to the type and extent of mineralization; 

• application of recent developments in blasting stressed rock with flooded joints; 

• weathering and leaching characteristics of copper porphjoy ores under extended 
period of ore-solution contact; 

• quantification of reactions with host rock potentially capable of complexing copper 
and consuming lixiviant; and 

• modeling and simulation for optimization. 

E. ENERGY SAVINGS POTENTIAL 
The energy savings potential of the research ideas presented in Secton D is not uniform. 

Table E-1 shows estimates of this energy savings potential in terms of million Btu's per ton of 
cathode copper in the first numerical column. Since the U.S. produces about 2 million tons of 
copper from primary sources, the total potential for energy savings in the U.S. would be 
approximately 2 million times these numbers if we assume that each technique was successfully 
adapted to primary copper production. The actual savings that could be realized would vary 
considerably. For example, improvements in mining emd milling would be applicable to the 
production of other ores and minerals or mineral products, such as cement. On the other hand, 
some of the techniques (e.g., flue dust treatment) are probably necessary only for a fraction of the 
concentrates used in primary copper production. 

The second column shows the estimated probability of success in each area. The probabili­
ties are designated "very high" and "high" if the approach has already been demonstrated in 
some fashion and requires technology transfer. The probability is designated "medium" if the 
direction of research and development is reasonably well defined but requires further work. 
Finally, the probability is designated "low" if the direction of research is not fully defined. 
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TABLE E-1 

CHARACTERIZATION OF RESEARCH IDEAS 

Potential 
Energy Savings 

MMBtu/Ton 
Probability of R81O Cost 

Mining 

Haulage vs. trucks 
Blasting vs. crushing/grinding 
Concentration vs. dump leaching 
Fundamentals of dump leaching 
Increase aeration and 

copper extraction 

Grinding 

Pebble mill autogeneous 
Stabilizing control 
Optimal energy control 
New classification techniques 
Other milling devices 

Pyrontetailurgy 

Waste heat for drying 
Pyrometallurgical slag cleaning 
Impurity removal from blister 
Flue dust treatment 
Waste heat steam/cogeneration 
Single continuous reactor technology 

Hydrometallurgy 

Electrowinning 
Use of alternate reduction schemes 
Reactor design for optimum 

heat transfer 

In Situ Mining 

4 
Trade-off 

20-25 

10-20 

Success 

VH* 
H 
H 

M 

Implication^ 

1 
1-2 
1 

2-3 

Range of 
Applicability 

R 
R 
R 

R,G 

Type of 
Research^ 

S,D 
S,D 
S,D 

L.P,D 

4 

13 

NA' 

0.7 
2 
2 
1 

4-5 
4.7 

8 
15 
3 

M 

M 

L 

H 
M 
M 
L 

VH* 
H 

L 
H 
H 

2 

2-3 

1-2 

1 
3 
3 

2-3 
1 

3-4 

3 
3 
1-2 

R 

7 

G 

R,G 
R,G 
R,G 

R 
R 
G 

G 
G 
G 

S,L 

S.L 

L,P 

S 
S,L,P,D 
S,L.P,D 
S,L,P,D 
S 
P,D 

S,L,P,D 
S,L,P,D 
S,D 

2D M R,G S,L,D 

*Where applicable. 

1. NA — Not available for "blue sky" type of Ideas. 
2. VH - Very high — approach has been demonstrated successfully elsewhere in the industry. 

H - High — approadi based on technology transfer but not demonstrated. 
M — Medium — direction of research is known; needs further work. 
L — Low — direction of research not fully defined. 

3. S0.1 Million = 1; SI Million => 2; SiO Million = 3; SIOO Million = 4. 
4. R = Retrofit; G = Grassroots. 
5. L = Laboratory; P = Pilot plant; D * Demonstration; S = Study. 
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The third column shows our assessment of the R&D cost implications. The fourth column 
characterizes each idea in terms of its potential for retrofit into existing plants versus its 
applicability to new, grassroots plants. This is an indication of the rate at which these ideas may 
be adopted, if successful. The last column shows the type of research necessary before the 
techniques will be adopted by industry. ^ 

Finally, it is important to address concepts not included in the specific recommendations as 
stated, or listed in Table E-1. Any process should be considered from the origin of the ore 
(mining) to the finished product as a total system. In this context significant energy conservation 
may result by matching individual steps to optimized energy conservation. Matching ore che­
mical and physical characteristics, minor and major impurities, and potential for by-product 
recovery with the process steps selected may have significant energy conservation implications. 

Examples are: 

• trade off between explosives and primary crushing in the open pit; 

• bulk flotation followed by grinding and selective flotation; 

• concentrate pretreatment before smelting or hydrometallurgical processing; ahd 

• merging of hydrometallurgical and pyrometallurgical steps. 
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1.0 FRONT-END OPERATIONS 

1.1 INTRODUCTION 
The various processes contributing to the production of a refined cathode copper product 

fall into two clearly defined categories, first the front-end processes of mining, concentration, and 
dump leaching, and second the subsequent processes of extraction and refining the copper 
concentrate product or the reduction of the copper in the dump leaching solution. 

For the purpose of this analysis, the concentrate feed to the extraction and refining proc­
esses is assumed to conform to standard specification. We can thus consider these extraction and 
refining operations on an independent basis, conversion taking place from a standard feed to a 
standani product. 

By contrast the front-end processes are open-ended on both sides; the mining operations 
being tied to the physical characteristics ofthe orebody and to the configuration of the mine, and 
the production requirements of both mining and concentrating depending on the conversion 
efficiency (percent recovery of contained copper) of the extraction and refining processes. 

1.2 MINING OPERATIONS 

1,2.1 Introduction 
Some 90% of all copper ore mined in the U.S. comes from openpit operations (Engineering & 

Mining Journal, June 1977). While the balance must ultimately swing towards the mining of 
deep-seated deposits by underground or remote mining methods as the near-surface deposits 
become exhausted, the dominant role of openpit mining may be expected to continue or even 
increase in the nearer term of, say, the remainder of this century. In view of the complexities and 
variations of underground mining methods, and their relatively small contribution, this study is 
restricted to an examination of energy demand for surface mining operations only. 

Two significant parameters affect energy demand in openpit mines, the physical dimensions 
of the excavation and the grade of ore sent to the mill. The operation of hauling broken ore and 
waste rock accounts for a major portion of the energy consumption; thus energy consumption is 
dependent on the verticd and horizontal dimensions of the excavation. As the pit becomes 
deeper, the energy for moving broken rock will increase, firstly because of the increased lift and 
haul distance to be travelled, and secondly because the ratio of waste to ore may increase with 
depth. The plaiming of openpit mines is today extended to depths of as much as 1,500 feet below 
the pit rim. The energy and dollar cost of hauling rock from such depth may dictate the economic 
life of surface mining. 

The average mill-head grade of copper ore mined in the U.S. has shown a continuously 
decreasing trend since the start of this century, despite the fact that the real price of copper metal 
has not increased. Technological improvements in mining and processing methods have reduced 
unit costs, while concurrently, the richer ores have become exhausted and replaced by lower grade 
ore. Consequently, more ore must now be mined and treated to produce a given amount of copper 
metal. While we may expect technological innovation to continue at least at the same tempo as in 
the past, it must be remembered that the incentive in the past was to replace expensive man­
power by cheap energy. Increased mechanization usually results in higher energy consumption 
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per unit of production. As the cost of energy increases, the conflict between energy optimization 
and dollar optimization is likely to resolve itself, that is, as energy becomes more costly the profit 
motive of private enterprise will focus more attention on energy conservation, and technological 
innovation and economic policy decisions will be directed toward this objective. 

A further consideration of growing significance in the past decade has been the increasing 
emphasis on environmental protection through government regulation. Compliance with the 
requirements of these regulations will imdoubtedly add tb the energy and dollar cost of the 
mining and extraction operations, reflecting on mining policy in terms of higher cut-off grade and 
curtailment of the economic life of the mine. In view of the above factors, the trend of falling 
average mill head grade may well be reduced, or even reversed. 

1.2.2 Method of Analysis 
The principal objective of this investigation is to determine the order of magnitude of energy 

consumption for each of the sequential processes required to produce a final cathode copper 
product. Two main subdivisions are recognizable — the front-end operations of mining and 
treating the ore to produce a copper sulfide concentrate, and the subsequent operation of 
extraction and refining to produce a cathode copper product. While the extraction and refining 
processes are independent of the front-end operations (assuming a standard concentrate composi­
tion) the converse is not necessarily true; loss of metal during refining affects the tonnage of ore to 
be mined, crushed, milled and concentrated by flotation (per ton of cathode copper produced). 
The total energy attributable to a particular extraction and refining process must therefore take 
account of its metal recovery factor as reflected in the front-end energy requirement. 

The energy assessment for the mining operations is contingent on the physical characteris­
tics of the ore body and the pit conformation. An initial attempt was made to obtain actual 
energy consumption data for operating openpit mines in the U.S.A. However, the mining 
companies were unwilling to divulge such information, although it is known that the relevant 
data is submitted in the form of routine reports to the Department of Energy. Consequently, it 
was decided to revert to an analytical type of assessment based on hypothetical mineralization 
and mining models. It is believed that this approach gives estimates of acceptable definition, and 
has the added advantage that the model parameters can be varied at will to ascertain their 
sensitivity to change. These models are described below. 

1.2.2.1 The Mineralization Model 
Mineral values are not evenly distributed throughout an ore body. Values ranging from high 

to low tenor usually follow a law of probability such that the occurrence of some values is more 
common than that of other values. This probability density distribution will vary from deposit to 
deposit. 

In an openpit mine it is usually necessary to mine the low grade ground in order to gain 
access to the payable high grade ore. Only rock above a predetermined cut-off value is sent to the 
plant for treatment. The low grade rock below this value goes to the waste dump or to surface 
leach dumps for recovery of some of the copper content by acid leaching. 

The mineralization model used in this simulation is typical of a porphyry copper deposit 
although it does not necessarily correspond to any particular deposit. It is assumed that the 



average copper value of blocks of ore of minable size is log-normally distributed within the ore 
body such that the mean value ofthe ore body is 0.45% Cu, and the logarithmic variance of values 
is 0.2(%) Cu (U.S. House of Representatives, June 1976). This probability density distribution is 
shown graphically in Figure 1.2-1. (a) 

It follows that as the cut-off grade is increased the tonnage available for mining is reduced, 
while the average value of the tons mined is increased. Mathematically this relationship may be 
expressed as follows: 

oo " 

Fraction of total tons above cut-off grade - / f (x) ' dx 

gc 

Average grade of tons above cut-off grade = 

/ X * f (x) • dx 

JC 
oo 

I f(x)-dx 

gc 

The grade/tonnage relationship is shown graphically in Figure 1.2-1 (b), and is tabulated in 
Table 1.2.1. A cut-off grade of 0.29% Cu is chosen as a base for this analysis, that is, 70% ofthe 
tonnage mined from the ore body will go to the mill at an average value of 0.55% Cu, and 30% of 
the tonnage mined from the ore body will go to surface leach dumps at an average grade of 
0.22% Cu. 

1.2.2.2 The Mine Model 
Figure 1.2.2 is a cross section through a typical openpit mine exploiting a roughly cylindrical 

ore body extending vertically in depth. The model is based on the following assumptions: 

Vertical depth below rim (H) = 750' 
Dynamic slope angle of sidewalls (d) = 30° 
Ave. slope of haul roads in pit = 6% 
Surface haul to dumps = 2500 ft. @ 6% grade 
Surface haul to primary crushes , ^ ^ = 2500 ft. level 
" - '' ' /AC \ 
Overburden/ore body stripping ratio! ) = 125 \CB ' 
Mill head value of ore \ / = 0.55% Ca 
Value of flotation concentrate = 25% Cu 
Value of flotation tails = .069% Cu 

i.e., recovery factor ore to concentrate = 87.455% 
Recovery factor concentrate to cathode copper = 98.67% 

i.e., recovery factor ore to cathode = 86.29% 
Primary cathode copper produced per year = 100,000 tons 

Tonnage Notation: (Refer to Figure 1.2.2) 
TO = Tons ore sent to mill (DB) 
TM = Tons mined from ore body (CB) 
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TABLE 1.2-1 

GRADE/TONNAGE RELATIONSHIP 

Cutoff 
Value (% Cu) 

0 
.22 
.29 
.34 
.40 
.45 
.50 
.55 

Tons > C O V 
(%) 

1(X) 
85 
70 
58 
48 
39 
32 
26 

Average Grade (% Cu) 
Tons > COV 

.45 

.50 

.55 

.60 

.65 

.70 

.75 

.80 

Tons < COV 

.17 

.22 

.24 

.27 

.29 

.31 

.32 

* COV = Cut off value 
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TD = Tons ore sent to dump leach (CD) 
TS = Tons overburden stripped (AC) 
TW = Total tons mined from ore body not sent to mill (AD) 
TT = Total tons mined (AB) 

Stripping Ratio Notation (Refer to Figme 1.2.2) 
RSM = Ratioof tons of overburden stripped to tons mined from ore body 
RDO = Ratio of tons ore sent to dump leach to tons of ore sent to mill 
RSO => Ratioof tons of overburden stripped to tons of ore sent to mill 
RWO = Ratio of total tons mined from ore body not sent to mill to tons of 

ore sent to mill 
RSM = TS/TM = AC/CB ' 
RDO = TD/TO = CD/DB----CD = DB-RDO 
RSO = TS/TO = AC/DB.---AC = DB-RSO 
RWO = TW/TO - AD/DB -- - - AD = DB • RWO 
RSM = TS/TM = AC/GB CB = AC-RSM 

Examples of calculations: 

0.55% = ore grade 
.8629 = fractional recovery from ore to cathode copper. 

100,000 = tons of cathode copper/yr. 

Tonstomill(TO)=^°°'°°°"^'0QQ 
.55 X 20 X .8629 

= 21.0706 X 10* tons/year 
RSM = 125 
RDO = 30/70 = .4286 t l 
TD = TO X RDO = 21.0706 x 10* x .4286 = 9.0309 x 10* * 
TM = TO + TD = (21.0706 + 9.0309) x 10* = 30.1015 x 10* 
TS = TM X RSM = 30.1015 x 10* x 1.25 = 37.6268 x 10* 
TW = TS + TD = (37.6268 + 9.0309) x 10* = 46.6577 x 10* 
TT = TW + TD = (46.6577 + 21.0706) x 10* = 67.7283 x 10* 
RWO = TW/TO = 46.6577 x 10*/21.0706 x 10* = 2.2144 
RSO = TS/TO = 37.6286 x 10*/21.0706 x 10* = 1.7857 

1.2.3 Analysis of Energy Demand In an Openpit Mine 
Energy utilization in an openpit mine is analyzed in the context of the above models and in 

relation to the headings below, using typical values extracted from published literature and 
operating mine data. The energy consumption attributable to each operation is shown dia-
gramatically in Figure 1.2.3 in terms of Btu per short ton of refined cathode copper produced. For 
the particular model used in this analysis, the overall energy attributable to the mining operation 
is 27.999 miUion Btu per ton of refined cathode copper produced. 

1.2.3.1 Drilling 

The estimate of the energy utilization for drilling operations is based on published data of 
drilling equipment, and tonnage duties for 4 large copper mines in the State of Arizona. The 
calculated average energy consumption amounts to 904 Btu per short ton of broken rock pro­
duced. In terms of our model, this converts to 0.612 x 10' Btu per ton of cathode copper produced 
(see Appendix 1.2.3.1). 
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Drilling is a relatively small user of energy, accounting for some 3.0% of the total energy 
consumed in the mining operation. (See Fig. 1.2.3.) No significant energy saving developments in 
drilling technology are anticipated in the foreseeable future. 

1.2.3.2 Blasting 
It is considered that explosives are a primary source of energy and that the operation of rock 

fragmentation is an energy function. It is therefore necessary to convert explosive energy into coal 
equivalent in the same way as has been done for electric power and diesel fuel. 

The explosive agent used in openpit mines is primarily ANFO, ideally a mixture of 94.5% 
ammonium nitrate plus 5.5% fuel oil. The energy value of ammonium nitrate is estimated as,30.0 
million Btu per ton (this value will vary depending on the production process used to produce 
ammonia whether from primarily natural gas feedstock or as a by-product from steel plant coking 
ovens.) A weighted average blasting agent factor of 0.27 lbs of explosives per ton of rock blasted is 
derived in Appendix 1.2.3.2. We can calculate the energy value of 1 lb of blasting agent (ANFO) 
in terms of its equivalent coal energy as follows: 

945 lb. Ammonium Nitrate = 0.945 x 30 x 10*/2000 
= 14175 Btu 

.055 lb. Fuel Oil = .055 x 138690 
= 7268 Btu 

1 lb. Blasting Agent = 21443 Btu Coal Energy 

Neglecting fuses, detonators and primers to initiate the explosion, we calculate the blasting 
energy consumption for our model as follows: 

Blasting Energy = .27 x 21443 Btu/ton Rock 
= 5790 X 67.7283 x 10* Btu (total) 
= 3.895 X 10* Btu/ton Cathode Copper 

In terms of this model, blasting accounts for 19.4% of the total energy used in mining (Table 
1.2.3). It is clear that any increase in the cost of energy will be reflected as a substantial rise in the 
cost of explosives. It may be anticipated that this rise in cost will stimulate research into more 
efficient use of explosives and could substantially modify present philosophies regarding the 
optimization of explosive utilization in relation to the other mining activities such as loading and 
hauling. 

1.2.3.3 Loading 
We assume an average power utilization factor for loading equipment of 0.6 kWh per bank 

cubic yard (BCY) of copper ore of density 4500 lbs./BCY. (Pfleider, Surface Mining, p. 439). 

.6x2000x10239 

4500 

2730 X 67.7283 x 10* 

100,000 

= 2730 Btu/ton rock. 

1.849 X 10* Btu/ton cathode copper 
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The energy used for loading operations will vary relative to the conditions of loading, the 
equipment used, and the nature ofthe shot rock. The indicated energy utilization of 1.849 x 10' 
Btu/ton of cathode copper represents only some 9.2% of the total energy used in mining, 
compared with 19.4% for explosives (Fig. 1.2.3). 

Mine operators continuously seek to optimize fragmentation with respect to the overall 
economics of drilling, blasting, loading, hauling and primary crushing. Under conditions of 
relatively cheap abundant energy, preference is given to production equipment utilization, that 
is, the blasting operation is designed to produce a fragmentation size grading with minimum 
representation of large rocks which may adversely affect the loading operation; consequently, the 
fine end of the spectrum is uimecessarily over-represented. Aa energy becomes less plentiful and 
more costly, it can be expected that the bias of attention will swing toward more effective use of 
explosive energy. 

1.2.3.4 Hauling 
The traditional method of hauling rock in openpit mines is by means of a fieet of rear dump 

trucks which may range in size ftom 30 tons to 250 tons carrying capacity. The weight of the 
empty truck is some 75% of the live load. This nonproductive weight must be moved twice the 
distance of the live load, up the incline carrying the load, and return empty. A significant peirt of 
the total energy consumption is used in moving the carrier. Such inefficient use of energy invites 
examination of alternative forms of transportation of broken rock. 

Two large openpit copper mines in the State of Arizona have introduced continuous 
conveyor belt systems as a partial replacement of truck haulage. Broken ore and waste is hauled 
by truck from the active benches to primary crushers located at a central point within the pit. 
The crushed rock is moved by conveyor belt to surface, either to the waste dump or to the mill. 
These systems are described respectively by J. J. Coille and F. W. Sweitzer. Operating statistics 
covering a significant continuous period of truck hauling and conveyor transportation have been 
confidentially provided by one of these mines. The analyzed results are summarized in Appendix 
1.2.3.3 in relation to a sjmthetic unit of performance representing the product of tons moved by 
effective level feet traveled (TELF). 

Consider the effective work performed in hauling rock up an incline by dump truck, 
neglecting the nonproductive work of moving the carrier up and down the slope: 

Effective work per ton = Slope distance x (Rolling resistance + Gravity resistance) 
Rolling resistance = 40 Ib./ton for a normal mine haulage road 
Gravity resistance = (20 x % grade) Ib./ton ^ 
Effeaive work per ton = SD (40 + 20 x % grade) 

The product SD(2 + % grade) is a proportional measure of the effective work accomplished, 
equivalent to moving one ton of rock through an equivalent level distance (ELF) of SD(2-i-% 
grade). 

Total Effective Work = Tons x SD (2+ % grade) TELF. 



An e s t i m a t e of t h e energy c o n s u m e d for t r a n s p o r t i n g b roken rock can now be m a d e in 
respec t to the m i n e model previously d iscussed . (See Fig. 1.2-4.) A s s u m e conven t iona l rock 
h a u l i n g by rea r d u m p t ruck ope ra t i ng a t a n average energy u t i l iza t ion factor of 0.2963 B t u / T E L F 
as der ived in A p p e n d i x 1.2.3.4. 

In F igure 1.2.4 we h a v e : 

H = Depth of pit 
HT = Average lift for overall tonnage 
HS = Average lift for overburden stripping 
•HM = Average lift for tons mined from ore body 
AC TS 37.6268 

= = = .5556 
AB TT 67.7283 
AB = 750/sin 30° = 1550 
AC = 1500 X .5556 = 83'3' 
CB = 1500-833 = 667' 
HT = 750/2 = 375-
HS = 1/2 AC sin 30° = 208' 
HM = 2 HS + 1/2 CB sin 30° = 583' 

Stripping duty = TS x Slope Dist x (2 + % grade) 
100 

= 37.6268 X 10* x 208 x x (2 + 6) 
6 

= 1.0435 X 10'^ TELF 

Add duty for surface transportation of ore and waste to primary crushers and dumps 
respectively: 

To Dumps = TW X Slope Dist (2 + % grade) 
= 46.6577 X 10* x 2500 x 8 
= 933154x10* TELF 

To Primary Crushers =. TO x Slope Dist (2 + % grade) 

= 21.07 x 10* X 2500x2 ~ 
= 1.05 X 10 ' ' TELF 

Mining Duty = TM x Slope Dist (2+ % grade) 
100 

= 30.10x10* x583x x8 
6 

= 2.40x10'^ TELF 
Total Hauling Duty = 4.42 x 10'^ TELF 
Energy/ton Cathode Copper = 4.42 x 10* /100,000 

= (13.137 X 10* Btu, by computer) 

Referring to Figure 1.2.3 it can be seen that the hauling operation accounts for 65.2% of the 
total energy, coixsumed by openpit mining under the assumed conditions of the model. 

o.i 
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FIGURE 1.2-4 AVERAGE HAUL LIFT DUTY 



In Appendix 1.2.3.3 it is shown that at the mine concerned the installation of a conveyor belt 
system to partially replace truck haulage resulted in a saving of some 30% in energy consumption. 
While the use of belt conveyors would not be feasible for all openpit mine configurations, it is 
clear that rock transportation is one area where very thorough research and development will pay 
big dividends in terms of savings in energy and dollar costs, especially as openpit mines grow in 
depth and extent in the future. 

1.2.3.5 Ancillary Operations: 
The ancillary operations associated with openpit mining are extremely diverse and their 

energy consumption is difficult to estimate. However, the total energy consumed by these 
operations is relatively small so that an error in estimation will have little if any effect on the 
overall outcome of this investigation. The following estimates are made (See Appendix 1.2.3.4): 

Auxiliary mobile equipment = 0 J99 x 10* Btu/ton Cu 
Dewatering = 0.016 x 10* Btu/ton Cu 
Reclamation equipment = 0.021 x 10* Btu/ton Cu 
Revegetation = 0.202 x 10* Btu/ton Cu 

Total . 0.638 x 10* Btu/ton Cu 

It is shown in Figure 1.2.3 that ancillary operations account for some 3.2% ofthe total energy 
consumption for mining operations. 

1.2.4 Sensitivity Analysis 
Three basic parameters may substantially affect the energy consumption of the front-end 

operations of mining and/or copper sulfide concentration. These are the average grade of the ore 
treated, the overburden to orebody stripping ratio (RSM), and the pit depth below the surface 
rim. The sensitivity of the model to changes in these parameters is tested by computer in relation 
to conventional extraction practice of sulfide concentration, reverberatory smelting, fire convert­
ing and electro-refining. 

1.2.4.1 Sensitivity to Changes in Cut-off Grade 
The grade/tonnage relationship given in Table 1.2.1 will apply, provided the mineralization 

model does not change. However, it must be remembered that some of the contained copper in 
the reject tormage below cut-off grade may subsequently be recovered by means of dump leaching 
(see section 1.2.5). Provisionally neglecting this possible recovery of additional copper, the 
sensitivity of the model to change in cut-off grade is shown in Table 1.2.2. 
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Cut Off 
Grade 
(% Cu) 

0 
.22 
.29 
.34 
.40 
.45 

Millhead 
Grade 
(%Cu) 

.45 

.50 

.55 

.60 

.65 

.70 

TABLE 1.2.2 

EFFECT OF VARYING CUT-OFF GRADE 

Tons 
Milled 
x l O * 

26.6005 
23.515 
21.070 
19.086 
17.444 
16.061 

Btux 
Mining 

17.4 
18.3 
20.1 
22.2 
24.7 
28.1 

10*/ton Cath. Copper 
Cone. 

53.7 
47.5 
42.6 
38.6 
35.2 
32.4 

Refining 

35.2 
35.2 
35.2 
35.2 
35.2 
35.2 

Produced 
Total 

106.3 
101.0 
97.9* 
95.9 
95.1 
95.8 

'Standard Reference 

It can be seen in the above tabulation that the effect of lowering the cut-off grade will be to 
decrease the energy per ton of cathode copper produced for the mining operation, while increasing 
that for the concentrating operation. For this model the counter-active changes result in a very 
small net change in overall energy requirement, although a minimum is indicated at a cut-off 
value of .34% Cu. 

Let us now consider the effect of recovering some of the copper content of the reject ore 
below the cut-off grade by dump leaching (Sect. 1.2.5). Reference to Table 1.2.3 shows that the 
toimage of reject ore will increase as the cut-off grade is increased, and its average grade will also 
increase; in other words the potential recovery of copper by dump leaching will be substantially 
increased. The energy cost of this additional copper is estimated in Sect. 1.2.5 at 93.74 million 
Btu/ton. The average effect of a change in cut-off grade is tabulated below. 

TABLE 1.2.3 

OVERALL EFFECT OF VARYING CUT-OFF GRADE 

Cut-off Grade (% Cu) 
Tons Milled ( x 10*) 
Mill-head Grade (% Cu) 
Copper Produced (Tons) 
Btu/ton Copper (x 10*) 
Tons Leached (x 10*) 
Dump Grade ( % Cu) 
Copper Produced (Tons) 
Btu/ton Copper ( x 10*) 
Total Tons Treated (x 10*) 
Total Cu Produced (Tons) 
Ave. Btu/ton Cu (x 10*) 
% Resource Recovery 

0 
26.60 

.45 
100,000 

106.3 
0 
0 
0 
0 

26.60 
100,000 

106.3 
.835 

.22 
23.52 

.50 
100,000 

101.0 
4.15 

.17 
2,351 

93.7 
27.67 

102,351 
100.8 
.322 

.29 
21.07 

.55 
100,000 

97.9 
9.03 

.22 
6.622 
93.7 

30.10 
106,622 

97.6 
.787 

.34 
19.09 

.60 
100,000 

95.9 
13.82 

.24 
11,056 

93.7 
32.91 

111,056 
95.7 
.750 

.40 
17.44 

.65 
100,000 

95.1 
18.90 

.27 
17,007 

93.7 
36.34 

117,007 
94.9 
.715 

.45 
16.06 

.70 
100,000 

95.7 
25.12 

.29 
24.284 

93.7 
41.18 

124.284 
95.3 
.671 
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The above estimates are based on broad assumptions regarding mineralization characteris­
tics, pit conformation and plant layout. Nevertheless it is apparent that an interesting scope for 
optimization studies exists in this area — that is, in the trade-off of energy conservation versus 
resource recovery. Changes in technology or design could well result in material changes in the 
selection of cut-off grade for a particular mine. 

1.2.4.2 Sensitivity to Changes in Stripping Ratio 
Table 1.2.4 indicates the way the energy consumed in mining varies with the overburden to 

orebody stripping ratio (RSM). 

Stripping 
Ratio 
(RSM) 

1.00 
1.25 
1.50 
1.75 
2.00 
2.50 

TABLE 1.2.4 

EFFECT OF VARYING STRIPPING RATIO 

Mining 

17.79 
20.13 
22.47 
24.81 
27.15 
31.84 

Btux 10*/ton Cathode Copper Produced 
Cone. 

42.57 
42.57 
42.57 
42.57 
42.57 
42.54 

Refining 

35.17 
35.17 
35.17 
35.17 
35.17 
35.17 

Total 

95.53 
97.87" 

100.21 
102.55 
104.89 
109.57 

'Standard Reference. 

1.2.4.3 Sensitivity to Changes in Depth 
The energy expended in transporting broken rock is a function of the lift and horizontal 

distance moved. (Refer to Section 1.2.3.4.) This relationship is reflected in the total energy for 
mining as shown in Table 1.2.5. 

TABLE 1.2.5 

EFFECT OF VARYING DEPTH OF PIT 

Depth 
of Pit 
(Feet) 

500 
750 

1000 
1250 
1500 

Btux 
Mining 

24.67 
28.00 
31.36 
34.71 
38.05 

10*/ton Cathode Copper 
Cone. 

42.57 
42.57 
42.57 
42.57 
42.57 

Refining 

35.17 
35.17 
35.17 
35.17 
35.17 

Produced 
Total 

102.95 
106.28* 
109.64 
112.99 
116.33 

"Standard Reference. 
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1.2.5 Dump Leaching 
Dump leaching accounts for some 30% ofthe primary copper produced in the United States. 

While much of this comes from the treatment of old existing low grade copper dumps, it is clear 
that the recovery of some of the copper content of currently mined low grade ore should be taken 
into consideration in the overall assessment of the energy content of domestic copper production. 

For the purpose of this analysis it is assumed that all the low grade ore below the cut-off 
value will be sj^tematically placed in finger dumps suitable for current acid leaching. (Refer to 
the mineralization model section 1.2.2.1, and Table 1.2.1.) The base condition for this analysis 
calls for a cut-off grade of .29% Cu, giving 30% of mineralized ore below cut-off grade sent to the 
leach dumps at an average value of .22% Cu. 

The energy for dump leaching is predominantly required for the circulation of the leacheate 
solutions; this in turn is essentially a function of the lift and horizontal distance from the 
cementation plant to the top of the leach dumps. The following specifications are assumed: 

Finger Dumps: 150' Vert x 400' flat top x 800 base. 
Lift from plant to top of dump 450' 
Hor. Dist. from plant to dump 5000' 
Tons leached per year (TD in sea. 1.2.2.1) = 9.0309 x 10* tons @ .22% Cu 

9.0309 X 10* X .22 x 20 = 39.7360 x 10* lbs Cu/year 
@ 33% recovery = 6622.667 tons/year 
(g 360 days per year - = 36,792 lbs/day 
Leacheate concentration .5 gr/litre = 4.2 lbs/1000 U.S.gaL 
DaUy Circulation = 8.7600 x 10* gal./day 

= 6083 gal./min. 

From Ingersoll Rand Hydraulic Data Tables for 14" I.D. pipe we get: 

Q 
V 

Hv 
HF 

= 3077 gpm 
= 6.42 ft/sec 
= .64 ft 
= 1.58 ft/100' 

mped Flow of barren solution 
Gravity Head 
Spray Head 
Velocity Head 
Friaion Head 

Fittings 

= 450 ft 
= 50 ft 
= 1ft 
= 79 ft 

= 40 ft 
620 ft 

Q = 6083 X.13369 
= 813ftVnun 

Return flow of pregnant solution 
Minm. Head for free flow = (5000 x .0158) + 1 =80 ft. 
Therefore gravity head of 300 ft will effect return flow. 
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Water Horsepower 
H X Q X 62.4 

33,000 

620x813x62.4 
33,000 

= 953 HJ». 
Pump HJ>.@ 70% efficiency = 1362 HJ». 
Energy per day = 1362x.745x24 

= 24346 KW hr/day 
x 10,239 Btu/kWhr = 249.28 x 10* Btu/day 

Specific Energy 
249.28 X 10* X 2000 

36,792 
13.551 X 10* Btu/ton Cu. 

On the basis of the above assumed conditions we have 6622 tons per year of copper extracted 
by dump leaching low grade ore (below cut-off grade) at a front-end energy cost of 13.551 x 10' Btu 
per ton of contained copper. The gross energy cost per ton of cathode copper produced must take 
account of the subsequent refining processes. Assume that dump leach ore does not carry any cost 
of mining, and that the cement copper is introduced into the reverberatory smelting furnace with 
the copper sulfide concentrate feed. The gross energy cost will then be: 

Energy for circulating solutions = 13.55 x 10* Btu/ton Cu 
Energy for cementation (Sect. 1.8) = 45.05 x 10* Btu/ton Cu 
Energy for refining (Sect. 23) = 35.14 x 10* Btu/ton Cu 
Total Energy = 93.74 x 10* Btu/ton Cu 

1.2.6 Conclusion 
The energy attributable to mining is to a large extent dependent on the physical parameters 

of the individual mine concerned, in particular on the nature of mineraUzation, the cut-off grade 
demarcating 'ore to mill* fix)m 'low grade ore to dumps,' the overburden to ore stripping ratio, and 
the depth and dimensions of the pit. Reference to Section 1.2.4 indicates the extremely wide 
range of possible variation in energy requirement. 

In addition to the sensitivity to internal mining parameters, the energy required by the 
mining operation per ton of cathode copper produced is a function of the recovery factor in the 
succeeding processes of copper sulfide concentration and refining. The lower the recovery in these 
processes the more ore must be provided by the mining operation to produce the final target of 
100,000 tons of refined cathode copper. This reflected additional energy demand in the front-end 
processes should be taken into accotmt in the assessment of alternative processes. 

This report highlights certain areas where further research may be fruitful in the context of 
energy conservation. These are: 

Rock hauling 
Explosive utilization 
Optimization of cut-off grade taking account the trade off between conventional 
concentration and dump leaching. 
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With the rapidly rising cost of energy it is considered that normal economic motives will 
tend to stimulate accelerated research in the above areas in the future. 
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APPENDIX 1.2.3.1 

Energy Consumption: Blasthole Drilling 
The calculation of direct energy consumption for blasthole drilling is based on published 

equipment provision for four large open pit copper mines (Engineering and Mining Journal, June 
1977) and the manufacturer's estimates of unit energy consumption for the relevant equipment. 

Mine A 

Operating Data: 5-45R Rotary Drills 
190,000 tons mined per day 

5 drills/shift x 3 shifts/day x 7.25 hr/day = 108.75 hr/day 

Dtesel Fuel 

108.75 hr/day x 12.86 gal/hr = 1399 gal/day 
1399 gal/hrx 138,690 Btu/gal = 194,027310 Btu/day 

Lube on 

@ 13% of Diesel Fuel = 21 gal/day 
21 gal/day x 148,690 Btu/gal = 3,122,490 Btu/day 

Total DireCT Energy = 197,149,800 Btu/day 
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MineB 

Operating Data: 5-40R Rotary Drills 
2-60R Rotary Drills 
135,000 tons mined per day 
7 drill shifts per day 

7 drill shifts/day x 7.25 hr/shift = 50.75 hr/day 
Assume use of drills is proportional to number of drills. 

40R 50.75 hr/day x 5/7 = 36.25 hr/day 
60R 50.75 hr/day x 5/7 = 143 hr/day 

Diesel Fuel 

40R 36.25 hr/day x 10.71 gal/hr 
60R 143 hr/day x 19.29 gal/hr 

688 gal/day x 138,690 Btu/gal 

= 388 gal/day 
= 280 gal/day 
= 95,418,720 Btu/day 

LubeOa 

@ 13% of Diesel Fuel 
10 gal/day x 148,690 Btu/pl 

Total Direa Energy 

= 10 gal/day 
= 1,496,900 Btu/day 
= 96,915,620 Btu/day 

MineC 

Operating Data: 4.45R Rotary Drills 
4-60R Rotary Drills 
256,000 tons mined per day 
5 drills per shift 3 shifts per day 

15 driU shifts/day x 7.25 hr/shift = 108.8 hr/day 
Assume use of drills is proportional to number of drills 

45R 108.8 hr/day x 4/8 = 54.4 hr/day 
60R 108.8 hr/day x 4/8 = 54.4 hr/day 

Diesel Fuel 

40R 54,4 hr/day x 12.86 gal/hr = 699.6 gal/day 
60R 54.4 hr/day x 19.29 gal/hr = 1.049.4 gal/day 

Total =1,749.0 gal/day 
1,749.0 gal/day x 138,690 Btu/gal = 242,658,810 Btu/day 

Lube oo 

@ 13% of Diesel Fuel = 26 gal/day 
26 gal/day x 148,690 Btu/gal = 3.865.940 Btu/day 

Total Direct Energy = 246,434,750 Btu/day 
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Operating Data: 4-60R Rotary Drills 
107,400 Tons mined per day 
4 drill shifts per day 1 shift per day 
73 hr/shift 

4 driUs/shift x 73 hi/shift = 30.0 hr/day 

Diesel Fuel 

60R 30 hr/day x 19.29 gal/hr = 579 gal/day 
579 gal/hr x 138,690 Btu/gal = 8O3OI310 Btu/day 

Lube Oil 

@ 1.5% of Diesel Fuel 
9 gal/day x 148,690 Btu/gal 

Total Direct Energy = 81,639,720 Btu/day 

9 gal/day 
1338,210 Btu/day 

Mine 

A 
B 
C 
D 

Total 

Average Energy 

Tons Mined 
Per Day 

190,000 
135,000 
256,000 
107,400 

688,400 

622,139,890 Btu/day 
688,400 tons mined/day 
904 Btu/ton mined 

Energy Equivalent 
Btu/day 

197,149,800 
96,915,620 

246,434,750 
81,639,720 

622,139,890 

APPENDIX 1.2.3.2 

Energy Consumption: Explosives Utilization 

Derivation of the powder factor used in calculation of blasting energy use is accomplished in 
the following manner: 

Mine 

1 
2 
3 
4 
5 
6 

Total 

Tons Mined 
per Year̂  

39314,000 
27,108,000 
36383,486 
57,046,000 
18,672,100 

145364340 

324,187,926 

88,951; 

X 

X 

X 

X 

X 

X 

X 

Powder Factor 
lb/ton 

0.20 
0.27 
0.43 
0.25 
0.62 
0;224 

(0.27) 

.19 1b ANFO/yr 

324,187,926 T/yr - u . l . / 

lb Blasting Agent 
Used per Year 

7,902300 
7319,160 

15380,898 
14361,500 
11376,702 
32310.159 

88,951,219 

lb ANFO 

The tonnage-weighted-average blasting agent use for six large open pit copper mines 
isO.:71b/T. " ^^ 
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APPENDIX 1.2.3.3 

Energy Consumption: Rocl< Hauling 
The following tabulation is a summary of actual operating statistics covering the transpor­

tation of broken rock by dump truck and conveyor belts for a continuous period of nine months, as 
provided confidentially by a large openpit copper mine in the State of Arizona. 

TRUCK HAULING (Waste and Ore) 

Ore and Waste Rock hauled 

Average slope distance 

Average Vertical Lift 
Average gradient 
Total Effeaive work units 
Diesel fuel consumed 
•Coal energy equivalent 
Lube oil consumed 
*Coal energy equivalent 
Total Energy Consumption 
Unit Energy consumed 

WASTE ROCK CONVEYING 

Waste rock transported 
Slope length of conveyor system 

Venical lift 
Average gradient 
Total effective work units 
Electric power consumed 
*Coal energy equivalent 

Unit energy consumed 

WASTE ROCK CRUSHING 
Waste rock crushed 
EleCTric power consumed 
Coal energy equivalent 
Unit Energy consumed 

ORE CONVEYING 
Ore transported 
Slope length of conveyor system 
Vertical lift 
Average gradient 
Total effective work units 

*Coal energy equivalent 
Unit energy consumed (ore) 
Mean unit energy (ore and waste) 

*Coal energy equivalents 
1 gal. diesel fuel 

1 gal. Lube oil 
IkWhr 

3.898 X 10* short tons 
5730 feet 
2213 feet 
3.87% 

1311x10 '^ TELF 
2,759,279 gaUons 
3.827x10' Btu 
39361 gaUons 
5.89x10' Btu 
3 .886x10" Btu 
0.2963 Btu/TELF 

2.064 X 10' short tons 
7,079 feet 
414 feet 
5.86% 

1.149x10'^ TELF 
2.0924 X 10' kWhr 
2.142 X 10' Btu 
0.1865 Btu/TELF 

2.064 X 10' short tons 
4381 X 10* kWhr 
4.69 X 10'° Btu 
2,272 Btu/ton 

2.214 X 10' short tons 
18,216 feet 
457 feet 
231% 

1.819x10'^ TELF 
3333 X 10' kWhr 
0.1989 Btu/TELF 
0.1941 Btu/TELF 

138,690 Btu 
149,690 Btu 
10,239 Btu 
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Significant unit energy consumption figures extracted from the above tabulation are: 

Truck HauUng = 03963 Btu/TELF 

Conveyor Transportation = 0.1941 Btu/TELF 

Waste Rock Crushing = 2272 Btu/ton 

Considering only the existing conveyor system we have: 

Energy Consumed - Waste crushing 

— Waste conveying 

— Ore conveying 

— Total 

Haul Duty — Waste conveying 

— Ore conveying 

— Total 

4 .69x10'° Btu 

2.142 X 10'° Btu 

3.617 X 10" Btu 

6.229x10' Btu 

1.149 XlO'* TELF 

1.819 x 10'* TELF 

2.968x10'* TELF 

Ifthe above hauling duty were to be performed by dump trucks operating at an average unit 
energy factor of 0.2963 Btu/TELF, the total energy consumption would amount to 879, 338 x 10' 
Btu. The energy saved by the conveyor installation is therefore 256,461 x 10* Btu, or some 30% of 
the equivalent all truck system. On a 12 month basis the saving would amount to 341,948 x 10* 
Btu, or the coal equivalent energy of 2.5 million gallons of diesel fuel per year. In areas where 
electric power is generated from coal the conversion to conveyor belt system would have the 
added attraction of reducing the demand for scarce diesel fuel by some 6.3 million gallons per 
year. 

APPENDIX 1.2.3.4 

Energy Consumption: Ancillary Operations 
The following broad estimates are made of energy consumed by operations in an open pit 

mine: 

1. Auxiliary Mining Equipment 
2. Pit Dewatering 
3. Reclamation Equipment 
4. Revegetation 

Total 

Btu/ton Copper 

0399 X 10* 
OX)16xlO* 
0.021 XlO* 
0302 X 10* 

0.638 X 10* 
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1. Auxiliary Mining Equipment 

Fuel 

Track Dozers 
Rubber Tired 
Dozers 

F.E. Loaders 
Graders 
Water Tmcks 
ANFO Trucks 
Pickups 

(Gasoline) 

No. of 
Units 

12 

4 
3 
5 
2 
2 

60 

y Consumption 
gal/hr 

14 

11 
18 
7 
9 
6 

2 

Y Shifts/ 
^ Day 

3 

3 
3 
3 
3 
1 

3 

Y Days/ 
^ Year 

312 

312 
312 
312 
312 
312 

312 

y Utilization 
^ 70% 

0.7 

0.7 
0.7 
0.7 
0.7 
0.7 

0.7 

Gallons per Year 

110,000 

28,800 
35,400 
23,000 
12,000 
2,600 

78,600 

2. Pit Dewatering 

Total Diesel =211300 gal/yr 
Total Gasoline = 78,600 gal/yr 

Diesel Fuel and Gasoline 

211,800 gal/yr x 138,600 Btu/gal = 2.9355 x 10'° Btu/yr 
78,600 gal/yr x 125,800 Btu/gal = 0.9888 x 10'° Btu/yr 

Lube Oil 

@ 13% of fuel use = 4356 gal/yr 
4356 gal/yr x 148,690 Btu/gal = 0.0647 x 10'° Btu/yr 

Total Energy Use = 3589 x 10' ° Btu/yr 

3.989x10'° Btu/yr ^ Q 399 ^ ^Q, 
100,000 T Cu/yr 

Assumed Data: Precipitation - 10 inches/year 
Pit Diameter - 3,000 ft 
Pit Depth - 750 fr. 
Length of pipe for pumping 2000 ft 
No evaporation or precipitation 

Pit area = T r* = 3.14 x (1500)* = 7.068 x 10* ft* 

. , . ^ , 10 in. ft 
Volume ot precipitation = 7.08 x 10* ft - x ^ x 

yr 12 in. 
. ft̂  gal 

5.89x10* x 7 . 4 8 = V -
yr ft̂  gal 

• 83.8 pumping duty 

= 5.89x10* 
ft̂  

vr 

525,960-
mm nun 

yr 
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Assume evaporation rate equals the ground water infiltration rate to the pit; therefore 
total pumping duty for pit dewatering is 84 gal/min. 

Pumping 4" CI pipe, 84 gal/min 
velocity = 2.14 ft/sec 
friction loss = 0.83 ft/100 ft 

Gravity Head 750 ft 
Friction Head 17 ft 
Velocity Head — 
Fittings @ 50% Hf 8ft 

Total Head 775 ft 

Q = 84 gal/min x 0.13369 ft^gal = 11.23 ft^min 

HQx 62,4 775x11.23x62.4 
Water Hp = = = 163 Hp 

33,000 33,000 
163 Hp 

Pumping Efficiency @ 70% = 23.5 Hp 

Energy Requirement 

kWh hr kWh 
233 Hp x 0.754 x 24 = 420 • Hp day day 

kWh Btu , Btu 
420 X 10239 = 4 3 x 10* day kWh day 

, Btu day 
4 3 X 10* X 365.25 day yr ^ Btu 

-0.016x10* T Cu Ton Cu 
100,000 

yr 

3. Reclamation Equipment 

Assume that reclamation proceeds at the same rate as the dumps are built with suitable delay in time 
to allow leaching of the dumps to proceed to completion. 

From previous calculations, the finger dumps wiU hold 6000 tons per foot of dump. 

47.1991 X 10* T/yr 

6000 T/ft 
7,866 ft of dump/year 

Area to be reclaimed is the top and the outward end of the dump. The sides of the dump will only 
be reclaimed at the completion of mining. 

Top Area of Dump 

400 ft wide X 7,866 ft long = 3,146,400 ft* 
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End Area of Dump 

400 ft wide at top, 800 ft wide at bottom, 249 ft slope 

400 ft + 800 ft 
X 249 ft = 149,400 ft* 

2 

Total dump area reclaimed each year = 3359300 ft* 

The dump will be covered with 0.5 ft of topsoil 

3359,800 ft* X 03 ft 
-^^—: r = 60367 yd^/yr 

27ftVyd^ 
Assume scraper produaion rate of 125 yd^/hr, at an approximate 3000 ft haul distance. 

60367 yd^/yr 
—^—T-^^=483hi /yr 

125 yd Vhr 
Also assume for this job that a dozer and a grader are required for the same length of time as the 

scraper. 

Fuel Consumption 
Scraper 483 hr/yrx 153 gal/hr = 7,631 gal/yr 
Dozer 483 hr/yr x 10.0 gal/hr = 4330 gal/yr 
Grader 483 hr/yrx 53 pl/hr = 2301 gal/yr 

Total Diesel Fuel = 15,262 gal/yr 

Energy Consumption 

Diesel fuel 15,262 gal/yr x 138,600 Btu/gal = 2.115 x lO' Btu/yr 
Lube Oil 

@ 13% of Diesel Fuel = 229 gal/yr 
229 gal/yr x 148,690 Btu/gal = 3.405 x 10' Btu/yr 

Total 2.149 x lO' Btu/yr 

2.149 X 10' Btu/yr , 
-̂ — = 2.1 X 10* Btu/ton Cu 

100,000 T Cu/yr 

4. Revegetation 

The sprinkling sysiem is calculated for a finger dump 1522 ft long. For reclamation of the total 
waste, a dump with a total length of 7866 ft is required per year. Several wells will be required to obtain 
the amount of water required for reclamation purposes. 

Assume sprinkling duty required is three hours per day, 270 days/year. 

For a 1522 ft long dump with spray nozzles on 100 ft centers, 60 nozzles are required at 25 gal/min 
each at 35 lb/in*. 
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60 X 25 gal/min = 1500 gal/min 
3 hr/day x 270 day/yr = 810 hr/yr sprinkling required 

Assiune for pumping duty: 

Wells average 800 ft deep at 2000 ft from dump 
Dumps 150 ft high 
Gravity head = 950 ft 

For each section, the distribution line is a 10 inch line 3750 ft long. Laterals are 6 inch line 
with 2250 ft required. 

Main Distribution Line 

10 inch 3750 ft long carrying 1500 gal/min. 
Velocity head = 0,6 ft 
Friction head = 135 ft/100 ft (Cast Iron Pipe) 

3750f tx l35f t /100f t=47f t 

Laterals 

3-6 inch lines total length of pipe 2250 ft carrying 500 gal/min 
Velocity head = 0.5 ft 
Friction head = 2.02 ft/100 ft (Cast Iron Pipe) 

2250 ft X 2.02 ft/100 ft = 45 ft 

Gravity Head = 950 ft 
Pressure Head = 81 ft 
Friction Head = 92 ft 
Fittings @ 50% Hf = 46 ft 
Velocity Head = 1 ft 

Total Head 1170 ft 

Q = 1500 gal/min x 0.13369 ftVgal = 200 ft^min 

HQx 62.4 1170x200x62.4 
Water Hp = = = 442 Hp 

33,000 33,000 

442 
@ 70% efficiency Hp = 631 Hp required for one 1522 ft section. 

7866 ft of dump/yr 
-̂— = 5.17 

1522 ft 

631 Hp X 5.17 = 3262 Hp required for total dump 

kWh 
3262 Hp X 0.745 x 810 hr/yr = 1.968 x 10* kWh/yr 

Hp 

1.968 X 10* kWh/yr x 10339 Btu/kWh = 2.0155 x 10'° Biu/yr 

2.015 X 10'° Btu/yr 
100,000 T Cu/yr 
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1.3 MINERAL PROCESSING OPERATIONS 
Beneficiation of copper sulfide ores is accomplished by size reduction and froth flotation. 

Several tons of ore must be handled to produce one ton of copper. The finer the grind for 
liberation the higher the energy requirements per pound of copper. Also, the harder the ore the 
greater the energy requirement for any specific grind. 

Figure 1.3-1 illustrates a typical flowsheet for a copper concentrator. For purposes of this 
study crushing is done in three stages to minus %-inch size and grinding in a single stage ball mill 
in closed circuit with cyclones to 15 to 20 percent on 65-me3h. The coarse rougher concentrate is 
reground for final mineral liberation. This flowsheet was chosen because it represents a fair 
percentage of operating mills. 

1.3.1 Material Balance 
For the material and energy requirements of a copper concentrator without molybdenum 

recovery, a porphyry ore containing 0.55 percent copper was selected. The porphyry type ore was 
considered tj^ical since approximately 88 percent of copper ores in the United States are from 
porphyry ore deposits in the western states. The 0.55 percent copper is the weighted average of all 
ore grades from producing porphyry copper mines in the United States as published by the 
USBM Minerals Commodities Profile (1977). 

Froth flotation has been known and widely practiced for over fifty years. This method is 
employed for all copper sulfide ores from porphyry deposits. Information on froth flotation theory 
and practice is available in a two volume compilation (Fuerstenau, 1976). 

The recovery of copper from ore to concentrate is assumed to be 87.5 percent. The concen­
trate grade is set at 25 percent copper, 28 percent iron, and 31 percent sulfur. These assumptions 
are used to calculate the copper material balance shown in Table 1.3-1. 

1.3.2 Energy Balance 
Tabulation of the energy requirements is shown in Table 1.3-2 and Table 1.3-3. It is evident 

from Table 1.3-2 that the major electrical energy consuming step in the process is the primary 
grinding step (process step 2). The actual percentage of level 1 energy input is 72%. The crushing 
and flotation steps (process steps 1 and 3) also require sizable amounts of electrical energy, while 
regrinding, filtering, and pumping of new and recycled water each requires a relatively small 
amount of electrical energy. Table 1.3-3 also shows that steel liners and cast balls represent a 
sizable energy expenditure as consumed items. Most steel consumption is in crushing and 
grinding, constituting 65% of the level 2 energy requirement. Flotation reagent production 
requires very little energy. 

Energy used to produce grinding balls, ball mill liners, and crusher liners has been variously 
stated. In soine cases scrap steel is the basic raw material while in other cases new steel is the 
basic raw material. Two and a half tons of scrap represents the same energy as one ton of new 
steel (Kellogg, 1977). Production energy of new steel slabs is given as 22 x 10* Btu per ton. The 
same article shows the production energy for steel slabs, grey iron, and steel castings as 24.9 x 10* 
Btu per ton. The same author (Kellogg, 1976) shows the energy requirements for steel balls and 
liners as 36 x 10' Btu per ton. Another author (Makhjani, 1972) gives the production energy for 
high grade steel alloys as 202 x 10" Btu per ton. This figure does not seem to apply but it has been 
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TABLE 1.3-1 MATERIAL BALANCE COPPER SULFIDE CONCENTRATOR 

BASIS: 1 Ton Concentrate (25% Cu, 28% Fe. 31% S) 
0.55% Ore Grade - 87.5% Recovery 
0.07% Tailings Grade 

Stream No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Description 

Ore Feed 

Steel Liners 

Crushed Ore Slurry (70%) 

Steel Balls 

Steel Liners 

Flotation Feed Slurry (30%) 

Frothers 

Promotors 

Lime 

Concentrate Slurry (75%) 

Regrind Slurry (20%) 

Steel Liners 

Steel Balls 

Regrind Recycle (20%) 

Tailings to Thickener 

Tailings Overflow 

Tailings Underflow (34%) 

Tailings Return 

Fresh Water Makeup 

Water Return 

Filtration Recycle l̂ later 

Copper Concentrate 

Solids (Tons) 

51.95 

51.95 

51.95 

1.00 

1.90 

1.90 

50.95 

50.95 

1.00 

Water (Tons) 

22.26 

121.22 

3.00 

7.60 

7.60 

118.33 

19.37 

98.96 

62.60 

36.36 

98.96 

2.89 

0.11 

Other (Lbs) 

0.061 

1.5 

0.1 

0.07 

0.08 

3.0 

0.004 

0.04 
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TABLE 1.3-2 

STEP 
NUMBER 

1 

2 

3 

5 

* 

* 

* 

PROCESS 

Crush ing 

G r i n d i n g 

F l o t a t i o n 

F i l t r a t i o n 

Reg r i nd in t i 

New Water 

Recycle Mater 

*Not Shown on Flowsheet 

ENERGY REQUIREMENTS 

FOR COPPER SULFIDE CONCENTRATOR 

UNIT 

KWH 

KUH 

KUII 

KUH 

KHH 

KHH 

KHH 

UNITS PER NET TON 
OF ORE 

1.B5 

8.89 

1.16 

0.19 

0.24 

1.63 

0 .91 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.0105 

0.0105 

0.0105 

0.0105 

0.0105 

0.0105 

TOTAL 

Leve l 1 

MILLION BTU PER NET 
TON OF ORE 

0.019425 

0.093345 

0.012180 

0.002520 

0.001995 

0.009555 

0.017115 

0.156135 



c/1 
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TABLE 1.3-3 

STEP 
NUMBER 

1 

2 

3 

* 

PROCESS 

Cru^l)Jn(l 
A) L i n e r s 

G r i n d i n g 
A) B a l l s 
B) L i n e r s 

f l p t ^ j o n 
A") F r o t h e r s 
B) Promotors 
C) Lime 

Ret j r j i id jng 
A) L i n e r s 
B) B a l l s 

'No t shown on f lowshee 

ENERGY REQUIREMENTS 

FOR COPPER SULFIDE CONCENTRATOR 

U N I T 

LB 

LB 
LB 

LB 
LB 
LB 

LB 
LB 

UNITS PER NET TON 
OF ORE 

.06 

1.50 
0 .10 

3.00 
0 .08 
0.07 

0 .04 
0.004 

MILLION BTU 
REQUIRED PER UNIT 

0 .018 

0.018 
0 .018 

0.0041 
0.02 
0 .02 

0 .018 
0.02 

TOTAL 

Level 2 

MILLION BTU PER NET 
TON OF ORE 

0.00108 

0.027 
0.0018 

0.0123 
0.0016 
0.0014 

0.00072 
0.00008 

0.04598 



used by others. The energy requirements for high carbon ferro-chromium is given as 61 x 10* Btu 
per ton (Battelle, 1975). Most ofthe liners in use today are chromium-molybdenum type while 
the grinding balls are low alloy steel. In this calculation the value of 18,000 Btu per pound given 
by H.H. Kellogg for liners and grinding balls is used since it seems to more nearly represent the 
use of scrap iron, new iron, and alloys. The electrical energy conversion factor is taken from the 
same article. The energy use, per ton of ore milled, was obtained from private communication 
with one of the latest copper plants built. Direct kWh meter readings are taken from each step of 
the procesa. These total kWh readings are converted to kWh per ton by dividing by the tons 
processed. The kWh or Btu per poimd of copper is directly dependent upon the recoverable 
copper content of the ore. 

1.3.3 Impact of Autogenous Grinding 
The significant contribution of iron, and steel consumption to the total energy requirement 

for conventional grinding is of particular interest in view of the development of autogenous 
grinding technology in the mineral processing industry. The consumption of iron and steel can be 
reduced considerably when the ore ia self grinding. Many operations in Europe now practice 
either autogenous or semi-autogenous grinding and the state of the art for this technology was 
discussed at a recent autogenous grinding conference in Trondheim, Norway, June, 1979. Based 
on the analysis of this data (Digre, 1979) and the use of standard relationships which have been 
developed for conventional grinding (Mular and Bhappu, 1978) the energy effectiveness of 
conventional grinding can be compared to that of autogenous grinding. Figure 1.3-2 presents this 
comparison for a typical copper ore with a work index WI of 13.1 kWh/ton and abrasion index AI 
of .095. Here the total energy required for grinding by various methods is plotted versus an 
autogenous grinding factor. The autogenous grinding factor, 0, gives a measure of the energy in­
efficiency of self-breakage for the ore and is defined as the ratio of the operating work index for 
autogenous grinding to a standard laboratory ball mill work index as established by a Bond 
grindability test or the equivalent thereof. The overall energy requirement for each alternative 
has been calculated as: 

TOTAL ENERGY REQUIRED FOR COMMINUTION = 

(NET CRUSHING ENERGY/ec) 

+ /J (NET BALL MILL ENERGY/eg) 

/STEEL CONSUMED AS MEDIA & LINERS^ i ENERGY "CONTENT" OF STEEL 

+ ENERGY FOR COMMINUTION CIRCUIT AUXILIARIES 

Of course, the energy consumption for conventional grinding and pebble grinding is independent 
of the autogenous grinding factor, whereas the energy consumption in autogenous grinding will 
reflect the extent to which self-breakage contributes to the energy economy. Available data 
indicates that the autogenous grinding factor for copper ores is generally between 1.35 and 1.6 
with occasional values as low as 0.75. When 0 is small the energy required for autogenous grinding 
is less than that required for conventional grinding, since the inefficiency of autogenous breakage 
is more than offset by the elimination of media requirements, however, when the inefficiency 
exceeds 45-50% (.0 = 1.45-1.50) the advantage of no media expense disappears. The comparisons 
shown in the figure are not indisputable, but are based on the best available data. These data do 
indicate that for copper ores which are very amenable to autogenous grinding, a reduction in 
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energy requirements of up to 10% may be possible. Further reductions may be possible through 
the use of pebble milling although the energy cost associated with the production of pebbles must 
be taken into consideration. 

1.3.4 Improvements in Operating Efficiency 
One method of reducing the energy requirement (Btu/Ton) for an existing mineral process­

ing plant involves improving the operating efficiency by increasing the production rate at a fixed 
power input. A major source of operating inefficiency is often uncontrolled fluctuations in the 
quality of the ore coming into the plant. During the last decade significant advances have been 
made in the development of on-line instrumentation for mineral processing systems including: 
particle size analyzers, mass fiow measurement systems, solid phase and liquid phase composi­
tion analyzers. In addition, inexpensive and reliable computers for process control have become 
available. In many instances stabilizing control strategies have been developed for grinding 
(Herbst and Rajamani, 1979) and flotation circuits (Cooper and Paakinen, 1979); typical im­
provements in throughput (or equivalently energy efficiency) have been on the order of 5-10%. 
Optimizing control strategies (Herbst and Rajamani, 1979a) promise even greater improvements 
but to date none have been implemented in U.S. copper concentrators. 

Similarly another important factor in determining the capacity of a closed grinding circuit 
is the efficiency of size separation. Size separation (classification) is typically accomplished with 
mechanical classifiers or hydrocyclones, the latter being preferred in the design of new plants. It is 
intuitively evident that if misplaced fine material of the desired size range is being returned along 
with coarse material to size reduction, the mill capacity will be reduced correspondingly. Under 
these circumstances, the mill will be regrinding material which is already of a suitable size. If, on 
the other hand, the fine material is not misplaced in the coarse material stream, the mill will have 
a greater capacity and the fresh feed rate can be increased. 

The effect of classifier efficiency on the grinding circuit capacity is revealed in at least two 
computer simulation studies (Herbst; Grandy and Fuerstenau 1973), (Luckie and Austin 1975). 
In one analysis, examination of the results reveals that the grinding circuit capacity could be 
increased by as much as 50 percent by improved classifier efficiency. The results from another 
simulation suggest the grinding circuit capacity could be increased by as much as 64 percent if 
perfect size separation could be achieved. In view of the fact that the efficiency (as measured by 
the coefficient of separation which represents the fraction of feed material separated ideally) of 
most hydrocyclones, even under the best of circumstances, is only 50 percent and that the 
efficiency of mechanical classifiers is even lower, considerable improvement in grinding circuit 
capacity could be achieved by improved classifier efficiency. 

Considerable potential exists for the optimization of entire plant (and mine) performance. 
Traditional ideas concerning the "best" size for run of mine ore, primary crusher product, 
secondary crusher product, primary grinding product and secondary grinding product may 
change if the energy economy of the overall size reduction process is taken into account. In 
addition integrated grinding and flotation circuit performance may be improved from an energy 
efficiency point of view by reducing the extent of size reduction (and therefore liberation) in the 
primary grinding circuit. In this emerging process strategy, locked particles in the small mass 
rougher concentrate are reground to achieve the final high degree of liberation required for the 
production of the specified grade of cleaner products. The solution of these and other integrated 
optimization problems promises to improve significantly the overall energy economy of existing 
mineral processing plants. 
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1.3.5 Effect of Declining Head Grades 
Declining head grades will result in higher costs euid energy requirements for copper 

extraction in the future. The overall effect of ore grade on energy consumption for various ore 
types has been estimated (Kellogg, 1979) and is depicted in Figure 1.3-3. 

In terms of energy accounting for mineral processing operations, the head grade will have a 
direct effect on the total energy requirement of the process for two reasons. First, more ore must 
be processed to recover the same amount of copper from a lower head grade ore and second, as the 
head grade drops the ore will probably have to be ground finer to achieve the same recovery. Ifthe 
energy input per ton ore is maintained constant, the recovery must drop; it appears to be a 
reasonable assumption, based on plant observations, that the copper content of the flotation 
tailing will remain approximately constant. The significance of this effect is presented in Table 
1.3-4. As a result of the constant tail assay assumption, it is seen that the recovery decreases from 
90.3% to 76.9% as the head assay decreases from 0.7% Cu to 0.3% Cu. The energy per ton of ore 
remains constant at 202,115 Btu. However, the energy per ton of concentrate more than doubles 
when the head assay drops from 0.7% Cu to 0.3% Cu. This increase corresponds to an increase in 
energy per ton of copper contained in the concentrate from 32 million Btu to 88 million Btu. 

Some questions may be raised regarding the change of liberation size with a decrease in 
head assay and the increased energy that may be required to achieve the desired level of 
liberation. Neither good enough data nor accurate enough mathematical models are available to 
evaluate the effect in a rigorous manner, however, this effect was evaluated using simple 
liberation models (Gaudin, 1939; Weigel and Li, 1967) and it was found to be insignificant for low 
grade materials such as the copper porphyry ores under consideration. 

1.3.6 Conclusions and Recommendations 

1.3.6.1 Conclusions 
Concentrators include standard and well-established unit operations. No major devel­

opments requiring less energy have been introduced in concentration in the last few decades. 
However, several minor modifications in process strategy which may be considered to be fine 
tuning of the circuit, offer promise for modest energy savings. Crushing and grinding are the 
major energy consuming steps in the process and any improvement in these steps would have the 
largest impact as far as energy input is concerned. The use of large flotation cells has improved 
process efficiency and lessened energy usage. 

1.3.6.2 Recommendations 
Improved energy conservation in mineral processing operations can be effected by efforts to 

implement existing technology and by the development of a concerted resewch program to 
establish new technologies for energy conservation. 

1.3.6.2.1 Implementation of Existing Technology 
1) Application of existing stabilizing control strategies for grinding and flotation 

2) Careful evaluation of the potential of autogenous or pebble grinding versus conven­
tional grinding on an ore by ore basis 

3) Optimal allocation of energy between blasting, crushing, grinding and regrinding. 

57 



OO 

O 
UJ 
oc 
UJ 
> o o 
1̂  

UJ 

z: 
o 
h-
Od 
U l 
CL 

m 

>-

Q : 

UJ 

z 
Ul 

1 1 
- L E A D FROM COMMON ROCK 

•COPPER FROM COMMON ROCK 

^<.°'> "^l\/y S n , - . 
G / v-NICKELFROM LATERITE 

^ O . . 

^ % / 

/ 

AI2O3FROM CLAY 

AI2O3 FROM 
BAUXITE 

/ 
/ 

CONCENTRATES F R O M -
C U R R E N T SULFIDE ORES 

I l _ _ X ± iM: 

-J 10^^ 

10'2 

10" 

JO'O 

0.001 0.01 0.1 1.0 10.0 

ORE GRADE, PERCENT OF METAL 

FIGURE 1 . 3 - 3 ENERGY-ORE GRADE RELATIONSHIPS FOR VARIOUS SOURCE 
MATERIALS, K e l l o g g ( 1 9 7 8 ) 

100.0 

o 
UJ 
cc 
UJ 
> 8 
UJ a: 

Ul 

2 

o 
oc 

Ul 

oc 
UJ 
a. 
tn 
Ul 

_ j 

o 
>-" 
CD 
or 
Ul z 
UJ 



TABLE 1.3-4 EFFECT OF HEAD GRADE 
ON TOTAL ENERGY CONSUMPTION 

c/1 

Head 

Assay 

0.30 

0.35 

0.40 

0.45 

0.50 

0.55 

0.60 

0.65 

0.70 

Tail 

Assay 

0.07 

0.07 

0.07 

0.07 

0.07 

0.07 

0.07 

0.07 

0.07 

Recovery 

Percent 

76.9 

80.2 

82.7 

84.7 

86.2 

87.5 

88.6 

89.5 

90.3 

Tons Ore per 

Ton Concentrate 

108.4 

89.0 

75.5 

65.6 

58.0 

51.9 

47.0 

43.0 

39.6 

BTU per 

Ton Ore 

202,115 

202.115 

202,115 

202,115 

202,115 

202,115 

202,115 

202,115 

202,115 

MM BTU per 

Ton Concentrate 

21.91 

18.00 

15.27 

13.26 

11.72 

10.50 

9.51 

8.69 

8.00 

MM BTU per 
Ton of Cu 

. in Concentrate 

87.64 

72.00 

61.08 

53.04 

46.88 

42.00 

38.04 

34.76 

32.00 



1.3.6.2.2 New Research 
1) Development of more efficient classification devices for closed circuit grinding 

2) Development of optimizing (as opposed to stabilizing) control strategies for grind­
ing and flotation 

3) Identify and develop more efficient reduction devices for copper ores. 
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1.4 GAS CLEANING 

1.4.1 Introduction 
.̂ 11 unit operations, i.e., roasting, smelting and converting in copper smelting produce an off 

gas containing sulfur dioxide and particulates. Gas cleaning comprises the removal of particu-

60 



lates from all gas streams while still hot in electrostatic precipitators. Those gas streams with 
sulfur dioxide concentrations high enough to require sulfur dioxide removal in an acid plant are 
further cleaned to ensure efficient acid plant operation. These strong sulfur dioxide gas streams 
are cooled and the remaining dust removed in spray towers (or venturi scrubbers). Electrostatic 
precipitators remove acid mist from the gas and makes it ready for treatment in a contact acid 
plant. 

1.4.2 Process Description 
A flowsheet depicting gas cleaning in a conventional smelter (roast/smelt/convert) is pre­

sented in Figure 1.4-1. 

1.4.2.1 Hot Gas Cleaning 
Hot gas cleaning is normally done separately on the roaster, smelting furnace, £md converter 

with recycle of the recovered,dust back into the smelting furnace. The principal purpose is to 
recover copper contained in the dust. 

The off-gas stream typically contains sulfur dioxide, some sulfur trioxide, water vapor, and 
other volatiles (metal oxides, sulfides, etc.). If the temperature of the gas drops below the acid 
dew point (about 400°F), acid mist can condense as sulfuric acid (H2S0«) presenting severe 
corrosion problems. Cyclones, bag filters, and settling flues have been used to remove the dust, 
but current practice generally is to use electrostatic precipitators. 

The physical properties ofthe off-gas are such that maximum efficiency in the electrostatic 
precipitators is attained at about 7(X)''F and around lOOT (i.e., minimum resistivity). Since the 
gas cannot be cooled below about 400''F because ofthe acid mist problem, the higher temperature 
operation is normally preferred (about 400-600" F). 

The off-gas leaving the smelting furnace is cooled in a waste heat boiler to the range of 400-
600" F before passing into the hot electrostatic precipitator. The off-gas leaving the converter 
passes through flues where a significant portion of the dust is removed. Also the gas is cooled with 
water sprays, with radiating flues, by dilution, or with waste heat boilers to about 400-600"F 
before entering the hot electrostatic precipitator. In practice, normally, the temperature at which 
hot electrostatic precipitators operate ranges from about 400-600°F. ASARCO operates hot 
electrostatic precipitators at 240-30O"F in order to control the volatiles, principally arsenic. The 
resistivity of the dust is controlled by acid conditioning, i.e., spraying acid or injecting sulfur 
trioxide from the acid plant and by monitoring the acidity of the dust. Enough acid is added so as 
to provide conditioning but not to cause excessive corrosion. 

Depending upon the discharge temperature, the off-gas from the roaster may or may not be 
cooled before passing into a dust removal device (separate electrostatic precipitators or cyclone, 
or blending with off-gas &x)m smelting furnace/converter). 

1.4.2.2 Cold Gas Cleaning 
Following hot gas cleaning, the separate off-gas streams to be treated for sulfur dioxide 

recovery are usually combined before being fed into cold gas cleaning. Whereas the purpose ofthe 
hot gas cleaning is to remove dust to recover its copper value, the purpose of cold gas cleaning is to 
remove dust to prevent fouling of the acid plant. This is usually accomplished in a spray tower, 
although some installations have used venturi scrubbers or both. 
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In the spray towers the off-gas is scrubbed with weak sulfuric acid removing most of the 
remaining dust. At the same time, the gases are cooled allowing any acid mist to condense. The 
gases may be further cooled in an indirect cooling tower before entering a mist precipitator 
(usually an electrostatic precipitator) which removes the last traces of dust and reduces the 
amount of water vapor contained in the gas stream. Cooling and mist elimination are important 
factors in controlling the overall water balance in the acid plant. 

1.4.3 Key Variables 
The economics of gas cleaning/acid plants are determined by several key variables, the gas 

volume, sulfur dioxide concentration, water vapor concentration and free oxygen. 

1.4.3.1 Design 
In general, copper smelters produce several off-gas streams from the roasting, smelting, and 

converting operations. The roasting off-gas tends to be high in sulfur dioxide, relatively low in 
volume and relatively constant (especially fluid-bed units, to a lesser degree in multi-hearth 
units). The smelting off-gas ranges from very high volume-low sulfur dioxide (less than 2% sulfur 
dioxide) on conventional reverberatory furnaces to low volume-high sulfur dioxide (more than 
50% sulfur dioxide on some of the newer technologies) and is usually relatively constant. Conver­
ter off-gas tends to be high sulfur dioxide (average 5% sulfur dioxide) but the volume fluctuates 
drastically during the blow: the sulfur dioxide also tends to vary, being higher on the finish blow 
than on the slag blow. 

1.4.4 Energy Requirements 
The energy requirements for hot and cold gaa cleaning are presented in Table 1.4-1 

1.4.5 Fugitive Emissions Control 
In this section we have estimated the energy requirements associated with fugitive emis­

sions control at a smelter producing 100,000 tons of copper per year. The emission control systeni 
is based on building enclosure, especially of the converter aisle and secondary hooding of process 
equipment. The collected gases would be filtered in a baghouse and exhausted via the main stack. 
This system roughly corresponds to the type of fugitive emissions control used in some foreign 
smelters. 

The fugitive gas stream is essentially at ambient temperature and is much larger than the 
other streams &om the process units which are also ultimately exhausted via the main smelter 
stack. As a consequence, the stack gas will require reheating to increase buoyancy and achieve the 
proper degree of dispersion necessary to meet NAAQS (National Ambient Air Quality Stand­
ards). The energy requirements for fugitive emissions control is estimated to be 340 kWh per ton 
copper or 3.57 million Btu per ton of copper. It is assumed that heat necessary to provide 
buoyancy is provided by waste heat. 
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TABLE 1 . 4 1 ENERGY REQUIREMENTS 

GAS CLEAHiNG 

Leve l 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

Hot i,ias c l e a n i n o 

Cold qas c l e a n i n g 

Thous. 
SCF 

Thous. 
SCF 

0.00336 

0.00126 

OS 
4^ 
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1.5 ACID PLANT 

1.5.1 Introduction 
All unit operations in copper smelting, i.e., roasting, smelting, and converting produce an 

ofi-gas containing sulfur dioxide and particulates. Environmental control regulations require the 
removal of sulfur dioxide from rich gas streams (above 4-5% sulfur dioxide); weak streams may be 
vented after particulate removal. Current practice in the United States for sulfur dioxide recovery 
involves the treatment of gas streams from roasting, new smelting furnaces and converting in 
contact plants which fix the sulfur dioxide as sulfuric acid; reverberatory fumace gases are vented 
after particulate removal. 

1.5.2 Process Description 
Figure 1.5-1 shows a flowsheet for an acid plant treating gas from cold gas cleaning as 

described in section 1.4. In a contact process acid plant, the gas entering the plant fiom cold gas 
cleaning is first dried in scrubbing towers using moderate (78%) and/or strong (94/96%) sulfuric 
acid to remove any water vapor. Downstream of the driers a blower is used to move the gas 
through the remaining equipment. 

The incoming gas, containing sulfur dioxide and oxygen is passed over a vanadium pent-
oxide catalyst where it reacts to form sulfur trioxide 

SOi(g) + 1/2 Oi(g) —̂  S03(g) AH° = -23.49 kcal/g-mole (1.5.1) 

The gas stream is then passed through an absorption tower where the sulfur trioxide is 
absorbed in sulfuric acid forming more concentrated acid. ASARCO reports using a 98 percent 
acid with the strength of acid controlled within close limits to ensure good absorption. 

S03(g)-fHi 0(g) — HJ SO4 (fi) AHf = -31.14 kcal/g-mole (1.5.2) 

Reaction 1.5.1 is an equilibrium reaction. The conversion ratio is a function of temperature 
and concentration. To maximize conversion to sulfur trioxide (and hence sulfur dioxide removal) 
and to meet pollution control requirements, most modem plants use a double contact/double 
absorption (DC/DA) scheme where the gas passes through a catalyst (converter) bed, is cooled, 
and passes through a second (and possibly third) converter bed followed by an absorber (for sulfur 
trioxide removal). The gas then passes through a third and fourth converter bed (with interstage 
cooling) followed by a pass through a second absorber. Off-gas from the final absorber is vented to 
the atmosphere and typically contains less than 500 ppm sulfur dioxide. 

In the older single contact/single absorption (SC/SA) plants, the gas would pass through 
several beds of the converter and into the absorption tower only once resulting in a lower 
conversion efficiency (about 95%). A DC/DA plant operates at a higher conversion efficiency 
(about 99.5 percent conversion) than an SC/SA plant and complies with current U.S. environ­
mental regulations. 
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The conventional DC/DA process can be used on feed gas containing up to 8.5-9.0 percent 
sulfur dioxide. In maintaining an autothermal operation, the loss of heat as sensible energy to the 
incoming gas and product acid is balanced against the heat released by conversion of sulfur 
dioxide to sulfur trioxide and absorption of the sulfur trioxide. For gas streams containing about 
5-9 percent sulfur dioxide, this balance can be maintained by adjusting the heat transfer surface 
and the cooling water rate. Increasing sulfur dioxide concentrations result in temperature rises in 
the converter beds leading to greater duties on the heat exchangers. 

Beyond 8.5-9.0 percent sulfur dioxide, additional heat transfer surface would be required to 
remove the excess heat generated in the unit and to avoid overheating in the converter beds. Lurgi 
has proposed the use of a split gas stream along with an economizer/evaporator to remove the 
excess heat and allow processing of 16 percent sulfur dioxide with no loss in efficiency. In 
principle, it should be possible to treat even stronger sulfur dioxide streams and export low 
pressure steam to other process units. To the best of our knowledge, no one is currently operating 
an acid plant on gas over 9 percent sulfur dioxide. 

In some instances where the market is available, liquid SOi or elemental sulfur can be 
produced. 

1.5.4 Energy Balance 
Energy requirements for DC/DA acid plants are presented as a function of gas volume and 

sulfur dioxide concentration in Table 1.5-1. As noted earlier, acid plant energy consumption ia 
related to sulfur dioxide concentration and volume. At sulfur dioxide concentrations of less than 5 
percent, thermal energy is needed to preheat the incoming gas and forms a significant part of the 
total energy use. Above 5 percent sulfur dioxide, preheating is not required and energy is only 
consumed in the pumps and blowers. It is assumed that concentrated sulfur dioxide streams 
(more than 9 percent volume sulfur dioxide) would be diluted with air to 9 percent sulfur dioxide 
before being processed in the acid plant. 
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TABLE 1.5-1 ENERGY REQUIREMENTS 
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TABLE 1.6-4 ENERQY REQUIREMENTS 
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This trend towards higher current density will reduce the overall cost of electrorefining 
although the energy consumption will increase. For a new electrorefinery, the breakdown in 
operating costs is approximately as follows (Arthur D. Little, 1976): 

Electricity 
Other utilities 
Chemicals and materials 
Labor 
Fixed Costs (including retum on capital) 

TOTAL 

2.3% 
1.8 
7.9 

19.9 
68.1 

100.0% 

This breakdown shows that incentives for cost savings and technological change in electrorefining 
will be to decrease the fixed cost component (by increasing the rate at which copper is refined) 
and through automation. For example, if current density is increased fiom 200 amps/m' to 350, 
the copper production would increase by approximately 70-75 percent while energy consumption 
would increase only by 30 percent per ton of product. The overall cost reduction resulting from 
this would be about 35-40 percent. 
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1.7 IN-SITU EXTRACTION OF DEEP SEATED COPPER DEPOSITS 

1.7.1 Introduction 

In situ mining is the in-place extraction of metals from their ores located within the confines 
of a mine. The material to be leached may include fractured or imfractured ore, stope fill, caved 
material, and ores in permeable zones. Alternately, it may be ore dumps, heaps, slag piles, and 
tailing ponds. These materials represent an enormous, untapped potential source of all types of 
metals. 

The field of in situ mining encompasses the following steps: 

(1) The preparation of ore for subsequent in-place leaching, 

(2) The fiow of solutions and ionic species through rock masses and within rock pores, 

(3) The leaching of minerals with inexpensive and possibly regenerable leaching 
reagents under conditions prevailing in-place, 

(4) The generation and regeneration of such solution, and 

(5) The recovery of metals or their compounds from the metal-bearing solutions. 

Accordingly, the overall scope of this potential mining method embraces interdisciplinary 
science and technology requiring application of principles of basic sciences, mineral technology, 
hydrology and economics. A flow diagram of the in situ extraction of copper is depicted in 
Figure 1.7-3. 

1.7.2 Model Design 
To assess the energy impact of in situ extraction of copper, a specific model must be 

designed which builds upon data available for a typical copper porphyry ore. Laboratory results 
obtained by researchers at Lawrence Livermore Laboratory (LLL) (Braun, et al., 1974) were used 
as a basis for calculation. The LLL laboratory study involved the leaching of a nm-of-mine copper 
porphyry ore from the San Manuel Mine (Magma Copper Company, Arizona). In the test, 5.8 x 
10* kg (6.38 tons) were leached in 1.42 cubic meters of solution for 717 days at 90 degrees 
centigrade and 400 psia oxygen over pressure. The copper curve of Figure 1.7-1 illustrates the 
experimental results obtained, where the fraction of the copper extracted is plotted against the 
number of days. The San Manuel ore was observed to weather appreciably, accelerating the rate 
of extraction. 

An initial analysis suggests that hydrofracturing for access to a porphyry type deposit with 
highly disseminated copper and iron sulfides is least likely to be successful. This was, in fact, the 
result of the Safford field study carried out recently by Keimecott Copper Corporation. At the 
other end of the spectmm is complete mbblization such as could result by block caving mining or 
by nuclear mbblization as suggested by the Lawrence Livermore Laboratory experiment (Braun, 
et al., 1974). Block caving or nuclear mbblization results in an inter-particle porosity of 
approximately 30 to 40 percent. While a nuclear device is capable of generating an approximate 
35 percent porosity without ore withdrawal, conventional explosives appear unlikely to be usable 
without some ore withdrawal. Also, any caving technique will produce upwards of 40 percent 
porosity if freely falling fragments pack randomly. As the space becomes more confined, lower 
and lower porosities occur in an ascending chimney of rock. 
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If conventional explosives, followed by block caving, were employed to simulate the LLL 
experiment, a void for the explosive would amount to approximately 15 percent of the total 
volume. Clearly, simulation of the LLL design with conventional explosives is not warranted. 
This has led us to a design which we refer to as "uniform mbblization" and is an approach 
employing explosives to shatter the ore into a pattem of free space generated through the joint 
efforts of Mountain States Engineering and the departments of Mining Engineering and Metal­
lurgical Engineering at the University of Utah. 

The design for field application is based upon an ore unit consisting of a cubic block 1,000 
feet on a side. Four to possibly eight such blocks may be accessed by one shaft in one 1,000-foot 
layer. Multiple layers in depth may also be accessed by the shaft providing mbblization proceeds 
from the bottom of the deposit upward. Considering one unit only, the design incorporates the 
generation of a minimum of 8 percent porosity by mining lamellae 10 feet in height every 100 feet 
of depth. Pillars 10 feet on a side would be generated with 20-foot spacing between pillars. Ten 
such lamellae would be developed in each 1,000-foot ore unit. The 8 percent minimal porosity was 
arrived at on the basis of explosive mbblization producing a mean rock fragment diameter of 10 
centimeters with average crack openings of approximately 3 millimeters. Uniformity is achieved 
by phased mbblization using conventional explosives. The explosive would be loaded into bore 
holes produced by drilling from each room and pillar section. Delayed detonation would be 
employed to attenuate the explosive shock-wave. 

For purposes of calculation leading to laboratory experimental design, a typical copper 
porphyry ore containing 0.7 percent copper and a pjrrite to chalcopyrite ratio of 2.0 to 1 will be 
considered. The bulk ore'density is taken as 150 pounds per cubic foot. One unit block would 
contain 75 x 10' tons of ore. Using an average grade of 0.7 percent copper, a unit would contain 
approximately one billion pounds of copper. Successful exploitation would depend upon a 
recovery of approximately 50 percent of the copper in a 5-year period. Rubblization of ore in-place 
against a free surface requires 0.25 (open pit) to 1.0 pound of explosive per ton of ore depending 
upon the degree of mbblization required. Using a value of 0.5 pound of explosive per ton of ore, a 
unit block would require 37.5 million pounds of ANFO explosive. By detonating the blast into free 
space produced by mining, minimal random packing should occur resulting in a fairly uniform 
distribution of fracturing throughout the ore body. The permeability is estimated to be 
approximately ten to one hundred fold greater than the surrounding unbroken rock. 

Leaching would be carried out using modified bore-hole mining technology with a pattern of 
down pumping, outpumping, and oxygen injection holes. In operation, continuous oxidation 
would proceed by oxygen injection into the ore body while a slow, continuous flow of solution is 
injected and removed. Oxygen would be introduced as needed, probably resulting in two-phase 
flow. The solution flow rate used in the following analysis is based upon a typical flow rate used in 
dump leaching of 0.25 gallon per square foot per hour. If the free flowing solution volume of the 
mbbhzed deposit is 8 percent of the total volume, the free liquid or pore volume would be 8 x 10' 
cubic feet or 2.7 x 10* liters. At the above flow rate, approximately 100 days would be required for 
one pore volume of liquid to pass through the mbblized deposit. For purposes of calculation, the 
depletion of contained copper during each pore volume transfer will be considered small com­
pared to the total. Approximately 20 pore volumes will be considered in the calculation. 
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1.7.2.1 Oxygen Consumption and the Acid Balance 
For an ore having a pyrite to chalcopyrite molar ratio of 2 to 1, 11.75 moles of oxygen are 

required for each mole of copper produced assuming the iron is oxidized to the plus three valence 
state and all sulfur is oxidized to sulfate. The overall reactions are: 

17 1 
CuFeSj + H, 0 + O2 = CuSO* + Hj SO4 + Fej O3 

15 
2FeSi + 4H, 0 + d = Fe, Ô  + 4Hj SO, 

2 

The iron would precipitate as hydrated oxides and as jarosite salts depending upon the 
solution chemistry. The five moles of acid generated induce accelerated weathering of gangue 
constituents. Dynamic buffering of the system in steady-state represents a balance between the 
acid producing reactions involving the sulfide minerals and the acid consuming reactions in­
volving the sulfide and the gangue minerals. The gangue mineral reactions will vary greatly 
depending upon the mineral make-up of the ore. Typically important gangue reactions would be 
those involving calcite and feldspar. Potassium feldspar reacts in the sequence: 

K feldspar —* K-mica —• Kaolinite - * Al̂  * + 6H4 SiO* 

The overall reactions would be: 

2KAlSi3 08 + 4HjS04 + 8H2O = AIi(S04)3 + KjSG, + 6H2Si04 

CaCOs + H2 SO4 = CaS04 + Hj 0 + COj 

The previous work carried out at LLL indicated that enhanced leaching occurred as a result 
of the weathering of the host rock. 

1.7.2.2 Calculated Copper Extraction 
In Figure 1.7-1 the upper curve, as mentioned, illustrates the laboratory results for the LLL 

experiment in which relatively extensive weathering occurred. The bottom curve represents the 
calculated extraction for a dense non-weathering ore which is limited by diffusion through pores. 
It is assumed the 50 percent passing diameter is 10 centimeters and the ore size distribution 
follows the log normal relationship. The dashed curve of Figure 1.7-1 represents a modestly 
weathering ore. The dashed curve is represented by the equation: 

1—=-a-(l-a)2'^ = 1.86 XlO* t 
3 

where a is fraction of copper extracted and t = days. The above equation is considered conserva­
tive for a typical porphyry type mineralization. Based on the working curve, the copper released 
expressed as grams per liter, total cumulative tonnage, and tons per day were calculated. Also, 
using an oxygen efficiency of 0.85 the oxygen requirement was evaluated. The calculated results 
are summarized in Table 1.7-1. 

91 



TABLE 1.7-1 

CALCULATED PRODUCTION DATA FOR IN SITU EXTRACTION PROH ONE BLOCK: 

ONE PORE VOLUME (PV) = 2.27xlo'e 
RETENTION TIME = 100 days 

Pore 
Volume 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Time 
idaysj„ 

100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

Frac t i( 
Reactei 

.110 

.170 

.210 

.240 

.270 

.290 

.310 

.330 

.350 

.370 

.385 

.400 

.415 

.430 

.445 

.460 

.470 

.480 

.490 

.500 

Total 

[Cu ] Produced 
5£e (MJJJ J.5LD. J.S "J J 

Daily 
Avg. Cu Oxygen 

Production Requireoient 
- ^^§JAH. t5i!l/.^*y 

21.3 
11.6 
7.74 
5.80 
5.80 
3.90 
3.90 
3.90 
3.90 
3.90 
2.90 
2.90 

90 
90 
90 
90 
90 
90 
90 
90 

0.053 
0.082 
0.101 
0.116 
0.130 
0.140 
0.150 
0.160 
0.169 
0.179 
0.186 
0.193 
0.200 
0.208 
0.215 
0.222 
0.227 
0.232 
0.237 
0.242 

531 
290 
193 
145 
145 
97 
97 
97 
97 
97 
73 
73 
73 
73 
73 
73 
48 
48 
48 
48 

3.690 
2.016 
1 ,341 
1.008 
1 .008 

674 
674 
674 
674 
674 
507 
507 
507 
507 
507 
507 
334 
334 
334 
334 

Oxygen 
Requi renient 
Cuniul ative 

Total 
itonsj 

3.690 
5.706 
7.047 
8,055 
'9.063 
9.737 
10.410 
11 .090 
11 .760 
12.430 
12.940 
13.450 
13.960 
14.460 
14.970 
15.480 
15,810 
16,140 
16.480 
16,810 



Figure 1.7-2 illustrates the calculated results. There is a marked fall-off in solution concen­
tration with time, beginning with very high initial solution concentrations. The horizontal upper 
(dashed) line of Figure 1.7-2 represents a theoretical continuous production level capable of 
producing 100,000 tons of copper per year (270 tons per day). Clearly there would be great 
difficulty in designing an extraction plant to handle the effiuent from one unit block. Field 
production would require initial control of copper extraction either by limiting flow to progres­
sively greater portions of the unit block or by limiting the oxygen flow rate. Phasing in additional 
mbblized blocks would be required after approximately 200 days to provide a continuous level of 
production at 270 tons per day. 

The solid curves of Figure 1.7-2 refer to maximum production at oxygen saturation. K five 
years is taken as the effective time for 50 percent removal, we note from Figure 1.7-2 that the 
435,000 tons (actually 49 percent of the copper) could be produced from a single unit block in five 
years by operating at a continuous rate of 130 tons per day or 47,500 tons per year as indicated by 
the lower dashed line. Beyond five years the rate of production would fall off since the rate of 
extraction would shift from rate of solution withdrawal to rate of oxygen diffusion into the ore 
fragments. 

1.7.3 The IVlining Plan 
The mining plan is based upon a 1,000-foot cube of porphjry copper containing 0.70 percent 

copper with a pyrite to chalcopyrite ratio of 2 to 1. The cube extends from 500 feet to 1500 feet 
below the permanent water table. The cube contains 7.5 x 10̂  metric tons of the above miner­
alization in a major zone of barren porphyry. It is to be leached in-place by a procedure to be 
described which outlines the preparation of the cube for leaching. Leaching will be over a 5-year 
period and copper recovery is expected to be 50 percent. 

The energy required to prepare and leach the cube is estimated to be 4,921,000 million 
Btu's, expended over a period estimated at approximately 10 years. 

The development program entails the establishment of an underground mine, the extrac­
tion of 8 percent of the ore body to create voids, the installation of solution seals surrounding the 
ore body (if required), and all other procedures that would enhance leaching and recovery 
following the shattering of the ore cube. 

The development program will be carried out on a work schedule of 24 hours per day, 340 
days per year. 

1.7.3.1 Site Selection 
Choose the shaft site most favorable to surface plant topography and to skirt 200 feet away 

from the exact mid-point of one side of the ore cube. Bear in mind the surface plant will include 
all the normal buildings and facilities to support a medium sized undergroimd mining operation 
including dump space for 8.0 x 10' kg of waste and space to install a pad to heap leach more than 
5.0 X 10* kg of ore. 

1.7.3.2 Shaft installation 
Drill a pilot PQ wireline core hole at the shaft site to 2,600 feet in depth for detailed data on 

lithology and water to be encountered in sinking. 
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FIGURE 1.7-2 CALCULATED RECOVERY RATE (tons/day) AND TOTAL TONNAGE 
PRODUCED FROM A UNIT BLOCK OF COPPER PORPHYRY ORE 
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By tmck mounted equipment, excavate the first 50 to 100 feet of shaft and concrete from 
collar to competent ground. As this is being accomplished the headframe, hoist, compressor, 
building, and other surface ancillaries can be in the process of installation. 

When the shaft achieves 1,460 feet depth, cut a station to serve the injection well field 
platform. At the 1,600 foot level and each 100 feet below the 2,510 level, cut an appropriate 
station. 

Sink to 2,600 feet below collar and install between the 2,510 and bottom levels the 800 MT 
capacity pocket, skip loading device, and station. The 2,510 level station will be much larger than 
others to accommodate the first aid station, minor repairs shop, and emergency supplies. 

1.7.3.3 Ore Pass Raise 
This system of 6-foot by 6-foot raises will be designed on a 70 degree slope reversed between 

each level (1,460-2,510 levels) to act as retarders against free-fall velocity. The ore pass system 
will be in the pillar between shaft and ore body and will be connected with each level by a 
separate, short 5-foot by 5-foot raise at 70 degrees from a level grizzly with 24-inch openings. The 
2,510 level will serve as the main grizzly location with a retarder-feeder admitting the muck from 
the ore pass to the grizzly with bars at 12-inch spacings immediately above the pocket. 

1.7.3.4 Ventilation and Shaft 
The four-compartment shaft will utilize the two center compartments for counter-balance 

hoisting, one compartment for service lines and manway, while the other will be smooth-lined for 
ventilation air downcast from stxrface blower. The other compartment will serve as upcast air 
until the second opening has been installed. 

1.7.3.5 The Emergency Escapeway 
Upon achieving the 2,510 level, a drift will be started toward the opposite side of the ore 

block on that level. It will extend 200 feet beyond the ore block into the wall rock directly opposite • 
the shaft, at which point an up-reamed, 6-foot diameter shaft will be bored, using 13^4-inch pilot 
hole from surface. This second connection with surface will be concrete lined to 5-feet inside 
diameter and will serve as a ventilation exhaust conduit and an emergency man escapeway. 

1.7.3.6 Mining for Voids 
To create the needed 8 percent voids to blast to in the ore block, 10-foot horizontal, room-

and-pillar slices will be mined at 100-foot intervals in the ore block and one such slice will be 
made immediately under the block. The number of these slices will depend on the time frame 
chosen to complete the overall development program. If a 3,000 tons per day shaft facility is 
installed, the overall development program is estimated to consume 9 years. With a 9,000 ton per 
day shaft, that period could be 6 years. If leaching is started on the lower one-third of the ore 
body, production of copper could begin at one-third to one-half of the above time frame. There 
will be approximately 7,000,000 tons of ore and development waste removed from the shaft and 
the capital cost for excavating and transporting the materials will be approximately double for 
the 9,000 over the 3,000 ton per day capacity. 
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1.7.3.7 Preparation for the Rubblization of the Ore Blocl< 

As a slice is nearing completion, special drilling equipment can be moved in to drill 4-inch 
diameter holes in preparation for the mbblization blast. 

1.7.3.8 Placement of the Leach Reagent Injection Platform 

Forty feet above the top of the ore block, 8,300 feet of 6-foot by 7-foot drift will be driven to 
serve 81 injection holes on 100-foot centers. The drift from a shaft station 1,460 feet below collar 
will carry the oxygen and leach solution headers to the grid of 8-inch holes drilled into the top of 
the broken ore after mbblization. 

1.7.4 Energy Consumption in Mining and Fracturing 

1.7.4.1 Electric Power 

The mine surface and underground plants will ultimately have 3,050 connected horsepower 
with an average over the first IVi years of 20 percent (610 HP) cormected, and 100 percent 
connected the remaining 6 Vi years of the 8-year mine development period. 

Energy expended: 1,605,000 million Btu = 6.76 x 10* Btu/ton copper 

1.7.4.2 Diesel Power 

Principal consumption is by load-haul-dump units underground (assuming public electric 
power is delivered to the site in place of diesel generator). 

114,000 million Btu = 0.07 x 10* Btu/ton copper 

1.7.4.3 Other Petroleum 

17,000 million Btu = 0.07 x 10* Btu/ton copper. 

1.7.4.4 Explosives 

Using a 0.5 pound of explosive per ton of material broken including detonators, boosters, 
etc., for total blasted metric tons = 75,806,384,568,000 million Btu = 2.14 x 10" Btu/ton copper. 

1.7.4.5 Bore Escape Shaft (Electric) 

This 6-foot diameter shaft will be upreamed through a 13V4-inch pilot hole from surface and 
the following energy use could be combined with "Electric Power." 

8,000 million Btu = 0.03 x 10* Btu/ton copper. 

1.7.4.6 Underground Drilling of Blast Holes 

The approximate 4,600 holes on 10-foot centers, 50-feet deep can be drilled by special 
lowhead drills capable of vertical up and down drilling 4-inch to 6-inch diameter holes. Power can 
be either electric or diesel. 

1,324,000 million Btu = 5.57 x 10* Btu/ton copper. 
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1.7.4.7 Total Energy Expended in Mining 
5,353,000 million Btu = 22.54 x 10* Btu/ton copper (47,500 tons per year copper for 5 years) 

1.7.5 Energy Consumption in Copper In-Sltu Extraction 
In this in-situ leaching process, the oxidation of chalcopyrite and pyrite is carried out by 

pumping oxygen in the fractured ore. About 13,160 pounds of oxygen are required to obtain one 
ton of copper assuming 85 percent oxygen efficiency. This oxygen requirement represents an 
energy consumption of 23.7 million Btu's per ton of copper produced as shown under Energy Use 
Level 2 (Table 1.7-3). Moreover, the oxidation of sulfides underground produces sufficient 
sulfuric acid for leaching of the copper values. 

On the other hand, the reaction of oxygen with sulfides is an exothermic one producing 
about 57.3 million Btu's of energy per ton of copper oxidized, nearly half of which is consumed in 
heating the leach solution and the ore in-place up to 90 degrees centigrade. Mountain States 
Research and Development's (MSRD) calculations indicate that about 29.6 million Btu's are 
required for heating the leach solution and the fractured ore in-place. This results in the surplus 
of about 27.7 million Btu's energy. However, MSRD believes that this surplus energy is not in a 
usable form and no credit is allowed in the energy balance. 

The copper values from the leach solution will be recovered using the solvent extraction-
electrowinning (SX-EW) process to obtain directly salable cathode copper as shown in the 
flowsheet (Figure 1.7-3). In the proposed flowsheet, 3,000 gallons per minute of leach solution 
averaging 8.0 grams per liter copper will be processed in an appropriate SX-EW plant to produce 
130 tons per day of cathode copper at an efflciency of 90 percent. 

The energy requirement for the SX-EW process as calculated by MSRD amounts to about 
24 million Btu's per ton cathode copper produced. Additional energy requirements in the overall 
process include 1.4 million Btu's for pumping ofthe leach solution (3,000 gallons per minute) and 
29.6 million Btu's for heating the solution and ore in-place to 90 degrees centigrade. It should be 
noted that much of the heat, once generated, will be retained in the fractured ore underground 
and the above energy requirement represents additional energy needed to make up the heat losses 
sustained during leaching and processing. 

The energy uses in the proposed in-situ leaching process under level 1 and Level 2 are 
summarized in Table 1.7-2 and Table 1.7-3 respectively. 

As can be seen, the total energy required for producing one ton of cathode copper by in-situ 
extraction including both Levels 1 and 2, amounts to 80.6 million Btu's. This quantity ia in line 
with the energy required by other hydrometallurgical and pyrometallurgical processes including 
mining and concentration. One would expect that the in-situ extraction would be less energy 
intensive than other conventional mining and surface processing methods. In reality, the process 
is less energy consuming per unit of copper, but the recovery is about 50 percent as compared to 
about 85 to 90 percent for conventional mining and surface processing methods. This observation 
clearly pinpoints the need for research and deveiopment resulting in higher recoveries than 50 
percent. 
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TABLE 1.7-2 ENERGY REQUIREMENTS 

IMSITU LEACH PROCESS 

Level 1 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REOUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

vo 

Leac 
no a 
Finn 

22.5 

A) Pumping Solution 
B ) Heating Solution 

and ore in place 

Solvent Extraction 
Electrowinning 

Energy Produced in the 
Process* (oxidation of 
sulfides) 

29 

24 

-29 

4 
6 

0 

6 

TOTAL 47.9 

'Energy produced i n the 
accoun t ing f o r on ly he 

o x i d a t i o n 
t r e q u i r e 

o f s u l f i d e s i s a c t u a l l 
i f o r h e a t i n g the s o l u t 

57 .3 X 10 B t u , but w 
on and the brolten o r e . 



TABLE 1.7-3 ENERGY REQUIREMENTS 

IMSITU LEACH PROCESS 

Leve l 2 

STEP 
NUMBER 

o o 

PROCESS 

M in ing and F r a c t u r i n g 
E x p l o s i ves 

Leaching Oxygen 

SC-EH Reagents 

U N I T 

LBS 

LBS 

LOS 

UNITS PER NET TON 
CATHODE COPPER 

143 

13,160 

24.92 

MILLION BTU 
REQUIRED PER UNIT 

.060125 

.0018 

.0172 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

B . 6 

23.7 

0 .4 

32.7 



1.7.6 Conclusions 
The in-situ extraction of copper from a deep seated sulfide copper deposit should be an 

attractive process from the view of energy consumption, since Mountain States Research and 
Development's study indicates that about 75 million Btu's are required to produce one ton of 
cathode copper. This consumption is in line with energy consumption by other 
hydrometallurgical methods. The major shortcoming of the process is the assumption that only 50 
percent of the copper is recoverable in this process. If higher recoveries than 50 percent are 
achievable then the in-situ process would be truly an attractive approach. If the comparison is 
made with conventional mining and concentration of ore from a deep-seated deposit the in-situ 
method appears even more attractive. 

1.7.7 Recommendations 
Since the overall recovery of 50 percent makes the in-situ process little better than other 

hydrometallurgical processes in energy use, research efforts should concentrate on methods to 
increase the overall recovery of copper. Accordingly, an in-depth R&D program is necessary for 
improving the overall extraction of copper. This study should include a demonstration phase to 
determine the effectiveness of the process under operating conditions in-situ. Also the use of air 
instead ofoxygen should be considered for certain conditions of ore depth and mineralization. An 
appreciable energy saving could be made using air and conditions permitting its use should be 
determined. Comparable tests in bench scale and large pilot scale research is needed to assess the 
following: 

1) Actual oxygen consumption related to the type and extent of mineralization needs 
to be evaluated quantitatively. 

2) Use of air compared to oxygen to determine the effect of oxygen partial pressure. 

3) Recent developments (Coursen, 1979) in blasting stressed rock with flooded joints 
indicates the amount of explosive needed may be as low as that for open pit mining. 
This would reduce the total Level 2 energy by 4.8 x 10' Btu/ton copper. Explosive 
technology which will reduce the amount of explosive needed for uniform rubbliza­
tion should be tested under conditions approximately the specific in-situ mining 
plan. 

4) In connection with 3) above, field testa on rubblization should include up-flow 
flushing to remove fines produced by sliding joints during blasting. It appears such 
fiushing can remove fines effectively, resulting in permeabilities of 2 or 3 Darcys. 

5) The fanning or spreading effect of gases through open joints in a blasted ore body 
should be determined under conditions of t^ro-phase flow. 

6) Weathering and leaching characteristics of copper porphyry should be determined 
for extended periods of ore-solution contact time to improve model predictability. 

7) Comparison of small scale and large scale tests should be correlated by a detailed 
model to test and improve scale up precision. 

8) Solution chemistry capable of recovering precious metals concurrently or sequen­
tially should be considered. 

9) Reactions with host rock potentially capable of precipitating copper and consuming 
lixiviant should be quantified. 
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1.8 COPPER CEMENTATION 

1.8.1 Introduction 
The recovery of copper from dilute leaching solutions by precipitation with iron, i.e., 

cementation, represents a significant source of recoverable copper representing approximately 
10% of domestic mine output. The solutions obtained from in-situ, dump and heap leaching are 
dilute (15 kg/m' copper). Cementation offers a simple and efficient means of recovering copper 
from such dilute solutions. The product of precipitate or cement copper is impure and requires 
further pyrometallurgical upgrading. 

1.8.2 Process Description (Biswas and Davenport, 1976) 
The cementation of copper from solution is described by the reaction 

Fe''->-Cu++ —Cu' '=Fe++ (1.8.1) 

Other metais such as aluminum and zinc can be used. However, steel scrap is an economic 
cementation agent of choice. The pregnant leach solution is made to fiow through a pile of scrap 
steel at which time the copper precipitates on the iron surfaces and is removed under the 
influence of solution flow as flake or powder. The copper is usually contaminated with iron 
(typical analysis 85-90% Cu, 0.2-2% Fe, 0.5% SiOa + AUOj, remainder oxygen). Stoichiometri­
cally, about 0.88 ton of iron is required to cement one ton of copper. In industrial practice the iron 
consumption is 1.5-2.5 tons per ton of copper cemented out due mainly to the following side 
reactions: 

Fe" + 2Fe+ + + = 3Fe+-'- (1.8.2) 

Fe" + 2H+ = Fe++ + H,,., (1.8.3) 

Atmospheric oxygen contributes to excess iron consumption oxidizing the iron or producing ferric 
ions that consume metallic iron. Some of the copper may also oxidize and redissolve requiring 
reprecipitation. 

Thermodynamics indicate that the equilibrium ionic ratio AFgj"(-/Acuj+ is about 10" at 
25''C. This extremely large ratio indicates that reaction 1.8.1 can proceed until virtually all the 
copper ions are precipitated from solution. In industrial practice more than 90% of the copper is 
removed from the pregnant liquors before they are recycled to the leaching circuit. The kinetics of 
cementation have been studied extensively, and it is generally agreed that the rate controlling 
step is the diffusion of copper ions to the steel surface. Thus, the rate of copper precipitalion 
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(Nadkami and Wadsworth, 1968) is proportional to the concentration of copper, in solution, the 
exposed iron area and the specific rate constant 'k' 

dCcui+/dt = - kA Ccu+j (1-8.4) 

The specific rate constant and hence the cementation rate increases with increasing temperature 
and degee of agitation. In addition, minimizing the concentration of Fe-l-' ions and atmospheric 
oxygen lowers the effect of side reactions 1.8.2 and 1.8.3 leading to more efficient iron utilization. 
It has been shown that iron consumption approaches stoichiometric requirement when carried 
out in a nitrogen atmosphere (Biswas and Reid, 1972). 

The flow sheet for the recovery of copper from dilute solutions by cementation is shown in 
Figure 1.8-1. The simplest and most common cementation system is the open launder in which 
the pregnant leach solutions flow by gravity down a wooden or concrete trough or series of troughs 
filled with steel scrap. The launders vary in dimensions and form — straight line or zigzag. Table 
1.8-1 summarizes the operating parameters for launder precipitation plants. In more recent 
launder designs the scrap steel is held on wooden grids positioned above the launder bottom. This 
permits the cement copper to fall to the bottom of the launder where it can be recovered from the 
steel scrap. Open launder operations involve higher scrap steel usage with up to three times the 
stiochiometric requirement actually being used. It also requires considerable labor to handle steel 
scrap additions and to recover cement copper. 

Several compact and dynamic cementation systems have been developed and used industri­
ally (Spedden et al., 1966). The most successful is the Kennecott Cone precipitator in which the 
pregnant leach solution is forced upwards in a swirling motion through shredded steel scrap. 

The Kennecott Cone system consists of a cylindrical tank, 6-7 m high, 4-6 m diameter, in 
which a 4-m high stainless-steel cone is fixed (apex down). The upper third of the cone is 
constructed of stainless-steel screen. The pregnant leach solution is swirled into the cone via two 
rings attached to the inside of the cone (one-third and half-way up) through laterally directed 
openings on the rings. The solution swirls upwards through the shredded steel scrap and the 
copper precipitates as contact is made. 

The swirling action washes the copper from the iron surfaces and the particles become 
suspended in the solution. The copper particles are carried upward to near the top of the cone 
where, as the velocity decreases due to the widening ofthe cone, they sink through the screen part 
into the collection area at the bottom of the tank. 

The Kennecott Cone is a high capacity unit (10 m'min- ' of solution in a 7 m high, 4 m 
diameter vessel; Malouf, 1973). The system is flexible and two or more cones can be placed in a 
series (or series with a launder) to maximize copper recoveries and throughput or to handle 
solutions with high copper concentrations. In addition to the high throughput rate, the cone has 
the advantage of a low iron consumption, in the order of 1.6 times the stoichiometric requirement 
compared with 2.3 for equivalent launder techniques (Spedden et al., 1966). The Keimecott Cone 
has proven to be very efficient and it is now used extensively in association with large heap-leach 
operations. 
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TABLE 1.8-1 COMPARISON OF LAUNDER PRECIPITATION PLANTS (JACOBI. 1964) 

o 

Launder system 

Dally production (tonnes) 

Leach solution flow (cn min ') 

Copper concentrations (kg m""') 

Pregnant leach 

Post cementation 

Recovery of launders {%) 

Nuniber of launder units 

Dimensions of launder units 

Length (m) 

Width 

Depth 

Total launder volume (m ) 

Velocity of leach solution (m min"') 

Contact time (min) 

Ratio- Daily copper production 
Total launder volume 

(tonnes day m" ) 

Inspiration 
copper 

Zigzag 

11 

9.5 

Ohio Cu. 
(Bingham 
Canyon) 

Straight 
line 

9 

3.2 

Anaconda 
(Butte) 

Straight 
line 

8 

19.0 

Andes 
Copper 

Zigzag 

8 

2.2 

Cananea 

Zigzag 

22 

S.I 

0.85 

0.02 

97 

32 

2.04 

0.06 

97 

200 

0.31 

0.02 

95 

20 

2.41 

0.07 

97 

18 

3.30 

0.36 

89 

40 

12 

0.5 

1.5 

290 

2.0 

19.2 

0.04 

5 

0.8 

0.8 

640 

9.8 

50 

0.014 

30 

3 

0.9 

1620 

2.0 

78 

0.005 

19 

3 

1 .8 

1850 

0.4 

875 

0.004 

12 

1 .6 

0.9 

650 

0.1 

88 

0.03 



Other dynamic precipitation techniques such as the tumbling of scrap in submerged drums 
have been tried but much of the copper precipitate produced was colloidal in size and difficult to -
recover. 

1.8.3 Materials Balance 
The principal material consumption is iron as scrap. Depending on the type of operation, 

the scrap iron consumption can range bom 1.5 to 4 tons per ton of cement copper (Woodcock, 
1967) and 1.5 to 2.5 tons (Biswas and Davenport, 1976) 

1.8.4 Energy Requirements 
Level 1 energy reqxiirements in cementation consist principally of electrical energy in 

pumping solutions in precipitation cones and launders. The energy use is small and is estimated 
at 5 kWh per ton of cement copper or 0.05 million Btu per ton of cement copper. 

The only materials consumption is the iron scrap used in cementation. Based on an iron use 
of 2.5 tons per ton of copper and an energy value of steel scrap of 18 million Btu per ton (Battelle, 
1975), this results in an energy use of 45 million Btu per ton cement copper. Thus, the level 2 
energy usage is 45.05 million Btu per net ton cement copper. 

1.8.5 Utilization of Cement Copper 
The most common method of treatment of cement copper is by melting it in smelting 

furnaces or converters. An alternate but rarely used method is to dissolve the cement copper in a 
basic aqueous solution followed by hydrogen reduction to yield copper p>owder (<150 pm) of 
99.9% purity (EMJ, 1967). A German patent (Reid, 1972) accordmg to which copper at 99.8% 
purity is produced by carrying out the cementation reaction under nitrogen followed by a sulfuric 
acid washing and a nitrogen atmosphere drying. This process will, if successfvil, produce a 
material suitable for powder metallurgy applications. 

1.8.5.1 Disposition of Copper Precipitates 
Table 1.8-2 shows the disposition of cement copper (precipitates) at U.S. copper smelters. It 

is seen that most of the precipitates used at smelters (88.5%) are added to the reverb or roaster. It 
should also be noted that precipitates represented about 3.9% of the tonnage of copper concen­
trates charged at U.S. smelters. 

1.8.5.2 Energy Requirements 
Many smelting furnaces use precipitates as a portion of the charge. The energy require­

ments presented in subsequent sections represent actual operation energy use, i.e., for a mix of 
concentrates and cement copper. Based on the enthalpies of copper and iron sulfides and cement 
copper at their melting points, it is estimated that melting copper precipitates requires 15 percent 
of the energy used to melt on a per ton contained copper basis. If precipitates are charged to a 
converter, the excess heat can be used to melt the precipitates. However, this is rarely practiced 
because the moisture in the precipitates can cause hazards in converter operations and dust 
handling problems increase. 
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Table 1.8-2 

DISPOSITION OF PRECIPITATES AT U.S. SMELTERS 

Sinel ter 

Asarco. El Paso 
Hayden 
Tacoma 

Phelps Uodye, Douglas 
Morenci 
New Cornelia 

Kennecott, Garfield 
Hayden 
Hurley 
HcGin 

Inspiration 

Magina, San Manuel 

Anaconda, Anaconda 

Copper Range, Hhite Pine 

TOTAL 

Co 

6 

App 

ncentrates 

295.600 
529.812 
273,603 

680.509 
810.000 
206.471 

780.542 
296.282 
265.442 
283.196 

282.200 

798.500 

647.870 

247,100 

.397.127 

(1971-73) 

roxiniate Annual Tonnage 

Precipitates. 
Reverbs. Roasters 

3.000 
1 .743 

0 

10.500 
16.000 
1 .£40 

52.650 
13.215 
36.700 
16.435 

28.500 

0 

37.840 

0 

218.223 

Converters 

9.000 
2.614 
3.995 

6.500 
1 ,200 
2.445 

2.211 
43 

405 
0 

0 

0 

0 

0 

28.413 

Precipitate 

Reverb 
Roasters 

25 
40 
0 

62 
93 
40 

96 
100 
99 
100 

100 

0 

100 

0 

88.:; 

Use (%) 

Converters 

75 
60 
100 

38 
7 

60 

4 
0 
1 
0 

0 

0 

0 

0 

11.5 

Source: Econoiuic Impact of New Source Performance Standards on the Primary Copper Industry. Arthur 
0. Little, Inc.. October 1974. 
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2.0 PYROMETALLURGY 

2.1 INTRODUCTION 
This section deals with copper extraction processes that involve high temperature process­

ing to produce a final blister copper product which is subsequently fire refined and electrorefined 
to the pure cathode product. Section 2.2 presents an analysis of the theoretical energies involved 
in the conversion of the standard concentrate to blister copper. The process is exothermic when 
pure oxygen is used to convert the concentrate to copper and produces surplus heat. If a mixture 
of air and oxygen is used, as the nitrogen in the gases increases, its heat content rapidly changes 
the surplus heat to a deficit. With pure air 4.2 million Btu per ton of cathode copper is necessary 
to overcome the energy deficit. It is evident from this analysis that oxygen enrichment of air 
blowing processes is energy efficient. If the heat liberated by the oxidation of sulfides in the 
charge can be recuperated or used efiiciently in a given process, a low overall energy cost will 
result for the process. 

The conventional roast, reverberatory matte smelting, converting process was treated in 
section 2.3 to provide"a "yeirdstick" by which the other pyro-processes could be measured. The 
other processes chosen for study range from those that have had considerable commercial 
utilization such as the electric fumace (2.5), Oxy Fuel Reverb (2.15), the flash smelting processes 
(2.6,2.7) and the Noranda process (2.9) to the Q-S process (2.11) presently under development by 
Dravo and the Thermo Electron Process (2.14) which has not been at the present time completely 
tested on a laboratory scale. 

The Top Blown Rotary Converter Process (2.8) is an example of a process successful in the 
steel industry which has been adapted to nickel and copper sulfide smelting. It has only recently 
been used commercially in British Columbia for the first time on a copper ore concentrate. The 
Mitsubishi Process (2.10) is an example of a modem continuous smelting and converting process 
with a unique design. The AMAX Dead Roast Process (2.12) which utilizes a small blast fumace 
for final reduction of the copper oxide. The Segregation Process (2.13) is a novel process involving 
a combination chloridizing roast and coal reduction step which appears to be energy efficient. 

Finally a section is included on impurity control in pyrometallurgical processes (2.4) since 
impurity elements play an important role in the nature of the subsequent smelting operations. 
Some elements may be valuable by-products while others are detrimental to the quality of the 
final cathode copper and are difiicult and costly to remove. It is concluded that the single step 
smelting processes may retain more of the impurity elements in the final blister copper than the 
conventional smelting process and hence the continuous processes may have to either use more 
pure ores or be modified to include a separate converting or impurity removal step. 
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2.2 THE THEORETICAL ENERGY FOR SMELTING COPPER CONCENTRATES 
TO UNREFINED BLISTER COPPER 

2.2.1 Introduction 
As a base line for comparing real processes, an idealized theoretical energy for smelting is 

desired. Smelting is defined as the unit process of metallurgy in which the desired product, metal 
or matte, is separated from an undesired one, slag, by a gravity separation amonpt the two 
liquid, condensed phases. Normally, a gaa will also be present. A narrow interpretation of the 
definition would lead to the conclusion that no real copper smelting process meets these criteria, 
because the so-called slag phase is not liquid, it is itself a two-phase system of liquid slag and 
solid magnetite (Fe,04) which can amount to as much as 30 percent of the slag weight. Magnetite 
causes bottom build-up in relatively quiescent furnaces, and is blamed for poor settling of matte 
out of slags, and therefore high slag losses. .Consequently, the first step in making a material 
balance from which theoretical energy may be calculated is selection of a slag which should 
prevent magnetite formation by using available thermodynamic and activity data. 

2.2.2 Selection of Slag Composition 
Magnetite caimot form when conditions do not allow the following reaction, Eqn. 2.2.1, to 

proceed. 

3FeO(in slag) -F 1/2 0, (in surroundings) = Fe,04(S) (2.2.1) 

Thus the formation of magnetite requires the existence of FeO and a sufficient pressure ofoxygen 
in the surroundings. FeO exists in the slag phase because FeS has been oxidized into it and into 
SO] in the gas phase. Thus the raw material for magnetite formation being present, what is the 
pressure of oxygen? The highest oxygen pressure encountered when going from concentrates to 
copper is where the oxidation of white metal, CujS, occurs. The highest oxygen pressure will then 
result from the reaction of Eqn. 2.2.2. 

Cu,S -I- 0, = 2Cu(liquid) -I- SO,(gas) (2.2.2) 

This would correspond to an 80% Cu matte grade. Actual matte grades are generally lower, and 
those encountered in modem processes may be around 70% Cu. In this case, the oxygen pressure 
would be fixed by Eqn. 2.2.3. 

FeS -(- 1.5 0, = FeO + SO, (2.2.3) 

The equilibrium constant of this reaction is readily calculated from thermodjmamic data, and 
has the form shown in Eqn. 2.2.4. 

K, = (activity FeO x pressure S02)/[activity FeS x (pressure 0,)''] (2.2.4) 

Activity of FeO can be controlled by selecting a suitable slag, adding for example proper amounts 
of SiOj and CaO, known as "fluxes." Since the reaction uses up oxygen almost quantitatively, the 
pressure of SOj depends on oxygen content of the oxidant. If pure oxygen is used, then SOj 
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pressure is approximately equal to atmospheric. If air is used, it will be about 15% as shown by 
equation 2.2.5 (based on 79% N, 21% Oj in air): 

FeS + 1.5 0, -t- 5.64 N, = FeO -i- SO, -I- 5.64 N, (2.2.5) 

For the more general case, one gets the result of Eqn. 2.2.6: 

pressure of SO, (atm) = % 0„ blast (150 - 0.5 x % 0„ blast) (2.2.6) 

Since activity of FeS in matte is nearly equal to its molar fraction, one can estimate it from 
percent Cu in matte by Eqn. 2.2.7: 

activity FeS = (1 - 0.006918 x %Cu,matte)/(l - 0.005605 x %Cu,matte) (2.2.7) 

It appears that if activity of FeO is at about 0.35, then magnetite cannot form in the temperature 
range 1200-1300°C for oxygen contents in the blast up to 100%. Also, equilibrium copper in slag 
will be below 0.5%. (Yazawa, 1974). 

By extrapolating activity data in the system CaO-FeO-SiO, (Timucin, 1970) down to 
1300''C, it was found that a silica-saturated slag containing 10% CaO, and 45% each of FeO and 
SiO, had the desired activity. According to the work of Rontgen its viscosity was about 5 poises, 
and according to Henderson its density is 3.3, so that with a matte density of about 5, separation 
should be satisfactory. 

In the slag, AljOg is considered chemically equivalent to SiO, on a weight basis in correcting 
the ideal slag composition to one made from gangue in the concentrates and fluxes. The fluxes are 
regarded as being pure SiO, and pure CaCO,. The oxygen used is treated as pure 0,. 

With these assumptions, the material balance is as shown in Table 2.2-1 and the energy 
balance as in Table 2.2-2. Thus the oxidation of green concentrates to blister copper is exother­
mic, with surplus energy of 1.9 million Btu per net ton of contained copper. Were one to use a 
lower SiO, slag, as is the common practice, the calculated energy surplus would be greater for two 
reasons, one being the fonnation of Fe,Ot, with its higher heat of formation than FeO, and the 
other a decrease in the weight of slag. It is however felt that the actual energy surplus in this case 
would be decreased rather than increased because of the operating problems brought about by 
magnetite. 

2.2.3 Effect of Air-Oxygen Mixtures 
The effect of using a mixture of air and oxygen rather than pure oxygen is to add nitrogen 

gas and thereby increase the heat content of the gases, soon changing the heat surplus into a 
deficit. The heat content of nitrogen at 1250''C is 9.39 kcal/gm mol. Therefore the 528 kcal surplus 
would be consumed by the addition of 56.23 mols of N,. Since the oxygen supplied is 1535 grams 
or 47.97 gm mols, it is seen that a blast containing less than 46% oxygen will change the surplus 
into a deficit. If air is used, heat in nitrogen will rise to 1695 kcal/kg Cu or 6.10 million Btu/ton Cu, 
changing the surplus to a deficit of 4.2 million Btu. 
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TABLE 2.2-1 

Material Balance for tlie Production of Unrefined Blister Copper 

from tiie Standard Concentrate under Idealized Conditions 

Basis: 1000 net tons Cu in Blister 

INPUT 

Green Concentrates 

Silica Flux 

Lime Flux 

Oxygen 

TOTAL INPUT 

tons 

4500 

970 

366 

1535 

7371 

OUTPUT 

Blister Copper 

Slag 

SiOg 

AI2O3 

FeO 

CaO 

MgO 

Cu 

S 
Other 
Gas 

H2O 

CO2 

SO2 

TOTAL 

1319 

140 

1459 

289 

25 

13 

16 
12 

450 

161 

2457 

OUTPUT 

tons 

1020 

3283 

3068 

7371 
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Table 2.2-2 

Energy Balance for Productioii of Blister Copper from Standard Concentrates 

Basis 1000 gm Cu or One Net Ton Cu in Unrefined Blister 

Input 

Oxidation of sulfur 

Oxidation of iron 

Formation of slag 

Formation of alloy 

l<cal/lcg 

2743 

1215 

208 

5 

Cu Mill ion Btu/net ton Copper 

9.88 

4.37 

.75 

.02 

Total energy input 4171 15.02 

Sensible heat 

Blister 

Slag 

Gas-so^ 

CO2 

Ĥ O 

Decomposition 

sulfides 

CaCO. 

at 1250''C 

copper 

591 

55 

296 

824 

156 

Evaporation of water 

Total accounted for 3643 

Surplus, by 

difference 

188 

1255 

942 

980 

308 

.68 

4.41 

3.39 

528 

3.53 

1.11 

13.12 

1.90 

Total energy output 4171 15.02 
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2.3 CONVENTIONAL SMELTING 

2.3.1 Introduction 
Conventional pyrometallurgical practice for recovery of copper from its sulfide concentrates 

(reverberatory smelting) is fairly uniform from smelter to smelter and is adapted to treating fine 
grained sulfide concentrates consisting mainly of copper and iron sulfides and gangue. 

Copper's strong afflnity for sulfur and its weak afiinity for oxygen as compared with that of 
iron and other base metals form the basis for the three major steps in producing copper metal 
from sulfide concentrates; roasting, smelting and converting. There are approximately 100 
reverberatory furnaces in use worldwide (Biswas and Davenport, 1976). 

2.3.2 Process Description 
The process flowsheet is shown in Figure 2.3-1. 

2.3.2.1 Raw Materials 
Flotation concentrates containing from 15-30% copper constitute the bulk of the feed to the 

smelters. In addition, smelters will charge cement copper (produced by precipitation of copper in 
solution with iron) containing 70-85% copper. 

2.3.2.2 Drying 
The flotation concentrates can contain 10-15% moisture. Cement copper can contain as 

much as 30% moisture. The charge to a reverberatory fumace can be dried so that its overall 
moisture content is 4-8% without unduly increasing dusting problems in the reverb. The removal 
of moisture in drying reduces the fuel requirements in the reverb. Also the drier acts as a blender 
for homogenizing the charge. Rotary or multiple hearth driers are used for drying the feed 
materials. 
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2.3.2.3 Roasting 
About half the copper smelters in the U.S. roast their charge prior to smelting in the 

reverberatory fumace. The older smelters use multiple hearth roasters for this purpose while the 
new smelters use fluidized bed roasters. 

The object of roasting is to regulate the amount of sulfur in the charge and to remove certain 
volatile impurities such as arsenic, antimony, and bismuth. In the case of custom or toll smelters, 
the composition of feed materials can vary widely. Hence, roasting in addition blends and 
homogenizes the charge. Smelters with access to high-grade, low-impurity concentrates eliminate 
roasting and smelt the concentrates directly. 

Elimination of some of the sulfur in roasting results in a higher grade matte in the 
reverberatory fumace and hence decreases the oxidizing load on the converters. Sulfide roasting 
can be autogenous and additional fuel is not required. The charging of hot roasted calcines into 
the reverberatory fumace can decrease its fuel consumption per ton of charge by about 40% and 
consequently increase a reverb's unit capacity. The lower fuel requirement per ton of charge when 
using calcine smelting also reduces the volume of reverb off-gases. In addition, roasting also 
reduces the emissions of sulfur dioxide from the reverb by removing the loosely held or "labile" 
sulfur in the concentrates which would otherwise evolve in the reverb upon melting of the 
minerals. 

2CuFeS, = Cu,S -i- 2FeS + S (2.3.1) 
FeS, = FeS -t- S (2.3.2) 
8-1-0, = SO, (2.3.3) 

Both types of roasters (multiple hearth and fiuidized bed) usually operate around 1200''F. 
Sulfur dioxide concentration in the wet ofi-gas is usually 5-10% with new multiple hearth roasters 
and lower for old multiple hearth roasters (2-5% sulfur dioxide). With fluid bed roasters the wet 
off-gases can run 10-12% sulfur dioxide. Both types of roasters, therefore, can produce a steady 
stream of relatively rich off-gases suitable for sulfuric acid manufacture. Both types of roasters 
involve the handling and collecting of large quantities of hot abrasive dust which can lead to high 
maintenance costs. 

2.3.2.4 Reverberatory Furnace SnneltIng 
Roasted and unroasted materials, after mixing with suitable fluxes, are smelted in rever­

beratory furnaces. Liquid converter slag is also charged into the reverberatory fumace to recover 
its copper content. Heating of the charge is accomplished by burning fuel in the fumace cavity, 
the heat being transmitted to the charge primarily by radiation from the roof, walls and flame. 

A reverb can use natural gas, fuel oil or pulverized coal as fuel. Most U.S. smelters have 
gas/oil capability and many are planning a switch to coal. 

The maximum smelting capacity of a reverb is limited by the amount of fuel that can be 
burned (a function of reverb shape and size) and the quantity of heat required by a unit weight of 
charge. Reverb throughput can be increased by drying the charge, preheating the charge by 
roasting, and preheating and/or oxygen erurichment of the combustion air. 
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These other techniques rely on scrubbing of the reverb gases to absorb sulfur dioxide and 
then treating the scrubber liquor to either strip the sulfur dioxide (to produce a more concent­
rated stream suitable for acid manufacture) or to produce a disposable solid. 

At the Ajo smelter in Arizona, Phelps Dodge installed an experimental system for absorbing 
sulfur dioxide in reverb and converter gases in dimethylaniline (DMA) and stripping the DMA to 
produce a more concentrated stream of sulfur dioxide. The system was operated intermittently by 
Phelps Dodge and is no longer in use. Other absorption-concentration systems have also been 
tried at other U.S. smelters, e.g., the citrate system at Magma Copper in Arizona and at Bunker 
Hill in Idaho. These systems are also no longer in operation. The DMA scmbbing system at 
Asarco's Tacoma, Washington smelter is the only absorption-concentration system in operation 
at a copper smelter in the U. S. This installation scrubs converter gas and not reverb gas. Asarco 
used the DMA system at their Selby, California lead smelter for many years. 

The Smelter Control Research Association has studied several strategies for controlling 
reverb emissions and selected a dual-alkali scrubbing process as the most cost effective. In this 
process, the reverb gas is scrubbed with an ammonium hydroxide liquor and the absorbed sulfur 
oxides are precipitated as a calcium sulfite/sulfate sludge with lime (SCRA, 1977). 

At the Onahama smelter in Japan, the reverb gases were ducted directly to an acid plant 
temporarily while the plant was being converted from conventional green charge smelting to the 
Mitsubishi process. The acid plant did not achieve autogenous operation (E&MJ, 1972). 

2.3.2.5 Converting 
Matte produced in the reverberatory fumace is transferred in ladles to the converters using 

overhead cranes. The converters used in copper smelting are ofthe cylindrical Peirce-Smith type, 
the most common size being 13' x 30'. Air is blown from the side through a series of openings 
called tuyeres. During the initial blowing period (the slag blow) iron sulfide in the matte is 
preferentially oxidized to iron oxide and magnetite and sulfur is removed with the off-gases as 
sulfur dioxide. Flux is added to the converter to combine with iron oxide and form a fluid iron 
silicate slag. When all the iron is oxidized, the slag is skimmed from the fumace leaving behind 
"white metal" or molten cuprous sulfide. Fresh matte is charged into the converter at this stage 
and the slag blowing continued until a sufficient quantity of white metal has accumulated. When 
this happens, the white metal is oxidized with air to blister copper during the "copper blow." The 
blister copper is removed frt>m the converter and cast or subjected to additional fire refining prior 
to casting. Converter blowing rates can vary between 12,000 to 30,000 scfm of air. Also, the sulfur 
dioxide content of the off-gases is lower during the "slag blow" than during "copper blow." 

Cooling of the hot converter gases is necessary in order to prevent thermal damage to the dry 
gas cleaning equipment. When this cooling is accomplished by adding dilution air, sulfur dioxide 
concentrations in the converter off-gases can vary from 1-7% and this gas is considered too dilute 
for sulfuric acid manufacture. When air dilution is prevented with close fitting hoods or with 
Hoboken converters, the off-gases average 5-10% sulfur dioxide. However, when dilution air is not 
used, cooling devices such as waste heat boilers, air/gas heat exchangers or water sprays are 
necessary to protect the dry gas cleaning equipment. 

The converter gases pass via a balloon flue or individual high velocity flues to dry gas 
cleaning equipment such as cyclones and electrostatic precipitators. Thus, with proper hooding, 
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the converter off-gas is sufficiently high in sulfur dioxide so as to be suitable for sulfuric acid 
manufacture, but converting by its very nature is a batch operation and the off-gas flow rates vary 
widely. In the smaller copper smelters which use two or three converters, the scheduling of 
converter blows in order to obtain relatively steady flows to the acid plant is a difficult problem. 

2.3.3 Material Balance 
Table 2.3-1 shows the material balance for green charge smelting. 

2.3.4 Energy Requirements 
Table 2.3-2 presents the Level I energy requirements for green charge smelting, in million 

Btu per ton of blister copper. 

The energy used in materials handling and general utility (material transport, blending and 
bedding of concentrate and flux, slag granulation and disposal, operation of control systems and 
plant lighting) is estimated at 15.5 kwh/ton concentrate smelted, or 147,000 Btu fuel equivalent. 

Table 2.3-3 presents the Level II energy requirements for green charge smelting. 

Tables 2.3-4 and 2.3-5 present the Level I and Level II energy requirements for calcine 
charge smelting. A multiple hearth roaster has been assumed for concentrate roasting. The sulfur 
distribution is as follows: roaster 50%, reverb 15%, converter 30% and fugitives 5%. 

2.3.5 Conclusions 
Conventional smelting (green charge reverb smelting or roast-reverb smelting) is characte­

rized by the use of large quantities of hydrocarbon fuels because the process makes little use of the 
energy available from oxidation of the sulfide charge. The limited degree of oxidation in the 
reverb as well as the dilution of the resultant sulfur dioxide by combustion gases and leakage air 
results in a gas stream that cannot be economically treated for sulfur recovery. 

The smelting of hot calcines requires less smelting fuel than that for wet charge smelting 
because the heat of oxidation of the sulfides is utilized in drying and preheating the charge. In 
many cases, the roasting can be carried out without an external source of fuel. The lower smelting 
fuel requirement also results in lower combustion air requirements and a smaller off-gas volume 
thereby requiring lesser energy for gas cleaning. The matte produced in the reverb has a higher 
matte grade resulting in further decrease in the energy requirements for converting and converter 
gas cleaning. Also, the recovery of sulfur as acid is also higher. 

The recovery of sensible heat from reverberatory fumace off-gas through the use of waste 
heat boilers has been standard practice for many years. The recovery of waste heat from roaster 
gases is not practiced mainly because of lower off-gas temperatures and the high dust load has 
made the small amount of recoverable energy uneconomic. The temperature of operation of a 
fluid bed roaster is around 1500° F and there is a potential for waste-heat recovery by immersing 
heat transfer surfaces inside .the fluidized bed. In a Dorr-Oliver slurry feeding type of design, the 
roaster is operated adiabatically so that excess heat is used to evaporate the water used in 
producing the slurry. In the Lurgi-type design waste heat is recovered via heat transfer surfaces 
immersed in the bed itself. To our knowledge, none of the fluid bed roasters at smelters in the 
United States recover waste heat. Spray cooling and dilution is used to cool the gas to a 
temperature suitable for feed to the acid plant. 
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In the reverberatory fumace, copper and sulfur form the stable copper sulfide. Excess sulfur 
unites with iron to form a stable ferrous sulfide. The combination of the two sulfides, known as 
matte, collects in the lower area ofthe fumace and is removed. Such mattes may contain from 15 
to 65% copper, with a 40 to 45% copper content being most common. The matte also contains 
impurities such as antimony, arsenic, iron, and precious metals. 

The remainder of the molten mass containing most of the other impurities known as slag, 
being of lower specific gravity, floats on top of the matte and is drawn off and discarded. Slags in 
copper smelting are ideally represented by fayalite, but contain alumina from the various charge 
materials and calcium oxide which is added for fluidity. Since reverb slags are discarded, the 
copper contained in the reverb slag is a major cause of copper loss in pyrometallurgical practice. 
The concentration of copper in the slag increases with increasing matte grade. 

When using a reverb for green charge smelting, 20% to almost 45% ofthe sulfur in the feed is 
oxidized and is removed from the fumace with the off-gases. The wet off-gases can contain 1.5-3% 
sulfur dioxide. When using calcine smelting, sulfur dioxide evolution is lower and about 10-15% of 
the sulfur in the unroasted feed material is contained in the reverb off-gases. Sulfur dioxide 
concentration in the wet off-gases in this case can vary between 0.5 to 1%. 

The hot gases from the reverb are cooled in waste heat boilers which extract a portion of the 
sensible heat in the gases. A considerable amount of dust is removed in the waste heat boiler and 
the gases are further cleaned in electrostatic precipitators before venting to the atmosphere. 

Reverberatory furnaces can vary in width from about 22 feet to 38 feet and in length from 
about 100 feet to 132 feet. The roofs of the older reverberatory furnaces are sprung arch silica 
roofs, while almost all the newer fumaces have suspended roofs of basic refractory. Over the 
years, two types of reverberatory fumaces have evolved, each with its specific charging methods. 
The first and older is the deep bath reverberatory fumace which contains a large quantity of (in 
excess of 100 tons) molten slag and matte at all times. In modem deep bath reverberatory 
fumaces, the molten material is held in a refractory cmcible with cooling water jackets along the 
sides which greatly diminishes the danger of a breakout of the liquid material. In deep bath 
smelting, several methods exist for charging. Wet concentrates can be charged using slinger belts 
(high speed conveyors) that spread the concentrates on the surface of the molten bath. Dry 
concentrates or calcines from the roaster can be charged through the roof or via a Wagstaff gun 
(an inclined tube). Roof charging (side charging) is rarely practiced in conjunction with deep bath 
smelting because of potential dusting problems with fine dry calcine and explosion problems with 
green charge. 

The second type of reverberatory fumace is the dry hearth type in which a pool of matte 
exists mainly at the tapping end. The dry hearth type fumaces are charged with wet or partially 
dried concentrates (green.feed smelting), or with calcines through the roof. In the latter case the 
dusting problem can be quite severe for fine concentrates. 

As noted earlier, reverb gases are too dilute in sulfur dioxide to be suitable for autogeneous 
sulfuric acid manufacture. Several attempts have been made to control emissions from the reverb 
by other techniques but these have not been practiced for long on a commercial basis. 
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TABLE 2.3-1 REVERB SMELTING: GREEN CHARGE 

I J 
O 

( T O N S PER TON BL ISTER COPPER 1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

AL2O3 
CaO + MgO 
Others 
HgO 

SO2 
O2 
CO 
C02 

TOTAL 
TEMP. (°F> 
STATE 

(I) 
HET 

CONCENTRATE 

wt. 
drv 
wt.t 

i 

0.9932 
1.112 
1.2316 
0.0188 

0.3428 
0.1342 
0.1164 
0.0208 
0.39728 

4.37008 

25.0 
28.0 
31 .0 
0.47 

8.63 
3.45 
2.93 
0.52 

100.00 
60 
S 

(2) 

SILICA 
FLUX 

wt. 
dry 
wt.?. 

0.0072 

0.0032 

0.466 
0.0208 
n.oin 
0.010 

.5072 

1.40 

0.60 

90.0 
4.0 
2.0 
2.0 

100.no 
60 
S 

(O 

REVERB SLAG 

wt. wt.? 
0.0132 
01.124 
0.0292 
0.3192 

1.1844 
0.1752 
0.1348 
0.0308 

A. 

3.0108 
2250 

0.44 
37.33 
0.97 
10.60 

39.34 
5.82 
4.48 
1.02 

100.0(1 

(5) 

REVERB 
OFF GAS 

wt. 

1.06211 
1.2392 

2 . 3 6 5 6 
7 . 8 1 1 0 

11.2387 
2350 

w t . % 

(6) 

MATTE 

wt. 
1.0416 

.7648 
•6192 
. 0 5 5 2 

2.4808 
2150 

•Oxygen assoc ia led w i l h FeO and Fe^O^ 

w t . X 

42.0 
30.82 
24.97 

2.21 

100.00 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

Ope-
SjOa 

AL203 

CaO-t- MgO 
Others 

SO2 
O2 

CO 
C02 
N J 

T O T A L 
T E M P . ( ° F » 
S T A T E 

2 . 3 - 1 ( c o n t . ) 

( 7 ) 

CONVERTER FLUX 

w t . w t . Z 

. 0 0 6 1 .40 

. 0 0 2 4 0 . 6 0 

. 3 8 5 6 9 0 . 0 0 

. 0 1 7 2 4 . 0 0 

. 0 0 8 4 2 . n o 

. 0 0 8 5 2 . n n 

. 4 2 8 1 1 0 0 . 0 0 
60 

S 

REVERB SMELTING: GREEN CHARGE 

( T O N S P E R T O N B L I S T E R C O P P E R 1 

( 8 ) 

CONVERTER SLAG 

w t . w t . ' i . 

. 0 6 1 6 4 , 0 8 

. 7 6 9 6 5 n . 9 3 

. 0 3 6 4 2 . 4 1 

. 2 3 2 4 1 5 . 3 8 

. 3 8 5 6 2 5 . s n 

. 0 1 7 2 1.14 

. 0 8 4 0 0 . 5 6 

1 . 5 1 1 2 1 0 0 . 0 0 
2250 

L 

( 9 ) 

CONVERTER OFF GAS 

w t . w t . % 

1 . 1 4 8 3 1 . 3 6 

2 . 5 1 2 2 1 6 8 . 6 4 

3 . 6 6 0 2 1 1 0 0 . 0 0 
2300 

G 

( 1 0 ) 

CONVERTER 

w t . 

. 7 5 0 4 

2 . 5 1 2 2 1 

3 . 2 6 2 6 1 
60 

A IR 

w t . l 

23 

77 

1 0 0 . 0 0 

G 

( 1 1 ) 

BLISTER Cu 

w t . 

. 9 8 0 

. 0 0 1 

. 0 0 9 

. 0 0 1 5 . 

. 0 0 8 5 

1 .0 
2200 

wt . 'X 

9 8 . 0 
0 . 1 
0 . 9 
0 . 1 5 

n . 8 6 

1 0 0 . 0 ( 

L 

•Oxygen associated w i t h FeO and Fe^O^ 
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TABLE 2 3-2 

STEP 
NUMBER 

1 

2 

3 

4 

5 

* 

6.-/ 

PROCESS 

M a t e r i a l s Handling) and 
General U t l l j t y 
A J ' E l e c t r T c a l Energy 

Reverb. Siiielt1n({ 
A rPue" ' : " ' F u e l ' O i l 
B) E l e c t r i c a l Energy 
C) Waste Heat Recovery: 

Steam 

Convert i ng 
A ) ' E l e c t r i c a l Energy 
B) Fuel : Fuel O i l 

Gas_Cleanina 
/ i l ' l l o i Gas 'C lean lng 

1 - Reverb (1.5% SO^) 

2- Conver te rs 
(7.0% SO^) 

B) Cold Gas Cleaning 
1 - Conver ters 

{ 7 . a t sn^) 

2- F u g i t i v e 
Emissions Cont ro l 

Ac id P lan t 
A) Conver te r Gas 

(7% SO2) 

Water P o l l u t i o n C o n t r o l 
A) E l e c t r i c a l 

Anode Furnace and 

ENERQY REQUIREMENTS 

CONVENTlOHAL SMELTING: GREEN CHARGE SMELTING 

UNIT 

KHH 

GAL 
KUH 
LBS 

KWH 
GAL 

Thous. 
SCF 

Ttious*. 
SCF 

Thous. 
SCF 
KWH 

Tlious. 
SCF 

KMH 

TON OF 
CATHODE 
COPPER 

UNITS PER NET TON 
CATHODE COPPER 

69.1 

179.9 
60.8 

7140 

155 
3.9 

1000.9 

198.7 

198.7 

340 

198.7 

9.0 

1.0 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.139 
0.0105 
0.0014 

0.0105 
0.139 

0.00336 

0.00336 

0.00126 

0.0105 

0.0114 

0.0105 

5.824 

' ' 
TOTAL 

Level 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.726 

25.006 
0.638 

-10 .000 

1.628 
0.542 

3.363 

0.668 

0.250 

3.570 

2.265 

0.095 

5.824 

34.575 



TABLE 2 . 3 - 3 ENERGY REQUIREMENTS 

CONVENTIONAL SMELTING: GREEN CHARGE SMELTING 

Level 2 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

2 

3 

« 

6.7 

R e v ^ r ^ §'H§Jl' ' ia. 
A T ' S T I i c a ' F l u x " 

Conver t ing 
k ) S i l i c a Flux 

y a t e r P^Ju_t^ioj i . tontro 1 
A7 Liiiie 

Anode Cast ing and 

TONS 

TOMS 

LBS 

TON OF 
CATHODE 
COPPER 

0 

0 

0 

1 

518 

437 

0 

0 

0.042 

0.042 

0.0027 

0.468 

0.022 

0.018 

0.081 

0.468 

TOTAL 0.589 

*Not shown on f lowshee ' 
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TABLE 2 .3 -4 

STEP 
NUMBER 

1 

* 

2 

3 

4 

5 

* 

ENERGY REQUIREMENTS 

CONVENTIONAL SMELTING: CALCINE CHARGE SMELTING 

PROCESS 

M a t e r j a j s Hand] ing 
A V f l e c t r l c a i Energy 

Roaster 
A) E l e c t r i c a l Energy 

Reverb. Sn ic l t inn 
A r f u e V : ' F u e l ' O i l 
B) E l e c t r i c a l Energy 
C) Waste Heat Recovery 

Steain 

Convert i nn 
AT E l e c t r i c a l Enemy 
B) Fuel : Fuel O i l 

A ) Hot Gas Cleaning 
1 - Roaster (10?. SO )̂ 

2- Reverb 
( n . 8 5 r sn2) 

3- Conver te rs 
(7?. sn?) 

B) Cold Gas Cleanino 
1 - Roaster (10?. SOj) 

2- Conver ter 
(7?. SO2) 

3- F u g i t i v e 
Emissions Control 

Ac id P lan t 
A ) Roaster A Conver ter 

Gas (8 .4Z SO^) 

Hater Pol 1 u t i o n Cont ro l 
A ] E l e c t r i c a l Energy 

UNIT 

KHH 

KWH 

GAL 
KHH 
LBS 

KWH 
GAL 

Thous. 
SCF 
Thous. 
SCF 
Thous. 
SCF 

Thous. 
SCF 
Thous. 
SCF 
KHH 

Thous. 
SCF 

KWH 

UNITS PER NET TON 
CATHODE COPPER 

69.1 

62.7 

104.3 
60 .8 

3107 

120 
2.3 

149.2 

525. 

167.3 

149.2 

167.3 

340.0 

316.5 

9 .0 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.0105 

0.139 
0.0105 
0.0014 

0.0105 
0.139 

0.00336 

0.00336 

0.00336 

0.00126 

0 .on i26 

0.0105 

0.01224 

0.0105 

Level 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.726 

n.658 

14.498 
0.638 

-4 .350 

1.260 
0.320 

0.501 

1 .764 

0.562 

0.188 

0.211 

3.570 

3.874 

0.095 



TABLE 2-3-4 (Con t . ) ENERGY REQUIREMENTS 

CONVENTIONAL SMELTING: CALCINE CHARGE SMELTING 

Level 1 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

6,7 Anode Furnace and 
E l e c t r o r e f ini i f ig 

TOM OF 
CATHODE 
COPPER 

1 .0 5 .824 

TOTAL 

5 .824 

3 0 . 3 3 9 

*Not shown on f l o w s h e e t . 



T A B L E 2 . 3 - 5 ENERGY REQUIREMENTS 

CONVENTIONAL SMELTING: CALCI f lE CHARGE SMELTING 

L e v e l 2 

STEP 
NUMBER PROCESS UNIT 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

i - j 

6.7 

Reverb. Smeltinq 
FJ S n i c a Flux' 

Convertinn 
AT—STriTa Flux 

Water Pollution Control 
A") L i me 

Anode Furnace and 
El ectroreftn ing 

TOU 

TON 

LBS 

TON OF 
CATHODE 
COPPER 

0.375 

0.290 

30.0 

1 .0 

0.042 

0.042 

0.0027 

0.468 

0.016 

0.012 

0.0B1 

0.468 

TOTAL 0.577 

*Not shown on flowsheet 



Only three or four smelters in the United States are recovering heat from converter off-gases 
by using water-walled uptake hoods, the others use some form of dissipative cooling (dilution 
radiation or convection to reduce the temperature of the off-gas). The companies that have 
attempted to recover heat from the converter off-gases have had mixed success. To overcome acid 
condensation on the heat transfer surface, its temperature must be maintained above 400°F even 
when there is no off-gas from the converter. Thus, when a converter is not in operation, the 
working fluid (steam or water) heats the air leaking into the converter hood. Fuel must be burnt 
for keeping the working fluid warm. In some instances, this energy consumption can exceed the 
amount of waste heat recovered. 

Little attempt has been made to recover waste heat from the anode fumaces and cathode 
'melting fumaces. An exception is the Outokompu Harjavalta plant where anode fumace offgas is 
used to dry concentrates, reportedly decreasing fuel requirements for drying by aproximately 
259b. The anode fumaces only operate intermittently and are operated primarily as a holding 
furnace. Because of the low gas volume, the waste heat potential is limited. If anode refining is 
carried out along with scrap melting, as practiced in the secondary copper industry, the off-gas 
volume and the waste heat recovery potential would be higher. The ASARCO shaft fumace has 
the cathodes moving counter-cvurent to the gas stream and is therefore an efficient heat ex­
changer by itself. Consequently, there is little additional potential for waste heat recovery in 
cathode melting in the ASARCO shaft fumace. 

The principal developments with respect to decreasing energy requirements has been the 
oxygen enrichment of combustion air in the reverberatory fumace. The principal effect is 
decreasing the amount of nitrogen per unit of combusted fuel. This results in: 

• An increased flame temperature and hence an increased rate of heat transfer to the 
charge. 

• An increased residence time of the combustion gases (due to the lower volume per 
unit of fuel) and hence more complete transfer of their heat to the charge. 

• A decreased carry off of sensible heat in the effluent gas. 

These lead to increased smelting rates and decreased fuel consumption (Biswas and Davenport, 
1976). Experiments on £m INCO reverberatory fumace (Saddington, et al., 1967) indicates that 
oxygen enrichment of combustion air to 27% oxgyen reduces fuel consumption by about 20%. 
Altematively, if the fuel rate is kept constant production rate can be increased about 35% at a 
level of oxygen enrichment of 26% oxygen. Similar results have been obtained with Russian 
reverberatory furnaces (Kupriakov and Artemeiv, 1974). Oxygen enrichment to a level of 30% is 
used on a regular basis in five or six reverberatory fumace operations (Niimura, et al., 1973) 
(Kupriakov and Artemeiv, 1974). Enrichment above this level leads to excessively high temper­
atures and excessive refractory wear at the bumer end. Industrial tests, as part of a program to 
increase enrichment to 40-50% oxygen, at the Almalyk smelter (Kupriakov and Artemeiv, 1974) 
demonstrate that this problem might be overcome by supplying the fuel with a shortage ofoxygen 
and by supplying the remainder of the oxygen via vertical roof pipes spaced regularly down the 
length of the fumace. 

At the Caietones smelter in Chile, oxy-fuel burners were tried in reverbs over a period of 
several years, finally getting to complete elimination of air-oil burners. A 50% decrease in fuel 
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usage and doubling of daily production rate are predicted based on an energy balance evaluation 
of air-oil versus an air fuel reverb. Although the refractory usage increased considerably with 
oxygen-fuel burners, as production was doubled the retractory usage per ton of copper produced 
did not increase as a result of switching from air-fuel to oxygen-fuel burners (Schwarze, 1977). 

The converting of matte using air (low-to-medium matte grades) is autogenous. In fact, 
coolants such as scrap or cement copper must be added in most cases to prevent the converter 
from overheating. The enrichment of converter air lowers the quantity of nitrogen and thus 
permits the charging of larger quantities of coolant. An altemate coolant is copper concentrate 
which in addition to cooling the system melts to form matte and slag. Extensive tests in the 
United States and Japan have showed that with oxygen enrichment (30-40%), a significant 
proportion of the concentrates entering a smelter can be smelted in the converter (Tsuromoto, 
1961; Messner and Kiimeberg, 1969). Principal problems in the process are the high rate of 
refractory wear in the tuyere region due to overheating caused by the oxygen enriched blast, and 
excessive fugitive dust. 
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2.4 IMPURITY CONTROL IN PYROMETALLURGICAL COPPER PROCESSES 

2.4.1 Introduction 
Copper sulfide concentrates are normally associated with a number of elements. These 

include: Au, Ag (noble metals); =Co, Ni, Pt, Pd (Group Vm); Zn, Cd Hg (Group II-B); Sn, Pb 
(Group IV-A); Mo (Group VI-B); Bi, Sb, As (Group V-A); Se, Te (chalcogens) and Cl (halogen), 
in addition to gangue. Of the elements listed above, ̂ some of the elements such as Mo and Zn are 
removed in tbe concehtration process or occur in small enough quantities that they need not be 
removed. The principal elements of interest are (1) Au, Ag, Se, Te, representing valuable 
byproducts and (2) Zn, Pb, Sn, Bi, Sb, representing principal impurities. The following is a 
discussion of the impurity elimination characteristics of various processes, pyrometallurgical 
processes which produce blister copper and the further purification of blister copper to anode 
grade copper. Finally, impurity distributions in electrorefining are discussed. It should be empha­
sized that data on impurity distribution presented in this section although based on operating 
data are meant as a guide and are not to be considered typical of specific processes, operating on a 
specific concentrate. 

2.4.2 Reverberatory Smelting and Converting 

2.4.2.1 Reverberatory Smelting 
Over many decades reverberatory smelting processes have been highly perfected with 

respect to minor element control. Reverberatory smelting provides a high recovery of valuable 
byproducts such as Au, Ag, Se, Te to copper while assuring an excellent elimination of detrimen­
tal elements such as Zn, Pb, Sn, Bi, Sb, and As. The two mechanisms for impurity removal are 
(1) oxidation and slagging, and (2) volatilization. 

The elements removed by slagging are those whose oxides have a high negative free energy of 
formation. Besides iron, the elements removed to some degree by oxidation and slagging include 
Co. Ni, Zn, .\s, Sb, Bi, Ca, Mg *, Al*, Ba*, Na*, K*. Mn*, Li*. Ti*. V*, and Sn. At the same time 
some of the highly deleterious impurities — As, Sb, Bi, Se, and Te — are removed either by 
volatilization either as sulfides or oxides or in the elemental form. About 99 percent of the Pb, 54 
percent of the Bi, 50 percent of the Sb, 21 percent of the As, and 60 percent of the Se and Te are 
eliminated in the reverberatory fumace (Keller, 1902). The behavior of metals other than copper 
and iron in reverberatory smelting is estimated in Table 2.4-1. 

These data serve only as a guide and the precise distribution of minor elements depends 
upon the smelting conditions and the type of process. The most important points are: 

• Gold, silver, the platinum metals, cobalt and nickel enter the matte almost com­
pletely. These metals are carried forward to the converting operation and they are 
finally recovered as byproducts during the electrorefining of anode copper. 

• Significant quantities of impurities harmful to copper also enter the matte; specifi­
cally antimony, arsenic, bismuth, lead, selenium and tellurium. Some of these are 
also recovered as byproducts during subsequent converting and refining operations. 

• Much of the zinc reports in the slag from which it can be recovered by "slag fuming" 
(reduction) if it is present in sufficient quantities. 

* Removal of these elements is complete in the smelting and sutjsequent converting operations. 
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TABLE 2.4-1 

ESTIMATEO DISTRIBUTION OF ELEMENTS 

DURING MATTE SMELTING 

Metal 

Alkali and alkaline earth metals 
aluminum, titanium 

Aq, Au, platinum metals 

Antimony 

Arsenic 

Bi smuth 

Cadmium 

Cobalt 

Lead 

Nickel 

Selenium 

Telluri um 

Tin 

Zl nc 

Oi stri bution 
Matte Slag Volatized* 

99 

30 

35 

10 

60 

95 

30 

98 

40 

40 

10 

40 

100 

1 

55 

55 

10 

10 

5 

10 

2 

50 

50 

15 

10 

SO 

30 

60 

60 

60 

40 

10 

••Not including solids blown from the furnace (dust lo s s e s ) . 

Source: Ruddle, 1953, Yazawa and Azakami, 1969, Mackey, et 
a l . , 1975, published in Biswas and Davenport, 1976. 
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2.4.2.2 Converting 

In the converter, due to the more strongly oxidizing conditions, and to the rapid passage of 
air, a great deal of impurity elimination takes place. Here the last traces of the less harmful 
impurities (Ca, Mg, Al, etc.) are removed and further amounts of the more tenaciously held 
impurities (As, Sb, Bi, Se, and Te) are eliminated. Converting may be expected to eliminate from 
ordinary mattes (low grade ~40 percent), 70 percent of Sb, 80 percent ofthe arsenic, 50 percent of 
the Se and Te, and 95 percent of the bismuth (Peters, 1907). Another source reports that 95-98 
percent of the lead, 94-96 percent of the bismuth, 71-73 percent of antimony, 81-84 percent of 
arsenic, 19-52 percent of selenium and tellurium is removed during converting (Keller, 1899). 
Later experimental work indicates that little Se and Te is removed during converting (Baker and 
Hallowes, 1950). 

Table 2.4-2 summarizes the distribution of elements between blister copper, slag, and gas 
phase. Table 2.4-3 presents the composition of dusts from electrostatic precipitators operating on 
converter gases. 

It is seen from Table 2.4-2 that As, Bi, Cd, Ge, Hg, Pb, Sb, and Sn are extensively removed 
as vapors during converting while most of the zinc is removed along with iron in the slag. Precious 
metals, and to a lesser degree, nickel and cobalt, proceed forward with the blister copper from 
which they are recovered during electrorefining. 

There is also considerable entrainment of matte and slag droplets in the high-velocity 
converter waste gases. The solidified droplets are caught in the fiue system (mostly in "ballon 
flues" but also in electrostatic precipitators) and are generally recycled within the smelter. The 
droplets have the approximate composition of the liquids at the time of ejection. 

The dusts and vapors from converters contain sufficient copper for them to be recycled to 
the smelting fumace or to the converter itself. However, this procedure returns all of the 
impurities to the circuit and hence some smelters treat the dusts for impurity removal before they 
are recycled or these dusts are stockpiled. Bismuth in particular is recovered from converter dusts 
because: (a) it causes brittleness in the final copper anodes and (b) it is a valuable byproduct. 

2.4.3 Flash Smelting 

2.4.3.1 Outokumpu Flash Smeiting (i-iarl<l<l and Juusela, 1974) 
The feed at the Harjavalta smelter usually contains only limited amounts of deleterious 

impurities such as As, Sb, Bi, Zn, etc. (Table 2.4-4) and hence no special treatment is needed. 
The flash smelting technique is flexible, i.e., copper content of the matte may vary from 40 to 80 
percent, the flue dusts, or some part of them, may be taken out of circulation if they are enriched 
in some components. On account of this flexibility, different types of concentrates can be smelted. 
The distribution of elements can be affected even in the fumace by changing the process 
variables. The distribution of elements in the settler, flue dust, and gas phase, can be controlled 
and desired products from flash smelting achieved. 

In the flash smelting fumace the impurity elements are distributed between slag, matte and 
flue dust. As the flue dust is normally circulating, the final distribution is between matte and 
slag. A small amount of the elements or compounds with a relatively high vapor pressure may be 
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TABLE 2.4-2 

DISTRIBUTION (ESTIMATED) OF IMPURITY 

ELEMENTS DURING CONVERTING 

Ag 

Au 

Pt metals 

As 

Bi 

Cd 

Co 

Fe 

Ge 

Hg 

Ni 

Pb 

Sb 

Se 

Sn 

Te 

Zn 

lister 
Copper 

90 

90 

90 

15 

5 

0 

80 

0 

0 

10 

75 

5 

20 

60 

10 

60 

0 

Gas^ 

0 

0 

0 

75 

95 

80 

0 

0 

100 

90 

0 

85 

60 

10 

65 

10 

30 

Slag2 

10 

10 

10 

10 

0 

20 

20 

100 

0 

0 

25 

1 0 • 

20 

30 

25 

30 

70 

^Not including ejected droplets of. matte and slag. 

^Including entrained matte. 

Source: Ruddle, 1953; Yazawa and Azakami, 1969; published 
in Biswas and Davenport, 1976, 
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TABLE 2.4-3 

COMPOSITE CONVERTER COTTRELL DUST ANALYSES 

FOR THE GASPE AND NORANDA SMELTERS 

Smelter Cu Pb Zn Cd 
Analysis (%) 

Bi Sb S SiO Ag Au In 

OJ 

-1̂  

Gaspe 

Noranda 

10.2 27.9 7.5 0.31 1.95 0.80 

11.0 22.1 13.9 0.82 

9.3 NR NR NR NR 

0.18 10.2 6.5 0.04 0.0005 0.12 

Source: Stanley, et al., 1972, published in Biswas and Davenport, 1976 



OJ 
CO 

TABLE 2.4-4 

COMPOSITION OF CONCENTRATE AT HARJAVALTA 

Cu Fe S Zn Co Ni Pb As Sb Bi Se Au Ag 
(percent) (grams/10* kg) 

22.7 32.1 34.3 4.0 0.2 0.1 0.5 0.3 0.02 0.003 0.003 3.4 102 

Source: Harkki and Juusela, 1974 



carried over to the gas phase through the electrostatic precipitator further to the sulfuric acid 
plant or the elemental sulfur producing units. If impurities are concentrated into the dusts, the 
dust circulation can be intermpted to prevent their accumulation in slag or matte from which 
their elimination may be difficult. 

The distribution of elements between matte and slag is mainly controlled by the oxygen 
potential of the slag, which is characterized by the Fe'"^/Fe'''" ratio. When the oxygen potential 
increases, the slagging of components also increases. There seems to be a correlation between the 
Fe^'^fFe''^ ratio in slag and the copper content of matte. Figure 2.4-1 shows shows the mass 
distributions (i.e., the amount ofthe component in the slag divided by its amount in the slag and 
matte). Some of the lines are shown dashed because the results are strongly affected by factors 
other than matte grade such as content in feed, reaction shaft temperature, etc. The data in 
Figure 2.4-2 are based on the test mns carried out at the Harjavalta Smelter and in the pilot plant 
of Outokumpu Metallurgical Research Center in Pori. 

The flue dust is formed from the components following the gas phase to the uptake shaft and 
further to the waste heat boiler and electrostatic precipator, where the temperature decreases to 
about 300'''C. At this lower temperature many of the volatile components can be collected as 
dust. 

The amount of the so-called mechanical dust depends mainly on the concentrate, the 
formation of suspension in the reaction shaft, the shape of the fumace, the flow pattem in the 
fumace and on other physical factors. The amount of volatile components is controlled by the 
above mentioned factors as well as by the degree of oxidation and the reaction shaft temperature. 
The composition of the flue dust is affected by the gas composition in the boiler and electrostatic 
precipitator, which can be sulphidizing or oxidizing. 

When the flue dust distributions are presented in the same way as the settler distributions, 
it is noted that some components are mainly in the mechanical dust (Cu, Ni, Co, Fe, smd Au), 
other components being strongly affected by the degree of oxidation or by the reaction shaft 
temperature (Figures 2.4-2 and 2.4-3). The scatter in some flue dust distributions (dashed lines) 
is often due to the matte grade not being the only parameter affecting the results. The amount of 
feed, the percentage of elements in the feed, the reaction shaft temperature, gas volume and 
many other factors have their specific effects. The amount of the material going through the 
electrostatic precipitators is not calculated in these distributions. 

The process parameters may be controlled to optimize the elimination of volatile compo­
nents, e.g., Pb, Zn, Bi, As, and remove them from the circuit with part or all of the flue dust 
fraction. The removal of Bi is carried out by this method in the flash smelter of Peko-Wallsend 
Metals Limited in Tennant Creek, where the Bi content in the concentrate is about 0.7 percent. 
The pilot plant tests gave a Bi recovery in flue dust of over 90 percent. The Dowa Mining 
Company, Ltd. at their Kosaka Smelter in Japan reduces the circulating amount of Pb, Zn, As, 
Bi, and Cd by special treatment of flue dusts. 

The distribution in gas phase is calculated from the amount of components collected after 
the electrostatic precipitators. Depending on the vapor pressure and temperature, some of the 
compounds (e.g.. As, Hg, Se, Te) pass with the gas phase through the conventional dust 
separation, after which they can be recovered selectively (e.g. concentrated sulfuric acid scrub­
bing for Hg removal). 

136 



E 

V 

4 4 0 -

40 50 60 
%Cu 

70 80 

matte 

Source: Harkki and Juusela, 1974. 

FIGURE 2.4-1 SLAG-MATTE DISTRIBUTION IN 
COPPER FLASH SMELTING 

137 



3 •a 
3) _3 

a 

s 

100 

ra 

^ 80 

+ 

3 

I 60 
at 

s 
se 

40 

20 

^ Mo 

Cu, Co, Nl, Fe, Au . ^— — 

J_ 
40 50 60 

%Cu 
70 80 

mane 

Source: Harkki and Juusela, 1974 

FIGURE 2.4-2 FLUE DUST DISTRIBUTION IN 
COPPER FLASH SMELTING 

138 



I 
f 

"matte ^ 

Source: Harkki and Juusela, 1974. 

FIGURE 2.4.3 EFFECT OF REACTION SHAFT 
TEMPERATURE ON FLUE DUST 
DISTRIBUTION OF Pb AND Zn 

139 



I 
1 

2.4.3.2 INCO Flash Smelting 
The Copper Cliff concentrates are relatively free of impurities. The copper concentrates 

generally average less than 0.01 percent Bi + As + Se and less than 0.1 percent Pb. The off-gases 
from the flash fumace amount to 4300 scfm at an output of about 12(X) tons per day of 
concentrates. The off-gases contain less than 3 percent of the feed as dust and between 5 to 70 
percent of the bismuth, 20 to 50 percent of the lead and arsenic, and 5 to 15% of the selenium in 
the concentrates smelted depending on the type of concentrate and the oxygen potential. (Solar 
et al., March 1979). 

There is also data on impurity distributions during oxygen flash smelting in a converter 
(Bell, et al., 1978). When flash smelting to about white metal composition with Cottrell dust 
additions to the feed, 13-16 percent of the input arsenic and bismuth reported to the matte with 
15-30 percent reporting to the slag. On flotation of the slowly cooled slag about 90 percent of the 
lead and zinc are eliminated to the tailings, so that recycle of zinc and lead by the flotation 
concentrate is small. 

2.4.4 Mitsubishi Continuous Copper Smelting and Converting Process 
Table 2.4-5 shows the distribution ratios of impurities. Column "A" gives the values 

calculated by Yazawa. The values in column "B" are calculated from the analyses of matte and 
slag in the Mitsubishi Process smelting fumace. Column "C" shows the values calculated from 
the anlayses of white metal and converter slag at the end point of a converter slag-making stage in 
conventional processes. Although the matte grade is 65 percent in case "B" and 76 percent in 
"C," there is a considerable difference in the distribution ratios of impurities. Such difference 
seems to indicate that the distribution ratios are affected by slag compositions. 

In the Mitsubishi process, the sulfur content in blister is below 0.5 percent which is lower 
than that in blister which is in equilibrium with white metal. Further, there is no indication that 
a white metal layer exists as a separate phase in the converting fumace (Suzuki, 1973 and Suzuki 
and Nagano 1972). Such non-existence of a white metal layer seems to give the Mitsubishi process 
more favorable conditions for removal pf impurities with slag. The favorable conditions in the 
Mitsubishi process are also pointed out by (Yazawa, 1967). The distribution ratios calculated 
from the analyses of converting fumace slag and blister copper in the Mitsubishi process are given 
in column "F." 

The levels of antimony, arsenic and bismuth in Mitsubishi blister copper have been 
published but they have not been discussed in terms of the proportions retained from the original 
feed to the smelter. However, retention of Sb, As, and Bi in Mitsubishi blister copper is likely to 
be high because of the continuous contact between matte and metal in the converting fumace. 
For this reason some extra care will have to be taken with the electrorefining of Mitsubishi 
copper. The Mitsubishi process may produce impure blister when treating high impurity concen­
trates. 

The distribution ratio of zinc (shown as ratio of weight percent) in the smelting fumace of 
the Mitsubishi process is plotted against matte grade in Figure 2.4-4. The line "A" in the figure 
represents data reported by (Okunev and Aglitskii, 1954). The normal matte grade in the 
Mitsubishi process is in the range of 60-65 percent and the distribution ratio under such 
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TABLE 2.4-5 

DISTRIBUTION RATIOS OF IMPURITIES 

Element 

Pb 

Sb 

As 

Bi 

A 
aMO/aMS 

1.5 X 10"^ 

37 

--

0 .68 

B 
cM/cS 

1.6-5.0 

0 .25 

2 . 1 

C 
cWM/cS 

0,9 

1 .0 

1 .0 

m~ — 

D 
cB/cWM 

15 

13.6 

9 

8. 1 

E 
cB/cS 

13.5 

13.6 

9 

. — 

F 
cB/cS 

2-6 

0. 1-0 . 3 

6 

_ — 

Note: a: 

WM 

activity 

white metal 

c: weight % MO: oxide MS: sulfide 

S: slag . B: blister 
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conditions is approximately, 2.5. If the slag fall (defined as weight of slag to weight of concent­
rate) is 80 percent and the matte fall is 40 percent (defined as weight of matte to weight of 
concentrate), the distribution of zinc into slag would be 85 percent. Tbe ZnS content in matte is 
then oxidized in the converting fumace and distributed into slag. Since the converting fumace 
slag is returned to the smelting fumace, almost all zinc is distributed into the smelting fumace 
slag (discard slag) and removed from the system. This is also true of conventional practice where 
almost all the zinc is distributed in the slag and removed from the system. 

The distribution of lead and zinc in the Mitsubishi process smelting fumace is shown in 
Figure 2.4-4. The major portion goes to the matte phase. PbS in matte is then partially oxidized 
to PbO in the converting fumace and distributed into slag. The distribution ratio of lead (% Pb in 
slag/%Pb in blister) is between 3 and 5. The average distribution ratio was experimentally 
determined to be 1.2 at the end point of a converter slag-making stage. A considerable amount of 
lead goes into blister copper. The separation of lead by the removal of flue dusts from the system 
therefore would become necessary when concentrate high in lead is treated. 

Figure 2.4-5 gives the volatilization ratios of lead and zinc in the Mitsubishi process versus 
the lead and zinc contents in concentrate. When concentrate high in lead and zinc is treated, the 
volatilization ratio for zinc is in the range of 20-30 percent and that of lead is 60 percent. 

The total carryover of mechanical dusts represents only 2-3 percent of the charged concen­
trate in the Mitsubishi process, comparable to that in the reverberatory fumace. Approximately 
one half of the dust is collected in the waste heat boiler and the other half in a precipitator. The 
volatile elements are concentrated into the flue dusts and can be removed out of the system. 

2.4.5 TBRC Smelting 
Full scale tests have demonstrated that 91.3% of the arsenic, 91.0% of lead, 89.7% of 

bismuth and 88.7% of selenium is eliminated in TBRC Smelting (Daniele, Jacquay, 1974). 

2.4.6 Summary 
The blister copper produced by single-step smelting processes such as the Noranda process 

will tend to contain more of the antimony, arsenic and bismuth from the original smelter charge 
than the blister copper produced by conventional smelting/converting operations (Mackey et al., 
1975). 

In conventional smelting/converting operations, these impurities are removed to a large 
extent by volatilization of their sulfides (Yazawa and Azakami, 1969) dxiring the slag-forming 
stage of converting, i.e., before metallic copper is formed. In the case of single-step smelting, 
however, metallic copper is alwa3rs present and a considerable fraction of the As, Bi and Sb 
dissolves in the copper before volatilization can occur. Once dissolved in the copper, these metals 
are difficult to remove pyrometallurgically because of their low chemical activities (Yazawa and 
Azakami, 1969). 

Thus, the anodes prepared from single-step process blister copper tend to have a higher level 
of .As, Bi and Sb than standard anodes. This necessitates more careful electrorefining, more 
extensive electrolyte purification, and it may, in fact, restrict the adoption of single-step smelting 
processes to the smelting of low impurity concentrates. 
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The other alternative is to break the continuous process, to include a converting option as 
has been done with the Noranda process by Kennecott in Utah. Another option would be to refine 
the crude copper obtained by the continuous process. 

2.4.7 Fire Refining of Blister Copper to Anodes 
Although the fire refining step can remove impurities such as As, Sb, Bi and Fe to some 

extent, these impurities are difficult to remove by oxidation from liquid copper (Yazawa and 
Azakami, 1969). Some operations, e.g., Tsumeb in S.W. Africa, have used sodium carbonate slags 
to reduce the As, Sb and Bi content of cmde blister to acceptable levels. 

2.4.8 Electrorefining 
The purpose of electrorefining is to remove impxirities and recover valuable byproducts. The 

principal impurities in copper anodes are As, Bi, Fe, Ni, Pb, Sb, Se and Te. These must be 
refined from the copper. In addition, Ag and Au are usually present in quantities large enough to 
be worth recovering. The behavior pattems of these impurities during electrorefining are as 
follows (Biswas and Davenport, 1976): 

• Ag, Au and Platinum Metals — Gold and platinum metals do not dissolve in the 
electrolyte. Silver dissolves from the anode to a certain extent but it is precipitated 
from the electrolyte as AgCl by dissolving a small amount of NaCl or HCl in the 
electrolyte. Any appearance of these metals in the cathode is due to the mechanical 
entrapment of small quantities of anode slimes. 

• S, Se and Te — Sulfur, selenium and tellurium are present in the anodes as 
compounds with copper or silver, i.e., AgjSe, CujSe, AgjTe, or CujS. These com­
pounds mainly enter the anode residues (slimes) in a manner similar to the noble 
metals (Table 2.4-6). 

• Pb and Sn — Lead and tin both form sulfates which are insoluble in the electrolyte 
[PbSO, and Sn (0H),S04] and hence they do not enter the electrolyte to any 
appreciable extent. 

• As, Bi, Co, Fe, Ni and Sb —' All of these metals tend to dissolve electrochemically 
from the anode along with (and even preferentially to) the copper of the anode. 
They tend, therefore, to build up in the electrolyte during electrorefining. These 
impurities must be removed from the electrolyte or they will eventually contami­
nate the cathode copper, mainly by occlusion of impure electrolyte in the growing 
cathode deposits. Removal of As and Ni is accomplished in a bleed stream in a 
purification section of the refinery. The composition limits of these impurities in 
refinery electrolyte is given in Table 2.4-6. 

• Table 2.4-7 shows the distribution of impurities between the anode residues and 
electrolyte and it indicates that significant quantities of As and Sb report in the 
anode residues, most likely as the result of compound formation with copper in the 
anode. Bismuth behaves similarly. In addition, it is believed that to some extent 
•Â s. Bi and Sb combine to form arsenate precipitates which also enter the anode 
residues. 
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TABLE 2.4-6 

COMPOSITION RANGES OF ELECTROLYTES 

IN MODERN COPPER REFINERIES 

Proportion into Proportion into 
Anode Residues Electrolyte 

Metal (%) (%) 

Au 99 <1 

Ag 98 2 

Se and Te 98 2 

Pb 98 . 2 

Sb 60 40 

AS 25 75 

Ni 5 95 

Fe =100 

Source: Eichrodt and Schloen, 1954, published in Biswas 
and Davenport, 1976. 
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TABLE 2.4-7 

PROPORTIONS OF ANODE IMPURITIES ENTERING 

RESIDUES AND ELECTROLYTE AS ESTIMATED 

BY EICHRODT AND SCHLOEN (1954) 

Concentration 
Component (kg m ) 

Cu 40-50 

H.SO^ (free) 170-200 
2 4 

Upper Limits 

Ni 20 (Inco) 

As . . 10 

Fe 2 

Sb. 0.5 

Cl 0.0 3 

Specific gravity 1.25+0.03 

Temperature 60-65''c 

Source: Eichrodt and Schloen, 1954, published in 
Biswas and Davenport, 1976. 
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2.5 ELECTRIC FURNACE SMELTING 

2.5.1 Introduction 
This report includes material and energy requirements for copper smelting process using an 

electric fumace. Electrical fumace smelting is described in detail by (Biswas and Davenport, 
1976). 

The process described in this model is a modification of the Inspiration Consolidated 
Copper Compemy electric smelter at Miami, Arizona. The major modification is on the front end 
by adding a fluid bed roaster and deleting a rotary dryer. These modifications reduce power 
requirements and heat losses in the fumace by lowering the required operating temperature to 
produce 40 percent matte. The fluid bed roaster alone reduces the fumace fuel requirements by 
3.03 million Btu's per ton cathode copper (Kellogg and Henderson, 1967). 

The use of fluid bed roasting or rotary drying is highly dependent on the makeup of 
concentrates fed to the plant. High proportions of cement copper and chalcocite, as at In­
spiration, would reduce the amount of sulfur in the feed to make it insufficient for the fluid bed 
roasting. In this model, one of the basic assumptions is the availability of concentrates bearing 
31% S (dry basis), which is sufficient sulfur to justify the addition of a fluid bed roaster. 

The first successful tests on smelting of sulfide ores in an electric fumace were made in 
Norway at the Sulitjelma Mine in 1911-1913. The first commercial fumace was completed in 1929 
at this mine with a proven annual capacity of 5,000 tons of blister copper. The conversion to 
electric fumace smelting waa very slow, restricted to areas where hydroelectrical energy competed 
favorably with fossil fuels. By 1970 there were only 25 electric copper fumaces operating, with a 
total capacity of 6 million tons of copper concentrate per year, and none of these were in the 
United States. 

Due to increased environmental constraints on emissions from copper smelters, three 
electric fumaces have been constmcted and have been operating in the United States since 1970. 
All three of these operations recover the sulfur dioxide from the electric fumace for sulfuric acid 
manufacturing. 

The high equivalent fuel requirement of the electric fumace smelter is largely the result of 
low thermal efficiency in the production of electric power. 
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2.5.2 Process Description 

2.5.2.1 Roasting and Furnace Charging 
Copper sulfide concentrates containing 10 to 12 percent moisture are partially roasted in a 

fluid bed roaster and the bone-dry hot calcines are fed to the electric fumace as shown in the 
process flowsheet (see Figure 2.5-1). The amount of sulfur bumed in the roaster is sufficient to 
produce a 40 percent copper matte. In a variation of this procesa, the copper concentrate is dried 
to 3 to 4 percent moisture before being fed to the electric fumace. This method, however, is 
practical only in cases of low sulfur content in the feed, and thus, will not be considered for a 
copper sulfide concentrate containing 31 percent sulfur. Heated calcine requires less fuel and so 
increases the fumace efficiency. Dry calcines are combined with dust collected from roaster, 
cyclones, and electrostatic precipitators and recycled converter slag to form the fumace feed. The 
feed is conditioned with limestone and silica flux to enhance proper slag formation. Fumace 
electrodes dip in the molten slag and the heat required to smelt the solid calcines is generated by 
the resistance of the slag to the high amperage electrical current. Solid fumace slag is a poor 
electrical conductor, but as the slag melts it dissociates into ionic form in the liquid state and 
becomes a relatively good electrolyte (Rosenkranz, 1976). 

2.5.2.2 Electric Furnace Operation 
Ail is introduced under control to oxidize iron sulfides to iron oxides and sulfur dioxide. 

Molten slag, less than 0.5 percent copper, is continuously tapped and discarded. Matte is 
conveyed to converters for further processing and the gas from the electric fumace containing 
fumace dust, nitrogen, oxygen, carbon dioxide, sulfur dioxide, and a small amount of sulfur 
trioxide goes to gas cleaning. 

Matte at a temperature of 2100 degrees Fahrenheit is blown with air or oxygen in the 
converter to produce blister copper. Air is injected under pressure to complete the oxidation of 
copper sulfide and any remaining iron sulfides to blister copper, iron oxide, and sulfur dioxide. 
Off-gas also goes to gas cleaning. Silica flux is added to aid formation of converter slag, which is 
recycled to the electric fumace. Blister copper is then treated in the anode furnace by first flowing 
with air to remove sulfur and then poled with reformed gas to remove oxygen. The slag which is 
skimmed from the anode fumace is returned to the converter. Anodes are cast and refined to 
electrolj^ic copper. 

2.5.2.3 Acid Plant Operation 
A double adsorption contact acid plant is incorporated in the process. The gases from 

roaster, fumace, and converter are combined and sent to final cleaning before entering the 
sulfuric acid plant. In the oxidation of sulfur dioxide to sulfur trioxide, the heat of the reaction is 
recovered to provide steam and to cool the sulfur dioxide gas. 

2.5.3 Material and Energy Requirements 
The material and energy requirements for electric fumace copper smelting are shown in 

Tables 2.5-1, 2.5-2 and 2.5-3. Table 2.5-2 includes Level 1 direct energy inputs. Table 2.5-3 
contains Level 2 materials and their energy equivalents. Energy equivalent for electrical power 
and energy consumption values for fluid bed roating, dust handling, converting, are taken from 
(Kellogg and Henderson, 1967). 
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TABLE 2 .5 -1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Ee 
S 
reO 

AL2O3 

CaCO, 
CaO ^ 
II^O 
Fuel 

"2 

"2 
SO2 

CO2 

TOTAL 
TEMP. (F) 
STATE 

(1) 

CONCENTRATE 

dry 
w t . wt.! ' . 

1.016 25.001 
1.087 26.738 
1.260 30.997 

.028 .690 

.042 1.040 

.351 8.630 

.140 3.450 

.048 1.183 

.092 2.271 

.554 

4.064 100.000 
60 

S 

ELECTRIC FURNACE PROCESS 

(TONS PER TON CATHODE COPPER) 

(2 ) 

ROASTER AIR 

w t . w t . ) 

• 

.842 23.000 

2.819 77.000 

3.661 100.000 
60 

G 

(3 ) 

ROASTER FUEL 

w t . w t . y 

.056 100.000 

.056 100.000 
60 

L 

(4 ) 

ROASTER OFF GAS 

w t . 

.762 

.652 

.567 

.231 

.032 

.263 

.105 

.036 

.069 

.606 

.101 

2.619 

1.011 

.176 

7.429 
1200 

G 

wt.% 

10.257 
8.776 
7.626 
3.106 

.427 
3.541 

1 .415 

.485 

.932 
8.159 

1.354 

37.943 

13.611 

2.369 

100.000 

(5) 1 
CALCINE 

w t . 

.648 

.554 

.482 

.196 

.02 7 

.224 

.089 

.031 

.059 

2.309 
IOOO 

S 

OUST 

w t . ? 

28.053 
24.002 
20.855 

8.493 
1.167 
9.684 

3.871 

1 .327 
2.548 

100.000 



U l 
OJ 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
FeO 
Fe^Oj 

Si02 
AL2O3 

CaCOj 

CaO 
II^O 

"2 
N3 

SO2 

CO2 

CU2O 

Fe2S10, 

f ^ a ^ 
AL2Si05 

CaSiOj 

TOTAL 
TEMP (F) 
STATE 

2 .5 -1 ( c o n t . ) 

(6) 

ROASTER SOp GAS 

wt . w t . / . 

.114 2.232 

.098 1.910 

.085 1.660 

.035 .676 

.005 .093 

.039 .771 

.016 .308 

.005 .106 

.010 .203 

.606 11.838 

.101 1.965 

2.819 55.054 

1.011 19.749 

.176 3.437 

5.120 100.000 
1100 

G 

ELECTRIC FURNACE PROCESS 

(TONS PER TON CATHODE COPPER) 

(V) 

CALCINE 

w t . w t . " 

.254 28.053 

.217 24.002 

.189 20.855 

.077 8.493 

.011 1.167 

.088 9.684 

.035 3.871 

.012 . 1.327 

.023 2.548 

.905 100.OOC 
1200 

S 

(a) 

SILICA FLUX 

w t . wt.% 

.003 2.000 

.124 90.000 

.006 4 .000 

.006 4 .000 

.138 100.000 
60 

S 

(9 ) 

LIIIE FLUX 

w t . wt .X 

.000 1.000 

.001 2.000 

.037 96.000 

.000 1.000 

-

.038 100.000 
60 

S 

(10) 

RECYCLE 

w t . 

.178 

.106 

.093 

.035 

.008 

.132 

.016 

.005 

.010 

.001 

.158 

.013 

.010 

.013 

.778 
100 

S 

DUST 

wt . r . 

22.837 
13.674 
I I . B 9 7 
4.449 
1 .088 

17.003 

2.028 

.695 

1 .335 

.103 

20.331 

1.655 

1 .262 

1 .645 

100.000 



U l 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
FeO 
Fe203 

Si02 
AL2O3 

CaCOj 

CaO 
Carbon 

°2 
"2 
SO2 

SO3 

CO2 

CU2O 

Fe2SiO^ 

•^«3«4 
AL2Si05 

CaSiOj 

TOTAL 
TEMP. (F) 
STATE 

2 . 5 - 1 ( c o n t . ) 

(11) 

FURNACE FEED 

w t . wt .X 

1.079 25.895 
.878 21.061 
.763 18.303 
.308 7.380 
.049 1.178 

.568 13.631 

.146 3.496 

.085 2.035 

.098 2.356 

.001 .019 

.158 3.794 

.013 .309 

.010 .236 

.013 .307 

4.168 100.000 
811 
S 

ELECTRIC FURNACE PROCESS 

(TONS PER TON CATHODE COPPER) 

(12) 

FURNACE AIR 

w t . 

.062 

.206 

.268 
350 
G 

w t .X 

23.000 

77.000 

100.000 

(13) 

ELECTRODE 

w t . w t . t 

.010 100.000 

.010 100.000 
60 
s 

(14 ) 

FURNACE OFF GAS 

w t . 

.011 

.009 

.008 

.001 

.006 

.015 

.206 

.019 

.006 

.075 

.000 

.019 

.001 

.003 

.004 

.381 
1300 
G 

w t . * 

2.857 
2.248 
1.969 

.176 

1.454 

3.870 

54.018 

4 .990 

1 .559 

19.793 

.002 

4.930 

.308 

.793 

1.033 

100.000 

(15) 

FURNACE SO2 GAS 

w t . 

.011 

.009 

.008 

.001 

.006 

.015 

.206 

.019 

.006 

.075 

.000 

.019 

.001 

.003 

.004 

.381 
1100 
G 

wt.'.: 

2.857 
2.248 
1 .969 

.176 

1 .454 

3.870 

54.018 

4.990 

1.559 

19.793 

.002 

4.930 

.308 

.793 

1.033 

100.000 



U l 

TABLE 

1 STREAM NO. 

STREAM NAME 

1 C O M P O S I T I O N 

Cu 
Fe 

Fe203 

S i 0 2 

AL2O3 

CaO 
F u e l 

°2 
N2 

CU2O 

Fe2SiO^ 

f « 3 " 4 

A L 2 S i 0 5 

CaS i03 

TOTAL 
TEMP. ( F ) 
STATE 

2 . 5 - 1 ( c o n t . ) 

( 1 6 ) 

FURNACE SLAG 

w t . w t . % 

.016 .491 

.013 .386 

.011 .338 

.066 2 . 0 0 0 

.544 1 6 . 5 1 7 

. 0 0 0 . 0 0 0 

1 .846 5 6 . 0 2 0 

. 1 1 6 3 .504 

.297 9 . 0 0 6 

.387 1 1 . 7 3 7 

3 . 2 9 6 1 0 0 . 0 0 0 
2250 

L 

ELECTRIC FURNACE PROCESS 

(TONS PER TON CATHODE COPPER) 

( 1 7 ) 

FURNACE MATTE 

w t . w t . % 

1 .161 4 0 . 9 6 6 
. 8 3 6 2 9 . 5 0 0 
. 8 0 9 2 8 . 5 4 6 
. 0 0 1 . 0 3 8 

.004 .154 

.001 . 0 3 8 

. 0 1 5 . 5 6 4 

.001 . 0 3 8 

. 002 . 0 7 5 

. 0 0 3 . 1 1 3 

2 . 8 3 4 1 0 0 . 0 0 0 
2100 

L 

( 1 8 ) 

CONVERTER FLUX 

w t . w t . % 

. 0 2 1 2 . 0 0 0 

.924 9 0 . 0 0 0 

. 0 4 1 4 . 0 0 0 

. 0 4 1 4 . 0 0 0 

1 .026 1 0 0 . 0 0 0 
60 

S 

( 1 9 ) 

CONVERTER AIR 

w t . w t . % 

1 .787 2 3 . 0 0 0 

5 . 9 8 1 7 7 . 0 0 0 

7 . 7 6 8 1 0 0 . 0 0 0 
60 

G 

( 2 0 ) 

CONVERTER FUEL 

w t . w t . % 

.087 1 0 0 . 0 0 0 

.087 1 0 0 . 0 0 0 
60 

L 



O l 
O N 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 

F^2"3 
SIO2 
H2O 

°2 
"2 
SO2. 
SO3 

CO2 

CU2O 
Fe2S10^ 

FejO^ 

AL2Si05 

CaSIOj 

TOTAL 
TEMP. (F) 
STATE 

2.5-1 ( c o n t . ) 

(21) 

CONVERTER SLAG 

wt . wt.% 

0.109 5.280 
0.077 3.729 
0.018 .873 

0.368 17.820 

0.000 .007 

1.088 60.025 

0.105 5.072 

0.061 2.946 

0.079 3.840 

2.065 100.000 
2250 

L 

ELECTRIC FURNACE PROCESS 

(TONS PER TON CATHODE COPPER) 

(22) 

CONVERTER OFFGAS 

w t . wt.% 

.052 .607 

.000 .001 

.003 .035 

.087 1.009 

.082 .944 

.458 5.300 

5.981 69.167 

1.173 13.563 

.366 4.238 

.277 3.200 

.001 .009 

.139 1.611 

.012 .135 

.007 .079 

.009 .102 

8.648 100.000 
2200 

G 

(23) 

CONVERTER SO2 GAS 

w t . wt.% 

.052 .607 

.000 .001 

.003 .035 

.087 1.009 

.082 .944 

.458 5.300 

5.981 69.167 

1.173 13.563 

.366 4.238 

.277 3.200 

.001 .009 

.139 1.611 

.012 .135 

.007 .079 

.009 .102 

8.648 100.000 
1100 

G 

(24) 

BLISTER 

w t . 

1.000 
.001 
.000 

.002 

.015 

.005 

.001 

.0005 

.0005 

1.025 
2100 

L 

COPPER 

wt.% 

97.561 
.117 
.009 

.183 

1.469 

.540 

.052 

.030 

.039 

100.000 

(25) 

OXIDIZING AIR 

wt . w t . ' 

.014 23.000 

.048 77.000 

.062 100.000 
60 

G 



- J 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
II2O 

Fuel 

°2 
N2 

SO2 

CO2 

TOTAL 
TEMP. (F) 
STATE 

2 . 5 - 1 ( c o n t . ) 

(26) 

ANODE FUEL 

w t . wt.% 

.000 100.000 

.000 100.000 
60 

L 

ELECTRIC FURNACE PROCESS 

(TONS PER TON CATHODE COPPER). 

(27) 

REDUCING AIR 

w t . wt .% 

.004 23.000 

.014 77.000 

. 0 ) 8 100.000 
60 

G 

(28) 

ANODE OFF GAS 

w t . wt.% 

.009 10.895 

.002 2.270 

.062 70.731 

.002 2.725 

.012 13.379 

.087 100.000 
1800 

G 

(29) 

ANODE COPPER 

w t . wt.% 

1.176 100.000 

1.176 100.000 
1800 

L 

(30) 

CATHODE COPPER 

w t . wt.% 

1.000 100.000 

1.000 100.000 
60 

S 
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TABLE 2 . 6 - 1 ( c o n t . ) ELECTRIC FURNACE PROCESS 

STREAM NO. 

STREAM NAME 

COMPOSITION 

F«2»3 
Si02 

H2O 

M2SO4 

O2 

"2 
SO2 
SO3 

CO2 

Fe2SiO^ 

f«3«4 
AL2SIO5 

CaSiOj 

TOTAL 
TEMP. (F) 
STATE 

(31) 

DILUTION AIR 

M t . w t . % 

.527 23.000 

1.763 77.000 

2.290 100.000 
60 

G 

(32) 

SO2 ACID GAS 

wt . wt.% 

.688 4.391 

1.100 7.026 

10.770 68.765 

2.203 14.067 

.372 2.378 

.528 3.372 

15.661 100.000 
550 

G 

(33) 

ANODE SLAG 

wt. wt.r. 

.000 .959 

.002 19.585 

.006 66.422 

.001 5.575 

.000 3.238 

.000 4.221 

.009 100.000 
1800 

L 

(34) 

MAKEUP HATER 

w t . V I t . 'A . 

.299 100.000 

.299 100.000 
60 

L 

(35) 

SULFURIC ACID 

w t . w t . / . 

.287 7.000 

3.812 93.000 

4.099 100.000 
100 

L 



U l 

TABLE 2 .5 -1 ( c o n t . ) ELECTRIC FURNACE PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

«2 

"2 
SO2 

CO2 

TOTAL 
TEMP. (F) 
STATE 

(36) 

SO2 TAIL GAS 

w t . W t . £ 

.553 4.662 

10.770 90.793 

.011 .093 

.528 4.453 

11.862 100.000 
100 

G 
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TABLE 2 .5 -2 

STEP 
NUMBER 

1 

2 

4 

6 

8 

9 

10 

PROCESS 

Flued Ded Roast lnc 
A) Compressed A i r 

B) M isc . E lec . Power 
C) Fuel 

Hot Gas Hand l inn 

E l e c t r i c Furnace 
A) D i r e c t Power 
BJ M isc . E lec . Power 
C) Hot Gas Hand l ing 

Conver te rs 
A) Compressed A i r 

B) Hot Gas Hand l ing 

C) M a t l . Hand l ing Elec 
D) Fuel 

Dust C o l l e c t i n g 
K) M isc . E lec . Power 

Anode R e f i n i n g and 
Cas t i ng 
A) Fuel 
B) N a t u r a l Gas 

C) M isc . E lec . Power 
D) Hot Gas Hand l ing 

E l e c t r o r e f i n i n g 
A) D i r e c t E lec . 
B) M isc . E lec . Power 

UNIT 

MILLION 
SCF 
KUH 
GAL 

MILLION 
SCF 

KUH 
KUH 
MILLION 
SCF 

MILLIOH 
SCF 
MILLION 
SCF 
KUH 
GAL 

KUH 

GAL 
MILLION 
SCF 
KHH 
MILLION 
SCF 

KHH 
KUH 

ENERGY REQUIREMENTS 

ELECTRIC SMELTING 

UNITS PER NET TON 
CATHODE COPPER 

91 .046 

0.772 
15.484 

112.864 

1381 . 1 
430.97 

7.105 

193.253 

187.715 

6.86 
24.28 

210 

0.01175 
0.000188 

13.94 
2.215 

448 
5.0 

MILLION BTU 
REQUIRED PER UNIT 

0.0042 

0.0105 
0.1474 

0.00252 

0.0105 
0.0105 
0.00252 

0.0147 

0.00252 

0.0105 
0.1474 

0.0105 

.1474 
IOOO 

0.0105 
0.00252 

0.0105 
0.0105 

Level 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

.382 

.008 
2.282 
2.672 

0.284 

14.502 
4.525 
0.018 

1^.045 

2.841 

.473 

.075 
3.579 

~6-.T6-5 

2.205/Ton Anode 

0.002/Ton Anode 
0. 188/Ton Anode 

0 . 146/Ton Anode 
_1..0M/Ton Anode 

4.704 
0.053 
4.757 



TABLE 2 .5 -2 (Cont inued) ENERGY REQUIREMENTS 

ELECTRIC SMELTING 

Level I 

STEP 
NUMBER 

c^ 

PROCESS 

A c i d P lan t 
A) E l e c . Power 

E lec . Power -

Cold 
Gas 
Ac id 
P lan t 

U N I T 

MILLION 
SCF 
MILLION 
SCF 

UNITS PER NET TON 
CATHODE COPPER 

3 6 2 . 6 7 

3 6 2 . 6 7 

MILLION BTU 
REQUIRED PER UNIT 

0.00132 

0.01176 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0 . 4 7 9 

4.-265 
4: '744 

41 .014 



TABLE 2 .5 -3 ENERGY REQUIREMENTS 

ELECTRIC SMELTING 

Level 2 

STEP 
NUMBER PROCESS UNIT 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

I O 

Furnace Feed 

A) Silica Flux 
B ) Limestone 
C) Electrodes 

Converters 

A) Silica Flux 

Utilities 

A) Electric Energy 

Anode Furnace and 

Electrorefining 

LBS 
LBS 
LBS 

TON 

KUH 

TON 

275.3 
76.61 
20.85 

1.026 

48.73 

1.0 

0.00005 
0.00005 
0.041000 

0.100 

.0105 

0.468 

TOTAL 

0.014 
0.004 
0.855 

0.103 

0.512 

0.468 

1 .956 



2.5.4 Conclusions 
Electric smelting is not as efficient in energy requirements as the conventional reverberatory 

smelting. The addition of fluid bed roasting, however, reduces the fumace fuel requirement by 
about three million Btu's per ton cathode copper. Gross energy requirement in electric smelting is 
43.0 million Btu's per ton cathode copper versus 31.0 million Btu's per ton for conventional 
reverberatory smelting. 

2.5.5 Recommendations 
A roasting step should be incorporated into the electric smelting process, since this results in 

reducing the overall consumption of energy. Since electric smelting indicates the highest energy 
consumption of all the pyrometallurgical processes considered, further research and development 
efforts in electric smelting may not be justified. 

2.5.6 References 
Biswas, A.K. and W.G. Davenport, Extractive Metallurgy of Copper, Pergamon Intemational 
Library, New York, 1976. 

Kellogg, H.H. and J.M. Henderson, Extractive Metallurgy of Copper, Vol. 1, Ch. 19, American 
Institute of Mining, Metallurgical and Petroleum Engineers, Baltimore, Maryland 1967. 

Rosenkranz, R.D., "Energy Consumption on Domestic Primary Copper Production," U.S. 
Bureau of Mines, IC8698, 1976. 

2.6 OUTOKUIVIPU FLASH SMELTING 

2.6.1 Introduction 
The Outokumpu Flash Smelting Process was developed in the years 1946-49. The first 

commercial Plant went into service in 1949 at Harjavalta Works, Finland. 

There are currently 30 licensees of the Outokumpu process, with 23 plants in actual 
operation. 

As an example, the process as used at Harjavalta is described, and variations are then 
described. 

2.6.2 Process Description 
The Outokumpu Flash Smelting Process is a pyrometallurgical process for the extraction of 

copper from sulfide ore concentrates. This process utilizes the heat generated by the exothermic 
oxidation reactions of iron and sulfur in the concentrate. The conventional operations of roasting, 
smelting, and partial converting are combined into a single unit operation of flash smelting. The 
major advantages of this method are a reduction in energy consumption and the production of a 
stream of gas high in sulfur dioxide which is suitable for sulfuric acid manufacture or the 
production of elemental sulfur. 

Figure 2.6-1 is a flowsheet ofthe process at Harjavalta. After drying in a direct oil-fired kiln, 
the charge, consisting of concentrates and silica sand, is transported by means of a pneumatic 
conveying system to the flash fumace. The flash fumace is divided into three parts: the reaction 
shaft, the settler, and the uptake. 
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The concentrates together with the flux are smelted in the reaction shaft in suspension, 
which offers the most favorable conditions for rapid heat and mass transfer. The heat require­
ments for smelting are supplied almost entirely by the iron and sulfur oxidation. To balance heat 
requirements, additional fuel, preheated air and/or oxygen-enriched air can be used. Since 1971, 
preheated, oxygen-enriched air (200°C, 30-75% oxygen) has been used by Outokumpu. Under 
these conditions the reaction proceeds without additional fuel. 

Molten particles are separated from the gas stream in the settler. Matte drops through the 
slag to the bottom of the settler. Matte grade is a function of the total oxygen/concentrate ratio 
and can be varied from 45-80%. One process in operation in Poland produces blister copper 
directly. 

Because of high matte grade and incomplete settling action of matte particles, the slag has a 
relatively high copper content (0.8-2.5% copper), and slag cleaning is necessary. Slag cleaned at 
Harjavalta by froth flotation, which recovers the copper, mainly as sulfides from the slag. This 
concentrate is recycled back through the smelter. After cleaning, the slag copper concentration is 
about 0.4-0.6%, and this slag is sent for disposal. 

To recover heat and dust, the smelter gases pass through the uptake to a waste heat boiler. 
Gases are then sent to an electrostatic precipitator. Flue dust is recycled to the smelter and the 
rich, clean sulfur dioxide gases are used for the production of sulfuric acid or elemental sulfur. 

Saturated process steam from the waste heat boiler can be used to preheat the oxygen-
enriched air that goes to the smelter, to generate power, to produce oxygen, for general heating 
purposes, and to drive rotating machines (pumps, blowers, etc.). 

Matte is treated fiirther in conventional converters to obtain blister copper. Due to the high 
matte grade and short blowing time, the converter capacity requirements are less than conven­
tional. Converter slag is cleaned together with smelter slag. In considering the total plant 
complex, energy savings result from the operation of the converters in sequences which provide a 
steady gas stream to the acid plants. Also higher matte grades result in a lower total gas volume 
because of less infiltration (1-2%) of outside air in the flash smelting fumace. 

Blister copper is transferred to an oil-fired rotating anode fumace, fire-refined, and cast into 
anodes. 

A process for taking chalcocite and digenite concentrates directly to blister copper in one 
step has been developed at Outokumpu and is currently being used with 23% copper content 
chalcocite concentrates at a plant in Poland. The heat value of these compounds is low due to the 
low iron content, and high oxygen enrichment is necessary. Slag is cleaned to remove the 
relatively high copper content in the slag by electric fumace reduction. Total recovery of copper is 
up to 99% of the copper in the feed. 

2.6.3 Material Balance 
The material balance for the production of blister copper is shown in Table 2.6-1. 
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TABLE 

I 
STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

S,02 
AL2O3 
C a O + MgO 
Others 
H j O 

SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. (°F» 
STATE 

2 .6 -1 

1 "̂ 
WET PRIM. 
CONCENTRATE 

dry 
w t . w t .S 

0.9982 22.50 
l . l l f l O 25.20 
1.2378 27.90 
0.0188 0.423 

0.3446 7.767 

0.1377 3.105 
0.1170 2.637 
0.0208 0.468 
0.4437 10.00 

4.4366 i no .no 
60 

S 

OUTOKUMPU FLASH SMELTING 

C T O N S P E R TON BLISTER COPPER ] 

(2 ) 

FLASH SILICA 
FLUX 

dry 
w t . wt.% 

0.0024 1.40 

0.0010 0.60 

0.1534 90.00 

0.0068 4.00 
0.0034 2.00 
0.0034 2.00 

0.1704 100.00 
60 

S 

(3) 

DRY CHARGE 
(with slag concentrate] 

d ry 
w t . w t . i 

1.0484 24.34 
1.1613 26.96 
1.2563 29.17 
0.0293 0.68 

0.5140 11.93 

0.1483 3.44 
0.1238 2.87 
0.0252 0.59 

4.3067 100.00 
150 

S 

(4 ) 
DRYER 

OFF GAS 

w t . wt .S 

0.4690 

250 
G 

(5 ) 

FLASH FURNACE 
AIR ( d r y ) 

w t . " t . i 

0.0165 0.5 

1.1781 36.5 

2.0302 63.0 

3.2248 100.00 
392 

G 

•Oxygen associated w i l t i FeO and fo^OJ^ 



TABLE 2.6-1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

Ofe-
Sfi2 
AL2O3 
C a O + MgO 
Others 
l l j O 

SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. (°F> 
STATE 

(6) 

FLASH FURNACE 
MATTE 

wt . wt.X 

1.0078 65.00 
0.1879 12.12 
0.3402 21.94 
0.0146 0.94 

1.5504 100.00 
2200 

L 

OUTOKUMPU FLASH SMELTING 

I TONS PER TON BLISTER COPPER ) 

(7) 

FLASH FURNACE 
OFF GAS 

wt . wt.% 

0.0165 

1.8162 

2.0302 

3.8629 
2400 

G 

(0) 

FLASH FURNACE 
SLAG 

wet 
w t . wt.X 

0.0407 1.9 
0.9735 45.45 
0.0193 0.9 
0.2971 13.87 

0.5140 24.00 

0.1416 6.61 
0.1238 5.78 
0.0306 1.43 

2.1418 100.00 
2300 

L 

(9) 

CONVERTER AIR 

wt . wt.% 

-

0.4253 26.00 

1.2106 74.00 

1.6359 100.00 
60 

G 

(10) 

CONVERTER 

w t . 

0.0178 
0.1861 
0.0045 
0.0594. 

0.0836 

0.0019 
0.0019 
0.0035 

0.3587 
2250 

L 

SLAG 

dry 
w t . t 

4.96 
51.90 

1.25 
16.58 

23.3 

0.52 
0.52 
0.98 

100.00 

•Oxygen associated w i t h FeO and Fe^O^ 



ON 
00 

TABLE 2 .6 -1 ( c o n t . ) OUTOKUMPU FLASH SMELTING 

I TONS PER TON BLISTER COPPER I 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
% e -
S,02 
AL2O3 

CaO + MgO 
Others 
I i 2 0 

SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. ( ° F ) 
STATE 

( H ) 

BLISTER CU 

w t . wt .S 

0.990 99.0 
0.003 0.3 
0.003 0.3 
0.0005 0.05 

0.035 0.035 

1.0 100.00 
2200 

L 

(12) 

SILICA FLUX 

wt . wt .X 

0.0013 1.40 

0.0006 0.60 

0.0834 90.00 

0.0037 4.00 
0.0019 2.00 
0.0019 2.00 

0.0927 100.00 
60 

F 

(13) 

CONVERTER 
OFF GAS 

w t . w t . t 

0.6708 

1.2106 

2300 
G 

( H ) 

FLOT. CONC. 

wet 
w t . w t .Z 

0.0502 35.00 
0.0409 28.53 
0.0185 12.92 
0.0096 6.67 

0.242 16.88 

0.1434 100.00 
60 

S 

(15) 

FLOT. TAILINGS 

dry 
w t . wt .Z 

0.0082 0.35 
1.1187 47.46 
0.0052 0.22 
0.3470- 14.72 

0.5815 24.67 

0.1377 5.84 
0.1223 5.19 
0.03654 1.55 

2.3571 100.00 
60 

S 

•Oxygen associated w i t h FeO and Fe30^ 



2.6.4 Energy Requirements 
Table 2.6-2 and Table 2.6-3 present the Level I and Level II energy requirements for 

Outokumpu flash smelting. 

2.6.5 Discussion 
The most economical and practical way of flash smelting for a particular plant largely 

depends on local circumstances such as price of energy, need for scrap melting, treatment of 
process gases, and prices and recoveries of other metals in the concentrates. The following 
discussion examines the variables in using the flash smelting method developed by Outokumpu. 

2.6.5.1 Matte Grade 
Matte grade depends on the oxygen-concentrate feed ratios, the fumace temperature, and 

the amount of impurities in the concentrate. In R&D work at Outokumpu and in connection with 
operating industrial plants, the flash smelting fumace product haa ranged from low grade matte, 
containing 35% copper to white metal and further to blister copper. Slags have varied from 0.6-
15% depending on oxygen-concentrate feed ratios and fumace temperature. Raising the matte 
grade decreases the need for additional fuel in flash smelting because of a fairly large portion of 
the latent heat value of the concentrate itself is used at the smelting stage (Haarki, 1976) but also 
increases the amount of copper in the slag. 

2.6.5.2 l-leat Requirennents in Smeiting 
To balance heat requirements not met by the exothermic reactions in smelting, additional 

fuel, preheated air and/or oxygen-enriched air can be used. 

By using oxygen-enriched air (consequently, reduced gas volume), the capacity of the 
smelter can be considerably increased, and fuel consumption is signiflcantly reduced. Present 
practice also enables the unit to operate without fuel addition. Preheating of process air reduces 
the smelting fumace gas volume and offers savings in the capital costs of the equipment on the 
gas side. Preheating the process air can offer energy savings in reduced fuel consumption in the 
smelter and by utilizing process steam from a waste heat boiler. 

2.6.5.3 Waste Heat 
The Outokumpu process uses a waste heat boiler as part of its gas treatment cycle. The 

steam recovered from the boiler can be used for preheating process air, producing oxygen-
enriched air (Juusela, 1974), or generating electric power, although the latter is generally too 
expensive to be practical. 

2.6.5.4 Flue Dust 
Flue dust is usually recycled but can also be treated separately to recover valuable metals or 

to eliminate harmful elements. 

2.6.5.5 Treatment of Sulfur Dioxide in Off Gases 
In development work, Outokumpu used two methods for handling the sulfur dioxide pro­

duced. Originally, the gases from the converter and smelter were combined, and the sulfur 
dioxide was treated to produce sulfuric acid. This is common practice. 
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TABLE 2 .6 -2 

STEP 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

X 

fl.9 

PROCESS 

Materials Handling 
A) Electr ical Energy 

Drying 
A) Fuel Oil 
B) Electr ic Energy 

Flash Smelting 
Al Electr ical Energy 
B) Haste Heat Recovery 

f.onvertinjj 
AT lTec tnca l Energy (mate 

r i a l tiandling + blowing) 
B) Haste Heat Recovery 

Slag Flotation 
t ] Electr ical Energy 

Oas Cleaning 

A) Hot Gas Cleaning 

B) Cold Gas Cleaning 

C) Fugitive Emission Control 
Acid Plant 
A) Sinelter and Converter 

Gas (104 SO2) 

Uater Pollut ion Control 
A) Electr ic Energy 

Anode Furnace and 
Electroref ining 

UNIT 

KUH 

GAL 
KWH 

KUH 
LBS 

KUH 

LBS 

KUH 

T h o u s . 
SCF 
T l ibus. 
SCF 
KWH 

Thous. 
SCF 

KUH 

TONS OF 
CATHODE 
COPPER 

ENERGY REQUIREMENTS 

OUTOKUMPU F L A S H S M E L T I N G 

UNITS PER NET TON 
CATHODE COPPER 

54.4 

7.7 
16.3 

76.1 
-1807 

60.7 

-648 

142.3 

165.2 

165.2 

340 

306.7 

9 . 0 , 

1.0 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.139 
0.0105 

0.0105 
0.0014 

0.0105 

0.0014 

0.0105 

0.00252 

0.00126 

0.0105 

0.0126 

0.0105 

5.824 

TOTAL 

Level 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.571 

1.06 
0.171 

0.799 
-2.529 

0.637 

-0.907 

1.494 

0.416 

0.208 

3.570 

3.864 

0.095 

5.824 

15.279 



TABLE 2.6-3 

STEP 
NUMBER 

3 

4 

5 

X 

8.9 

PROCESS 

Flash Siitelting 
A) Oxygen 
B) Si l ica Flux 

Converting 
A) Oxygen 
B) Si l ica Flux 

Slag f lo ta t ion 
A) Flotation Reagents 

Hater Pollution Control 
A) Lime 

Anode Furnace and 
Electrorefining 

UNIT 

TON 
TON 

TON 
TON 

LBS 

LBS 

TON OF 
CATHODE 
COPPER 

ENERGY REQUIREMENTS 

OUTOKUMPU FLASH SMELTING 

UNITS PER NET TON 
CATHODE COPPER 

0.593 
0.249 

0.0% 
0.101 

2.0 

30.00 

1.0 

M I L L I O N B T U 
R E Q U I R E D PER U N I T 

4.41 
0.042 

4.41 
0.042 

0.02 

0.0027 

0.468 

TOTAL 

Level 2 

MILLION BTU PER NET 
TON CATHODIC COPPER 

2.615 
0.010 

0.423 
0.004 

0.040 

0.081 

0.468 

3.641 



In 1962, a method for recovering elemental sulfur by high temperature reduction from the 
gases was developed by Outokumpu. If no market for sulfuric acid exists near the smelter, this 
can be a favorable altemative. This method involves the reduction of sulfur dioxide in the uptake 
of the furnace by using pulverized coal, or gaseous or liquid hydrocarbon reductants. The design 
and operation of the flash fumace is modified to produce a high sulfur dioxide, low oxygen stream 
suitable for this reduction step. Since various side reactions occur during the reduction, leading to 
the formation of sulfur compounds such as COS, the gases, after passing through the waste heat 
boiler and electrostatic precipitator, are catalyzed to convert the sulfur compounds into sulfur 
vapor. The vapor is condensed to produce elemental sulfur. 

2.6.5.6 Slag Cleaning 
Since the flash smelting process produces slags containing sufflcient amounts of copper to 

make its recovery feasible, slag cleaning is normally used. Two methods are used with this 
process: flotation and electric fumace slag cleaning. 

Flotation involves slow cooling of the slag to permit precipitation/agglomeration of copper 
sulfldes and metallic copper. The slag is then chuhed and ground, and copper is recovered via 
froth flotation. The concentrate recovered is then fed back to the smelter, usually mixed with the 
ore concentrate and flue dust. 

In electric fumace slag cleaning, a reducing environment is provided which decreases the 
solubility of copper in the slag. Also, the slag is kept molten and fluid for an extended period of 
time to allow for entrained matte particles to coalesce, settle, and form a matte pool at the 
bottom of the fumace. Coke or coal is used as the reducing agent. 

The matte phase from this fumace also goes to the converter. 

A few smelters utilize both techniques, i.e., flotation for converter slag and electric fumace 
for flash fumace slag. 

2.6.5.7 Blister Copper Production 
As noted in the process description for Harjavalta, copper concentrates can be taken 

directly to blister copper in one stage. This is advantageous especially for concentrates containing 
less iron than normal. The copper content in the slag is high compared to processes producing 
matte and the slag must be treated separately. 

2.6.6 Conclusions 
Flash smelting utilizes the heat evolved from oxidizing part of the sulfide charge to produce 

much or all of the energy required for smelting. The recovery of waste heat from the flash fumace 
off-gas is standard practice. The amount of fuel required for smelting can be reduced by 
increasing the preheat temperature of flash fumace air, oxygen enrichment of flash fumace air 
and the degree to which the charge is oxidized in the furnace, i.e., the matte grade. The lowered 
fuel consumption also results in reduced off-gas volume. Present practice enables the flash 
fumace to operate without fuel addition with oxygen enrichment in the range of 30-75% oxygen 
and a preheat temperature of 200° C. 
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Increasing the matte grade decreases the need for additional fuel in flash smelting because a 
fairly large portion of the fuel value of the concentrate is used at the smelting stage. In addition, 
production of high grade matte leads to energy savings in converting. 
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2.7 INCO FLASH SMELTING 

2.7.1 introduction 
The INCO Metals Company (INCO), Copper Cliff, Ontario, Canada, is among the pioneers 

of the commercial use of oxygen in liquid-phase pyrometallurgy. In the years 1945 to 1949 the 
company developed a process for direct flash smelting of copper sulfide concentrates with oxygen. 
In 1952, the first commercial scale oxygen flash smelting fumace was brought into service at 
Copper Cliff. There are currently two copper processing plants, the other the Almalyk Smelter in 
the USSR using the oxygen flash smelting method for recovery of copper, and the following is a 
general description of the process as used at Copper Cliff. 

2.7.2 Process Description 
The INCO Oxygen Flash Smelting Process is a pyrometallurgical process for the extraction 

of copper from sulfide concentrates. Characteristic of this process is autogenous flash smelting, 
utilization of high purity 95-99.5% oxygen, and production of gases with a high content of sulfur 
dioxide (80%) that can be further processed to produce liquid sulfur dioxide or reduced to 
elemental sulfur or to sulfuric acid using converter gases, smelter secondary emissions or air as 
diluent. 

Figure 2.7-1 is a general flowsheet for the oxygen flash smelting process. The procedure as 
shown is followed by INCO with the exception that only 50% of the converter slag is currently 
returned to the smelting fumace because nickel contained in the feed concentrate (typically 
about 1%) must be rejected with at least a portion ofthe copper converter slag. INCO reprocesses 
the remainder of the converter slag through the nickel reverberatory fumace for recovery of nickel 
and copper. In this paper, recycle of converter slag through the flash fumace has been considered 
for purposes of material and energy balances, since the content of copper in the slag is appreciable 
(4%). 

Copper concentrates are received at the dryers in the form of filter cake containing 8% 
moisture. Each dryer unit consists of a blower, natural gas-fired heater, fluidized bed dryer, and 
collection baghouse. Since 1971, two fluidized bed dryers have been used at INCO for preparing a 
proportioned concentrate/sand mixture. 

High purity tonnage oxygen is received at the fumace at 23 psig, and a reduction in pressure 
to 15 psig is made for piping to the bumers. 

The flash fumace has opposed pairs of bumers and a central gas uptake. The proportioned 
feed mixture is gravity-fed through the bumers where it combines with oxygen and then enters 
the fumace. Ignition is instantaneous, and the smelting temperature is maintained solely by the 
oxidation of the iron sulfides while the concentrates are in suspension. The iron oxides produced 
are fluxed by the sand to generate an iron silicate slag. The remaining copper, iron, and sulfur 
collect as matte below the slag layer. 
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Slag at 2250''F is skimmed manually and then discarded. Prior to 1964, pyrrhotite cleaning 
of the slag was carried out, but this practice has been discontinued at INCO (Merla, 1972) 
because overall copper losses were not decreased significantly. 

Gases, containing about 80% sulfur dioxide, leave the flash furnace at 2300''F and are led to 
a settling chamber where particulate solids are removed, and the gases are cooled to 1300° F. 
Further cooling is achieved with water in a splash tower after which the gases are passed through 
three venturi scrubbers in series and a Cottrell precipitator. The clean sulfur dioxide gases are 
then sent for liquefaction, which is done by cooling and compressing. If sulfuric acid were to be 
produced the settling chamber would be followed by a spray cooler and electrostatic precipitator. 

Matte, containing about 47% copper, is removed from the fumace at 2150''F and is trans­
ferred to Peirce-Sraith converters for processing to blister copper. Operating practice for convert­
ing at INCO is standard except that about 50% ofthe converter slag is recycled through the nickel 
side of the plant for recovery of nickel and copper and about 50% is retumed to the flash fumace. 
Offgases from the converter contain about 4-5% sulfur dioxide after dilution with cooling air and 
are exhausted through a stack. 

Blister copper from the converter is further processed by anode refining and casting and 
electrorefining. 

As the off-gas volume is typically less than 5,000 SCFM, in most cases a waste heat boiler 
cannot be justified either from an energy savings, or economic operational integrity standpoint. 

2.7.3 IVIateriai Balance 
Table 2.7-1 presents the material balance for the INCO flash smelting process. 

2.7.4 Energy Requirements 
Tables 2.7-2 and 2.7-3 present Level I and Level II energy requirements for the INCO flash 

smelting process. 

2.7.5 Conclusions 
INCO Flash Smelting under autogenous conditions, using tonnage oxygen (95-99.0% 0,) 

and a 29-30% Cu 30-31% Fe & 33-34% S feed concentrate, will typically yield matte grades in the 
40-45% range, though excursions as low as 35% Cu or as high as 55% Cu have been experienced 
due to changes in operating conditions. Throughout this range the fumace partition coefficient 
(%Cu in matte/%Cu in slag) has remained at about 70. Retum of molten (or cold) converter slag 
to the fumace will increase this autogenous matte grade by as much as 5 percentage points of 
copper, depending on the quantity recycled. It should be understood that for all typical copper 
concentrates being processed through an INCO type flash fumace at a specific feed rate that 
there is a specific autogenous matte grade. This autogenous matte grade can however be varied in 
a number of proven ways. Increasing the fumace feed rate will decrease matte grades while 
increases in fumace slag silica content by the use of higher fumace flux additions will increase 
matte grades. .Additions of "inert" materials such as smelter dusts, converter slags, limestone or 
water will also increase the autogenous matte grade. Decreasing additions of these inert materials 
will of course decrease the matte grade. In certain cases very minor additions (less than 1% of 
concentrate feed rate) of fuel (i.e., pulverized coal) will decrease the matte grade very sub­
stantially (up to 10 percentage points of copper). In almost 30 years of operation no magnetite 
buildup on the fumace bottom has been experienced and the original bottom installed in the 
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TABLE 2 .7 -1 INCO OXYGEN FLASH SMELTING 

CTONS PER TON BLISTER COPPER 1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

c„ 
Fe 
S 
°Fe-
Sj02 
AL2O3 
CuO + MgO 
O i l i e i s 
l lgO 
SO2 
O2 
CO 
C02 
N J 

TOTAL WET 
TOTAL DRY 
TEMP. <°F) 
STATE 

(1) 

WET 
CONCENTRATE 

wet 
w t . wt.% 

0.9995 22.50 
1.1194 25.20 
1.2383 27.87 
0.0186 0.42 

0.3450 7.77 
0.1379 3.11 
0.1171 2.63 
0.0220 0.50 
0.4442 10.00 

4.4420 
3.9978 100.00 

60 
S 

(2) 

FLASH SILICA 
FLUX 

d ry 
wt . wt.X 

0.0044 1.40 

0.0019 0.60 

0.2807 90.00 
0.0125 4.00 
0.0062 2.00 
0.0062 2.00 
0.0064 

0.3183 
0.3119 100.00 

60 
S 

(3 ) 

DRY FURNACE 
CHARGE 

dry 
w t . wt.% 

0.9995 23.19 
1.1238 26.08 
1.2383 28.73 
0.0205 0.48 

0.6257 14,52 
0.1504 3.49 
0.1233 2.86 
0.0282 0.65 
0.0086 

4.3183 
4.3097 100.00 

77 
S 

(4 ) 

DftYERS 
OFF GAS 

wet 
wt . » t .% 

0.5213 8.17 

1.2142 19.03 

0.1133 1.78 
4.5309 71.02 

6.3796 
5.8583 100.00 

225 
G 

(5) 

FLASH FURNACE 
OXYGEN 

wt . w t . t 

0.8917 35.60 

0.0411 4 .40 

0.9328 100.00 
77 
G 

•Oxygen associated w i l h FeO and fe^O^ 
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TABLE 2 .7 -1 ( c o n t . ) INCO OXYGEN FLASH SMELTING 

( T O N S PER TON BLISTER COPPER J 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
^Fe-
S,02 
AL2O3 
CaO-F MgO 
Others 
H2O 

SO2 
O2 
CO 
CO2 
N2 

TOTAL WET 
TOTAL DRY 
TEMP. ( °F ) 
STATE 

(6) 

FLASH FURNACE 
OFF-GAS 

wet 
wt . wt.X 

0.0086 0.52 
1.4851 90.16 

0,1535 9.32 

1.6472 
1.6386 100.00 

2241 
G 

(7) 

FLASH FURNACE 
MATTE 

wt . wt.X 

1.0273 50.45 
0.4816 23.65 
0.4854 23.83 
0.0336 1.65 

0.0085 0.42 

2,0364 100.00 
2151 

L 

(8) 

FLASH FURNACE 
SLAG 

wt . w t . i : 

0.0195 0.72 
1.1266 41.80 
0.0387 1.44 
0,3282 12.18 

0.8675 32.18 
0.1612 5.98 
0.1287 4.77 
0.0251 0.93 

2.6955 100.00 
2241 

L 

(9 ) 

CONVERTER 
SLAG 

wt . wt.% 

0.0373 3.96 
0.4771 50.55 
0.0218 2.31 
0.1471 15.59 

0.2389 25.31 
0.0108 1.14 
0.0054 0.57 
0.0054 0.57 

0,9438 100,00 
2241 

L 

(10) 

AIR TO 
CONVERTER 

w t . wt .Z 

0.5683 23.20 

1.8814 76.80 

2.4497 100,00 
60 
G 

•Oxygen associated w i l h FeO and Fe304 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
^Fe . 
S,02 
AL2O3 
C a O + M g O 
Others 
H j O 

SO2 
O2 
CO 
C02 
N2 

TOTAL ORY 
TEMP, ( ° F ) 
STATE 

2 .7 -1 ( c o n t , ) 

(11) 

CONVERTER 
SILICA FLUX 

wt , w t . « 

0,0038 1.40 

0.0016 0.60 

0.2418 90.00 
0.0108 4.00 
0.0054 2.00 
0.0054 2.00 

0.2688 100.00 
60 
S 

INCO OXYGEN FLASH SMELTING' 

( T O N S PER TON BLISTER COPPER ] 

(12) 

CONVERTER 
OFF-GAS 

wt , wt.% 

0.9047 32.47 

1.8814 67.53 

2.7861 100.00 
60 
S 

(13) 

BLISTER 
COPPER 

wt . wt.X 

0,9800 98,00 
0,0010 0,1 
0.0090 0,90 
0,0015 0,15 

0,0085 0,85 

1.0000 100,00 
2200 
L 

-

•Oxygen associated w i t h FeO and Fe30^ 
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T A B L E 2 , 7 - 2 

STEP 
NUMBER 

1 

2 

3 

4 

5 

6 

* 

PROCESS 

M a t e r i a l s Handl int) 
A) E l e c t r i c a l Energy 

Dry ing 
A Fuel : Na tu ra l Gas 
B E l e c t r i c a l Energy 

F las l i Smel t ing 
A) E l e c t r i c a l Energy 

Conve r t i ng 
A) E l e c t r i c a l Enerqy 

Gas Cleaning 
A) Hot Furnace Gas 

Clean ing ( 8 U SO2-
Dry Bas is ) 

B) Hot Conver ter Gas 
Clean ing (7% SOo-
Dry Bas is ) 

C) Cold Furnace Gas 
Clean ing (75% SO^-
Dry Basis ) 

D) Cold Conver ter Gas 
C lean ing (5% SO2-
Dry Bas is ) 

E) F u g i t i v e Emission 
Con t ro l 

Ac id P lan t 
A) Smelter and Con­

v e r t e r Gas (11 .1% 
S02-0ry Bas is ) 

Water P o l l u t i o n Contro l 
A) E l e c t r i c a l Enerqy 

UNIT 

KWH 

SCF 
KUH 

KWH 

KWH 

THOUS. 
SCF 

THOUS. 
SCF 

THOUS. 
SCF 

THOUS. 
SCF 

KWH 

THOUS. 

KWH 

ENERGY REQUIREMENTS 

INCO FLASH SMELTING 

UNITS PER NET TON 
CATHODE COPPER 

69.1 

1750 
10.0 

4 .5 

89.8 

22.1 

153.0 

32.6 

213.6 

340.0 

253.5 

9,0 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.001 
0.0105 

0,0105 

0.0105 

0.00336 

0.00336 

0.00126 

0.00126 

0.0105 

0.0126 

0.0105 

LEVEL 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.726 

1.750 
0.105 

0.047 

0.943 

0.074 

0.514 

0.041 

0.269 

3.570 

3.194 

0.095 

*Not Sliown on Flowsheet 



TABLE 2 .7 -2 ( c o n t . ) ENERGY REQUIREMENTS 

INCO FLASH SMELTING 

LEVEL I 

STEP 
NUMBER PROCESS UNIT 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

7.8 Anode Furnace and 
Electrorefining 

TON OF 
CATHODE 
COPPER 

1.0 5.824 

TOTAL 

5.824 

17.152 

00 



TABLE 2.7-3 ENERGY REQUIREMENTS 

INCO FLASH SMELTING 

LEVEL 2 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

7.8 
00 

Flasii Smelting 
S") Oxygen 
B) Silica Flux 

Conver t ing 
ATTTlTca Flux 

" i t e r P o l l u t i o n Contro l 
A^ L i me 

Anode Furnace and 
E l e c t r o r e f i n i n g 

TON 
TON 

TON 

LBS 

TON 

.933 

.312 

. 2 6 9 

3 0 , 0 ' 

1,0 

3,78 
0.042 

0.042 

0 .0027 

0 . 4 6 8 

TOTAL 

3.526 
0.013 

0.011 

0.081 

0.468 

4 . 0 9 9 

*Not shown on f lowsheet 



second production furnace which commenced operation in 1953 is still in use. The recycle of 
converter slag first tested in 1978 has been incorporated as a regular operating practice and is 
currently being held at a rate of about 50% of total converter slag generated, with the limitation 
being the nickel content of the feed rather than the fumace operation. This reversion has not 
decreased the fumace matte/slag partition coefficient. The INCO fumace produces a low off gas 
volume, typically about 5,000 SCFM with a high sulfur dioxide content (80% SOj). As a result, 
dusting rates are low and typically run in the range of 2-3% of the feed rate. Generally it is not 
considered economic to install a waste heat boiler on the fumace because of the exceptionally low 
off gas volume. The high SOt gas strength is ideally suited to the production of liquid SO, or as a 
sweetener for other smelter gases in the production of sulfuric acid. 
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2.8 THE TOP BLOWN ROTARY CONVERTER (TBRC) SMELTING 

2.8.1 Introduction 
The Kaldo Process was first used commercially in 1957, in Sweden, to produce steel from 

high phosphorus iron ore. INCO Limited adapted the converter employed in the Kaldo Process to 
nonferrous smelting in 1959 in a three-ton pilot plant fumace in Sweden for the blowing of nickel 
sulfide to metallic nickel. In 1965, INCO installed a ten-ton converter of this type in a smelter 
(naming it TBRC) at its research facilities in Port Colbome, Ontario, to convert nickel sulfide 
into nickel metal and to convert copper, nickel sulfides and copper sulfides to metal. As a result of 
successful pilot plant testing, two 14-foot diameter fumaces were installed at INCO's Copper Cliff 
nickel refinery at Sudbury, Ontario and three in Sovako, Indonesia. 

In 1971, INCO gave Dravo a worldwide exclusive license to design, engineer and construct 
copper smelters using the TBRC process. Through a joint venture by Dravo and INCO, in 1973, 
the TBRC smelter for nickel conversion was applied to production scale tests of copper smelting 
at INCO's Copper Cliff refinery. Successful pilot tests were made with an ore concentrate 
containing 29% copper, 30% iron and 30% sulfur plus silica and trace elements. 

The first comniercial scale introduction of the TBRC technique to copper metallurgy 
occurred within the secondary copper industry. La Metallo-Chimique S.A., Belgium (with 
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secondary copper smelters at Beerse, Belgium, and Alton, Illinois) has, since the mid-sixties, 
developed techniques for TBRC smelting and refining of copper-bearing secondary raw materials 
including techniques for slag refining and extraction of valuable byproducts. One of the features 
of the development is a jacketed fumace shell. 

At Tennant Creek in Australia, two 25-ton TBRC type top blown, rotary converters were 
installed by Peko-Wallsend and brought on stream in January 1974 and operated for 14 months. 
These units were installed at less than a 5° angle. The TBRCs were used for treating high grade 
mattes (65% Cu) containing 0.2% Bi. With the TBRCs ability to provide heat and control 
atmosphere, it was possible to eliminate bismuth by volatilization from 0.2% to 0.04% Bi. This 
was achievable by prolonged converting times, at a high expense in fuel oil and lining life. 

The first commercial copper smelter designed and engineered by Dravo using the TBRC 
smelter technology is operated by Alton Mines Ltd. in Kanloops, British Columbia. The Alton ore 
body is principally native copper with some bomite, chalcocite and chalcopyrite and is concen­
trated to a metallic concentrate that averages 82% copper and a flotation concentrate containing 
51% copper and 7.1% sulfur. 

2.8.2 Process Description 

The TBRC vessel is similar to the basic vessel used in the Kaldo process for steel produc­
tion. Thrust rollers secxire the vessel longitudinally, and motor-driven support rollers support the 
vessel in its frame and rotate it at variable operating speeds from 0-40 RPM. Different speeds are 
used in different process stages, e.g., low RPM while charging and high RPM at the end of the 
white metal blow and during the anode refining stage. High RPM increases process reaction rates 
and efficiencies, but also increases refi-actory wear. The fumace can be tilted through 360° for 
filling, blowing, and pouring. The process flow-sheet is shown in Figure 2.8-1. 

A movable, tight-fitting hood covers the open end of the converter. This hood carries the 
process lance, charging chute, and INCO flash bumer, all of which are water-cooled. The process 
lance utilizes oxygen, fuel and air in various combinations to act as either a bumer or blowing 
lance. The hood is closed over the vessel mouth whenever processing takes place. The hood can be 
swung away from the vessel mouth, the TBRC rotated, and molten material or scrap that is too 
large for the chute can be added. The vessel is inclined between 15°-20'' during operation. The 
angle is selected to obtain an optimum balance between degree of fill and agitation (Daniele and 
.Jaquay, 1972). 

The smelting of copper concentrates is essentially an autogenous operation in the TBRC. 
The charge consisting of concentrate and flux is prepared and dried. Smelting would be 
accomplished by the flash smelting technique as demonstrated by INCO in their continuing 
development efforts (Bell, 1978). 

Dravo no longer considers multiple TBRCs to be the best way to go on a new large tonnage 
smelting facility (Daniele, Jaquay, 1972 and 1974). Today, Dravo's approach is that although 
multiple TBRCs are a technically feasible approach, it is doubtful that they can compete on a 
capital cost basis with a large primary smelting unit producing continuous high strength off-gases 
for use in a sulfuric acid plant. However, the TBRC can be considered as a viable altemative to 
Peirce-Smith converters where the primary unit produces high grade matte. 

186 



WET 
CONCENTRATE lO I © SIUICA 

FLUX 

1 M A T E R I A L 
HANDLING 

HEAT 

AIR = : 0 
iE 

DRYING 
^ 

DRYER OPF-SAS 

OXYGEN 

COKE 

0_ 
_ ^ p r ^ 1 ^ S M E L T I N G - - - ^ — - ® 

3 TBRC 
S M E L T I N G 

CYCLE 

S I L I C A ( Z ) 
FLUX ^-^ 

S M E L T I N G 
MATTE 

OXYGEN 

® 
k4 

AIR 

OXYGEN 

CONVERTING I 
SLOW J 

I 

O F F - G A S 

© 
TBRC 

C O N V E R T I N G 
CYCLE 

A I R 
FINISH 
BLOW 

CS) S M E L T I N G 
^ ^ SLAG 

D I S C A R D 

( i i ) CONVERTING 
^-^ SLAG 

TBRC 

F I N I S H - CYCLE 

' 02) CONVERTING 
I ^ ^ OFF-GAS 
I 
I 

@ 
( 3 ) F IN ISH 

I O F F - G A S 

TBRC 

REF INE CYCLE 
I 

LA 

rv 
GAS _ / \ 

CLEANING — j / 
ACIO 

P L A N T 

rri_.«r 
NATURAL CAS 

"OXYGEN 
!

PREHEA 
HOLD IN 
TEMP A 

AT 
G 

ADJUSTING 

ANODE 
REFINING 

a CASTING 

ANODE 
COPPER 

ELECTROLYTIC 
, - REFINING 
1 0 

T CATHODE 
COPPER 

FIGURE 2.8-1 TOP-BLOWN ROTARY CONVERTER 

S T R E A M 

SOLID 

LIQUID 

MOLTEN 

GAS 
MINOR 

LEGEND 

I M H 
r^ iv i 
CvTs: 
r - 1 

R^** PROCESS 

187 



The TBRC^'* Process represents a complete process — smelting, converting, and refining. 
The overall capital competitveness of the process, however, lies in a range up to 700-8(X) TPD 
copper concentrate. As capital cost was not a criterion in these studies, the following energy 
consumption information is based on a TBRC''* copper smelter producing copper from 
approximately 1200 TPD chalcopyrite concentrate. Such a smelter would require four (4) oper­
ating TBRC vessels. 

A typical cycle would include the following process steps: 

1. Flash smelting ofa pre-fluxed concentrate with oxygen. 

2. Cleaning of flash smelting slag. 

3. Pouring slag from vessel. 

4. Begin converting step by adding silica flux and blowing with oxygen enriched air. 

5. Cleaning of converting slag and pouring from vessel. 

6. Begin finish blow to produce blister copper. 

7. Further de-sulfurize and then de-oxidize to produce anode or fire-refined copper. 

In a 1200 TPD smelter each TBRC converter would not perform all seven (7) steps. A typical 
utilization would be two (2) smelting and slag cleaning, one (1) converting, and one (1) finish 
blow and refining. 

Cycle Descriptions: 

The concentrate smelting TBRCs are preheated to operating temperatures. Pre-fluxed and 
dried (<1% H]0) concentrate is charged through an INCO flash smelting bumer. Temperatiire 
control is maintained by adjiuting the OjiConcentrate ratio. This ratio varies with different 
concentrate grades. Once the available volume is filled, a slag cleaning step is performed, then 
the slag is poured from the TBRC vessel. The sequence is repeated until an optimum volume of 
matte has been accumulated for the converting stage. More than 50% of the slag is removed 
during the smelting cycle stage. 

The converting cycle begins when sufficient 55-60% copper matte has been accumulated. 
This can be accomplished by either building up the matte level in one TBRC or transferring 
matte from another TBRC to the converting vessel. Should the matte contain impurities, e.g., 
arsenic, antimony, bismuth, lead, etc., an impurity volatilization step would be performed prior 
to blowing commencing. Once the converting cycle is begim, silica flux is added via the charging 
chute. The process lance is set for an oxygen-air mixture, approximately 30% Oj by volume, and 
blowing proceeds. Once sufficient slag is produced it is either subjected to a slag cleaning step or 
transferred to another TBRC for cleaning. 

The complexity introduced by matte, slag, and white metal transfers in a large tonnage 
smelter is the reason that a single primary smelting unit may be preferable. Another choice to 
minimize transfers is slow cooling and milling of the converting stage slags. This could also 
enhance overall copper recovery, e.g., Afton Mines Ltd., recycles slag to their concentrator and 
achieves 99%"^% copper recovery. 

Once all the iron is slagged and the slag removed from the TBRC, the finish blow, white 
metal to copper, begins. Again, blowing utilizes a mixture ofoxygen and air. Once oxygen levels of 
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0.15-0.20% are achieved (0.1% sulfur or less), reduction can begin by adding carbon to the bath. 
Here one of the advantages of the high speed rotary vessel comes into play. Further desulfuriza­
tion takes place during de-oxidation due to the forced mixing of copper sulfides and oxides. This 
permits the TBRC to perform the anode fumace or fire refining fumace function. The copper is 
removed from the fumace by tilting the TBRC downward and pouring the copper into ladles 
beneath the fumace. 

The exhaust gases from the fumace are collected in the hood which is connected to gas 
cooling and cleaning equipment. The clearance between the hood and the rotating fumace is held 
to as little as 2 inches to limit the amount of ambient air entering the exhaust system at this 
point. The negative pressure in the hood is controlled to the minimum value which will prevent 
the escape of exhaust gas. Sulfur dioxide concentration in the exhaust gases is generally high 
enough for economic recovery of the sulfur as sulfuric acid or as elemental sulfur (Jaquay). An 
exception to this is at the Afton mines smelter where the concentrate has low sulfur content. The 
sulfur dioxide in the gases at this operation are removed by a Dravo designed dual alkali 
scrubbing system (Pazour, 1978). 

Close control of the fumace atmosphere, the turbulence of the bath, the oxygen/air mixture, 
and the temperature of the melt is necessary for useful operation ofthe TBRC. Computer control, 
utilizing a heat and material balance (Jaquay), can be used to determine the amounts of raw 
material, flux, oxygen, and air that are required to reach a desired melt condition of temperature, 
composition, or volume. To supplement this and provide for necessary adjustments, slag and 
matte samples are sent to a lab for a check on chemical composition and the temperature is 
measured by an immersion thermocouple or optical pyrometer. 

The turbulence in the bath is controlled by varying the rotational speeds. Constant vessel 
rotation enhances gas/solid/liquid contact and heat distribution. High oxygen efficiency can be 
maintained by adjustment of the rotational speed and lance angle. Tests done by INCO indicated 
that oxygen efficiency can be maintained above 90% (Daniele and Jaquay, 1972) (Bell, 1978). 

The lance is used to control the smelting atmosphere by the injection of different combina­
tions of fuel, air, and oxygen to obtain neutral, oxidizing, or reducing conditions as required. The 
temperature of the charge can be raised by injecting oxygen and fuel through the lance which will 
bum and mix the two gases at the nozzle. Altematively, temperature can be lowered by adding 
scrap or low iron concentrates, by introducing water into the converter to use up the excess heat or 
by a greater air to oxygen ratio (Bell et al., 1978). 

2.8.3 Material Balance 
Table 2.8-1 shows the material balance for smelting of concentrates by the top blown rotary 

converter process. 

2.8.4 Energy Requirements 
Table 2.8-2 presents the Level I energy requirements for TBRC smelting, in million Btu per 

ton of blister copper. 

The energy used in materials handling and general utility is estimated at 15.5 kWh per ton 
concentrate smelted, or 147,000 Btu fuel equivalent. 

Table 2.8-3 presents the Level II energy requirements for TBRC smelting. 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

C , 
Fe 
S 

"Fe-
S j O j 
AL2O3 
C a O + M g O 
Others 
H j O 

SO2 
O2 
CO 
C02 
N2 

TOTAL WET 
TOTAL DRY 
TEMP ( ° F ) 
STATE 

^ • ^ • ' TBRC^" PROCESS 

I TONS PER TON BLISTER COPPER J 

(1) 
WET 

CONCENTRATE 

wet 
w t . wt .Z 

0.9995 22.50 
1.1194 25.20 
1.2383 27.87 
0.0186 0.42 

0.3450 7.77 
0.1379 3.11 
0.1171 2.63 
0.0220 0.50 
0.4442 10.00 

4.4420 
3.9978 100.00 

60 

S 

(2 ) 

SMELTING SILICA 
FLUX 

wet 
w l . wt.% 

0.0044 1.40 

0.0019 0.60 

0.2807 90.00 
0.0125 4.00, 
0.0062 2.00 
0.0062 2.00 
0.0064 

0.3181 
0.3119 100.OC 

60 

S 

(3 ) 

DRYERS 
OFF GAS 

wet 
w t . wt.% 

0.5213 8.17 

1.2142 19.03 

0.1133 1.78 
4.5309 71.02 

6.3796 
5.8583 100.00 

225 

G 

(4) 
DRY FURNACE 

CHARGE 

wet 
w t . wt.y. 

0.9995 23.19 
1.1238 26.08 
1.2383 28.73 
0.0205 0.48 

0.6257 14.52 
0.1504 3.49 
0.1233 2.86 
0.0282 0.65 
0.0086 

4.3183 
4.3097 100.00 

77 

S 

(5 ) 

SMELTING 
OXYGEN 

wet 
w t . wt.X 

1.000 95.60 

0.046 4.40 

1.046 100.00 
60 
G 

•Oxygen associated w i t h FeO and Fe^04 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

°Fe-
Sj02 
AL2O3 
C a O + MgO 
Ot i ie ts 
II2O 

SO2 
O2 
CO 
C02 
N2 

TOTAL WET 
TOTAL DRY 
TEMP. ( ° F ) 
STATE 

2 .8 -1 ( con t . ) 

(6) 

SMELTING 
OFF-GAS 

wet 
wt . wt.% 

0.0086 

1.660 44.1 
0.472 12.6 

1.626 44.1 

3.758 100.00 
1800-2000 
G 

TBRC^" PROCESS 

I T O N S PER TON BLISTER COPPER I 

( 7 ) 

SMELTING 
MATTE 

wet 
w t . w t . 2 

0.9893 56.83 
0.2763 15.87 
0.4056 23.30 

0.0696 4.00 

1.7408 100.00 
2250 
L 

(8 ) 

SMELTING 
SLAG 

wt . wt.% 

0.0107 0.60 
0.8475 47.46 

0.6257 35.04 
0.1504 8.42 
0.1233 6.90 
0.0282 1.58 

1.7858 100.00 
2300 
L 

(9 ) 

CONVERTING 
FLUX 

wt . 

0.0028 

0.0011 

0.1781 
0.007 9 

0.0040 
0.0040 
0.0040 

0.2010 
0.1979 

60 
S 

wet 
wt.% 

1.40 

0.60 

90.00 
4 .00 

2.00 
2.00 

100.00 

(10) 

CONVERTING 
BLOW 

wet 
w t . wt.% 

0.2667 32.86 

0.5449 67.14 

0.8166 100.00 
60 
G 

•Oxygen associated w i t h FeO and Fe^O^ 



T A B L E 

S T R E A M N O . 

STREAM NAME 

C O M P O S I T I O N 

C„ 
F e 
S 

°Fe-
S j O a 

A L 2 O 3 

C a O + M 9 O 
O t i i e r s 
l l g O 

SO2 
O 2 

CO 
C 0 2 
N 2 

TOTAL WET 

T O T A L DRY 
T E M P . I ° F ) 
S T A T E 

2 . 8 - 1 ( c o n t . ) 

( 1 1 ) 

COHVERTIMG 
SLAG 

w e t 
w t . w t . X 

0 . 0 0 8 3 1 .31 
0 . 2 7 9 1 4 4 . 0 3 

0 . 0 8 2 9 1 3 . 0 8 

0 . 1 7 8 1 2 8 . 1 0 

0 . 0 0 7 9 1.24 
0 . 0 0 4 0 0 . 6 3 
0 . 0 7 3 6 1 1 . 6 1 

0 . 6 3 3 9 1 0 0 . 0 0 

2300 
L 

TBRC^" PROCESS 

C T O N S P E R T O N B L I S T E R C O P P E R 1 

( 1 2 ) 

CONVERTING 
OFF-GAS 

w e t 
w t . w t . % 

0 . 3 1 6 6 2 2 . 4 9 
0 . 1 2 5 6 8 . 9 2 

0 . 9 6 5 6 6 8 . 5 9 

1 .4078 1 0 0 . 0 0 

1 8 0 0 - 2 0 0 0 
G 

( 1 3 ) 

F I N I S H 
BLOW 

w e t 
w t . w t . % 

0 . 3 0 6 5 3 2 . 8 6 

0 . 6 2 6 2 6 7 . 1 4 

0 . 9 3 2 7 1 0 0 . 0 0 

60 
G 

( 1 4 ) 

F I N I S H 
OFF-GAS 

w e t 
w t . w t . % 

0 . 4 9 0 4 2 6 . 0 8 
0 . 1 9 5 2 1 0 . 3 8 

1 . 1 9 5 0 6 3 . 5 4 

1 .8806 1 0 0 . 0 0 

1 8 0 0 - 2 0 0 0 

G 

( 1 5 ) 

BLISTER 
COPPER 

w e t 
w t . w t . % 

0 . 9 8 98 
O.OOI 0 . 1 0 
0 . 0 0 9 0 . 9 0 
0 . 0 0 1 5 . 0 . 1 5 

0 . 0 0 8 5 0 . 8 5 

1 .0 1 0 0 . 0 0 

2200 
L 

•Oxygen associated w i l h FeO and Fe^O^ 
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TABLE 2 .8-2 

STEP 
NUMBER 

1 

2 

3-6 

7 

8 

* 

9,10 

PROCESS 

M a t e r i a l s l land l inq 
A) E l e c t r i c a l Enerqy 

Orbing 
AT F u e l : Natura l Gas 
B) E l e c t r i c a l Energy 

TBRC TOTAL 
A) F u e l : Natura l Gas 
B) E l e c t r i c a l Energy 

Gas Cleaning 
A) Hot Gas Cleaning 

Smel t ing 
Conver t ing 
F i n l s i i 

B) Cold Gas Cleaning 
(10.8% SO?) 

C) F u g i t i v e Emission 
Cont ro l 

Ac id P lant 
A) A l l Process O f f -

Gases (9% SO2) 

Water P o l l u t i o n Cont ro l 
A) E l e c t r i c a l Energy 

Anode Furnace & 
E l e c t r o r e f i n i n g 

UNIT 

KUH 

SCF 
KI-tH 

SCF 
KWH 

SCF X 10^ 
SCF X 103 
SCF X 10^ 
SCF X lOJ 

KWH 

SCF X 10^ 

KWH 

TON 
CATHODE 

ENERQY REQUIREMENTS 

TBRC^" PROCESS 

UNITS PER NET TON 
CATHODE COPPER 

69.1 

1750 
10 

400 
110.9 

74.9 
32.9 
42.8 

270.5 

340.0 

324.5 

9.0 

1.0 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.001 
0.0105 

0.001 
0.0105 

0.00336 
0.00336 
0.00336 
0.00126 

0.0105 

0.0126 

0.0105 

5.824 

LEVEL 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.726 

1.750 
0.105 

0.400 
1.164 

0.252 
0.110 
0.144 
0.341 

3.570 

4.089 

0.095 

5.824 

18.570 

*Not on Flowsheet 



TABLE 2 . 8 - 3 E N E R Q Y R E Q U I R E M E N T S 
LEVEL 2 

TH 
T B R C ' " PROCESS 

STEP 
NUMBER PROCESS UNIT 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

vo 
4^ 

9.10 

TBRC - Smelting 
X T Oxygen 
B) Silica Flux 
C) Coke 

TBRC ::_^.nvextin.g 
A) Oxygen 
B) Silica Flux 

TB^C - F i n i s h 
A) (Txygen 

TBRC - P r e h e a t . Ho ld t 
TenTp. Ad ju "s t 
A) Oxygen 

W a t e r P o l l u t i o n C o n t r o l 
"A7~L'inie 

Anode F u r n a c e and 
E l e c t r o r e f i n i n g 

TON 
TON 
TON 

TON 
TON 

TON 

TON 

LB 

TON OF 
CATHODE 

1 . 0 0 0 
0 . 3 1 2 
0 . 0 0 4 

0 . 1 0 2 6 
0 . 1 9 8 

0 . 1 1 7 9 

0 . 0 3 3 8 

30 

1 .0 

3 . 7 8 
0 . 0 4 2 

3 1 . 5 0 

3 . 7 8 
0 . 0 4 2 

3 . 7 8 

3 . 7 8 

0 . 0 0 2 7 

0 . 0 1 6 

3 . 7 8 0 
0.013 
0.126 

0.388 
0.008 

0.446 

0.128 

0.081 

0.016 

4.986 

*Not on Flowsheet 



2.8.5 Conclusions 
TBRC copper smelting process allows for the control of vessel atmosphere, bath temper­

ature and turbulence that result in control of oxidation potential, improved gas/solid/liquid 
contact and improved thermal efficiency. As pure oxygen is used, the fuel used in smelting is 
small for heating the converters and adjusting temperature. The principal fuel use is in drying. 
The off-gas volume is small and rich in sulfur dioxide, maximum 50%. 
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2.9 NORANDA CONTINUOUS SMELTING 

2.9.1 Introduction 
The estimated energy requirement of the Noranda continuous smelting process to produce 

an equivalent 100,000 tons per year of cathode copper is 23.03 x 10" Btu. The process configura­
tion upon which this estimate was based is the new three continuous-smelting vessel operation at 
Kennecott's Garfield Smelter. This smelter was chosen because it is the only example of the 
Noranda system in the United States, and it is the only smelter designed from the beginning for 
the Noranda system. However, due to the newness of this facility, there is not significant 
operating data available upon which to base an energy evaluation; consequently, the energy 
calculations were based on data obtained from Noranda Mines Ltd.'s Home Smelter at Noranda, 
Quebec. In addition to the calculated primary energy requirements, amounts of consumables 
(i.e., oxygen, fluxes, etc.) required to produce 100,000 tons of cathode equivalents were compiled, 
from which energy requirements were calculated. 

The development of the Noranda continuous smelting process began in 1964 (Themelis, et 
al, 1972). The process is based on the thesis that the operating and capital cost of smelting and 
converting could be reduced by combining the conventional reverberatory smelting fumace and 
the batch-operated copper converting fumaces into a single vessel, performing both functions in a 
continuous operation. The heat from converting (oxidation of sulfur and iron) would be used in 
smelting the copper concentration and producing a high sulfur blister copper that would be 
"finished" in a converter or an anode fumace fitted with additional tuyeres. Based on this 
concept and laboratory experiments, a semi-commercial scale pilot plant was constructed in the 
latter part of 1967 and early 1968. The 35 ft. long x 9'/2 ft. diameter vessel was designed to smelt 
100 tons per day of concentrate. Based upon the successful results of the pilot plant, an 800 tpd 
continuous smelting vessel, which is 17 ft. in diameter by 70 ft. long, was built at Noranda in 
1973. (Hallett, 1976) Figure 2.9-1. 

Since the conception of the Noremda continuous smelting process, substantial concern has 
been expressed as to the impact of SO] and particulate emissions from copper smelters upon air 
quality. These concerns were first formalized in the Clean Air Act and its amendments of 1970, 
which limit the concentration of sulfur oxides and particulates in the atmosphere and required 
those industries contributing to the general level of pollution to affect any changes necessary to 
comply with the newly enacted "Ambient Standards." 

Conventional copper reverberatory-converter systems required substantial modification to 
meet these requirements. In fact, some felt that air quality standards could not be met with a 
modified reverberatory smelting system due to the substantial volumes of reverberatory gases 
containing about 1% to 2% SOj, which were difficult to treat economically. With both the 
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CONVERTER 
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FIGURE 2.9-1 NORANDA CONTINUOUS SMELTING VESSEL WITH CONVERTER 

Courtesy Kennecott Copper Corporat ion • 
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smelting and converting being performed in a single vessel, the Noranda off-gases at the vessel 
mouth contained 16% to 20% SOj that could be readily treated in a single or double contact acid 
plants. 

In 1973, Kennecott committed itself to using the Noranda continuous smelting system. 
(Dayton, 1979) During subsequent testing by Kennecott and Noranda, the originally conceived 
process producing blister was modified to produce a high-copper matte. The matte (70%-75% Cu, 
5% Fe, 21% S) would then be blown to blister in a finishing converter using oxygen-enriched air to 
suit Kennecott concentrate. Kennecott chose the matte smelting option due to the fact that 
impurities in their copper concentrates, i.e., arsenic, antimony and bismuth, would be concen­
trated in the blister phase if the matte and metal were held in a single vessel. 

Metallurgical modeling of the Noranda smelting system and the Kennecott tankhouse 
provided some interesting considerations. Tankhouse investigations revealed that arsenic, 
antimony, and bismuth, or their compounds can detrimentally affect electrolyte composition, 
anode slime fall, and cathode quality. In addition, the total impact of these elements might not 
be apparent for years since the achievement of a steady-state electrolyte composition and 
electrorefining operation at a large refinery can take years. 

Anode and cathode copper of acceptable quality could not be assured if blister copper were 
to be produced directly in the smelting vessel, so it was decided to make use of a two-step matte-
making and converting process. 

2.9.2 Process Description 
Kennecott Copper Corporation's smelter at Garfield, Utah, consists of three continuous 

smelting vessels and four Peirce-Smith converters. Each smelting vessel is a horizontal brick-
lined cylinder 70 ft. long by 17 ft. in diameter. Feed materials (concentrates, precipitate and 
fluxes) are introduced into the smelting vessel through an end wall via a slinger belt onto the 
molten bath. Oxygen enriched air (up to 35% Oj) is injected into the bath through 63 tuyeres. At 
higher oxygen enrichment percentages, the heat of reaction of the oxidation of iron and sulfur is 
almost sufficient to melt the input materials and sustain an autogenous process. The required 
supplementary heat is supplied at the feed end of the reactor by a gas/oil oxygen-enriched air 
bumer amd by an oxyfuel bumer at the slag end. 

The predetermined matte grade in the smelting vessel is maintained by controlling the ratio 
of feed material to oxygen input. Control of the reactor is achieved by metering the quantities of 
materials fed from the bins on belt scales and metering of the oxygen and air flows. The ratio of 
these inputs (Oyconcentrate) required to obtain the desired matte grade is determined by 
computer and displayed on a cathode ray tube. The variable speed belts and valves are then set to 
achieve the calculated ratio and resulting matte grade. Flux is added at a precalculated rate to 
maintain the desired iron to silica ratio in the slag. 

Feeding is continuous resulting in a steady increase in liquid levels within the reactor. As 
the control of matte and slag levels is an important aspect of reactor control, these levels are 
periodically determined by "dip stick" measurement. Slag and matte are tapped off periodically 
to maintain levels within desired limits. 
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Matte is tapped into 260 cu. ft. ladles positioned on matte carriers. These carriers are moved 
into the converter aisle by a capstan winch controlled by the smelting vessel operator. The ladles 
are then transported to the converters by overhead crane. 

Slag is tapped into 400 cu. ft. ladles and transported with Kress haulers to a slag cooling 
area. As reactor slag contains high copper values varying from 3% to 9%, it is slowly cooled and 
treated by milling and floating to recover the copper. The tailings from the slag flotation 
operation contain 0.3% to 0.4% copper resulting in an overall smelter recovery of about 99.2%. 

Of the four standard 13' x 30' Peirce-Smith converters, only two converters are required for 
normal operations, with the third on standby and the fourth undergoing routine overhaul. Blast 
air is controlled on a constant volume basis at about 25,000 CFM which permits high production 
rates and the stabilization of gas flows to the acid plants. With a matte grade of 70% to 75% 
copper and the high blowing rates, converter cycle times are on the order of 2-4 hours. Fluxes and 
secondaries are conveyed to portable hoppers, which are transported by the converter aisle 
cranes, to pedestals adjacent to each converter. From here, flux is fed via a short conveyor and 
chute into the mouth of the converter. The converters are equipped with primary and secondary 
hoods, the latter being used to collect fugitive gases during out-of-stack periods and pouring 
operations. 

A new system of hot metal haulage from the converters to the anode fumaces has been 
developed to cut energy requirements. Blister was formerly transported some thousand yards in 
open pots on tractor haulers. In the new system, the molten metal is transported in insulated 
torpedo cars mounted on rails. Each car has a conning tower stmcture to admit and empty 
molten metal, eliminating the shell encountered in the open pots, which required remelting. The 
blister copper in the anode fumace is fire refined and cast as anodes to be electro-refined at the 
refinery. 

Process gases from continuous smelting vessels are directed via a water-cooled hood to a 
waste heat boiler where some heat and a portion of the particulates are removed. The stream is 
further cleaned in hot cyclones before entering dry electrostatic precipitators. The gas effluent of 
the electrostatic precipitators is sent to the acid plants. 

Converter gases are also channeled through water-cooled hoods to particulate dropout 
chambers. The gases are next passed through three shot coolers (air-to-gas heat exchangers) for 
further cooling of gases and removal of particulates before reaching the dry electrostatic precipi­
tators. Dust reclaimed upstream from the electrostatic precipitators is recycled into the smelting 
vessels. The electrostatic precipitator dropout is pelletized and stockpiled on a concrete pad. 

Fugitive emissions are captured with secondary hooding systems on the fumaces and at 
tapping locations. These dilute emissions are drawn into a pair of large flues on top ofthe smelter 
building through ducts fitted with large fans. This gas flows into a single downcomer and into the 
mixing chamber upstream ftom the stack. 

Control of gas flow to the 1,200 ft. stack is complex. If gases are too hot, they will bum the fi­
berglass liner; if they are too cold, plume buoyancy is reduced. Tailgases from the acid plants, 
normally less than 0.4% SOj, are mixed with the fugitive enissions, with waste heat from the three 
direct-fire boilers at the smelter power plant and the two direct-fired steam superheaters, and 
with hot air from the shot coolers. The entire system must be balanced to function safely and 
efficiently. 

199 



2.9.3 Material Balance 
The estimates for material and energy requirements are based on energy models developed 

by Noranda Mines Ltd. for the continuous smelting vessel and converters for the matte mode 
with two levels of oxygen enrichment. A flowsheet for the process is presented in Figure 2.9-2. 
This flowsheet designates the process steps and material streams, which are summarized as a 
material balance in Table 2.9-1. 

2.9.4 Energy Requirements 
The energy requirements (Level 1) for each process step are presented in Table 2.9-2. The 

level 2 energy requirements based on consumables usage are presented in Table 2.9-3. 

2.9.5 Discussion 
The energy requirements for Noranda Continuous Smelting can be reduced by raising the 

oxygen enrichment level in the tuyere and bumer air, by raising the matte grade in the bath and 
by preheating the tuyere and bumer air. Perhaps the most practical of these methods of reducing 
the energy requirements is increasing oxygen enrichment of the tuyere and bumer air. Two 
Noranda Simulations indicate that the fuel requirement for the reactor decreases from 3.96 x 10" 
Btu for an oxygen enrichment of 30% to 2.66 x 10' Btu per ton of cathode copper for an oxygen en­
richment of 36%. Of course, this decrease in fuel results from an increase of oxygen usage of 
approximately 3100 Scf per ton of copper. Since the extra oxygen required about 5 x 10* Btu to 
produce, the net energy savings is about 8 x 10* Btu per ton of copper. While some studies have 
been performed on oxygen eiuichment a definitive optimization of oxygen enrichment in the 
Noranda reactor has not been accomplished. 

The possibility of decreasing the fuel requirements by raising the matte grade is limited due 
to the impurity levels in the copper concentrate as discussed earlier. In the Kennecott flow 
scheme the matte transferred from the reactor contains 70% copper. This level may be raised to 
75% to 78% without significant impurity pick up; however, at the present time, this grade 
increase reduces operating flexibility without commensurate decreases in operating costs and 
does not appear justified. 

Preheating the tuyere and biuner air can reduce the energy requirements of the reactor by 
about 160,000 to 170,000 Btu per ton of copper produced for every lOO'F the air temperature is 
raised. This method of reducing fuel usage may require changes in the blowers and piping at high 
preheat temperatures. One of the advantages of this energy saving technique is that it can use 
waste heat recovered from the reactor off-gas. 

Another possible use of recovered waste heat is the drying and preheating of concentrates. 
However, if this technique is to be used to full advantage, another method of feeding the 
concentrates into the bath should be developed. Presently, reactor feed is dried to 7-8% moisture 
and then charged through the end of the vessel on the bath. If the reactor feed were dried and 
preheated further, the dust loading of the reactor off-gas would be increased. Consequently, if 
dried and preheated reactor feed is anticipated to reduce energy consumption, a method of 
impinging the feed into the bath (e.g., lances), or using other methods of feeding to minimize the 
dust loading in the off-gas must be developed. 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

. Cu 
Fe 
S 

S,02 
AL2O3 
CaO -t- MgO 
Ot t iers 

SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. (°F> 
STATE 

2 . 9 - 1 

(U 

MET CONCENTRATE 

w t . wt .X 

0.990 22.49 
1.108 25.18 
1.225 27.83 
0.020 0.45 

0.343 7.79 

0.275 6.24 
0.441 10.02 

4.402 100.00 
77° 
S 

NORANDA CONTINUOUS SMELTING 

CTONS PER TON BLISTER C O P P E R 1 

(2 ) 

SLAG CONCENTRATE 

wt . w t . « 

0.245 32.32 
0.157 20.71 
0.059 7.78 
0.049 6.46 

0.088 11.61 

0.081 10.69 
0.079 10.42 

0.768 100.00 
77° 
S 

-

( 3 ) 

RECYCLED OUST 

w t . w t .X 

0.049 26.34 
0.011 5.38 
0.029 15.59 
0.003 1.61 

0.01 5.38 

0.084 45.16 

0.186 100.00 
770 
S 

' 

( 4 ) 

REACTOR 

w t . 

0.024 

0.002 

0.286 

0.032 
0.026 

0.376 
77° 
S 

FLUX 

wt.% 

6 .38 

2.12 

76.06 

8.50 
6.91 

100.00 

(5 ) 

DRYER CONCENTRATE 

w t . wt.% 

1.235 24.73 
1.265 25.34 
1.284 25.72 
0.069 1.38 

0.431 8.63 

0.356 7.13 
0.353 7.07 

4.993 100.00 
770 
S 

'Oxygen assoc ia ted w i t l i FeO and Fe^Oj 
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TABLE 

STREAM NO 

STREAM NAME 

COMPOSITION 

C i i 
Fe 
S 

OFe. 
SjOa 
AL203 
CaO -»- MgO 
Ol l ie rs 
I.2O 

SO2 
O2 
CO 
C 0 2 
N2 

TOTAL 
TEMP. (*»F) 
STATE 

2 .9 -1 ( c o n t . ) 

(6) 

REACTOR 

WT. 

1.284 
1.299 
1.313 
0.08 

0.727 

0.472 
0.451 

5.626 
770 
S 

FEED 

« T . t 

22.82 
23.09 
23.34 

1.42 

12.92 

8.39 
8.02 

100.00 

NORANDA CONTINUOUS SMELTING 

( T O N S PER TON BL ISTER COPPER 1 

(7) 

REACTOR AIR 

w t . w t .X 

1.392 32.95 

2.833 67.05 

4.225 100.00 
770 
G 

(8 ) 

REACTOR OFFGAS 

w t . w t . t 

0 .638 10.70 
1.860 31.21 
0.111 1.86 

0.228 3.83 
3.123 52.40 

5.960 100.00 
2400° 

G 

(9 ) 

REACTOR 

w t . 

1.00 
0.098 
0.294 
0.01 

0.029 

1.431 
2200° 

L 

MATTE 

u t t . t 

69 .88 
6.85 

20.54 
0.70 

2.03 

100.00 

(10) 

REACTOR SLAG 

Mt. w t . t 

0.245 8.26 
1.191 40.17 
0.059 1.99 
0.397 13.39 

0.717 24.18 

0.356 12.01 

2.965 100.00 
2200° 

L/S 

•Oxygen assoc ia ted w i t t i FeO and Fe^^O^ 
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TABLE 2 .9 -1 ( c o n t . ) NORANDA CONTINUOUS SMELTING 

I T O N S PER TON BLISTER C O P P E R J 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

Ope-
S,02 
AL2O3 
CaO + MgO 
Ott iers 
II2O 
SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. (°F> 
STATE 

(11) 

REACTOR DUST 

w t . w t . t 

0.039 23.78 
0.01 6.10 
0.026 15.85 
0.003 1.83 

0.01 6.10 

0.076 46.34 

0.164 100.00 
2200° 

L/S 

(12 ) 

CONVERTER AIR 

w t . w t . t 

0.343 32.70 

0.706 67.30 

1.049 100.00 

(13) 

CONVERTER OFFGAS 

w t . w t . t 

0.569 43.63 
0.029 2.23 

0.706 54.14 

1.304 100.00 
2300° 

G 

(14) 

CONVERTER OUST 

w t . w t . t 

0.010 45.95 
0.001 4.55 
0.003 13.64 

0.008 36.36 

0.022 100.00 
2250° 

L/S 

(15) 

CONVERTER FLUX 

w t . w t . t 

0.003 4 .0 

0.001 1.0 

0.058 73.0 

0.012 15.0 
0.005 7.0 

0.079 100.00 
77° 
S 

'Oxygen assoc ia ted w i t h FeO and Fe304 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fa 
S 

^ F e . 
S j O j 
AL2O3 

CaO + MgO 
Others 

SO2 
O2 
CO 
C 0 2 
N2 

TOTAL 
TEMP. <<»F» 
STATE 

2 .9 -1 ( c o n t . ) 

(16) 

BLISTER 

w t . w t . t 

0.980 98.00 
0.001 0.10 
0.009 0.90 
0.002 0.20 

0.008 0.80 

1.000 100.00 
2250° 

L 

NORANDA CONTINUOUS SMELTING 

I T O N S PER TON BL ISTER COPPER I 

(17) 

CONVERTER SLAG 

w t . w t . t 

0.010 4.74 
0.097 45.97 
0.001 .47 
0.032 15.17 

0.058 27.49 

0.013 6.16 

0.211 100.00 
2250° 
L/S 

(18) 

FEED TO SLAG 
CLEANING 

w t . w t . t 

0.255 8.02 
1.288 40.56 
0.060 1.89 
0.429 13.51 

0.775 24.40 

0.369 11.62 

3.176 100.00 
77° 
S 

(19) 

SLAG TAILS 

w t . w t . t 

0 .010 0.40 
1.131 45.29 
0.001 0.04 
0.380 15.22 

0.687 27.51 

0.288 11.54 

2.497 100.00 
77° 
S 

(20) 

FEED TO AC 

w t . 

0.961 

3.735 
2.667 

0.324 
14.784 

22.471 
600° 
G 

I D * * 

w t . t 

4 .28 

16.62 
11.87 

1.44 
65 .79 

100.00 

'Oxynen assoc ia ted Willi FeO and Fe.>0« 
••Including dilution air 
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TABLE 2 .9 -1 ( c o n t . ) NORANDA CONTINUOUS SMELTING 

f T O N S PER TON BLISTER COPPER 1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

OFe-
S,02 
AL2O3 
CaO + MgO 
Ol l ie rs 
H j O 

SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. (°F> 
STATE 

1 2 ) ) 

COPPER ANODES 

w t . w t . t 

0.980 99.80 

0.002 0.02 

0.982 100.00 
77" 
S 

'Oxygen assoc ia ted with FeO and Fe^O^ 



TABLE 2 .9 -2 ENERGY REQUIREMENTS 

NORANDA CONTINUOUS SMELTING 

LEVEL 1 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

I . J 
O 

Ctiarqe Dry in g 
SJ N a t u r a T f i a s 

Cont inuous Smeltinq 
A) Fuel (Natural Gas 
B) Compress tuyere 

air 
C) Compress burner 

air 
D) Steam credit 

Convert inn 
A") TtTeriNatural Gas 
Q) Compress Tuyere 

air 

Gas Handling 
'AT~ Reactor~and con­

verter (75t dilut 
B) Fuqitive qas 

Anode Furnace and 
FTectrore'fTnIng 

Slag Concentrator 

Material Handling 

Acid Manufacture 

SCF 

SCF 
mil 1 ion 

SCF 
mi 11 ion 

SCF 
LBS 

SCF 
ml 11 ion 

SCF 

ml 11 ion 
i(Jn) SCF 

mi 11 ion 
SCF 

KUH 

KUH 

KUH 

KUH 

800 

3.717 

0.08555 

0.009417 
1900 

90 

0.024934 

0.274 

10.5 

1.00 

124.2 

75 

295 

0.001 

0.001 

14.7 

0.63 
0.000955 

0.001 

14.7 

2.520 

0.34 

5.824 

0.0105 

0.0105 

0.0105 

TOTAL 

0.800 

3.717 

1.258 

0.006 
-1.815 

0.09 

0.366 

0.690 

3.570 

5.824 

1.307 

0.790 

3.096 

19.699 



TABLE 2 .9 -3 ENERGY REQUIREMENTS 

NORANDA CONTINUOUS SMELTING 

LEVEL 2 

STEP 
NUMBER PROCESS U N i T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNiT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

O 
c» 

Continuous Smelting 
K) Silica Flux 
B) Oxygen 

Converting 
RT STTlca Flux 
B) Oxygen 

Anode Furnace 
RT Anode" Furnace and 

E l e c t r o r e f i n i n g 

S l a g C o n c e n t r a t o r 
R") Reagents 
8) Balls and liners 

LBS 
Million 
SCF 

LBS 
Mi 11 ion 
SCF 

TON 

LBS 
LBS 

715 
0.0166 

151 
0.003276 

1.0 

1 .9 
34.0 

0.000021 
159.2 

0.000021 
159.2 

0.468 

0.0200 
0.0180 

TOTAL 

0.015 
2.643 

0.003 
0.522 

0.468 

0.038 
0.612 

4.301 



Another area that might result in energy savings as well as decreased use of potentially 
scarce natural gas or fuel oil is the mixing of coal with the reactor feed. This practice has been 
demonstrated in the Noranda Reactor; however, the use of coal has not been optimized nor has it 
totally eliminated the use of fuel oil or natural gas. In addition to the reduced use of natural gas 
and fuel oil, the coal igniting directly on the bath appears to improve the heat transfer charac­
teristics. 

Two other areas in which energy conservation may be accomplished are the utilization ofthe 
waste heat in the off-gas from the converters and utilizing the heat available in the reactor slags. 
Presently neither of these heat sources are considered sufficiently practical to be utilized in the 
present Kennecott operation. 

2.9.6 Conclusions and Recommendations 
The Noranda process is a proven pyrometallurgical process requiring about 23x10* Btu per ton of 
cathode copper for Level 1 plus Level 2 energy requirements. The energy requirements for 
Noranda continuous smelting can be reduced by raising the oxygen enrichment level in the tuyere 
and bumer air, by raising the matte grade and by preheating the tuyere and bumer air. Computer 
simulations indicate that the fuel requirement for the reactor can be decreased by about 8X10' 
Btu per ton of cathode copper for an oxygen enrichment of 36 percent. Reducing fuel requirement 
by raising the matte grade is limited by increased impurity levels in the copper concentrate. 
Preheating tuyere and bumer air may reduce the energy requirements by 1.6X10* Btu per ton of 
cathode copper for every 100"F the air is heated. Waste heat could also be used to dry and preheat 
the concentrate. Recommendations for areas of useful research are as follows. 

— Perform tests to determine the optimum oxygen enrichment to be used in the 
Noranda Reactor reflecting total operating costs including fuel, labor, refractories, 
etc. 

— Demonstrate the practicality of preheating tuyere and bumer air in the Noranda 
Reactor. Develop methods to charge dried and preheated reactor feed to the 
Noranda Reactor without increasing the reactor off-gas dust load. 

—' Perform tests to determine the optimum coal usage and to minimize the use of fuel 
oil and natural gas. 
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2.10 MITSUBISHI CONTINUOUS SMELTING AND CONVERTING 

2.10.1 Introduction 
The Mitsubishi Continuous Copper Smelting and Converting Process was developed by the 

Mitsubishi Metal Corporation with development work starting in 1961. The first commercial 
plant using this process was put into operation in 1974 at Naoshima smelter. A second plant has 
been built for Texas Gulf at Timmins, Ontario. 

Following is a description of the process as used at Naoshima. 

2.10.2 Process Description 
The Mitsubishi process is a continuous process for copper smelting and converting. The 

major advantages of the process are production of a high grade matte (65% copper) with low level 
copper loss in the discard slag, low fuel requirement for the smelter, and production of relatively 
high sulfur dioxide strength (14-15%) gases that permits efficient sulfur recovery. All fumaces are 
of the stationary type, and molten products are transferred by gravity through sealed launders, 
which prevents spill gases and the sulfur dioxide emissions that normally accompany these 
transfers. 

Figure 2.10-1 is a flowsheet of the process. 

Naoshima uses a concentrate bedding system to produce a uniform composition of the 
concentrates to be smelted. The concentrate mixture is dried in a dryer unit combining a rotary 
and a flash dryer to a moisture content of less than 1%. 

Charge materials consisting of the dry concentrates, silica flux, limestone flux, recycled 
converter slag, and dusts are fed into the smelter through feeding lances which inject the 
materials directly into the matte layer. The lances are designed so that the charge materials are 
provided with enough speed to be caught effectively in the molten bath in the smelter. 
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In the fumace the charge is smelted to produce matte and slag. The slag layer is extremely 
thin, and the molten bath consists mostly of matte containing 60-65% copper, thus making 
possible a high oxygen efficiency, top blowing operation with relatively low pressure blast 
(Nagano, 1976). Oxygen enrichment of the air to the smelter is about 33%, and the fuel require­
ment for the smelter is low. Air can also be preheated for further efliciency, although this is not 
currently done at Naoshima. 

The smelted mixture continuously overflows through an outlet hole and is transferred to the 
slag cleaning fumace, which is an electric fumace that separates the mixture into slag and matte. 
Small amounts of reducing agents, pyrites, and/or coke breeze are added to reduce further the 
copper content in the slag. At Naoshima, only coke breeze is added at present in order to 
minimize the sulfur emissions. 

The slag, containing 0.5-0.6% copper, is continuously tapped through a slag overflow hole, 
granulated with water and discarded. 

The matte is gravity-fed to the converting fumace where it is continuously converted into 
blister copper by blowing oxygen-enriched (23%) air and limestone flux (and cement copper as a 
cooling material when required), through lances. 

Blister copper is siphoned out ofthe converting fumace, completely separated from the slag, 
to a holding fumace from which it is then tapped and sent to an anode fumace. 

The converter slag, containing 10-20% copper, is tapped from the converter, water-granu­
lated, dried, and then retumed to the smelting fumace. 

Gases from the smelting and converting fumaces contain 14-15% sulfur dioxide and are 
cooled to approximately 350° C through respective waste heat boilers. The gases from the boilers 
are combined, sent to a Cottrell precipitator for removal of dusts, and then sent to an acid plant. 

Dusts can be treated in two ways, depending on the amount of impurities in the concen­
trates. When treating concentrates with a low content of impurities, dusts from the fumaces and 
precipitator are recycled back to the smelting fumace. When concentrates contain a high amount 
of impurities, economical recovery of dusts from the system for subsequent recovery of lead and 
zinc is possible (Suzuki, 1973). 

Naoshima uses computer control of the process for sampling and analyzing feed materials, 
for adjustment of the flux and air ratios as necessary, and for adjustment of the firing rate for 
temperature control in the fumace. 

2.10.3 Material Balance 
Table 2.10-1 shows the material balance for the continuous Mitsubishi smelting and con­

verting process. 

2.10.4 Energy Requirements 
Table 2.10-2 and 2.10-3 show the level I and level n energy requirements for the Mitsubishi 

continuous smelting and converting process. 
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I - I 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

Ope-
S j O j 

AL2O3 
CaO + MgO 
Others 
H j O 

SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. ( ° F ) 
STATE 

2.1.1-1 MITSUBISHI CONTINUOUS SMELTING AND CONVERTING 

J TONS PER TON BLISTER COPPER 1 

(1) 

WET CONCENTRATE 

wt . 

0.9944 
1.1139 
1.233 
0.0186 

0.3433 
0.1372 

0.1165 
0.0207 
0.4419 

4.4195 
60 

wet 
w t . t 

22.5 
25.2 
27.9 

0.4 

7.8 
3.1 

2.6 
n.5 

10.0 

100.Of] 

S 

(2) 

DRY CONCENTRATE 

Jry 
w t . wt .X 

0.9944 24.9 
1.1139 27.8 
1.233 30.8 
0.0186 0.5 

0.3433 8.6 
0.1372 3.4 

0.1165 2.9 
0.0207 0.5 
0.0221 0.6 

3.9997 100.00 
190 

S 

(3 ) 

SILICA FLUX 

w t . w t . J 

0.0093 1.4 

0.00^ 0.6 

0.600 90 .0 
0.0267 4 .0 

0.0133 2 .0 
0.0133 2.0 

0.6666 100.00 
60 

S 

(4) 

LIMESTONE 

w t . 

0.000 

0.0003 

0.0022 

0.0575 

0.0439 

0.1047 
60 

FLUX 

wt.y. 

0 .8 

0.3 

2 .1 

54.9 

41.9 

100.00 

S 

(5 ) 

SHELTER GASES 

w t . 

0.0736 
1.777 
0.0173 

0.4386 
2.9648 

5.2713 
2200 

wt .X 

1.4 
33.7 
0.3 

8.3 
56.3 

100.00 

G 

'Oxygen assoc ia ted with FeO and Fe^O^ 



TABLE 2 .10-1 ( c o n t . ) MITSUBISHI CONTINUOUS SMELTING ANO CONVERTING 

( T O N S PER TON BLISTER COPPER 1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

C l 
Fe 
S 

^Fe-
S,02 
AL2O3 
CaO-1-MgO 
Others 
l l j O 

SO2 
O2 
CO 
C02 
N2 

TOTAL 
TEMP. (°F> 
STATE 

(6) 

MATTE-SLAG 

w t . u t t . t 

1.0484 23.5 
1.2705 28.5 
0.3568 8.0 
0.3392 7.6 

0.9483 21.3 

0.1639 3.7 
0.2685 6.0 
0.0669 1.5 

4.4625 100.00 
2200 

L 

(7) 

COKE 

w t . w t . X 

0 . 0 0 1 4 7 . 0 
0 . 0 0 0 2 1 .0 
0 . 0 0 0 3 1 .5 

0 . 0 0 0 8 4 . 0 

0 . 0 1 7 2 8 6 . 5 

0 . 0 1 9 9 1 0 0 . 0 0 

60 

S 

(8) 

DISPOSAL SLAG 

w t . w t . X 

0 . 0 1 4 4 0 . 5 
1 . 1 2 5 6 3 9 . 2 
0 . 0 0 8 7 0 . 3 
0 . 3 1 8 7 1 1 . 1 

0 . 9 4 9 0 3 3 . 0 

0 . 1 6 3 9 5 . 7 

0 . 2 6 8 6 9 . 3 
0 . 0 2 5 5 0 . 9 

2 . 8 7 4 4 1 0 0 . 0 0 

2200 

L 

( 9 ) 

MATTE 

w t . w t . X 

1 .034 6 4 . 1 
0 . 1 4 6 3 9 . 1 
0 . 3 5 2 8 2 1 . 9 
0 . 0 2 0 7 1.3 

0 . 0 5 8 6 3 . 6 

1 . 6 1 2 4 1 0 0 . 0 0 

2200 

L 

( 1 0 ) 

REVERT. SLAG 

w t . u t t . t 

0 . 0 5 4 1 4 . 2 
0 . 1 4 6 6 3 8 . 3 
0 . 0 0 4 6 1.2 
0 . 0 5 9 3 . 1 5 . 6 

0 . 0 0 2 9 0 . 8 

0 . 0 8 1 1 2 1 . 3 
0 . 0 3 2 8 8 . 6 

0 . 2 8 1 3 lOO.OC 

2 3 7 2 / 6 0 

L /S 

• O x y g e n a s s o c i a t e d w i t h FeO a n d F e 3 0 4 



TABLE 2.10-1 (cont.) MITSUBISHI CONTINUOUS SMELTING AND CONVERTING 

( T O N S PER TON B L I S T E R C O P P E R 1 

STREAM NO. (11) (12) (13) ( 1 4 ) ( 1 5 ) 

STREAM NAME COHV. OFF GAS LIMESTONE FLUX BLISTER COPPER SMELTER AIR CONVERTER AIR 

COMPOSITION w t . M t . X Wt. Wt.X w t . W t . X w t . W t . X wt . wt .X 

U l 

Cu 
Fe 
S 

S,02 
AL2O3 
CaO + MgO 
Others 
H2O 

SO2 
O2 
CO 
CO2 

TOTAL 
TEMP. (Op) 
STATE 

0 . 6 7 7 8 
0 . 1 2 7 9 

0.1255 
1.3807 

2.3119 
2100 

2 9 , 3 
5 . 5 

5 .4 
59.8 

100.00 

0.0011 

0.0004 

0.0029 

0.70 

0.30 

2.0 

0.980 
0.001 
0.009 
0.0015 

O.00B5 

98.0 
0.1 
0.9 
0.2 

0.8 

0.812 

0.062 

0.1476 
60 

55.0 

42 .0 

100.00 1.000 
2372 

0.9306 

1.3427 

100.or 2.2733 
60 

G 

4 0 . 9 

51.1 

100.00 

0.5523 

1.3807 

1 . 9 3 3 
60 

G 

28.6 

71.4 

100.00 

•Oxygen assoc ia ted w i t h FeO and Fo^O^ **lncludes carbon from coke 
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T A B L E 2 - 1 0 - 2 

STEP 
I NUMBER 

1 

2 

3 

4 

b 

* 

* 

6 

7 

A 

8.9 

PROCESS 

M a t e r i a l s Hand l i ng 
A) E l e c t r i c a l Energy 

D r ^ i n ^ 
A) Fuel O i l 

S m e l t i n q 
A) Fuel O i l 
B) E l e c t r i c a l Energy 

E l e c t r i c S lag C lean ing 
A) E l e c t r i c a l Energy 

C o n v e r t i n g 
A) Fuel O i l 
B) E l e c t r i c a l Energy 

Waste Heat Recovery 
A) Steam 

Hea t i ng Launders 
«") N a t u r a l r.as 

Gas C l e a n i n g 
A) Hot Cas C lean ing 

(11 .47 SO2) 
B) Cold Gas C lean ing 

(11.47. SO2) 
C) F u g i t i v e Emissions 

C o n t r o l 

Ac id P l a n t 
Ay Sme' i ler and Con­

v e r t e r (9.OX SO2) 

Water P o l l u t i o n Con t ro l 
A) E l e c t r i c a l Energy 

Anode Furnace and 
E l e c t r o r e f i n i n g 

* Not shown on f lowshe 

MITSUBISHI 

U N I T 

KWH 

GAL 

GAL 
KUH 

KUH 

GAL 
KWH 

LB 

SCF 

Thous. 
SCF 
Thous . 
SCF 
KWH 

Thous. 
SCF 

KWH 

TONS OF 
CATHODE 
COPPER 

e t 

ENERGY REQUIREMENTS 

CONTINUOUS SMELTING AND CONVERTING 

UNITS PER NET TON 
CATHODE COPPER 

63.1 

9.271 

39.9 
150.0 

128.1 

1 .8 
135.0 

5713 

918.0 

256.3 

256.3 

85 

323.9 

9.0 

1.0 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.139 

0.139 
0.0105 

0.01 OS 

0 .139 
0.0105 

0.0014 

0 .001 

0.00336 

0.00126 

0.0105 

0.0126 

0.0105 

5.824 

TOTAL 

Leve l 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.663 

1 .289 

5.546 
1.575 

1 .345 

0 .250 
1 .418 

- 7 . 9 9 8 

0 .918 

0.861 

0.323 

0.893 

4 .081 

0.095 

5.824 

17.083 



I J 

TABLE 2.10-3 

STEP 
NUMBER 

3 

4 

5 

* 

PROCESS 

Sme l t i ng 
M S l ' l i c f t F lux 
B) L imestone Flux 
C) Oxygen 

E l e c t r i c Slat) C lean ing 
A) Coke 
B) E l e c t r o d e s 

Conver t ing 
A) Oxygen 
n) L imestone Flux 

Hater P o l l u t i o n Con t ro l 
A") L i me 

Anode Furnace and 
E l e c t r o r o f i n ing 

ENERGY REQUIREMENTS 

MITSUBISHI CONTINUOUS SHELTlNfi AHD CONVERTING 

UNIT 

TON 
TON 
TON 

TON 
TON 

KUH 
TON 

LBS 

TON OF 
CATHODE 
COPPER 

UNITS PER NET TON 
CATHODE COPPER 

0.691 
0.106 
0.201 

0.020 
0.001 

0 .138 
0.151 

30 

1 .0 

• 

MILLION BTU 
REQUIRED PER UNIT 

0.042 
0. 104 
3.78 

31.5 
160 

3.78 
0.104 

0.0027 

0.468 

TOTAL 

l e v e l 2 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.029 
0.011 
0.760 

0.630 
0.160 

0.522 
0.016 

0.081 

0.468 

2.677 

'Not shown nil f l owshee t 



2.10.5 Effect of Oxygen Enrichment on Energy Consumption 
Table 2.10-4 siiows the effect of oxygen enrichment on energy consumption. Increased 

utilization of tonnage oxygen in smelting process increases smelting rate, decreases fuel consump­
tion and decreases off gas volume and consequently size of gas treatment facilities. The effect of 
oxygen enrichment to 50% has been tested (Suzuki, 1979). 

2.10.6 Conclusions 
The oxidant in the smelting and converting fumaces is oxygen-enriched air (30-36% oxygen 

in smelting and 25-28% in converting). The fuel requirement could be lowered by increasing the 
level of oxygen enrichment. Waste heat boilers are used to recover heat from both the smelter and 
converter off-gas. In the Mitsubishi process, the intermediate products, i.e., matte and slag, are 
transferred through sealed launders, thus eliminating the fugitive emissions that accompany 
matte tapping, charging of converter, and slag skimming, which are ail inevitable in conventional 
converter operation. Consequently, the fugitive emissions problem is considerably reduced. 

2.10.7 References 
Kellogg, H.H. and J.M. Henderson, "Energy Use in Sulfide Smelting," Extractive Metallurgy of 
Copper, Intemational Symposium on Copper Extraction and Refining, Las Vegas, Nevada, 
February 22-26, 1976. 
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1971, pp. 1-5. 
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and Converting Process," paper presented at the 105th AIME Annual Meeting, Las Vegas, 
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TABLE 2.10-4 

EFFECT OF OXYGEN ENRICHMENT ON FUEL USE IN 
MITSUBISHI CONTINUOUS SMELTING ANO CONVERTING 

Smelting Furnace 

Matte Grade (%) 
Oxygen Enrichment of Lance Blast (wt %) 
Fuel Requirements (10* Btu/Ton Cathode Cu) 
Tonnage Oxygen (Tons/Ton Cathode Cu) 

Converting Furnace 

Oxygen Enrichment of Lance Blast (wt %) 
Fuel Requirements (10* Btu/Ton Cathode Cu) 
Tonnage Oxygen (Tons/Ton Cathode Cu) 

Sources: Arthur 0. Little, Inc., and Mitsubishi Metal Corp. 

This Study 

64.1 
40.9 
5.546 
0.201 

28.6 
0.25 
0.135 

Mitsubishi 

65 
58.3 
0.866 
0.838 

32.9 
0.015 
0.193 
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2.11 QUENEAU-SCHUHMANN CONTINUOUS SMELTING 

2.11.1 Introduction 
The Queneau-Schuhmann (Q-S) oxygen process was proposed by Dr. Paul E. Queneau and 

Dr. R. Schuhmann, Jr. Their invention covers a process and apparatus which provide continuous, 
autogenous conversion of sulfide ore concentrates to metal in a single reactor (Queneau and 
Schuhmann, 1976). Dravo has the worldwide rights to the process and apparatus for copper, 
nickel and cobalt concentrates. For the treatment of lead concentrates, this concept is further 
along the path of commercialization. Its pilot plant development has been completed at the 
Berzelius Works in Duisbtirg, Germany by Lurgi as the Q-S-L (Queneau, Schuhmann, Lurgi) 
process for the direct production of lead (Queneau, 1977). This pilot plant was operated in the 
batch mode (as countercurrent continuous flow was not possible) and the results obtained are 
reported to be promising (Joumal of Metals, 1978). A decision was made to build a Q-S-L 
demonstration plant of 50,000 tons per year bullion capacity (Schwartz et al., 1980) and is now 
under constmction. 

2.11.2 Process Description 
The following description is for a conceptual copper plant and is based on the literature and 

discussions with Dr. Queneau. Figure 2.11-1 is a fiowsheet ofthe process. 

The Q-S converter is a long, gently sloped vessel of circular cross section with blister copper 
discharge at one end and slag and gas discharge at the other. Autogenous converting is carried out 
by staged bottom blowing with oxygen in one main section of the fumace toward the blister 
copper discharge end. Slag cleaning is carried out in the other main section towards the slag 
discharge end by bottom blowing with a coal-sulfur dioxide-oxygen mixture, which the inventors 
term 'deconverting.' The vessel is mounted for slow oscillation about its horizontal axis and is 
tiltable for access to and maintenance of the submerged oxygen injectors. Under operating 
conditions the molten bath layers separate out into matte, slag, and a pool of cmde copper. The 
vessel is sloped and stepped longitudinally for the disposition of matte and metal and to inhibit 
their back fiow towards the slag cleaning region. 

The reactor geometry, the feeding arrangement for solids and fiuids and the location ofthe 
submerged injectors are designed to establish a multi-stage sequence of progressive oxidation 
along the length of the reactor with the highest oxygen activity at the copper discharge end and 
the lowest oxygen activity at the slag discharge end. To achieve this lengthwise staging, matte 
and slag fiow countercurrently, low grade matte ftom the slag cleaning region of the fumace joins 
fresh matte from incoming feed and the stream is progressively desulfurized to white metal and 
finally to cmde copper, as it fiows down slope towards discharge. Copper-rich slag from the metal 
discharge end with its magnetite load moves in the opposite direction, is progressively reduced 
and finally cleansed of copper by agitation with a mixtxire of sulfur dioxide, coal and oxygen 
followed by settling. 

The several oxygen injectors extend through the refractory lining of the vessel and introduce 
oxygen below the matte-slag interface. Fluid shielding with hydrocarbon fiuid analogous to that 
used in oxygen steelmaking by Eisenwerk Maximillianshuette. In the Q-S process a non-
combustible, protective fluid such as nitrogen or sulfur dioxide is used instead of a hydrocarbon 
fluid. The sulfur dioxide is obtained by recirculating cooled off-gas from the reactor and nitrogen 
from the oxygen plant tail gas. The use of sulfur dioxide-protected oxygen injection makes 
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possible the production ofan off-gas analyzing up to 90% sulfur dioxide by volume if liquid sulfur 
dioxide is a marketable product. 

Cppper concentrates and necessary fluxes that have been dried down to less than 1% or less 
moisture are introduced over the bath through appropriate feeders. A substantial fraction, 
usually more than two-thirds, of total oxygen input usually accompanies the concentrates. The 
addition of concentrates is staged in the converting section, to assist in maintaining the desired 
chemical gradients along the length ofthe reactor. A relatively high ratio ofoxygen to concentrate 
is used towards the metal discharge end, in contrast to lower oxygen ratios towards the slag 
cleaning end. Iron sulfide may be added without oxygen in the slag cleaning region. 

Slow oscillation of the reactor increases the effective contact area between the reactants, by 
distributing incoming solid feed materials over the surface of the bath and by causing injected 
gases to sweep back and forth through it. Shell displacement is also conducive to increased 
refractory life in the submerged injector and slag line zones. 

Slag cleaning is achieved by a controlled reversal of the converting reaction to achieve slag 
cleaning (termed deconverting) and is achieved by injecting powdered coal, sulfur dioxide and 
oxygen. The mixture lowers the ferric/ferrous ratio and the equivalent oxygen potential ofthe slag 
substantially and causes formation of low grade matte in situ by deconverting reactions such as 

FeO (slag) -t- SO, + 3 CO — FeS (matte) + 3 CO, (2.11.1) 

CujO (slag) + FeS (matte) -* Cu,S (matte) + FeO (slag) (2.11.2) 

It is claimed that a slag containing 0.2% Cu can be obtained which can be discarded. 

An optional feature carried out in a separate apparatus utilizes deconverting for off-gas 
sulfur fixation as FeS. The sulfur dioxide, together with a carbonaceous reducing agent and 
oxygen, is injected into molten converter slag to produce liquid iron sulfide which is cast into pigs 
for sale or stockpile. However, in order to fix all the sulfur in this form an additional source of iron 
is normally needed with most U.S. chalcopyrite concentrates. 

The Q-S converter will require relatively sophisticated control instmmentation to permit 
close approach to steady state operation with optimum chemical and thermal conditions in all 
sections. Primary stoichiometric control is based on acciorately metering, analyzing, and propor­
tioning concentrates, fiuxes, carbonaceous reducing agent, and gases to yield the desired prod­
ucts. Short term fiuctuations are accommodated by accumulation or depletion of matte and 
metal in the converter. 

A convenient criterion for this purpose is the ratio of ferric iron to total iron in the slag 
determined by slag sampling and analysis. The ferric iron to total iron is expected to vary from 
above about 0.2 at the metal discharge end, down to about 0.05 at the slag discharge end 
(converting copper sulfide concentrates at 1300''C). Other control means include monitoring of 
product weights, chemical analysis and temperatures. The temperature can be controlled by 
varying the quantity of recirculated sulfur dioxide, nitrogen content of oxygen, by water injection 
and in some cases by feeding the concentrate or flux as a slurry. 



The excess heat could be more effectively used to melt cement copper or copper scrap. The 
reactor is designed to operate at a relatively high temperature level, under standard cooling 
means for refractory protection. 

The high operating temperatures, which are characteristic of this process, allow the use of 
slags high in magnetite and silica during converting and high in silica during deconverting while 
maintaining the required fluidity needed for rapid reaction and clean phase separation. 

A Q-S reactor capable of processing at least 1200 metric tons per day of chalcopyrite 
concentrate to cmde copper is 20 feet in diameter and 150 feet long and has a 1% slope (Queneau, 
1977). As most of the oxygen is used for flash oxidation above the bath, the independently 
regulatable injectors can be spaced six feet or more apart (compared to six inches between Peirce-
Smith tuyeres). The gas flow rate through the individual Q-S injector can be half the usual flow 
rate through a Peirce-Smith tuyere. This results in the formation with minimum splash of an 
orderly series of moderately turbulent reaction pools separated by calmer settling zones (similar 
in concept to a mixer-settler configuration). In addition, ample settling basins are provided at 
both ends of the reactor and between the converting and deconverting operations. 

2.11.3 Material Balance 
Table 2.11-1 presents the material balance for the Q-S oxygen process. It is based on limited 

data available in literature and discussions with Dr. Queneau. In comparison to some ofthe other 
material balances presented for other pyrometallurgical processes, this material balance is more 
speculative and would have to be revised, if necessary, when more data become available. 

2.11.4 Energy Requirennents 
Table 2.11-2 and Table 2.11-3 present the Level I and Level U energy requirements for the 

Q-S process. 

2.11.5 Conclusions 
The Q-S process for copper smelting is conceptual. However, laboratory scale work on phase 

separations is underway at United States universities. The Q-S process is perhaps a decade from 
commercial utilization. 

As the smelting is carried out in a single reactor eliminating the need for transfer of molten 
intermediate products, the fugitive emissions problem is considerably reduced. 

2.11.6 References 
"Environmentally Clean Lead Bullion Production," Jbuma/ of Metals, Vol. 12, December 1978, 
pp. 11-12. 

Queneau, P.E. and R. Schuhmann, Jr., "The Q-S Oxygen Process," Jbuma/o^Mefais, Vol. 26(8), 
August 1974, p. 14. 

Queneau, P.E., "Oxygen Technology and Conservation," Metallurgical Transactions B, Vol. 
8B(3), September 1977, pp. 357-369. 



I O 
-Ji. 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

1 Ofe-
3 ,02 
AL2O3 
CaO -t- MgO 
Others 
H j O 
SO2 
O2 
CO 
CO2 
N2 + Ar 

TOTAL 
TEMP. ( ° F ) 
STATE 

2 .11-1 QUENEAU-SCHUHMANN CONTINUOUS SMELTING 

I T O N S PER TON BLISTER COPPER I 

(1) 

HET 
CONCENTRATES 

dry 
w l . w t . l 

0.9899 25.00 
1.1087 28.00 
1.2275 31.00 
0.0186 0.47 

0.3417 8.63 
0.1366 3.45 
O . n e 2.93 
0.0206 0.52 
0.440 

4.3996 100.00 

(2 ) 

SILICA FLUX 

wt . w t .? 

0.0155 1.4 

0.0067 0.6 

0.998 90.00 
0.0444 4 .0 
0.0222 2.0 
0.0222 2 .0 

1.1089 100.00 

(3 ) 

ORYER OFFGAS 

wt . wt.% 

0.4748 44.7 

0.1367 12.9 
0.4515 42.5 

1.063 100.00 

(4) 

ORY CHARGE 

dry 
w t . wt .X 

0.9899 19.53 
1.1242 22.18 
1.2275 24.22 
0.0253 0.50 

1.3397 26.43 
0.181 3.57 
0.1382 2.73 
0.0428 0.84 
0.0044 

5.073 100.00 

.M 

OFFGAS RECYCLE 

wt . w t . -

0.088 88 .0 

0.0103 10.3 
0.0017 1.7 

0.100 100.00 

'Oxygen associated w i t h FeO and Fe.|0^ 



I J 
I J 
U l 

T A B L E 

S T R E A M NO. 

STREAM NAME 

C O M P O S I T I O N 

C u 
F e 
S 

" F e -
S , 0 2 

A L 2 O 3 

C a O - f M g O 
O t h e r s 
I I 2 O 

SO2 
O 2 

CO 
C O 2 

N2 + Ar 

T O T A L 
T E M P . ( ° F ) 
S T A T E 

2 . 1 1 - 1 ( c o n t . ) QUENEAU-SCHUHMANN CONTINUOUS SMELTING 

I T O N S P E R T O N B L I S T E R C O P P E R 1 

( 6 ) 

OXYGEN 

w l . Mt.% 

1 .7018 9 8 . 0 

0 . 0 3 4 7 2 . 0 

1 .7365 1 0 0 . 0 0 

( 7 ) 

PYRITE ( F e S g ) 

w t . w t . l ' . 

0 . 0 5 1 3 4 6 . 6 
0 . 0 5 8 7 5 3 . 4 

0 . 1 1 0 1 0 0 . 0 0 

( 8 ) 

COAL 

w t . w t . i 

0 . 0 0 2 2 2 . 0 
0 . 0 0 2 9 2 . 6 
0 . 0 1 0 7 9 .7 

0 . 0 0 4 3 . 6 

0 . 0 0 3 2 . 7 

C 0 . 0 8 0 4 7 3 . 1 
H 0 . 0 0 1 4 1 .5 
N 0 . 0 0 5 3 4 . B 

0 . 1 1 0 2 1 0 0 . 0 0 

( 9 ) 

DISCARD SLAG 

w t . Vlt .% 

0 . 0 0 9 9 0 . 3 
1 .1766 3 5 . 0 
0 . 0 1 3 4 0 . 4 
0 . 3 6 3 9 1 0 . 8 

1 .3437 4 0 . 0 

0 . 1 8 4 0 5 . 5 

0 . 1 3 8 2 4 . 1 
0 . 0 4 2 8 1.3 

3 . 3 5 9 1 1 0 0 . 0 0 

( 1 0 ) 

OFFGAS 

w t . w t . X 

0 . 0 5 2 1 1.8 
2 . 5 3 3 4 8 6 . 9 

0 . 2 9 4 8 1 0 . 1 
0 . 0 3 6 4 1.2 

2 . 9 1 6 7 1 0 0 . 0 0 

•Oxygen associated w i t h FeO and Fe^O^ 
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TABLE 2.11-1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

^Fe-

AI.2O3 
CaO-F MgO 
Others 
II2O 

SO2 
0 , 
CO 
CO2 
N2 + Ar 

TOTAL 
TEMP. ( ° F ) 
STATE 

(11) 

BLISTER COPPER 

wt . wt.X 

0.980 98.00 
O.OOI 1.10 
0.009 0.90 
0.0015 0.15 

0.0085 0.85 

1.000 100.00 

QUENEAU-SCHUHMANN CONTINUOUS SMELTING 

( T O N S PER TON BLISTER COPPER 1 

•Oxygen associated w i t h FeO and Fe^O^ 
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TABLE 2.11-2 

STEP 
NUMBER 

1 

2 

4 

5 

* 

6.7 

PROCESS 

M a t e r i a l s Handl ing 
A) E l e c t r i c a l Energy 

Dry ing 
R) T.1 el O i l 

Gas Cleaning 
A) Hot Gas Cleaning 

( 7 8 . 3 i SO?) 
B) Cold Gas Cleaning 

Acid P lant 
S^r Sine f t er Off Gas 

(9« SO2) 

Hater P o l l u t i o n Contro l 
A) E l e c t r i c a l Energy 

Anode Furnace and 
L) i£.Lc 21.5 i in io 3 

ENERGY REQUIREMENTS 

QUENEAU - SCHUHMANN CONTINUOUS 

UNIT 

KUH 

GAL 

Thous. 
SCF 
Tlious. 
SCF 

Thous. 
SCF 

KUII 

TON OF 
CATHODE 

COPPER 

UNITS PER NET TON 
CATHODE COPPER 

63. 1 

10.6 

39.2 

39.2 

341.0 

9.0 

1.0 

1 

SMELTING 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.139 

0.00336 

0.00126 

0.0126 

0.0105 

5.824 

TOTAL 

LEVEL 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.662 

1.473 

0.132 

0.049 

4.297 

0.095 

5.824 

12.532 

*Not shown on Flowsheet 



TABLE 2.11-3 ENERGY REQUIREMENTS 

QUENEAU - SCHUHMANN CONTINUOUS SMELTING 

LEVEL 2 

STEP 
NUMBER PROCESS UNIT 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

6.7 

Q-S Oxygen Smelting 
A) (riTygen 
8) Silica Flux 
C) Coal 

Wa^ter Pol lution Control 
A) Lime 

Anode Furnace and 
Electrorefjning 

TON 
TON 
TON 

LBS 

TON Of 
CATHODE 
COPPER 

1.7719 
1.1 3T 
0.112 

30.0 

1.0 

3.78 
0.042 

25.00 

0.0027 

0.468 

6.698 
0.048 
2.800 

0.081 

0.468 

TOTAL 10.095 
I J 
I J 
00 
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2.12 AMAX DEAD ROAST-BLAST FURNACE SMELTING 
This section is based on analysis provided by AMAX Base Metals Research & Development, 

Inc. 

2.12.1 Summary 
The energy requirements of the AMAX Dead Roast-Blast Fumace Process were estimated 

to be 19.58 million Btu's per ton of cathode copper based on a proposed 30,000 ton per year of 
cathode copper flow sheet. 

2.12.2 Introduction 
In the early production of copper using a blast fumace, the smelting of calcine or ores 

containing both iron and copper was discouraged because a substantial proportion of the iron 
would tend to be reduced with the copper and a large amount of copper would be lost in the slag. 
In the AMAX Dead Roast-Blast Fumace Process (Rajcevic, 1977; Opie, 1979), the dead roasting 
of concentrates is carried out at a temperature high enough to form a calcine containing a 
preponderance of ferric iron oxide as evidenced by the formation of substantial amounts of copper 
ferrite. During smelting, the copper oxide is reduced to copper while the iron oxide is reduced only 
to ferrous oxide due to the short residence time in the low column shaft of the blast fumace. The 
ferrous oxide reacts with silica and other gangue minerals to form the slag. A good grade blister 
copper is produced directly and no matte is formed as long as the concentrate is roasted to less 
than 1.5"̂  sulfur. 

The Dead Roast-Blast Fumace Process as shown in Figure 2.12-1 consists of the following 
steps: 

1. The sulfide concentrate is dead-roasted in a fluid bed to remove more than 97% of 
the sulfur in a continuous operation similar to that employed for roasting pyrite or 
zinc sulfide concentrates. The S02 gas produced (10-14%) is consistent in composi­
tion and in rate of production. 

2. The roasted calcine is briquetted or pelletized with a small flux addition. 
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3. The agglomerates are smelted at a rapid rate in a blast fumace with a very low 
charge-column to produce a high-grade blister copper and a low-grade copper slag. 
Copper is selectively reduced from the copper-iron oxide calcine to form blister 
while substantially all of the iron reports in the slag. 

2.12.3 Advantages of the Process 
2.12.3.1 Excellent Sulfur Control 

About 97% of the sulfur input to the plant is oxidized to a rich SO, gas of constant 
composition which can be converted to sulfuric acid in a relatively low cost acid plant. No matte 
or converter slag, saturated in SOj, are formed, thus the fugitive emissions resulting from transfer 
of these materials need not be contended with. The sulfur in the calcine feed to the blast fumace, 
amounting to about 3% of the sulfur in the concentrate, distributes between slag, blister and 
fumace gases. Sulfur can be forced into the fumace gases by enriching the blast with oxygen. 
However, a major portion of the sulfur in the fumace gases reacts with volatile metal oxides 
forming sulfates which are collectable as solids in a baghouse resulting in fumace emissions which 
meet current SO, standards. 

2.12.3.2 Low Capital Costs 
Compared to commercially proven matte smelting processes, capital costs have been esti­

mated to be lower by 20 to 40 percent depending on scale. The smaller the scale, the greater the 
savings. These lower costs result from: 

t. A simplified SOj gas collection system. 

2. A smaller acid plant because SO]-containing gases from the roaster ate highly 
concentrated, smaller in volume, and continuously generated. 

3. A water-jacketed fumace design requiring no refractories in the shaft. Because of 
the rapid smelting rate, the fumace is small compared to other smelting fumaces. 

4. Simplified plant layout because no conventional crane aisle is needed for ladle 
transfer. Converters are not required. 

5. No need for slag cleaning if a 96% copper recovery is economically acceptable. 

2.12.3.3 High Metal Recoveries 
Recovery of copper and precious metals in a good grade blister is as high as 96% without slag 

cleaning. By cleaning the slag in either an electric fumace, or by grinding and flotation, recoveries 
can exceed 98%. It is believed that a simple two-stag settler with the second stage operating with 
a reducing gas or carbonaceous cover will result in a throwaway slag with copper losses competi­
tive with those from conventional matte smelters. Table 2.12-1 summarizes materials balance 
data. 

2.12.3.4 Energy Conservation 
The fluid-bed roaster with a properly designed waste-heat boiler has the potential of 

producing enough electricity or steam to supply the major power requirements of the plant (Opie, 
1979). Furthermore, because of the low charge column in the blast fumace, low-grade coke or 
mixtures of coke and other solid carbonaceous fuels can be used. Additional energy if needed 
could be recovered from the high temperature fumace off-gases. Tables 2.12-2 and 2.12-3 show an 
energy balance, following the procedure used by H.H. Kellogg (Kellogg, 1976). 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
5 ,0^ 

AL2O3 

CAO * MgO 
Others 
ll^O 

SO2 

SO3 

CO3 

°2 
"2 
CO 
R 

TOTAL „ 
Temp (°F) 
STATE 

2 .12 -1 

(1 ) 

CHALCOPYRITE 
CONCENTRATE 

dry 
w t . w t . « 

1.020 
0.902 
1.078 
0.275 

0.186 

3.461 
77 

• S 

DEAD ROAST -

(TONS PER TON 1 

(2 ) 

CALCINE 

wt . wt.% 

1.020 
0.092 
0.010 
0.275 

0.82 3 

3.030 
1562 
S 

BLAST FURNACE 

JLISTER COPPER) 

(3 ) 

PELLETS 

w t . wt .X 

1.020 
0.902 
0.010 
0.422 

0.823 

3.177 
77 
S 

(4 ) 

BLISTER 

w t . w t . Z 

0.980 98 .00 
0.010 1.00 
0.010 1.00 

1.000 100.00 
2552 

L 

( 5 ) 

ANODES 

w t . w t .X 

0.980 100.00 

0.980 100.00 
77 
S 



I J 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
5,0^ 

AL„0 

CAO * MgO 
Others 
M2O 

SO2 

5"3 
CO2 

°2 
"2 
CO 
AR 

TOTAL 
TEMP ( ° F ) 
STATE 

2 . 1 2 - 1 ( c o n t . ) DEAD ROAST - BLAST FURNACE 

(TONS PER TON BLISTER COPPER) 

(6 ) 

CATHODES 

w t . w t . % 

0.980 100.00 

0.980 100.00 
77 
S 

(7) 

ROASTER 
GAS 

w t . w t .X 

1.892 17.69 

2.039 19.06 

0.137 1.28 

0.068 0.64 

0.137 1.28 

6.314 59.04 

0.108 1.01 

10.695 100.00 
1562 
G 

(8 ) 

TOP 
GAS 

w t . w t .X 

0.01 0 .30 

1.265 37.83 

1.863 55.71 

0.206 6.16 

3.344 100.00 
2552 
G 

(9 ) 

SLAG 

w t . wt .X 

0.04 
0.892 

0.422 

0.578 

1.732 100.00 
2552 

S 
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TABLE 2 .12 -2 

. 

STEP 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

PROCESS 

Roas t inq 

A) A i r Compressor 
B) Fuel . S t a r t Up Only 

C) Uaste Heat Recovery 

P e l l e t i z i n g 

Sme l t i ng 

A) Core-Coal Blend 
B) B l a s t Compressor 

( A i r ) 
C) Top Gas Heat Recov­

e ry 
Gas Hand l i ng 

A) Roasted and Smel ter 

Ac id Manufac ture 

Anode C a s t i n g 

E l e c t r o r e f i n i ng 

A) E l e c t r i c a l 
B) Process Heat ing 

^ 

U N I T 

Kg 
MILLION 
BTU 
MILLION 
BTU 

KUII 

LBS 
Kg 

Kg 

MILLION 
SCF 

KUH 

TON 

KHH 
LBS 

ENERGY REQUIREMENTS 

AMAX DEAD ROAST - BLAST 

UNITS PER NET TON 
CATHODE COPPER 

8402 
0 .200 

4.728 

50 

880 
2186 

2.14 

0.3341 

398.48 

1.00 

272.38 
1300 

FURNACE 

MILLION BTU 
REQUIRED PER UNIT 

0.000102 
1.00 

1.00 

0.0105 

0.01236 
0.000579 

0.23271 

2.52 

0.0105 

1.346 

0.0105 
0.0014 

TOTAL 

Leve l 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.857 
0.200 

4.728 

0.525 

10.876 
1.266 

-0 .498 

0.842 

4.184 

1.346 

2.86 
1.82 

19.54 



TABLE 2 .12 -3 ENERGY REQUIREMENTS 

AMAX DEAD ROAST - BLAST FURNACE 

Level 2 

STEP 
NUMBER 

I J 
OJ 

PROCESS 

Smelting 
A) Flux 

M e l t i n g and R e f i n i n g 

A) Flux 

E l e c t r o r e f i n i n g 

A) Ac id and Reagents 

U N I T 

TON 

TON 

TON 

UNITS PER NET TON 
CATHODE COPPER 

0.15 

0.10 

0.0165 

MILLION BTU 
REQUIRED PER UNIT 

0. 10 

0 .10 

0 .83 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.015 

0.010 

0.014 

0.039 



2.12.3.5 Flexibility 

Although it is prudent to operate all units of the plant together, if desired the roaster-acid 
plant and briquetting or pelletizing facility could still be operated when the blast fumace is shut 
down and vice versa as long as some storage of fumace charge is allowed for. This makes possible 
the altemative of locating the roaster-acid plant-agglomerating facilities near a mine site where 
acid could be used for treating oxide ore. The blast fumace, in turn, could be located near a 
copper reflnery or a cheap source of coal. The calcine agglomerates could also serve as feed for a 
secondary smelter. 

2.12.3.6 References , 
Kellogg, H.H. and J.M. Henderson, "Energy Use in Sulfide Smelting of Copper," Extractive 
Metallurgy of Copper, Vol 1, AIME, 1976. 

Opie, W.R., H.P. Rajcevic and E.R. Querijero, "Dead Roasting and Blast-Fumace Smelting of 
Chalcopyrite Concentrate," Joumal of Metals, Vol 31(7), July 1979, pp. 17-22. 

Opie, W.R. and E.L. Frueh, "Minimum Pollution, Low Energy Pyrometallurgical Process for 
Treating Copper Sulfide Concentrates," Proceedinp ofthe Second AMAX Energy Conservation 
Convention, Paper No. E-2, Denver, Colorado, June 12-14,1979. 

Rajcevic, H.P., W.R. Opie and D.C. Cusanelli, "Production of Blister Copper Directly From 
Dead Roasted Copper-Iron Concentrates Using a Shallow Bed Reactor," U.S. Patent No. 
4,006,010, February 1,1977. 

Rosswog, F.J., "Segregation Process Material and Energy Requirements," Rough Draft, Third 
Summary Report, U.S. Department of Energy, Contract No. EM-78-S-07,1743,1979. 

Vemey, L.R., "Possible Trends in Copper Process Metallurgy Brought About by Changes in 
Energy Supplies and Costs," Proceedings ofthe First AMAX Energy Conservation Convention, 
Paper No. 5, Rye, New York, February 23-24, 1978. 

2.13 SEGREGATION PROCESS 

2.13.1 Introduction 
This report contains estimates of the material and energy requirements for a copper 

extraction process. The process is commonly called and is referred to in this report as the 
"segregation" process. The technique employed for copper extraction is similar to that of the 
TORCO process used for processing refractory oxide ores (Mackay and Gibson, 1969; Heath, 
1970; Pinkney, 1969). These ores are not amenable to conventional froth flotation or to acid 
leaching. The segregation process considered herein, however, is modified for treatment of 
chalcopyrite concentrates. A detailed description of such a modified process is given in Opie, 
Coffin and Cusanelli (1977). 

2.13.2 Process Description 
The main processing features are (1) a roasting ofthe concentrates to oxidize the copper and 

iron sulfide minerals and (2) a segregation step in which the calcine from the roast is reacted with 
a mixture of coal and salt (NaCl) at 870''C (see Figure 2.13-1). Enough excess heat is produced 
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from the roasting reactions to allow significant waste heat recovery. The roaster and segregator 
equipment is advantageously designed so that the temperature of the calcine can be maintained 
during the segregation step by heat loss from the roaster. The product from the segregation step is 
a carbonous material with the copper in the form of discrete particles of up to 1-mm diameter. 
This segregate is amenable to froth flotation. Further processing consists of segregate division, a 
gangue and an impure copper steam, by flotation and of electrorefining the impure copper to a 
wire-grade or cathode-grade product. 

The major stoichiometric relationships for the processing reactions are as follows: 

Roaster Operation, Process Step 1 

a. Chalcopjrrite combustion 

2CuFeS, + 6.50, -^ 2CuO -i- Fe,0, + 4S0, (2.13.1) 

b. Pyrite combustion 

2FeSj + 5.50, — Fe,0, + 4S0, (2.13.2) 

Copper Segregation, Process Step 2 
Sodium chloride, reacting with water vapor and with the acid constituents of the 
gangue, produces hydrogen chloride which reacts with the copper minerals. Copper is 
volatilized as cuprous chloride, diffuses to the surface of the coal, and is immediately 
reduced by hydrogen produced from the volatile fraction ofthe coal or by the water-gas 
reaction. Hydrogen chloride is regenerated, and a new cycle of reaction begins. In this 
way, a small amount of sodium chloride is used to transfer the copper from the gangue 
and copper minerals to the surface ofthe coal particles (Rey, 1967). 

Reaction Sequence 
3CuO -i- 3HC1 + 1.5H, — CujCl, + 2H,0 

1.5C-t-3H,0~ 1.5C0, + 3H, 

CujCl, + 1.5H,^ 3Cu -i- 3HC1 

3CuO -t- 1.5C -^ 3Cu -i- 1.5C0, 

2.13.3 Material Requirements Evaluation 
Estimates of material and energy requirements for a modified segregation process 

appropriate for the treatment of chalcopyrite concentrates are summarized by process step and 
totaled in Tables 2.13-1, 2.13-2, and 2.13-3. The process considered is based on descriptions 
provided by (Opie, et al., 1977) and by (Rampacek, et al., 1959). For a modem application ofthe 
segregation technique for the extraction of copper from chalcopyrite concentrates, a 98% recovery 
of copper is feasible (Opie, et al., 1977). Flotation, electrorefining, gas scmbbing, and sulfuric 
acid recovery steps are added as would constitute a complete process flowsheet. Figure 2.13-1 
depicts the process steps with designators for each process element. The summary of calculated 
material flows is listed in Table 2.13-1. 

chlorination 

water-gas reaction 

copper reduction 

(2.13.3) 

(2.13.4) 

(2.13.5) 

(2.13.6) 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
C 
S .O j 

AL2O3 
C a O + M g O 
Others 
H j O 
SO2 
SO3 
O2 
CO 
COo 
N2 

TOTAL 
TEMP. { ° F ) 
STATE 

2.13-1 

(1) 

CHALCOPYRITE 
CONCENTRATE 

wt . wt.X 

1.00 25.00 
1.118 27.95 
1.245 31.13 

0.637 15.92 

4.00 . 100.00 
70° 
S 

SEGREGATION PROCESS 

I TONS PER TON 

(2 ) 

ROASTER FEED 

w t . w t . Z 

1.176 24.09 
1.S59 31.93 
1.245 25.50 
0 .020 0 .41 

0.882 18.07 

4.882 100.00 
70° 

S 

B L I S T E R C O P P E R I 

( 3 ) 

CALCINE 

w t . wt .X 

1.176 26.77 
1.559 35.50 
0.010 0.23 

1.647 37.50 

4.392 100.00 
1600° 

S 

(4 ) 

SEGREGATE 

w t . wt.% 

1.176 27.52 
1.569 36.48 
0.010 0.23 
0.186 4 .35 

1.343 31.42 

4.274 100.00 
1600° 

S 

(5 ) 

IMPURE COPPER 

w t . w t . Z 

0.980 83.97 
0 .01 0.86 
0 .01 0.86 
0.167 14.31 

1.167 100.00 
70° 

S 
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TABLE 2 .13-1 ( c o n t . ) SEGREGATION PROCESS 

C T O N S P E R T O N BL ISTER C O P P E R ] 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 

S,02 
AL2O3 
C a O + M g O 
Others 
H j O 
SO2 
SO3 
O2 
CO 
C 0 2 
N^ 

TOTAL 
TEMP. <*>F ) 
STATE 

(6) 

ANODES 

w t . 

0 . 9 8 0 

0.980 
70" 
S 

wt.X 

100.OC 

100.00 

(7 ) 

CATHODES 

wt. wt.% 

0 . 9 8 0 

.980 
7 0 " 

100.00 

100.00 

(8 ) 

ROASTER GAS 

wt. w t . Z 

0 . 6 6 7 
2 . 4 1 2 
0 . 0 9 8 
0 . 2 2 5 

0 . 0 6 9 
7 . 5 2 0 

21 . 9 5 
0 . 8 9 
6 . 0 7 
0 . 6 2 

2 . 0 5 
6 8 . 4 2 

10.991 
1600° 

G 

100.00 

(9 ) 

TAILINGS 

wt. 
0.020 
1.118 

1 .098 

w t . Z 

2 - 2 3 6 „ 
70° 

50.00 

49.11 

100.00 

(10) 

MIDDLINGS 

TTTT 
0.441 

0.02 

0.255 

0.892^ 
70 ' 

4 9 . 4 4 

2.24 

2 8 . 5 9 

100.00 
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TABLE 2 .13 -2 

STEP 
NUMBER 

1 

2 

3 

4 

5 

6 .7 

8 

* 

PROCESS 

Roas te r 
A j U a s t e Heat Recovery 
B) Fuel ( s t a r t up o n l y ) 

S e g r e g a t o r 
A) Coal 

f I p t j t j o n 
A) E l e c t r i c a l 

MeJ_t j ng J _Re fJ n j ng. and 

AT H e a t i n g and M e l t i n g 
(Fue l O i l ) 

8) P o l i n g Gas 

E l e e t r o r e f i n i n g 
A")" E l e c t M b r r 
O) Process Hea t i ng 

(Steam) 

Gas Scrubbors 
S T E l e c t r i c a l 

A n c i l l a r y Loads 
A ) ' E i e c t r T c a T 

A c j d _ P l a n t 

Pif.9-!.tJJ^L. Emjss j j )n^ 
Cont rpJ 

U N I T 

BTII 
BTU 

TON 

KUH 

GAL 

SCF 

KUH 
LBS 

KUH 

KUH 

KUII 

KUH 

ENERGY R E Q U I R E M E N T S 

SEGREGATION PROCESS 

UNITS PER NET TON 
CATHODE COPPER 

- 4 . 5 8 
0 . 2 

0 .33 

22 .5 

19 .5 

225 

272 
1300 

62 

50 

398 .48 

340 .00 

MILLION BTU 
REQUIRED PER UNIT 

1.00 
1.00 

25 .00 

0 .0105 

0 .150 

0 .0010 

0 .0105 
0.0014 

0 .0105 

0 .0105 

0 .0105 

0 .0105 

TOTAL 

Leve l 1 

M ILL ION BTU PER NET 
TON CATHODIC COPPER 

- 4 . 5 8 
0 . 2 0 

8 .25 
* 

0 .236 

2 .925 

0 .225 

2 .856 
1 .820 

0 .651 

0 .525 

4 .184 

3 .570 

2 0 . 8 6 2 
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TABLE 2 .13-3 

STEP 
NUMBER 

1 

3 

4 

5 

PROCESS 

Segregator 
Al NaCT 

F l o t a t i o n 
t l) Reagents 

M e l t i n g , R e f i n i n g and 
Anode Cas t ing 
A") F lux 

E l e c t r o r e f i n i n g 
K) Ac id and Reagents 
D Glue 
C) Th iou rea 
D) H y d r o c h l o r i c Ac id 

U N I T 

TON 

LBS 

TON 

TON 
TON 
TON 
TON 

ENERQY REQUIREMENTS 

SEGREGATION PROCESS 

UNITS PER NET TON 
CATHODE COPPER 

0.022 

3.26 

0 .1 

0.0165 
0.00003 
0.00003 
0.000002 

V 

MILLION BTU 
REQUIRED PER UNIT 

0.49 

0.02 

0.76 

0.83 
40.00 
40.00 

9.25 

TOTAL 

Leve l 2 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.011 

0.065 

0.076 

0.014 
0.0012 
0.0012 
0.00002 

0.168 
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2.13.4 Energy Requirements Evaluation 
A svimmary for the energy requirements for the process is listed in Tables 2.13-2 and 2.13-3. 

The energy evaluation is based on the material summary presented above. Table 2.13-2 is a 
listing of "Level-1" requirements. The listing is on a modular basis in sequential processing order. 
At "Level 1," the chemicals and other consumables in the process are not included except for the 
fuel used. Table 2.13-3 is a listing of "Level 2" energy requirements — chemicals, fluxes, 
refractories and other consumables used on a continuous basis in association with the process. 
Energy equivalent estimates are included in the tables and the equivalent fuel requirements are 
calculated and summed. This information supports all values given in the tables, but is too 
extensive for inclusion as footnotes. 

The energy requirements presented in Tables 2.13-2 and 2.13-3 are evaluated with the 
consideration that the process is operated in a conventional manner. The totals are termed 
"operational" in the above summary table. The operational estimate does not include special 
processing features for economizing to reduce energy consumption. For an estimate that does 
consider special features for energy reduction (a "theoretical" estimate), the recovery of coal may 
be considered. Since less than half of the coal fed to the segregator is consumed in the copper 
recovery reactions (37%), a significant energy reduction would occur by the recovery and recycle 
of unreacted coal. The potential for Level-1 energy requirement reduction is 5.43 million Btu/ton 
product (calculated from energy equivalent values given in Table 2.13-2). The resulting Level-1 
theoretical energy requirement is 8.03 million Btu/ton product. 

2.13.5 Discussion 
Historically, the segregation step was discovered in 1923 during experimental work in which 

oxide ores of copper were being treated with coal to reduce the copper to the metallic state prior to 
ammoniacal leaching (Moulden and Tapin, 1928; Rey, 1935 and 1936). By 1931, the technique 
had been further developed by the construction of two plfmts in Africa for treating oxide ores. One 
plant was built at Southern Rhodesia by the Minerals Separation Company (50 tons of ore/day). 
The other plant was built at Katanga in the Belgian Congo by the Union Miniere de Haut 
Katanga (350 tons of ore/day). Recovery was reported as about 87% on the Minerals Sepeiration 
Company plant. No data is available on the Union Miniere de Haut Katanga plant. Both plants 
closed after a short period of operation because of mechanical and economical difficulties 
(Rampacek, et al, 1959; Rey, June 1967 and March 1968). 

Since the early development of the segregation technique, many investigators have been 
interested in the perfection of methods and equipment (Rey, 1935, 1936, 1967) evaluated the 
treatment of low-grade oxide ores and mixed sulfide-oxide ores. Sutulov (1963) has evaluated the 
factors of time, temperature, and coke and salt percentages. His results show that the segregation 
process could be an altemative to beneficiation. McKinney and Evans (1963) have demonstrated 
that it is technically feasible to apply the process to oxide ores in a direct-fired rotary kiln; thus, 
rendering the method more attractive for commercial application. The effects of different salts 
and various additions of salts on the volatilization of copper was investigated by McKinney and 
Waddleton (1962) and Marcuson (1978). Pollard and Pease (September 1960, March 1961) report 
on a 1-ton/hour pilot plant constructed by the Lampa Mining Co., Ltd. at the Berenguela Mine, 
Peru. Silver was also extracted, and the plant development was considered as generally suitable 
for any ore that may be segregated. Pinkney and Flint (1967,1968), Pinkney (1969), Mackay and 
Gibson (March 1968, December 1968 and September 1969), and Heath (1970) report on the 
treatment of refractory ores with the TORCO segregation process developed in South Africa. 
Freeman (1960, 1961) reports on the processing of silicate ores at the Hecla Mining Co. and El 
Paso Natural Gas Co., Lakeshore Copper Property, Arizona. 
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Highly significant aspects in the evaluation of energy requirements for the segregation 
process are the recovery of waste heat from the roaster, the consumption of coal in the segregator, 
the melting-refining-anode-casting energies, and the energy for electrorefining. The first two 
items, heat recovery and coal consumption, are sensitive to chalcopyrite concentrate composition 
and, to some extent, on process design considerations. The latter two items are mainly dependent 
on the production rate of cathodes. The sensitivity of the processing energy requirements is such 
that a concentrate composition change resulting in a 10% reduction of waste heat recovery 
increased the energy requirements by 6%. 

2.13.6 Conclusions and Recommendations 
As evidenced by the process report by Opie, et al (1977), the Opie and Coffin patent (1974) 

on roasting and solid state segregation reduction of sulfide concentrates, and the many other 
researchers referenced, a segregation process for the recovery of copper from chalcopyrite concent­
rates is discernible. The processing scheme and material fiows are well defined from past research 
efforts. Based on this earlier information, the evaluation presented in this study clearly defines 
the process energy requirements. A presentation of a breakdown of the energy assessment and an 
evaluation of a "theoretical" energy total provides an indication of the extent of possible 
variances in energy requirements. 

The total energy requirements for an operational process that includes no special features 
for economizing is 21.64 million Btu/ton product with 21.47 million Btu/ton product provided in 
the form of direct fuels, steam and electrical power consumption. A "theoreticed" estimate 
considering the recovery and recycle of unreacted coal indicates the process has the potential for 
total energy requirements of 16.21 million Btu/ton product. The process energy requirements are 
sensitive to chalcopjrite concentrate composition in that changes in composition would affect the 
waste heat recovery from the roaster (e.g., lower sulfur levels) or increase coal consumption (e.g., 
greater fraction of gangue or reactions with constituents of the gangue). 

2.13.7 References and Selected Bibliography 
British Patents 250,991; 255,961; 264,584; 300,701; 318,314; 321,213; 387,713; 389,865. 

Brittan, M.L, "A Kinetic Model of Copper Segregation and Its Application to TORCO Plant 
Design," Institution of Mining and Metallurgy Transactions, London, Section C, Mineral Proc­
essing and Extractive Metallurgy, Vol. 80, pp, C262-C272, December 1971, with discussion. 

Brittan, M.L, "Kinetics of Copper Segregation by the TORCO Process," Joumal of the South 
.African Institute of Mining and Metallurgy, February 1970. 

Brittan, M.L, and R.R. Liebenburg, "A Kinetic Analysis of the TORCO Copper Segregation 
Process," Institution of Mining and Metallurgy Transactions, London, Section C, Mineral Proc­
essing and Extractive Metallurgy, Vol. 80, pp. C159-C169, September 1971; discussion, ibid. Vol. 
81. pp. C191-C193, September 1972. 

Freeman, G.A., C. Rampacek, and L.G. Evans, "Copper Segregation at the Lake Shore Mine," 
•Journal of Metals, Vol. 13, pp. 370-372, May 1961; Mining Engineering, Vol. 13, pp. 1153-1155, 
October 1961. 

Freeman, G.A.. ".Arizona Copper Silicates Respond to Segregation," Engineering and Mining 
Joumal, Vol. 161, No. 11, pp. 86-87, November 1960. 

244 

I 
I 
I 
I 
1 
I 
I 
I 
t 



I 
I 
f 
I 
t 
t 
i 
t 
I 
I 
t 
I 
t 
i 
I 
I 
f 
I 
f 

Hadjiat, H., "Reactions in the Segregation of Copper from Ores," Ph.D. Thesis, Imperial College 
of Science and Technology University of London, November 1969. 

Heath, K.C.G., "TORCO versus Copper Flotation, Costs, Recoveries, Investment Retum," 
World Mining, April 1970. 

Mackay, K.E. and N. Gibson, "Development ofthe Pilot-Commercial TORCO Plant at Rhokana 
Corporation Ltd., Zambia," Institution of Mining and Metallurgy Transactions, London, Section 
C, Mineral Processing and Extractive Metallurgy, Vol. 77, pp. C19-C31, March 1968; discussion. 
Vol. 77, pp. C236-C239, December 1968; further discussion, Vol. 78, pp. C174-C175, September 
1969. 

Marcuson, S.W., "Studies on Segregation of Rosuter Copper Concentrates: Separate Na and Cl 
Additions and Elffects of Sulfate," Institution of Mining and Metallurgy Transactions, London, 
Section C, Mineral Processing and Extractive Metallurgy, Vol. 87, pp. C261-C265, December 
1978. 

Marcuson, S.W. and H.H. Kellogg, "Studies on Segregation of Roasted Copper Concentrates, 
Institution of Mining and Metallurgy Transactions, London, Section C, Mineral Processing and 
Extractive Metallurgy, Vol. 86, pp. C195-C201, December 1977. 

McKinney, W.A., Research Director, U.S. Bureau of Mines, Salt Lake City Metallurgy Research 
Center, Salt Lake City, Utah, letter to Frank J. Rosswog, Ford, Bacon emd Davis Utah, Inc., Salt 
Lake City, Utah, August 8,1979. 

McKinney, W.A. and L.G. Evans, "Segregation of Copper Ores by Direct-Fired Methods," 
Report of Investigations 6215, U.S. Bureau of Mines, U.S. Department of the Interior, Washing­
ton, D.C, 1963. 

McKinney, W.A. and P.T. Waddleton, "Use of Various Salts as Copper-Volatilizing Agents in 
the Segregation Process," Report of Investigation 6044, U.S. Bureau of Mines, U.S. Department 
of the Interior, Washington, D.C, 1962. 

Mineral Separation Limited and T.J. Taplin, British Patent 348,024, 1931. 

Moulden, J.C. and Bruce Toplin, "Heat Treatment and Concentration of Copper Ores," U.S. 
Patent 1,679,337, July 31, 1928. 

Opie, W.R., L.D. Coffin, "Roasting of Copper Sulfide Concentrates Combined with Solid State 
Segregation Reduction to Recover Copper," U.S. Patent 3,799,764, March 26, 1974. 

Opie, W.R., L.D. Coffin and D.C. Cusanelli, "A Minimum Pollution, Low-Energy Pyrometallur­
gical Process for Treating Chalcopyrite Concentrates," Chapter 20, Extractive Metallurgy of 
Copper, Pyrometallurgy and Electrolytic Refining, Vol. 1, J.C. Yannopoulos and J.C. Agarwal, 
ed., The Metallurgical Society of AIME, New York, New York, pp. 416-426,1977. 

Pinkney, E.T., "The TORCO Process — Recent Development," Ninth Commonwealth Mining 
and Metallurgical Congress, May 1969. 

245 



Pinkney, E.T. and N. Plint, "Treatment of Refractory Copper Ores by the Segregation Process," 
Transactions, Society of Mining Engineers of AIME, Vol. 241, pp. 157-179, June 1968; Institution 
of Mining and Metallurgy Transactions, London, Section C, Mineral Processing and Extractive 
Metallurgy, Vol. 76, pp. C114-C132, June 1967 (contribution by L.C. Evans on p. C295). 

Pollard, F. and M.E. Pease, "Extraction of Copper and Silver by the Segregation Process in 
Peru," Institution of Mining and Metallurgy Transactions, Vol. 69, pp. 687-697, September 1960; 
Vol. 70, pp. 143-156, December 1960; and pp. 390-396, March 1961. 

Rampacek, Carl, "Method for Segregating Copper Ores," U.S. Patent 3,148,974, September 15, 
1964. 

Rampacek, Carl, W.A. McKixmey and P.T. Waddleton, "Treating Oxidized and Mixed Oxide-
Sulfide Copper Ores by the Segregation Process," Report of Investigation 5501, U.S. Bureau of 
Mines, U.S. Department ofthe Interior, Washington, D.C, 1959. 

Rey, M., "Early Development of the Copper Segregation Process," Institution of Mining and 
Metallurgy Transactions, London, Section C, Mineral Processing and Extractive Metallurgy, 
Vol. 76, C101-C107, June 1967; discussion. Vol. 76, Vol. 77, pp. C42-C44, March 1968. 

Rey, Maurice, "The Copper Segregation Process," Ecole Nationale Superoieure des Mines de 
Paris, France, unpublished report, 1967. 

Rey, Maurice, "The Segregation Process for Low-Grade Copper Oixde Ore,""/Vocedures of the 
7th Intemational Congress of Mines, Metallurgy, and Applied Geology, Paris, France, Metallur­
gical Section, Vol. 2, No. II-3,1935, and Metallurgical Review, Vol. 33, pp. 295-302, 1936. 

Sutulov, A., "Evaluating Copper Segregation Results by Screen Sizing Analjrsis," Transactions, 
Vol. 226, Society of Mining Engineers of American Institute of Mining, Metallurgical and 
Petroleum Engineers (unincorporated), pp. 17-20, March 1963. 

Sutulov, A., "Beneficiation of Chilean Oxidized Copper Ores by the Segregation Process," Worid 
Mining, Vol. 15, pp.28-29, August 1962. 

Wright, J.K., "The Segregation Process," Mineral Science Engineering, Vol. 5, No. 2, pp. 119-
134, April 1973. 

2.14 THERMO ELECTRON CHLORINATION PROCESS 

2.14.1 Introduction 
The following is a brief description and evaluation of the chalcopyrite chlorination process 

reported by Thermo Electron Corporation to U.S. Department of Energy (Thermo Electron, 
1978). 
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2.14.2 Process Description 
Chalcopyrite concentrates are reacted with chlorine gas, forming cuprous chloride, ferric 

chloride, and elemental sulfur. The cuprous chloride is drawn off the lower part of the reactor in 
molten form and electrolyzed to copper metal and chlorine gas for recycle. Ferric chloride and 
elemental sulfur vapors pass out the top of the reactor and are condensed to liquids and separated 
by decantation. The ferric chloride is then bumed with oxygen to Fe,0«, chlorine again being 
recycled to the main reactor. Principal reactions are as follows: 

CuFeSj + 2V4 Cl̂  —* CuCl, + FeClj + 2S - Basic chlorination reaction (2.14.1) 

CuClj (c) - • CuCl (1) + ̂  Clj (g) - In lower pan of reactor (2.14.2) 

CuCl (1) — Cu (c) + hi CI2 (g) - Molten salt electrolysis (2.14.3) 

3FeCl3 + 2O2 —• Fe304 + 4V4 CI2 - Burning of ferric chloride (2.14.4) 

2.14.3 Material Balance 
A schematic fiowsheet of the process is presented in Figure 2.14-1 and a material balance in 

Table 2.14-1. The material balance differs somewhat from the Thermo Electron report, as it is 
based on 1,000 tons of copper cathodes from feed assaying 25 percent copper, 29 percent iron, and 
31 percent sulfur. Their fiowsheet is based on 1,442 tons of concentrate assaying 24 percent 
copper, 21 percent iron, and 24 percent sulfur. Another difference is that the flowsheet given here 
omits a step where trace amounts of cupric chloride (CuCU) are water-leached from the gangue 
leaving the reactor. This step is shown in the Thermo Electron report but is not included in their 
material or energy balances. Note that 100 percent recovery of all products and 100 percent 
utilization of all reagents is assumed. The process is mostly conceptual at this tiine and is in a 
very early stage of development. 
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TABLE 2.14-1 

IDEAL MATERIAL BALANCE FOR 1000 TONS COPPER 

Stream No. Description Tons/1000 Tons Copper 

1 Feed 25% Cu, 29% Fe, 31% S, 15% gangue 4000 

2 Gangue from reactor to waste 600 

3 Chlorine gas recycled from oxidizer (17) 2210 

4 Molten CuCl, feed to electrolysis 1560 

5 Chlorine from cell, recycled to reactor 560 

6 Copper cathodes 1000 

7 Offgas containing ferric chloride and . 

sulfur vapors 8350 

8 Liquid FeCl- and S° recycled to reactor 3740 

9 Liquid FeCl^ and S° to decanter 4610 

10 Offgas to scrubber 

n Offgas to atmosphere 

12 Water to scrubber 

13 Scrubber underflow to waste 

14 Molten sulfur .product 1240 

15 Liquid FeCl2 to oxidizer 3370 

16 Oxygen gas to FeCl^ oxidizer 440 

17 Chlorine from oxidizer, recycled to 

reactor (3) 2210 

18 Fe30^ product 1600 
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2.14.4 Energy Requirements 
Theoretically, the only energy inputs to the process are for electrolysis of cuprous chloride 

and for manufacture of oxygen to bum the ferric chloride. Thermo Electron reports that 11.0 
megawatts is used for electrolytic production of 346 tons per day copper metal at 50 percent cell 
efficiency and 1.4 megawatts for manufact\ire of 116 tons per day separated oxygen. This is 763 
kilowatt hours per ton of copper and 290 kilowatt hours per ton ofoxygen. MSRD's analysis shows 
774 kilowatt hours per ton of copper in electrolysis (a good check) but 405 kilowatt hours per ton of 
oxygen. The 405 figure was given to us by AIRCO and is for a new plant producing 150 tons per 
day oxygen gas at 95.5 percent purity, 200 pounds per square inch. Bringing everything to the 
consistent basis of the flowsheet in Figure 2.14-1 and using a conversion factor of 10,000 Btu's per 
kilowatt hour, the theoretical energy requirements are as follows: 

TABLE 2.14-2 

THERMO ELECTRON CHLORINATION PROCESS 

LEVEL 1 — THEORETICAL ENERQY REQUIREMENT 

Btu per Ton Copper 
Thermo Electron MSRD 

Electrolysis 7.6x10« 7.7x10« 

TABLE 2.14-3 

THERMO ELECTRON CHLORINATION PROCESS 

LEVEL 2 — THEORETICAL ENERGY REQUIREMENT 

Btu per Ton Copper 
Thermo Electron MSRD 

Oxygen Manufacture 1.3x10* 1,8x10' 

This discrepancy is not major. However, since the chlorination process is being compared to 
actual operating processes, some practical assumptions will be made which will increase the real 
energy requirements. These assumptions are 90 percent recovery of copper, 10 percent makeup of 
chlorine, and 10 percent excess oxygen. In addition, 10 percent ofthe total energy will be assumed 
for operation of the scrubber and miscellaneous equipment. 

Chlorine is manufactvured in diaphragm cells at an energy cost of about 2,440 kilowatt hours 
per ton. At 10 percent excess and 90 percent copper recovery (see Figure 2.14-1 and Table 2.14-1), 
about 0.31 tons of chlorine will have to be made up per ton of copper recovered. This requires 756 
kilowatt hours (7.6 x 10' Btu) per ton of copper recovered. 
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Energy requirements are now estimated as follows: 

TABLE 2.14-4 

THERMO ELECTRON CHLORINATION PROCESS 

LEVEL 1 — ASSUMED OPERATIONAL ENERGY REQUIREMENTS 

Btu per Ton Copper 
Electrolysis 8.6 x 10' 
Miscellaneous 1.8 x 10* 
Total 10.4x10' 

TABLE 2.14-5 

THERMO ELECTRON CHLORINATION PROCESS 

LEVEL 2 — ASSUMED OPERATIONAL ENERGY REQUIREMENTS 

Btu per Ton Copper 
Oxygen Manufacture 2.2 x 10' 
Chlorine Manufacture 7.6 x 10* 
Total 9.8x10' 

Hypothesized in the Thermo Electron report is an energy recovery of 347 kilowatt hours per ton of 
copper by converting the heat from the ferric chloride-sulfur condenser to electric power. MSRD 
does not believe this to be feasible. It is difficult to evaluate the amount of ideal heat available, 
because it is not certain if sulfur is condensing from S', S', S*, S*, etc. Also, some of the specific 
heats are uncertain. Our judgment is that at most 3.0 x 10' Btu's per ton of copper might be 
available on an ideal basis (see Reactions 1 and 2 and Energy Balance Item No. 6). But 
conversion of this heat to electric power would be very inefficient due to the low temperature. A 
factor of 10,000 Btu's per kilowatt hour is reasonable for fossil-fuel steam power plants but 
unrealistic for utilization of waste heat at only 585 degrees Kelvin. A better flgure would be about 
24,000 Btu's per kilowatt hour, giving only 14 percent heat recovery efficiency or 0.4 x 10* Btu's 
per ton of copper. This is negligible in the energy balance. 

No heat recovery at all should be assumed for this process in its present stage of devel­
opment. 

2.14.5 Discussion 
Although 20 million Btu's per ton of copper is a relatively low energy requirement, the 

chlorination process may not be a practical approach. Most of the key steps have apparently not 
been demonstrated even in the laboratory. Of particular concern are the flow of solids and gas 
through the chlorination reactor, the drawoff of molten cuprous chloride (CuCl) from the reactor, 
molten salt electrolysis of cuprous chloride, separation of ferric chloride (FeCla) from sulfur (S), 

251 



scmbbing of the offgas, and production of iron oxide (FejOJ by burning ferric chloride with 
oxygen. It is not known if all these steps, although theoretically interesting, will work with 
acceptable efficiencies, purities, etc. Dealing with the corrosive environments presented by 
chlorine gas and metal chlorides at elevated temperatures will also be challenging from the 
practical standpoint. 

2.14.6 Reference 
Dean T. Morgan, James Schad, Alexandra Zakak and Dae Sik Kim (Consultant). Thermo 
Electron Corporation, "Chlorine Extraction Processes for Energy-Conserving Recovery of Non-
ferrous Metals." 101 First Avenue, Waltham, Mass. 02154. Contract No. EC-77-C-02-4532, U.S. 
Department of Energy, Director for Industrial Conservation, 20 Massachusetts Avenue, Washing­
ton. D.C. 20545, December 1978. Report Number TE4228-97-79. 

2.15 OXY-FUEL REVERBERATORY SMELTING 

2.15.1 Introduction 
This variant on the matte smelting process was developed in Chile during the years after the 

^Kennecott Caietones smelter had been nationalized, and is well described in papers presented at 
AIME meetings in New York and Atlanta (Schwarze, March 1977; Schwarze et al, March 1977 
and Achurra et al March 1977). 

Kermecott had built an oxygen plant at the smelter before relinquishing their facilities and 
the new management sought to utilize this to increase productivity of the plant. Over a period of 
several years they gradually replaced air-oil bumers by oxygen-oil bumers, until finally the 
reverberatory furnaces operated on oxygen-oil exclusively. Production rate doubled, oil consump­
tion fell to half the old figure and while roof life decreased, its life per ton of product remained 
constant. Due to the large decrease in dilution by nitrogen, SOj content ofthe reverb gases was in 
the 8-10^ range, ample for acid manufacture. Therefore the process is presented here as offering 
another option for a plant trying to meet environmental standards with minimum capital 
expenditure. 

2.15.2 Process Description 
The process outlined on the attached flow sheet. Figure 2.15-1, is almost identical to the 

standard reverb smelting process in that converter slags are retumed to the reverb for cleaning, 
eliminating the costly slag cleaning methods needed by other new processes. While this is perhaps 
not essential, the concentrates were dried separately at Caietones, since they had been doing this 
before. It is doubtless a more efficient way to use energy since the waste gases from this operation 
leave at a lower temperature than from the reverb. 

Referring to the tabulation of streams in the Reverberatory Fumace Smelting Section, 
Stream (1) has had the HjO eliminated in the dryer. Stream (2) Silica flux, remains unchanged, 
as do (4) Reverb slag; (6) Matte; (7) Converter flux; (8) Converter slag; (9) Converter off-gas; (10) 
Converter air; and (11) Blister copper. 
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It is only streams (3) NG & Air and (5) Reverb off-gas that change significantly, and are 
shown below. For the fuel input, oil is used, and 80% of the required oxygen for its combustion is 
supplied as technically pure oxygen; the rest is supplied by air infiltrating into the fumace. The 
latter also supplies the needs.for oxidizing labile sulfur. In the Reverb off-gas. Stream 5, sulfur 
from fuel oil and from oxidation of labile sulfur are combined to estimate total gas volume based 
on an analjrsis of 9% SO, by volume, which explains the presence of some free oxygen in addition 
to the other gas species. This type of correction was not made in the Offgas Stream for the air-
natural gas reverb. In spite of the omission of excess air in that tabulation the decrease in total gas 
is dramatic, and fully explains the decreased fuel requirements. 

2.15.3 Comparison of Reverb Gas Streams with Oil Oxygen and M 
Air Natural Gas -

Item 

H,0 
SO, 
0, 

CO, 
N, 

Total 

Percent SO, 

Air Natural Gas 
(3) 

tons 
1,208 
— 

1,584 
7,379 

10,171 

2-3 -

(5) 
tons 
1,605 
1,239 

?• 
1,584 
7,379* 

11,807 

(3) 
tons 
251 

13 

810 
537 

OU Oxygen 
(5) 

tons 
251 

1,252 
498 
810 

4,193 

7,004 

9 

' A sulfur balance was not used In conjunction with sulfur analysis to estimate dilution air. So the reported nitrogen Is 
surely low. 

2.15.4 Energy Requirements 
Table 2.15-1 presents the Level I energy requirements for Oxy-Fuel reverberatory smelting. 

The analysis does not include oxygen enrichment of converter air. However, as an oxygen plant is 
present one would expect oxygen enrichment of converter air as well. 

Table 2.15.-2 presents the Level U energy requirements for Oxy-Fuel reverberatory smelt­
ing. 

2.15.5 Conclusion 
The replacement of air-oil bumers by oxy-fuel bumers leads to a significant decrease in fuel 

usage in smelting. The effect of oxy-fuel operation on NO, emissions is not known and needs to be 
studied. 

2.15.6 References 
Herman Schwarze: Oxy-fuel bumers save energy at El Teniente's Caietones smelter. World 
Mining, May 1977, pp. 58-61. 

H. D. Schwarze, G. B. Vera and 0. F. Pino: Use of new technologies at Caietones smelter, TMS 
Paper No. A77-90, TMS-AIME New York, 1977. 

H. J. Achurra, R. G. Espinosa, and L. J. Torres: Improvements in full use of oxygen in reverb 
fumaces at Caietones Smelter, Presented at .\IME Meeting Atlanta, March 1977. 
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U l 
U l 

TABLE 2 15 ' 

STEP 
NUMBER 

* 

1 

2 

3 

4 

5 

* 

PROCESS 

Ha t e r l a 1 s_ ![a 11 d j 111^ 
A ) ' El ect r'i c a 1 " t ne r oy 

Drver 
AVTuel 
Reverb. Sine I t l ug 
ftVFuir: "Fue l OH 
B) E l e c t r i c a l Energy 
c) Haste Ilea t Recovery : 

Steam 

Conver t i ng 
Al E l e c t r i c a l Energy 
B) F u e l : Fuel O i l 

Gas Clean ing 
"A)~Hot G a s C l e a n l n g 

1 - Reverb. (9X SO^) 

2- Conver ters 
{ V l SO2) 

D) Cold Gas C lean ing 
I - Reverb. 

2- Conver ter 

3- F u g i t i v e 
Emissions Con t ro l 

A d d P lant 
A) Reverb. R Conver ter 

Gas (7.95: SO2) 

Hater P o l l u t i o n Con t ro l 
Al E l e c t r i c a l Energy 

UNIT 

KUH 

GAL 

GAL 
KHI! 
LBS 

KHH 
GAL 

Thous. 
SCF 
Thous. 
SCF 

Thous. 
SCF 
Thous. 
SCF 
KWH 

Thous. 
SCF 

KUII 

ENERGY REQUIREMENTS 

OXY FUEL SMELTING 

UNITS PER NET TON 
1 CATHODE COPPER 

69.1 

9.7 

66.7 
60.8 

2650 

155 
3.6 

166.8 

211.8 

16E.8 

211.8 

340.0 

378.6 

9.0 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.139 

0.139 
0.0105 
0.0014 

0.0105 
0.139 

0.00336 

0.00336 

0.00126 

0.00126 

0.0105 

0.0119 

0.0105 

Level 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.726 

1.350 

9.270 
0.638 

-3 .710 

1.628 
0.500 

0.560 

0.712 

0 .210 

0.267 

3.570 

4.505 

0.095 



TABLE 2 .15 -1 ( c o n t . ) ENERQY REQUIREMENTS 

OXY FUEL SHEETING 

Level 1 

STEP 
NUMBER 

6.7 

I ~t 
U l 
c^ 

PROCESS 

Anode Furnace and 
E l e c t r o r e f i n i n g " 

UNIT 

TON OF 
CATHODE 
COPPER 

UNITS PER NET TON 
CATHODE COPPER 

1.0 

*Not shown on f l owshee t . 

MILLION BTU 
REQUIRED PER UNIT 

5 .824 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

5 . 8 2 4 

2 6 . 1 4 5 



TABLE 2 .15-? ENERQY REQUIREMENTS 

OXY FUEL REVERBERATORY 

Level 2 

STEP 
NUMBER 

1 ^ 

- J 

6 . 7 

PROCESS 

Reverb. Siueltinf) 
Ars iTTca Fliix 
B) Oxygen 

Conyer^liHj 
fct'sruca Flux 

Majer Pol lu j j ion^oi i txo l 
Al L i m e " ' 

Anode f j i rna^eand 
E lec t ro re f ln jpa 

U N I T 

TON 
TON 

TON 

LBS 

TON OF 
CATHODE 
COPPER 

UNITS PER NET TON 
CATHODE COPPER 

0.518 
0.498 

0.437 

30.0 

1.0 

MILLION BTU 
REQUIRED PER UNIT 

0 . 0 4 2 
3.7H 

0.042 

0 . 0 0 2 7 

0 . 4 6 8 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0 . 0 2 2 
1 .882 

0.018 

0.081 

0.468 

2 . 4 7 1 

*Not shown on f lowshee t 



2.16 OXYGEN SPRINKLE SMELTING 

2.16.1 Introduction 
The oxygen sprinkle smelting process concept proposed by P. E. Queneau and R. Schuh­

mann, Jr. consists of modifying existing reverberatory fumaces by the installation of oxygen 
sprinkler bumers. The oxygen sprinkler bumer was developed in collaboration with Professor H. 
Richter of Dartmouth College. We understand that the bumer has been designed, manufactured 
and a full scale prototype has been tested for solids flow and mixing at ambient temperatures. 
Full scale hot testing of the sprinkler bumer began in November 1980. The sprinkler bumer has 
been installed in the roof of an operating reverberatory fumace at the Morenci branch of Phelps 
Dodge Corporation and is being tested at this time. Under conditions of limited head room the 
design offers excellent gas-liquid-solid contact of reactants and dispersion of particulates over a 
wide area. The modification transforms an existing reverberatory fumace into an oxygen flash 
smelting unit with improved performance with respect to productivity, operating costs, energy 
conservation, higher metal recovery and environmental control. 

2.16.2 Process Description 
The process flowsheet is presented in Figure 2.16-1 and an isometric view of the oxygen 

sprinkle smelting fumace is presented in Figure 2.16-2. 

An existing reverberatory fumace can be modified for "oxygen sprinkle smelting" by closing 
all unnecessary openinp and installing four sprinkler bumers. The bumers are designed to 
accomplish several important functions within the existing structure. These include (a) the 
intimate mixing of finely divided concentrates with the oxygen-rich gas for flash smelting, and (b) 
uniform sprinkling of particulates over most of the bath surface. Provision is made for the 
admixture of a small percentage of pulverized coal with the solids feed, normally only to the 
bumer netu-est to the slag-tapping end to produce a lower grade matte for slag cleaning purposes. 
The slag is cleaned prior to discharge by drenching it with a shower of low grade matte produced 
by flash melting of the copper concentrates. Thus, in addition to flash oxidation of the sulfide 
concentrate, the bumer design aims at optimizing interphase heat and mass transfer and the 
control of heat and mass distribution throughout the fumace volume. The accomplishment of 
these aims converts the reverberatory fumace which is primarily an inefflcient melting reactor 
into a relatively efficient and flexible chemical reactor. 

In addition to modifications of the reverberatory fumace, a concentrate dryer and an oxygen 
plant have to be added. Converting is carried out in Peirce-Smith converters as in conventional 
reverberatory smelters. The blister copper from converting is cast into anodes and finally electro­
refined to produce cathode copper. 

2.16.3 Energy Requirements 
Table 2.16-1 presents the Level I energy requirements for "oxygen sprinkle" reverberatory 

smelting. The analysis does not include oxygen enrichment of converter air. However, as an 
oxygen plant is present, one would expect enriched air to be used for converting as well. 

Table 2.16-2 presents the Level II energy requirements for "oxygen sprinkle" reverberatory 
smelting. 
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TABLE 2.16-1 

STEP 
NUMBER 

* 

1 

2. 

3 

4 

S 

PROCESS 

M a t e r i a l s HandHnq 
A. E l e c t r i c a l Energy 

Dryer 
JT F u e l : Fuel O i l 

Reverb Smel t inq 
A. F u e l : Coal 
B. E l e c t r i c a l Energy 
C. Haste Heat Recovery 

Conver t ing 
A. E l e c t r i c a l Energy 
R. F u e l : Fuel O i l 

fias Cleaning 
A. Hot &as Cleaning 

1- Reverb 

2- Conver ters 

B. Cold Gas Cleaning 
1 - Reverb 

2- Conver ters 

3- F u g i t i v e Emis­
s ions Cont ro l 

Ac id P lan t 
A. Reverb and Con­

v e r t e r Gas ( d i l u t e 
to 9%) 

UNIT 

KUH 

GAL 

TON 
KMH 
LBS 

KHH 
GAL 

THOUS, 
SCF 

THOUS. 
SCF 

THOUS. 
SCF 

THOUS. 
SCF 
KUH 

THOUS. 
SCF 

ENERGY REQUIREMENTS 

OXYGEN SPRINKLE SIVIELTING 

UNITS PER NET TON 
CATHODE COPPER 

69.1 

12.4 

0.055 
60.8 

780 

120 
2.3 

24.0 

167.3 

24.0 

167.3 

340 

310.3 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.139 

25.0 
0.0105 
0.0014 

0.0105 
0.139 

0.00336 

0.00336 

0.00126 

0.00126 

0.0105 

0.0126 

LEVEL 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.726 

1.724 

1.375 
0.638 

-1 .092 

1.260 
0.230 

0.081 

0.562 

0.030 

0.211 

3.57 

3.909 



TABLE 2 . 1 6 - 1 ( C o n t . ) ENERGY REQUIREMENTS 

OXYGEN SPRINKLE SMELTING 

L e v e l I 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILL ION BTU PER NET 
TON CATHODIC COPPER 

H a t e r P o l l u t i o n C o n t r o l 

6.7 

A. Electrical Energy 

Anode Furnace and 
Eleetrore fining 

KUH 

TON OF 
CATHODE 
COPPER 

9 .0 

1.0 

0 .010S 

5.824 

0 .095 

5.824 

TOTAL 19.143 

ON 



TABLE 2.16-2 ENERQY REQUIREMENTS 

OXYGEN SPRINKLE SMELTING 

LEVEL 2 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILLION BTU PER NET 
TON CATHODIC COPPER 

I J 
OS 
OJ 

4 

6 .7 

Reverb SmelUng 
RT" S i l l c a ' F f u x 
B. Oxygen 

Conver t ing 
RT Si'Tfca Flux 

Uater P o l l u t i o n Contro l 
~S^ Tfrne 

Anode Furnace and 
flectrore 1̂1 ning 

TON 
TON 

TON 

L8S 

TOM OF 
CATHODE 
COPPER 

0.375 
0.716 

0.290 

30.0 

1.0 

0.042 
3.78 

0.042 

0.0027 

0.468 

TOTAL 

0.016 
2.706 

0.012 

0.081 

0.468 

3.283 



2.16.4 Discussion 
The "oxygen sprinkle" reverberatory smelting concept results in decreased energy consump­

tion due to flash oxidation of concentrates, with the use of oxygen and the energy savinp due to 
decreased gas handling requirements. This analysis has been based on the available published 
information (Queneau and Schuhmann, 1979). Experimental data are needed to demonstrate 
adequate re&actory life under actual operating conditions and to establish the quantity of air 
infiltration to the reverbs and the extent to which this will dilute the strong sulfur dioxide 
produced at the bumer. 

2.16.5 References 
Queneau, P.E., and R. Schuhmann, Jr., "Metamorphosis of the Copper Reverberatory Fumace: 
Oxygen Sprinkle Smelting," Joumal of Metals, December 1979, pp. 12-15. 
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3.0 HYDROMETALLURGICAL PROCESSES FOR 
TREATING CHALCOPYRITE CONCENTRATES 

3.1 INTRODUCTION 
The copper industry of the United States has in recent years been impacted by regulatory 

requirements relative to emissions standards. Of special concern have been sulfur, trace metal 
and particulate emissions. As a consequence, hydrometallurgical processing of copper concen­
trates has continued to attract attention. The ability of hydrometallurgical processes to scale-
down to relatively small size is an attractive feature but capital and operating costs generally 
exceed those of new pyrometallurgical processes. Hydrometallurgical processes employing elec­
trowinning are energy intensive and in general fail to compete in large scale operation with 
pyrometallurgical processes. Nevertheless, advantages in the handling of waste residues and the 
ability to compete for small scale operations continues to spur interest in the potential 
application of hydrometallurgical processes. 

This study concerns itself with the energy requirements of selected, proposed or commer­
cialized hydrometallurgical processes. These processes are sub-divided into four process cate­
gories as follows: 

a) chloride leaching; 
b) ammoniacal leaching; 
c) acid leaching; and 
d) pre-treated concentrates. 

Ofthe chloride processes the Cymet Ferric Chloride Process and the Duval Procesa are examples. 
The Duval (CLEAR) Process is in operation and reportedly treated twenty-five percent of all of 
Duval's concentrate production in 1978'. Unfortimately we were not able to obtain sufficient 
information on the CLEAR process to include in this study. The extensively piloted Cymet 
Cupric-ferric chloride leach is included in this anaylsis. The Arbiter process is the only process 
developed using ammoniacal leaching chemistry. The commercial plant constructed in 1974 is 
not in operation currently. Two acid leach processes, the Nitric-Sulfuric Acid Leach Process 
developed by Kennecott Copper Company and the DuPont Company is considered as is also the 
Ferric Sulfate-Sulfuric Acid leach process proposed jointly by the University of Utah and Martin 
Marietta resulting from an NSF/RANN supported project. 

Processes which include pre-treatment of concentrate prior to leaching are the Roast-Leach-
Electrowin (RLE) Process, the Sulfite-Reduction Process and the Sherritt-Cominco Copper 
Process. The RLE, Lakeshore plant closed when the depressed price of copper rendered it 
uneconomic for continued operation. Most of the hydrometallurgical processes reviewed here use 
electrowinning. Exceptions are the CsTnet process utilizing hydrogen reduction and the Sulfite-
Reduction processes utilizing ammonium bisulfite as the reductant. Table 3.1-1 lists the above 
processes and includes tbe reviewing organization and such features as lixiviant, separation 
(purification), reduction and residues characteristic of each process. The reviewing sub-contrac­
tors are Arthur D. Little (ADD, Mountain States Research and Development (MS), and Ford 
Bacon and Davis (FBD). 

a) Report given by R. W. Livingston at the Copper Hydrometallurgy Economics Panel Session, National A.I.M.E. 
Meeting, New Orieans. February. 1979. 
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TABLE 3.1-1 IIYDRnMETALLIIRGlCAL PROCESSES UlCLlinEI) IN THE ENERGY ANALYSIS 

I J 
ON 
O-I 

Process Name 

Cymet Ferric 
Cliloride Leach 

Arbiter Ainiionia 
Leacii 

Roast-Leach-
Electrowin 

N i t r i c -Su l fu r i c Acid 
Leact) 

Stierritt-Coinlnco 

Ferric Sulfate-
Sulfur ic Acid 

'Electroslurry 

Sul f i te-reduct ion 

Reviewing Sub-
Contractor 

ADL 

ADL 

MS 

FBD 

AOL 

ADL 

AOL 

FBD 

L ix iv iant (s ) 

cupr ic - fer r ic 
chlorides 

anmonia, oxygen 

spent e lec t ro ly te 

n i t r i c ac id , 
sul fur ic ac id , 
oxygen 

Sulfuric ac id , 
oxygen 

Ferric su l fa te , 
oxgyen 

Ferric su l fa te , 
oxygen 

sul fur ic acid 

Method of Separation-
Pur i f icat ion 

centr i fugal separation 
of c rys ta l l i zed cuprous 
chloride 

counter current deam-
tat ion (CCD) - eolvent 
extract ion 

CCD 

f i l t r a t i o n 

f i l t r a t i o n 

f i l t r a t i o n 

f i l t r a t i o n 

f i l t r a t i o n 

Reduction Residue (other than 
undissolved residual 
solids) 

fluidized bed 
hydrogen reduct 

Electrowinning 

Electrowinning 

Electrowinning 

Electrowinning 

Electrowinning 

Electrowinning 

hydronium jarosite-
ferric oxide 

gypsum, ferric oxide 

iron oxides 

anmoniuni jarosite, 
elemental sulfur 

ammonium Jarosite, 
ferric oxide, 
elemental sulfur 

amnxinium Jarosite. 
gypsum, elemental 
sulfur 

ferrous sulfate (or 
calcium (arosite) 
gypsum, elemental 
sulfur 

anironium busulfite gypsum, ferric oxides 

•Analysis provided by Envirotech Corporation 



3.2 ARBITER AMMONIA LEACH PROCESS 

3.2.1 Introduction 
This section contains an estimate of the material and energy requirements for the Arbiter 

Process, which utilizes countercurrent leaching techniques to extract copper by ammonia solu­
tion under oxygen atmosphere at low pressure and low temperature. This estimate is based on 
published information on the process, and on similar processes. The basis of these calculations is 
1 ton of cathode copper from chalcopyrite concentrate. The process is, however, much more 
successful in extracting a high percentage of copper from chalcocite concentrates than it is with 
chalcopyrite concentrates used as a standard of comparison in this study. 

A full-sized commercial plant using the Arbiter Process was built in 1974 at Anaconda's 
Montana smelter to produce 1(X) tons per day of cathode copper. The plant is not currently in 
operation due to the unavailability of concentrates with a high proportion of chalcocite which the 
process dissolves more readily than the chalcopyrite (McNulty, 1979). 

3.2.2 Process Description 
The Arbiter Process is an ammonia leach process using oxygen as an oxidizing agent under a 

pressure of 5 psig and a temperature of 60-90° C to extract copper from low grade or highly pjritic 
concentrates. 

The process basically consists of five major steps as shown in Figure 3.2-1, the Arbiter 
Process flow diagram: (1) concentrate preparation, (2) countercurrent leaching, (3) organic 
solvent extraction and stripping, (4) copper electrowinning and (5) ammonia recovery and sulfate 
disposal. 

The slurried concentrate is leached with ammonia under oxygen in a series of rubber-lined 
tanks with decantation and washing performed countercurrently. An organic-liquid-ion-exchange 
reagent is used to extract copper from the pregnant solution. The copper is, in tum, stripped from 
the organic solvent by an acid electrolyte and recovered by electrowinning. A portion of the 
barren raffinate is purged out ofthe system for the removal of sulfate by the addition of limestone 
producing gypsum slurry as a byproduct of the process. Ammonia is recovered for re-use. 

3.2.3 Material Balance 
The material balances are derived from the chemistry and knowledge of process conditions. 

The leaching chemistry of chalcopyrite can be described by the following equation: 

CuFeSj + 4yaOj + 4NH3 + H,0 ^Cu (NHj)*** + ^FejOj + 2S04"" + 2H+ (3.2.1) 

The liquid ion exchange steps are represented by the following general equation: 

2RH(„g) + CuS04(aq) ^ R^Cu^^gj + H^SO,̂ ^^^ (3.2.2) 

The gypsum production and ammonia recovery can be shown by the following equation: 

(NH^)! SO4 + CaO + H2 0 - * CaS04 • 2H2 0 + 2NH3 (3.2.3) 
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Although the process is capable of achieving high recovery of copper, to the range of 95 to 97 
percent by increasing the residence time in the leach circuit, recoveries in actual operation may 
be deliberately kept low (about 80 percent in the Montana operation) to enhance the recovery of 
precious metals contained in the concentrates (Kuhn, 1974). 

Major effluents are the leach residues and gypsum slurry. These streams are sent to settling 
ponds. Overflows from these ponds can be used for water makeup. A material balance for this 
process is shown in Table 3.2-1. 

The process does not generate any air pollutants but produces gypsum as a byproduct. 
Operating experiences indicate that the gypsum produced from the Arbiter Process, however, has 
not been of sufficiently high quality in physical characteristics and color to be suitable for 
wallboard manufacturing (McNulty, 1979). This may present a solid disposal problem to the 
plant operator. 

3.2.4 Energy Requirements 
The direct or Level I energy requirements for the Arbiter Process are shown in Table 3.2-2. 

The electrical energy includes all grinding, pumping, agitation and electrodeposition of copper, 
but does not include the energy for producing gaseous oxygen. The total electrical and thermal 
energy is equivalent to 37.9 million Btu per ton of copper ingot. The Level II energy required to 
produce the reagents used in the process, is presented in Table 3.2-3. An additional 25.5 million 
Btu per ton of copper is required to produce the reagents used in the process, largely in the form of 
oxygen, ammonia and lime. 

3.2.5 Discussion 
The Arbiter Process, using lime boil as a means to recover ammonia and to remove sulfate, 

as used at the Montana plant, requires substantially more energy than do the conventional 
smelting and refining plants equipped with sulfur dioxide emission control devices. According to 
the plant operator, the leaching, solvent extracting and electrowinning and lime boiling steps of 
the Arbiter Process would require 63 million Btu/ton of copper (McNulty, 1979). The high energy 
requirement of 35 million Btu/ton copper involved in the lime boil step is the result of a fairly 
dilute raffinate. A stronger rafiinate can be produced but only at the expense of other upstream 
problems. Most other operators of hydrometallurgical plants have also found that the treatment 
of dilute discard streams require major energy use particularly in areas where solar evaporation is 
not an effective way of eliminating water. 

Altemative methods for the disposal of sulfur and metal production have been studied by 
Anaconda. 

Replacing the electrowinning step with copper cementation with iron was projected to save 
about 20 million Btu per ton of copper (McNulty, 1979). 

3.2.6 References 
Arbiter, N., "New Advances in Hydrometallurgy," Symposium for Efficient Use of Fuels in the 
Metallurgical Industries, December 9-13,1974. Sponsored by IGT. 

269 



o 

TABLE 3 .2 -1 

STREAM NO. 

STREAIM NAME 

COMPOSITION 

Cu 
re 
s 
Si 02 
AL2O3 
FeO 
re203 
CaO 
HgO 
Others 
II2O 
NH3 
02 
(NH4)2 SO. 
CaSfl. • 21120 
112 sn^ 
C . i d i l h ) . SO. 
03(011)2 
Cu SO4 
Fe2(Srt4)3 

TOTAL 

(1 ) 

CONCENTRATE 

wet 
w t . w t . t 

1.250 22.50 
1.33722 24.07 
1.550 27.90 
0.43167 7.77 
n.17222 3.10 
0.03444 0.62 
0.05222 0.94 
0.10333 1.86 
0.04278 0.77 
0.02611 0.47 
0.55556 10.00 

5.55555 100.00 

ARBITER PROCESS 

(TONS PER TON CATHODE COPPER) 

(2 ) 

SLUCIHG WATER 

w t . wt .X 

2.77777 100.00 

2.77777 ' 100.0( 

(3 ) 

FEED SLURRY 

w t . w t . ?, 

1.250 16.00 
1.33722 16.05 
1.550 18.60 
n.43167 5.18 
O.J7222 2.07 
0.03444 0.41 
0.05222 0.63 
0.10333 1.24 
0.04278 0.51 
0.02611 0.31 
3.33323 40.00 

8.33332 100.00 

(4) 

OXYGEN 

w t . w t .X 

2.14004 100.00 

2.14004 100.00 

(5 ) 

AMHONIA 

w t . w t .Z 

1.60503 100.00 

1.60503 100.00 



--1 

TABLE 3.2-1 ( c o n t . ) ARBITER PROCESS 

(TONS PER TON CATIIODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
Sj02 
AL2O3 
FeO 
Fe203 
CaO 
MoO 
Others 
II2O 
Nil 3 

(^114)2 SO4 
CASrt4 . 21)20 
II2 SO4 
Cu(NH3)4 SO4 
Ca(0l l )2 
CUSO4 
Fe2(S04)3 

TOTAL 

* 
Assume: Cha 

**Based on a cc 
'**Amount c a l c u 

(6 ) 

* 
LEACII RESIDUES 

wt . w t . t 

0.250 2.97 
0.45838 5.44 
0.54104 6.42 
0.43167 5.12 
n.17222 2.04 
0.03444 0.41 
1.30871 15.54 
0.10333 1.23 
0.04278 n.51 
0.02611 0.31 
5.05302 60.00 

8.4217 100.00 

copy r i te 80* d i s s o l 
pper c o n c e n t r a t i o n 
ated f o r water bala 

O) 
** 

PREGNANT SOLUTIOH 

w t . u t t . t 

33.35404 85.49 

2.07951 5.33 

3.58159 9.18 

39.01513 100.00 

/ e d . P y r i t e 0?. d i s s t 
>f 30 gpl i n the s t r 
ice on l y 

(8 ) 

* ** 
HASH HATER 

w t . wt.% 

38.54575 100.00 

38.54575 100.00 

I ved , . 
ong s o l u t i o n * ' 

( 9 ) 

BARREN RAFFINATE 

w t . 

33.35404 
0.53502 

4.15608 

38.04514 

w t . l 

87.66 
1.41 

10.93 

100.00 

(10) 

SLAKE LIHE 

w t . 

2.33148 

2.33148 

w t .X 

100.00 

100.00 
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TABLE 3 .2 -1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION M t . 

Cu 
Fe 
S 
Sj02 
AL2O3 
FeO 
Fe203 
CaO 
MgO 
Others 
II2O 
NII3 

(^114)2 
CASO4 • 
II2SO4 
Cu(Nlh)4 
Ca(nH)2 
CUSO4 
Fe2(204)3 

TOTAL 

SO4 
211 2O 

SO^ 

*Based on Reft 
**Based on Ref 

(11) 

STEAM 

w t . t 

0.050 100.00 

n.050 

rence 2 : 
ence 2 : 

100.00 

Cu: 
Cu: 

37g 
34 

ARBITER PROCESS 

(TONS PER TON CATHODE COPPER) 

(12) 

GYPSUM 

wt . w t . t M t . 

8.12616 60.00 

5.41744 40.00 

13.54360 100.00 

P 
0)P 

Fe: 2.0 gpl 11 
1 Fe: 1.979pl H3 

(13) 
EXCESS II2O 

TO RE-USE 

w t . t 

20.10359 100.00 

20.10359 100.00 

SO4: 
SO4: 

132 gpl 
137 gpl 

(14) 

LOADED ELECTROLYTE 

wt. wt.t 

220.7025 

2R.70463 

20.58478 
1.57509 

271.5670 

81.27 

10.57 

7.5C 
n.5J 

100.0c 

tl5) 

SPENT ELECTROLYTE 

wt. 

18.85852 
1.54224 

270.5670 

wt.t 

220.02508 81.32 

30.14116 11.14 

6.97 
0.57 

100.00 
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TABLE 3 .2 -1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
5(02 
AL2O3 
FeO 
Feg03 
Cat) 
HgO 
Others 
H2O 
Nl l i 
02 
(NH4)2 SO4 
CASO4 . 21I2O 
II2SO4 
':u(NH3)4 SO4 
Ca(nH)2 
CUSO4 
Fe2(S04)3 

TOTAL 

(16) 

CATHODE COPPER 

wt . w t . t 

1.000 100.00 

i . ono 100.00 

ARBITER PROCESS 

(TONS PER TON CATHODE COPPER) 

I 



TABLE 3.2-2 ENERGY REQUIREMENTS 

ARBITER PROCESS 

Level I 

STEP 
NUMBER 

I J 

PROCESS 

E l e c t r i c a l Energy 

A) Combined Amount f o r 
E l e c t r o w i n n i n g , 
G r i n d i n g , Pumping 
and A g i t a t i o n 

Fuel f o r Process 

A) Heat ing ( N a t u r a l 
Gas) 

B) Fuel f o r Lime B o i l 
( N a t u r a l Gas) 

U N I T 

KHH 

SCF 

SCF 

UNITS PER NET TON 
CATHODE COPPER 

3000 

1500 

4900 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.001 

0 .001 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

31.5 

1.5 

4 .9 

3 7 . 9 0 



TABLE 3 . 2 - 3 ENERQY REQUIREMENTS 

ARBITER PROCESS 

Leve) 2 

STEP 
NUMBER 

I J 

U l 

PROCESS 

Leach.ix'.y 
sy Oxygen 
B) Ammonia Manufacture 

( 5 t l o s s / c y c l e ) 

A.o'lSOj).!3. Recovery 
A^ Lime 

U N I T 

TON 
TON 

TON 

UNITS PER NET TON 
CATHODE COPPER 

2.14 
0.0805 

2.33 

MILLION BTU 
REQUIRED PER UNIT 

3.78 
41.73 

5 . 4 5 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

8 . 0 8 9 
3 . 3 5 9 

1 2 . 6 9 9 

2 4 . 1 4 7 
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3.3 THE ROAST-LEACH-ELECTROWIN (RLE) PROCESS 

3.3.1 Introduction 
All material and energy requirements described in this section are based on the pilot plant 

and commercial results ofthe roast-leach-electrowin (RLE) process. Included in the estimates are 
evaluation of material and energy flows developed by Hecla Mining Company and El Paso 
Natural Gas Company. (Griffith, Day, Jordan, and Nyman, 1973.) Included in the estimates are 
evaluation of material and energy flows for incoming process streams, outgoing process streams, 
and circulating streams. 

The RLE process is not new. It has been extensively described in the metallurgical literature 
and the basic patent utilizing a fluid bed roaster was issued in 1957 (Foley, 1957). Prior to the 
Hecla Mining — El Paso Natural Gas development, the process had not been used commercially 
in North America. It was successfully piloted by Bagdad Copper Company and Dorr-Oliver, Inc. 
in 1957 (Howell, Grothe, and McLeod, 1957). Subsequent process development work abroad led 
to successful commercial installations in Zambia and Zaire, with over 300,000 metric tons of 
copper now being produced aimually by this type of process in Zaire alone. 

' The process described by Griffith, et al., (Griffith, Day, Jordan, and Nyman, 1973) was 
piloted using concentrates from both Cyprus, Pima and Hecla Lakeshore operations. A full scale 
plant using a modification of the RLE process wets the Hecla Lakeshore plant, a joint venture of 
Hecla Mining Company and El Paso Natural Gas Company, near Casa Grande. Arizona. The 
feed for the sulfide mill (and oxide mill, as well) came from an underground mine containing a 
large, complex deposit of both ore types (E/MJ, 1977). As a result ofthe decrease in copper prices 
the Lakeshore plant was shut down in 1978. 



3.3.2 Process Description 
The process is comprised of a fluid-bed sulfating roast (process step 1), followed by a leach 

(process step 4) and electrowinning ofthe copper to cathodes (process step 6). In the treatment of 
a typical chalcopyrite concentrate the major reactions are: 

Fluid-bed sulfating roast 

(1) chalcopyrite 

15 1 
CuFeSi + Ol —<'CuS04 + FciOa +SOi (33.1) 

4 2 

13 1 
CuFeSi + O3 — CuO + FejOj + 2S0i (332) 

4 2 

CuO + OJ + SO2 —̂  CUSO4 {333) 
2 

(2) pyrite 

11 1 
FeS, + O2 — Fez O3 + 2S0, (3 J.4) 

4 2 

Acid leach 

spent 

CUSO4 (solid) * CUSO4 aqueous (33.5) 
electrolyte 

CuO + H2 SO4 - » CUSO4 + HJ 0 (33.6) 
The copper sulfide concentrate is slurry fed into the roaster wherein copper sulfides are converted 
to copper sulfate by controlling air flow rate emd temperatxire. The iron sulfides in the feed are 
oxidized to hematite. The calcine is hot quenched and leached with dilute sulfuric acid to dissolve 
the copper sulfate. The leach slurry is separated into a clear pregnant solution and a leach residue 
by countercurrent decantation. 

The copper is recovered from the pregnant solution in electrowinning by deposition on 
copper starter sheets. Spent electrolyte is divided between the agitation leach circuit emd 
cementation for contact with metallic iron in a proportion that satisfies solution needs and overall 
copper recovery. Effiuent liquor from the cementation step is rejected for the purposes of this 
analysis. Pregnemt electrolyte contains about 49 gpl copper entering the starter section. Depletion 
of copper during electrolysis in the stealer section reduces the solution concentration to 40 gpl 
copper. Current density in the electrowinning plant is designed to be in the range of 15 to 20 amps 
per square foot (E/MJ, 1977). In the test work performed by Griffith, et al., the following were 
established as the important variables in the RLE process: 
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(1) Roaster space rate 
(2) Roaster temperature 
(3) Roaster feed sulfur to air ratio 
(4) Current density 
(5) Spent electrolyte composition 

The data used to construct the model of the RLE process were taken from the plemt data of the 
Hecla Lakeshore operation. The Lakeshore process, produced some cement copper which contains 
40 percent copper. This was sent to a custom smelter where it wets further processed into cathode 
copper. For this study the cementation process is followed by a redissolution step so that the final 
product from the RLE process is cathode copper. 

The Lakeshore operation included a sponge iron plant. However, in this anedysis, the 
prepeu'ation of sponge iron is not included in the heat requirement. It is assumed that the metallic 
iron for the copper cementation step would be provided firom the most economical source. 

The analysis of the concentrate from the Lakeshore operation was 25.92 percent copper, 
25.55 percent iron, and 29.27 percent sulfur. Therefore, the data have been adjusted to the 
standeurd concentrate vedue of 25.00 percent copper, 29.00 percent iron, and 31.00 percent sulfur. 
The energy equivalents for some items were teiken from Kellogg and Henderson (1967). 

The flowsheet for the RLE process shown in Figure 3.3-1 is the original flow sheet and does 
not include a solvent extraction step which was to be added later. The material emd energy 
requirements for the process are shown in Tables 3.3-1, 3.3-2, and 3.3-3. Table 3.3-2 includes all 
direct energy inputs and their contribution to the energy requirement for each process step. Table 
3.3-3 includes the consumable materieds and their energy contribution to the process. 

It is evident from Table 3.3-2 that about 70 percent of the total energy for the process is in 
the form of electrical energy used in the electrowinning process. Large amounts of energy are edso 
used in the production of acid. The cementation step requires a small amount of energy. 

The process has basic limitations or disadvantages which are well known. Copper recovery 
(94.3 percent) is generally slightly lower them that achieved in reverberatory smelting, converting, 
and electrolytic refining. Precious metals in the sulfide concentrate are lost in the leach residue. 
Disposal of relatively large volumes of copper beeuing acidic spent electrolyte is required, since 
more acid is generated in the electrolysis than is required in leaching. Although roaster gases are 
of a strength adequate for autothermal conversion to sulfuric acid, the gas strength is near the 
lower limit for autothermal operation. Because of the limitations, the process is applicable only 
where the limitations are not economically importemt or where low cost solutions to them can be 
developed. 

3.3.3 Conclusions 
The RLE process appears to be more efficient in energy utilization than the electric smelting 

process and as effective as conventional reverberatory cedcine smelting. The overall energy 
consumption is 30.0 million Btu's per ton cathode copper as compared to 39.4 million Btu's per 
ton for electric smelting and 31.0 million Btu's per ton for the reverberatory calcine smelting. 
However, the process has basic limitations. Even with close control of the sulfate roaster, the exit 
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TABLE 3 .3 -1 ROAST-LEACII ELECTROWINNING PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
CuO 
CuSO^ 

FeO 
Fe^Oj 

FeSO^ 

SiO^ 

AL2O3 

CaO 

11̂ 0 

Fuel 

°2 
"2 
CO2 
SO2 

SO3 

TOTAL 
TEMP. (F) 
STATE 

(1 ) 

CONCENTRATE 

dry 
w t . wt.7. 

1.061 25.001 
1.134 26.739 
1.315 30.997 

.029 .690 

.044 1.040 

.425 10.014 

.146 3.450 

.088 2.070 

.579 

4.821 100.000 
60 

S 

(2 ) 

ROASTING AIR 

w t . w t .X 

2.750 23.000 

9.206 77.000 

11.956 100.000 
60 

G 

(3 ) 

FUEL 

w t . w t . t 

.001 100.000 

" 

.001 100.000 
60 

L 

(4 ) 
ROASTING 

OFF GAS 

w t . w t .Z 

.016 .101 

.013 .085 

.0 )5 .098 

.732 4.644 

.490 3 . )06 

1.208 7.664 

.090 .568 

.319 2.022 

.110 .697 

.066 .418 

.579 3.675 

.526 3.336 

9.206 58.420 

.002 .014 

1.819 11.545 

.568 3.607 

15.759 )00.000 
)274 

G 

(5 ) 
DILUTION 

AIR 

w t . w t .X 

.383 23.000 

1.282 77.000 

1.665 100.000 
60 

G 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
CuO 
CuSO^ 

^^2^3 
FcSO^ 

SiO^ 

AL2O3 

CaO 
II^O 

"2^°4 

«2 

"2 
CO2 

SO2 

SO3 

TOTAL 
TEMP. (F) 
STATE 

3 .3 -1 (cont .) 

(6) 

SO, ACID 
"̂ GAS 

w t . 

.579 

.909 

10.488 

.002 

1.819 

.568 

14.366 
600 

G 

wt .X 

4.031 

6.325 

73.007 

.015 

12.664 

3.957 

00.000 

ROAST-LEACII ELECTROWINNING PROCESS 

(TONS PER TON CATHODE COPPER) 

(7 ) 

DUST 
RECYCLE 

w t . w t .Z 

.016 .520 

.013 .436 

.015 .506 

.732 23.937 

.490 16.010 

1.208 39.497 

.090 2.928 

.319 10.421 

.110 3.590 

.066 2.154 

3.058 100.000 
1000 

S 

(8 ) 

CALCINE 

w t . wt.% 

.005 .520 

.004 .436 

.005 .506 

.244 23.937 

.163 16.010 

.403 39.497 

.030 2.928 

.106 10.421 

.037 3.590 

.022 2.154 

1.019 100.000 
1112 

S 

(9 ) 

LEACH 
TAILS 

w t . 

.021 

.018 

.021 

.049 

.257 

1.610 

.042 

.425 

.146 

.088 
2.073 

.006 

4.755 
123 

S 

m t . t 

.446 

.373 

.434 
1.026 
5.407 

33.861 

.873 

8.934 

3.078 

1 .847 
43.589 

.131 

100.00c 

(10) 

WATER 

w t . 

8.322 

8.322 
60 

L 

wt.% 

100.000 

100.000 
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TABLE 3 .3 -1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
CuO 
CuSO^ 

Fe203 

FeSO^ 

SiO^ 

AL2O3 

CaO 

11^0 

"2SO4 

°2 

TOTAL 
TEMP. (F) 
STATE 

(11) 
RECYCLE 

WASH 

w t . wt.% 

.256 3.074 

.041 .496 

8.019 96.355 

.006 .075 

8.322 100.000 
74 

L 

ROAST-LEACH ELECTROWINNING PROCESS 

(TONS PER TON 

(12) 

CCD TAILS 

w t . w t .X 

.021 .446 

.018 .373 

.021 .434 

.049 1.026 

.001 .027 

1.610 33.861 

.000 .004 

.425 8.934 

.146 3.078 

.088 1.847 

2.376 49.968 

.000 .001 

4.755 100.000 
74 

S 

CATHODE COPPER) 

(13) 
PREGNANT 

ELECTROLYTE 

w t . wt.% 

3.114 10.814 

.503 1.746 

25.101 87.177 

.076 .262 

28.793 . 100.000 
123 

L 

(14) 
ELECTROWINNING 

OFF GAS 

w t . w t . ? 

.252 100.000 

.252 100.000 
104 

G 

(15) 
CATHODE 

Cu 

w t . wt.% 

1.000 100.000 

1.000 100.000 
104 

S 
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TABLE 3.3-1 ( c o n t . ) ROAST-LEACH ELECTROWINNING PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Fe 
CuSO^ 

FeSO, 

H2O 

H^SO, 

TOTAL 
TEHP. 
STATE 

(F) 

(16) 

SPENT 
ELECTROLYTE 

wt. wt.^. 

.837 

.533 

26.350 

1.694 

29.415 
104 

L 

2 

1 

9 

5 

846 

812 

582 

759 

.602 

.383 

18.946 

1.219 

100.000 

(17) 

ELECTROLYTE 
RECYCLE 

wt. wt.f 

21.150 
104 

L 

2.847 

1.813 

89.578 

5.762 

100.000 

(18) 

REDISSOLUTION 
LIQUOR 

wt. wt.% 

.048 

.030 

1.504 

.097 

1.680 
104 

L 

2.847 

1.813 

89.578 

5.762 

100.000 

(19) 

CEMENTATION 
FEED 

wt. wt.% 

.187 

.119 

5.899 

.379 

6.585 
104 

L 

2.847 

1.813 

89.578 

5.762 

100.000 

(20) 

CEMENTATION 
IRON 

wt. wt.% 

.086 100.000 

.086 
60 
S 

100.000 
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TABLE 3 .3 -1 ( c o n t . ) ROAST-LEACH ELECTROWINNING PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
FeSO, 

H^O 

H^SO, 

TOTAL 
TEMP. (F) 
STATE 

(21) 

CEMENTATION 
AIR 

wt. wt.'/. 

1.059 

3.545 

4.603 
60 
G 

23.000 

77.000 

.353 

5.905 

.344 

1.053 

3.545 

3.151 

52.727 

3.071 

9.402 

31.650 

100.000 

(22) 

BARREN LIQUOR 

wt. wt. / 

11.199 
104 

L 

100.000 

(23) 

CEMENT CU 

wt. wt.% 

.075 

.075 
104 

S 

100.000 

100;000 

(24) 

ACID 

Mt. wt.% 

.007 

,093 

100 
60 
L 

7.000 

93.000 

) 00.000 

(25) 

REDISSOLUTION 
AIR 

wt. 

.019 

.019 
60 
G 

wt.X 

100.000 

100.000 
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TABLE 3.3-1 ( c o n t . ) ' ROAST-LEACH ELECTROWINNING PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

FeO 
FeSO, 

HgO 

"25O4 

"2 

"2 

" 2 

TOTAL 
TEMP. (F) 
STATE 

(26) 

RECYCLE 
SOLUTION 

wt . w t .Z 

.235 12.559 

.030 1.626 

1.533 81.815 

.075 4.000 

1.873 100.000 
157 

L 

(27) 

ACID TAIL 
GAS 

wt . wt.% 

.454 4.151 

10.488 95.829 

.002 .020 

10.945 100.000 
100 

G 

(28) 

SULPHURIC 
ACID 

w t . wt.% 

.262 7.000 

3.482 93.000 

3.744 100.000 
100 

L 
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T A B L E 3 . 3 - 2 

STEP 
NUMBER 

I 

2 

4 

5 

6 

7 

8 

9 

PROCESS 

F l u i d Bed Roas t inn 

A) E l e c t r i c a l Power 
B) Fuel ( S t a r t - U p ) 

Roaster Gas C lean ing 

A) Hot Gas Hand l ing 

Leach ing 

A) E l e c t r i c a l Power 

CCD 

A) E l e c t r i c a l Power 

E l e c t r o w i n n l n g 

A) E l e c t r i c a l Power 

Cementat ion 

A) E l e c t r i c a l Power 

R e d i s s o l u t i o n 

A) E l e c t r i c a l Power 

Ac id P lan t 

A) E l e c t r i c a l Power 

B) Cold Gas C lean ing 

ROAST 

U N I T 

KWH 
GAL 

MILLION 
SCF 

KWH 

KWH 

KWH 

KHH 

KWH 

MILL ION 
SCF 
MILL ION 
SCF 

ENERQY REQUIREMENTS 

- LEACH - ELECTROWINNING PROCESS 

UNITS PER NET TON 
CATHODE COPPER 

110.61 
0.212 

296.11 

59.756 

37.294 

2134.0 

30.675 

16.275 

234.36 

234.36 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 
0.1474 

0.00252 

0.0105 

0.0105 

0.0105 

0.0105 

0.0105 

0.0113 

0.00132 

TOTAL 

Leve l 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

1. 161 
0.031 

0.746 

0.627 

0.392 

22.407 

0.322 

0.171 

2.648 

0.309 

28.814 



TABLE 3 . 3 - 3 ENERGY REQUIREMENTS 

ROAST - LEACII - ELECTROWINNING PROCESS 

L e v e l 2 

STEP 
NUMBER PROCESS U N I T 

UNITS PER NET TON 
CATHODE COPPER 

MILLION BTU 
REQUIRED PER UNIT 

MILL ION BTU PER NET 
TON CATHODIC COPPER 

I J 
00 

Cemen ta t i on 

A) I r o n 

R e d i s s o l u t i o n 

A) S u l f u r i c A c i d 

TON 

TON 

0 .08625 

0 . 10125 

18.00 

.83 

TOTAL 

1.553 

.084 

1.637 



gas will contain excessive quantities of sulfur trioxide. Also, the recovery of copper as well as 
precious metals is lower, and disposal of large volumes of spent electrolyte is required. Moreover, 
the quality of cathode copper may not meet the electrolytic copper grade. Inclusion of the solvent 
extraction system appears to overcome some of these problems. 

3.3.4 Recommendations 
The RLE process is very well suited for mixed sulfide-oxide copper deposits. Because of 

some inherent disadvantages, the process needs additional research and development efforts. Of 
primary importance are the following: 

(1) Recovery of precious metals 
(2) Altemative methods for making the process suitable for all sulfide ores 
(3) Altemate methods for sulfur removal other than excess acid production. 

There appears to be little opportunity for major energy savinp since electrowinning requires the 
major proportion of the total energy. However, if a method could be used for copper precipatation 
other than electrowinning considerable energy savinp could result. For example, about 3X10" 
Btu per ton of cathode copper would be saved by utilizing the electroslurry electrowinning 
process. 

3.3.5 References 
Engineering and Mining Joumal Operating Handbook of Mineral Process, McGraw HiU, Inc., pp. 
21-22, 1977. 

Foley, R.M., Method for Treating Copper Ore Concentrates, U.S. Patent No. 2,783,141, February 
25, 1957. 

Griffith, W.A., H.E. Day, T.S. Jordan, and V.C. Nyman, "Development of the Roast-Leach-
Electrowin Process for Lakeshore," Hecla Mining Company Report; Wallace, Idaho, 1973. 

Howell, E.S., J.D. Grothe, and B.H. McLeod, "Bagdad Reports Metallurgical Test Results on 
Copper Recovery Method," Engineering and Mining Joumal, Vol. 258, No. 7, pp. 86-89, July, 
1957. 

Kellogg, H.H. ahd J.M. Henderson, Elxtractive Metallurgy of Copper, Vol. 1, Ch. 19, American 
Institute of Mining, Metallurgical and Petroleum Engineers, Baltimore, MD, 1967. 

3.4 CYMET PROCESS 

3.4.1 Introduction 
This process is analyzed for its material and energy requirements for extracting copper from 

chalcopyrite concentrate. The summary of material flows includes the raw materials and other 
process influents, internal process streams, and process effluents. The basis for all material and 
energy requirement is the production of one ton of cathode grade copper. The process in its 
present form has undergone extensive pilot plant testing since 1977 and the process at the pilot 
level is well understood. 
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3.4.2 Process Description 
The process employs a cupric-ferric chloride to leach concentrates at 90° to 95''C to produce 

a solution rich in cuprous chloride as shown in Figure 3.4-1. The cuprous chloride is crystallized 
from solution by cooling to 38°C and separated &om the solution in a centrifuge. The dried 
cuprous chloride crystals are fed to a fluidized bed reduction process that employs heated 
hydrogen as a reducing agent. After the copper nodules formed in the fluidized bed grow to a large 
enough size, they are removed by screening. The hydrogen chloride formed in the fluidized bed is 
removed by scrubbers and retumed to the leach solution. The unreacted hydrogen is recycled 
back to the fluidized bed with the addition of make-up hydrogen. It is necessary to remelt the 
copper nodules in a refining fumace with an appropriate flux to remove any entrained sand and to 
fire refine the copper before casting into ingots. 

The depleted liquor shown as stream 4 in Figure 3.4-1 is now rich in both cuprous and 
ferrous chloride. The liquor is regenerated back to ferric and cupric chloride with oxygen and by 
the addition of the hydrogen chloride recovered from the fluidized bed scrubbers. The reactions 
are exothermic and the solution leaves the step at 93° C. The excess iron in the regenerated leach 
liquor is precipitated as hydronium jarosite or ferric hydroxide. The major effluent streams from 
the process are the gangue minerals from the concentrate and the jarosite precipitates. These 
solid materials are sent to a tailings pond after recovery of the elemental sulfur and molybdenite 
they contain. The yield of copper metal in finished form from concentrate is 95 percent. 

3.4.3 Material Balances 
The material balances depend directly on the chemistry ofthe process. McNamara gave the 

following net reactions in his 1978 paper. 

Cupric Leach 

SCuClj + CuFeS, - * 4CuCl + FeCl + 2S° (3.4.1) 

6CuCl2 + S° + 4H2 0 —* 6CuCl + Hj SO* + 6HCI (3.4.2) 

4FeCl3 + CuFeSi - * 5FeCU + CaCl, + 2S° (3.4 3) 

Ferric Leach 

FeCIj + CuCl —' FeCli + CuCl, (3.4.4) 

4FeCl3 + CuFeSj — SFeClj + CuClj + 2S° (3.4 i ) 

Metal Reduaion 

:CuCl + Hi - * 2Cu° + 2HCI t (3.4.6) 

Hydro lysis/Reagent Regeneration 

4FeCl2 + OJ + 4HC1 — 4FeCl3 + 2H2 0 (3.4.7) 

4CuCl + 0i+4HCI —4CuCl2 +2HjO (3.4.8) 
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3FeCl3 + 2H2S04 + 7H2O — (H3O) Fcj (804)2 (OH)̂  I + 9HC1 (3.4.9) 

FeCl3 + 6H2O ~* Fe (0H)3 (H2 0)3 i + 3HCI (3.4.10) 

Summation 

2102 + 18H20+12CuFeS2-*I2Cu° + 1(5S° + 4{HjO) Fe3 (804)2 (0H)6 (3.4.11) 

9O2 + 18HjO + 12CuFeS, — l2Cu'' + 245° + l2Fe(OH)3 (3.4.12) 

Material balance for the Cymet process is presented in Table 3.4-1. Since the process is still 
proprietary, many of the details on reaction times, temperatures, and concentrations are not 
known. The balances should present, however, a general idea of the material flows to produce one 
ton of copper. 

The material balances and energy flows for the process are found in a number of references 
(McNamara, 1978), (McNamara, 1979), and (Bailey, 1978). Additional references to an earlier 
version of this process are found in earlier papers (Allen, 1974; Kruesi, 1973; and Kruesi, 1974). 

3.4.4 Energy Requirements 
The Level I energy requirements for Cymet Process for direct thermal and electrical energy 

are presented in Table 3.4-2. The electrical energy is reported to include all grinding, pumping, 
and agitation but not the energy used to produce oxygen by air separation. The total direct energy 
is 23.8 million Btu per ton of copper ingot. Looking at the energy needed to produce the chemicals 
consumed in the process, we find an additional 7.1 million Btu is consumed per ton of copper 
ingot. The energy content of the chemicals is presented in Table 3.4-3 with the production of 
gaseous oxygen and hydrogen requiring most of the energy input. 

3.4.5 Discussion 
The total energy for fuel, electricity and chemicals is equivalent to 30.9 million Btu per ton 

of copper ingot. The energy consumption is the lowest of all hydrometallurgical processes because 
of the use of the hydrogen fluidized bed for copper reduction. The energy consumption of 3.7 
million Btu per ton of copper for hydrogen is considerably lower than energy consumption for 
electrowinning. 

Extensive pilot plant testing has been completed by the Cypnis Metallurgical Process 
Corporation in Tucson, Arizona and the process has been evaluated both technically i:nd econom­
ically. Cyprus plans to build a commercial plant using this process. 

3.4.6 Conclusions and Recommendations 
This process appears to be an attractive hydrometallurgical process with a relatively-low-

energy consumption. The process is being actively developed and it may find several commercial 
applications. Like all hydrometallurgical processes, it may be most attractive at a smaller scale 
with a capacity of below 75,000 tons of copper per year where pyrometallurgical techniques are 
less attractive. It offers the potential of being a low-pollution method of extracting copper from 
chalcopyrite concentrates. 
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TABLE 3 .4 -1 CVHF.T IIYOROHlTALLURf.l CAL PROCESS 

(TONS PER TON OF FIRE REFINED COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
s ^ n ^ 
AL^Oj 

FeO 

'̂ «2.«3 
CaO 
Mgn 
Others 

"2 

"2 
MCI 
Fe(0M)3 

NH^Fe2(S04)2 

TOTAL 

(1) 

COPPER CONCENTRATE 

w t . wt.7. 

1.050 20.0 
1.126 26.7 
1.305 31.0 
0.365 8.6 

0.145 3.5 

0.029 0.7 
0.044 1.0 

0.087 2.1 
0.036 0.9 
0.022 0.5 

4.209 100.00 

(2 ) 
LIQUOR FROM 

CUPRIC LEACII 

d ry 
w t . wt.?. 

1.400 18.90 

5.997 80 .10 

14.000 

21.397 100.00 

(3) 

FILTERED 
LIQUOR 

dry 
w t . w t .X 

I 

1.400 18.90 

5.997 80 .10 

14.000 

n . 3 9 7 100.00 

(4 ) 

DEPLETED 
LIQUOR 

dry 
w t . u t t . t 

0 .400 6.3 

5.997 93.7 

14.000 

20.397 100.00 

(5 ) 

CRYSTALLIZED 
CUPROUS CHLORIDE 

w t . wt.% 

1.000 100.00 

1.000 100.00 
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TABLE 3 . 4 - i ( c o n t . ) CVHET lirDROMETALLURGICAL PROCESS 

(TONS PER TON OF FIRE REFINED COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
S j ( 

AL 

Fe 
Fe 

Ca 
"9 
Ot 
O3 

" 2 
MC 
Fe 
NH 

Cu 
Cu 
Fe 
Fe 
H 

2 

2^3 
0 

2"3 
0 
0 
hers 

1 
(0M)5 

Fe2TS0^)2-

+ 1 ^ 
• 2 
+ 2 
• 3 

0 

TOTAL 

( 6 ) 

REGENERATED 
(EACH LIOUOR 

V I t . 

0.813 
V.884 

0.400 

4.915 
14.000 

wt .? . 

22.012 

10.1 
2 3 . 5 

5 . 0 

6 1 . 4 

100.00 

(7 ) 

SOLID 
HASTE 

w t . M t . % 

0.050 
0.044 
0.050 
0.363 

0.145 

0.029 
0.044 

0.087 
0.036 
0.022 

1.40 
1.20 
1 .40 

10.30 

4 .00 

0.80 
1.20 

2.40 
1 .00 
0.60 

0.813 
1.884 

3 . 5 6 7 

22.90 
52.80 

100.00 

(8 ) 

SULFUR 

w t . wt .V̂  

1 .OOa 

1.004 

100.00 

100.00 

( 9 ) 

OXYGEN 
OXYGEN GAS 

0 . 9 0 9 

0 . 9 0 9 

100.00 

100.00 

(10) 

HYDROGEN 
CHLORIDE 

0 . 5 7 5 100.00 

0.571 100.00 
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T A B L E 3 . 4 - 1 ( c o o t . ) CYMET HYOROHETALLIIRGICAL PROCESS 

(TONS PER TON FIRE REFINED COPPER) 

S T R E A M N O . 

S T R E A M N A M E 

C O M P O S I T I O N 

Cu 
Fe 
S 
SjOg 

'^ ' •z"3 
Fen 
F e g O j 

Can 
MgO 
O t h e r s 

" 2 

" 2 
HCl 
F e ( 0 H ) 3 

N I I ^ F e 2 ( S 0 ^ ) 2 

( O H ) , 

^ ^ 2 

F e * 2 

HgO 

TOTAL 

( 1 1 ) 

SAND IN 
FLUID BED 

w t . w t . X 

0 . 1 1 0 1 0 0 . 0 0 

0 . 1 1 0 1 0 0 . 0 0 

( 1 2 ) 

HYOROr.EH 
GAS 

w t . w t . « 

0 . 0 1 5 7 1 0 0 . 0 0 

0 . 0 1 5 7 1 0 0 . 0 0 

( 1 3 ) 

COPPER 
NODULES 

w t . \ t t . t 

i . n n o 9 0 . 0 0 

0 . 1 1 0 1 0 . 0 0 

1 . 1 1 0 1 0 0 . 0 0 

( 1 4 ) 

SAND SLAG 

w t . w t . y . 

0 . 1 1 0 1 0 0 . 0 0 

0 . 1 1 0 1 0 0 . 0 0 

( 1 5 ) 

COPPER INGOT 

w t . w t . ' i 

1 . 0 0 0 1 0 0 . 0 0 

1 . 0 0 0 1 0 0 . 0 0 

file:///tt.t


TABLE 3 .4-2 ENERGY REQUIREMENTS 

CYMET HYDROMETALLURGICAL PROCESS 

Level 1 

STEP 
NUMBER 

I-J 
\o 
u t 

PROCESS 

R e f i n i n g Furnace 

A) Fuel 

E l e c t r i c a l Energy 

A) For O v e r a l l 
Opera t ions 

U N I T 

SCF 

KWH 

UNITS PER NET TON 
CATHODE COPPER 

6000 

1690 

MILLION BTU 
REQUIRED PER UNIT 

0.001 

0.0105 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

6.0 

17.8 

23.8 



TABLE 3 .4 -3 ENERGY REQUIREMENTS 

CYMET HYDROMETALLURGICAL PROCESS 

L e v e l 2 

STEP 
NUMBER 

NO 
O N 

P R O C E S S 

M y d r o l y j j s 
A) Oxygen 

F l u i d i z e d Ued 
A^ Hydrogen 
D) Sand 

U N I T 

TON 

TON 
TON 

UNITS PER NET TON 
CATHODE COPPER 

0 . 9 0 9 

0.0157 
0.11 

MILLION BTU 
REQUIRED PER UNIT 

3.78 

234.00 
0.042 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

3 . 4 3 6 

3 . 6 7 4 
0 . 0 0 5 

7.115 
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3.5 SHERRITT-COMINCO PROCESS 

3.5.1 Introduction 
The unusual features of the Sherritt-Cominco process are an activating roast and an initial 

leach to reduce the iron content of the chalcopyrite concentrates. The estimates in this section 
include calculations of material flow for raw materials, internal process streams, and process 
effluents. A basis of one ton of cathode copper from a specified chalcopyrite concentrate is used in 
all calculations. The process has been extensively tested in a 9 ton per day pilot plant on a 
complex concentrate containing chalcopyrite, iron pyrite and recoverable zinc, gold and silver. A 
simpler process without zinc recovery is proposed for the purer chalcopyrite concentrate used in 
this comparison. 

3.5.2 Process Description 
The process for treating Arizona type chalcopyrite concentrates is a simplification of the 

process to treat the more complicated pyritic copper concentrates. As is outlined in Figure 3.5-1, 
the process employs a two-stage activating roast and a two-stage leach to produce a solution rich 
in cupric sulfate. 
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An oxidizing roast of the chalcopyrite concentrate followed by a reducing roast with 
hydrogen produce a calcine of bomite and troilite. All leaching steps are carried out in lead-clad-
brick autoclaves at elevated pressures. The milder-first-stage sulfuric acid leach, conducted at 
70°C and atmospheric pressure, dissolves the ferrous ion in troilite without dissolving the copper 
in the bomite. The dissolved iron is removed from the liquor as ammonium jarosite by first 
treating it with oxygen and ammonia and then by separating the precipitated jarosite ftom the 
liquid. In the stronger-oxidative leach, sulfuric acid and oxygen at lOO^C and 13.5 atmospheres 
pressure dissolve 98 percent ofthe copper content. The leach liquor is purified of much ofthe iron 
and trace impurities in a pressurized oxygen reactor. The purified leach solution is sent to copper 
electrowinning cells for copper recovery. 

In the electrolytic cells most of the electrolyte is recycled to the oxidative leach step. A small 
bleed stream of electrolyte controls the concentration of trace impurities not removed elsewhere 
in the process. The process employs a two-stage sulfuric acid plant to produce the acid required 
for leaching and a Claus plant to control the hydrogen sulfide produced in the reduction roast and 
first-stage leach. The major solid effluents from the process are the undissolved portion of the 
concentrate, the ammonium jarosite precipitate and a small amount of ferric oxide precipitate. 
Precious metals can be recovered from the oxidation leach residue, while elemental sulfur is 
recovered in the Claus plant and the precious metals circuit. 

3.5.3 Material Balance 
The material balances are derived from the chemical reactions involved. The chemistry is 

summarized below. 

Destabilization Roast 

Heat 
SCuFeSj <• 5CuFeS,.j + l/2Sj (3.5.1) 

Heat 
7FeSj • FCTSS + 3Sj (3.5.2) 

Reduction Roast 

5CuFeSi.8 + Hi —• CusFeS* + 4FeS + H^St (3S3) 

FCTSS + HJ - * 7FeS + HjSt (3.5.4) 

Acid Leach 

FeS + Hj SO4 —<• FeS04 + Hi S t (3.5.5) 

Jarosite Precipiiation 

6FeS04 + 2NH4OH + 3/2O1 + 7HiO -— 2NH4Fe3 (804)2 (OH)^ + 2HiS04 (3.5.6) 

O.xidation Leach 

Cuj FeS* + 6H1SO4 + 30 . —* 5CUSO4 + FeS04 + 4S° + 6H1O (3.5.7) 

Elearowinning 

: H J O + 2CUSO4 - * :Cu° + 2HjS04 + O, (3i.8) 
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The material balances that result from this chemistry are shown in Table 3.5-1. Hydrogen 
reduction could replace the electrowinning but it has not yet been demonstrated on a large-pilot-
plant basis (Maschmeyer, 1978). The background for material flow requirements was taken from 
a number of recent papers (Kawulka, 1978; Maschmeyer, 1978; and Swinkels, 1978). 

3.5.4 Energy Requirements 
The Level 1 energy requirements for the Sherritt-Cominco process are shown in Table 3.5-2. 

The electrical energy includes all grinding, pumping, agitating, and electrodeposition of copper, 
but does not include the energy for producing gaseous oxygen. The total electrical and thermal 
energy is 38.7 million Btu per ton of copper ingot. The Level 2 energy, which is required to 
produce the reagents used in the process, is presented in Table 3.5-3. An additional 9.4 million 
Btu per ton of copper is required to produce the reagents used in the process, Ifirgely in the form of 
oxygen, hydrogen and ammonia. 

3.5.5 Discussion 
The total energy for fuel, electricity and chemicals is 48.1 million Btu per ton of copper 

ingot. The energy consumption is in the mid-range of other hydrometallurgical processes 
analyzed in this study. The use of the hydrogen reduction version of this process could lower the 
total energy consumption when it is commercially proven. 

The process has undergone extensive pilot plant evaluation with all materials of construc­
tion, process control, and operating procedures well defined. The companies believe they under­
stand all parameters necessary to design a commercially viable copper refinery capable of 
treating a wide variety of concentrates. Other versions of this process can successfully treat mixed 
sulfide concentrates and recover zinc, molybdenum, precious metals as well as copper. 

3.5.6 Conclusions and Recommendations 
One of the major attractions of this process is its stage of development and its ability to 

process very complex concentrates. Its energy consumption is in the mid-range for 
hydrometallurgical processes analyzed in this study, and the hydrogen reduction version could 
result in lower energy consumption. Like all hydrometallurgical processes, it may be most 
attractive in smaller plants with a capacity of less than 75,000 tons per year. 

3.5.7 References 
Arthur D. Little, Inc., Environmental Considerations of Selected Energy Conserving Manufac­
turing Process Options: Vol. VII Ammonia Industry Report, Interagency Energy-Environment 
Research and Development Program Report, EPA 600/7-76-034g, December 1978. 

Energy Conservation Program Guide for Industry and Commerce, National Bureau of Standards 
Handbook 115, September, 1974. 

Energy Use Pattems for Metal Recycling, U.S. Department of Commerce, Bureau of Mines 
Circular 8781, 1978. 

Kawulka, P., CR. Kirby and G.L. Bolton, "The Sherritt-Cominco Copper Process — Part H: 
Pilot-Plant Operations," CIM Bulletin. February 1978, pp. 122-130. 
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TABLE 3.5-1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (Free) 
5 ,0^ 
AL2O3 

FeO 
Fe^Oj 

Can 
HgO 
Others 
Ni l , 

"2 
0^ ( I n A i r ) 

"2 
SO^ 

"2 
NM4Fe2(Sn^)2-

(OH)^ 

11^0 

II^SO^ 

H,S 

TOTAL 

( I ) 

COPPER CONCEMTRATe 

wt . w t . t . 

1.02 25.00 
1.089 26.70 
1.265 31.00 

n.351 8.60 

0.143 3.50 

n.028 0.70 
0.041 I .no 

0.086 2.10 
0.037 0.90 
o.n2n 0.50 

n.nm inn.nn 

SHERRITT-COMINCO COPPER PROCESS 

(TONS PER TON CATHODE COPPER) 

(2) 

AIR 

w t . w t .7 

0.300 21.00 

1.130 79.00 

1.4 30 100.00 

(3 ) 

HYDROr.EN 

wt . wt.X 

0.014 100.00 

0.014 100.00 

(4) 

SULFUR DIOXIDE 

wt . wt.% 

0.600* 

(5) 

SULFURIC ACIO 

w t . w t . -

0.910 100.00 

0.910 100.00 

*Dry basis and SO- content only 



Ui o 
I'J 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (Free) 
s.n^ 
AL^Oj 

Fen 
Fe^Oj 

Can 
MqO 
Others 
Ni l , 

^2 
Oy ( I n A i r ) 

"2 
SO2 
"2 

NH4Fe2(SO^)2-

(OH)g 
M,.0 
,. *2 

H^sn^ 
H^S 

TOTAL 

3 .5 -1 ( c o n t . ) SHERRITT-COMINCO COPPER PROCESS 

(TONS PER TON CATHODE COPPER) 

(6 ) 
ACTIVATED 

CALCINE 

w t . w t .Z 

i . n 2 n 27.00 
1.089 28.80 
n.9C0 25.40 

0.351 9.30 

0.143 3.80 

n.n28 0.80 
0.041 1.10 

n.nee 2.3n 
0.037 1.00 
o.n2n n.5n 

3.775 '100.00 

(7) 

HYDROGEN SULFIDE 

w t . wt.?. 

0.632 100.00 

0.632 100.00 

(8 ) 

SULFUR 

w t . w t . " 

0.595 100.00 

0.595 100.00 

(9 ) 

SULFURIC ACID 
MAKE-UP 

w t . wt .X 

4 .170 100.00 

4.170 100.00 

(10) 

OXIDATIVE 
LEACH LIQUOR 

w t . u t t . t 

11 .800* 

1.246 82.08 
0.119 7.84 
0.153 10.08 

1.518* 100.00 

*Water not Included in totals 



UJ 

o 
U) 

T A B L E 3 . 5 - 1 ( c o n t . ) SHERRITT-COMINCO COPPER PROCESS 

(TONS PER TON CATHODE COPPER) 

S T R E A M N O . 

STREAM NAME 

C O M P O S I T I O N 

Cu 
Fe 
S ( C o m b i n e d ) 
S ( F r e e ) 
S i 0 2 

AL2O3 

FeO 
FeoO j 

HyO 
•Othe rs 
NH^ 

02 
0? ( I n a i r ) 

'•? 
SO, 
N2 
N H 4 F e 2 ( S O . ) 2 -

( 0 " ) 6 
HpO 

i<l 
H2SO4 

H2S 

TOTAL 

( 1 1 ) 

ACID 
LEACII LIQUOR 

l i t . w t . X 

1 4 . 3 0 0 * 

0 . 9 9 8 7 0 . 6 
0 . 4 1 5 2 9 . 4 

1 . 4 1 3 * 1 0 0 . 0 6 

( 1 2 ) 

AMMONIA JAROSITE 

w t . w t . X 

2 . 8 5 1 9 4 . 7 

2 . 5 0 0 * 

0 . 0 1 0 0 . 3 f 

0 . 1 5 0 5 . 0 

3 . 0 1 1 * 100.OC 

( 1 3 ) 

OXYGEN 

w t . w t . X 

0 . 3 0 5 1 0 0 . 0 0 

( 

0.305 i nn .on 

(14) 

AMMONIA 

w t . 

0 . 0 8 

0 . 0 8 

w t . X 

1 0 0 . 0 0 

( 1 5 ) 

OXYGEN 

w t . w t . X 

0 . 4 2 9 1 0 0 . 0 0 

1 0 0 . 0 0 0 . 4 2 9 1 0 0 . 0 0 

*Uater not included in totals 



OJ o 
4̂  

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

• Cu 
Fe 
S (Combined) 
S (F ree) 
S.O2 

*4"3 
FeO 

'^«2"3 
CaO 
HgO 
Others 
NH3 

"2 
Og ( I n A i r ) 

"2 
SO2 

"2 
NH^Fe2(S04)2-

(OH)g 

H,0 

H2S0, 

H2O 

TOTAL 

3 .5 -1 ( c o n t . ) 

(16) 

OXIDATION RESIDUE 

w t . wt .X 

n.nio n.9n 
0.091 8.10 
0.017 1.50 
0.353 31.60 
0.351 31.40 

0.143 12.80 

0.028 2.50 
0.041 3.60 

0.028 2.50 
0.037 3.30 
6.020 1.80 

1.119 i nn .00 

SHERRITT-COMINCO COPPER PROCESS 

(TONS PER TON CATHODE COPPER) 

(17) 

FREE SULFUR 

w t . wt .X 

0.353 100.on 

0 . 3 5 3 ' 100.00 

(18) 

TAILINGS 

w t . w t .X 

n.nio 1.30 
0.091 11.80 
0.017 2.20 

n.351 45 .an 

n . l « 3 18.70 

0.028 3.70 
0.041 5.40 

0.028 3.70 
0.037 - 4 .80 
0.020 2.60 

0.766 100.00 

(19) 

OXYGEN FOR 
PURIFICATION 

w t . w t .X 

0.012 100.00 

0.012 100.00 

(20) 

FERRIC OXIDE 
PRECIPITATE 

w t . wt .X 

0.039 lon.oo 

0.039 100.00 

*Material quantities on a dry basis and major components only 



u> o 
U l 

TABLE 3.5-1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (Free) 
S,02 

AL2n3 

FeO 
Fe203 

Can 
Mgn 
Others 
NH. 

"2 

"2 ( I n A i r ) 

"2 
sn2 

"2 
H\{^fe2{Sn^)^ 

(OH), 

H-,0 
+ 2 

^ F ^ ' 
"2SO4 
H2S 

TnTAL 

(21) 

PURIFIED SOLUTIOH 

w t . wt .X 

11.80* 

1.246 84.6 
0.027 1.8 
n.2no 13.6 

1.473* 100.00* 

SHERRITT - COMINCO COPPER PROCESS 

(TONS PER TON CATHODE CUPPER) 

(22) 

COPPER METAL 

wt . wt .X 

i.onn inn.nn 

i.nnn inn.nn 

(23) 

SPENT ELECTROLYTE 
RECYCLED 

w t . wt .X 

11.082 

0.231 12.2n 
n . n 2 5 i . 6 n 
1.637 8 6 . 2 n 

1.893 i n o . n o 

( 2 4 ) 

SPENT ELECTRnLYTE 
TO BLEED 

w t . wt .X 

0.718 

0.015 12.20 
0.002 1.60 
n.106 86.20 

0.123 100.on 

(25) 

BLEED LIQUOR 

w t . wt .X 

0.002 1-5 

0.718 

0.129 98.5 

0.131 100.00 

*Uater not Included in totals 



u< o 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S Free) 
5,02 

AL2O3 

Fen 
Fe203 

CaO 
Mgn 
Others 
NH3 

°2 
"2 ( I n A i r ) 

"2 
SO2 

"2 
NH^Fe2(Sn^)2. 

(OH)g 

11,0 

' f > ^ 
H2SO, 

H2S 

TOTAL 

3.5-1 ( c o n t . ) 

(26) 

Copper S u l f i d e 

w t . wt .X 

0.015 66.4 

0.0076 33.6 

0.0226 100.00 

SHERRITT - COMINCO COPPER PROCESS 

(TONS PER TON CATHODE COPPER) 

(27) 

Hydrogen S u l f i d e 

M t . M t . X 

0.008 100.00 

0.008 i n n . n n 



TABLE . 5 - 2 ENERGY REQUIREMENTS 

SHERRITT - COMINCO COPPER PROCESS 

Level ) 

STEP 
NUMBER 

u> 
o 

PROCESS 

Electrowinning and 
Process Use 

A) Electrical Energy 

Total Fuel Requirement 

A) Process Steam 1.25 
Ton/Ton Copper 

U N I T 

KWH 

LBS 

UNITS PER NET TON 
CATHODE COPPER 

3000 

5143 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.0014 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

31.5 

7.2 

38.7 



TABLE 3 . 5 - 3 ENERQY REQUIREMENTS 

SHERRITT - COMINCO COPPER PROCESS 

L e v e l 2 

STEP 
NUMBER 

u> 
o 
00 

PROCESS 

lyjteni 

A~) Hydrogen 

J * r 9 5 J i § i '_ ' '£C. '9l i* iJ9' ! 
A ) Ammonia 

UNIT 

TON 

TON 

TON 

UNITS PER NET TON 
CATHODE COPPER 

0 . 7 4 6 

0 . n i 4 

0.08 

MILLION BTU 
REQUIRED PER UNIT 

3 . 7 8 

2 3 4 . 0 

4 1 . 7 3 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

2 . 8 2 0 

3 . 2 7 6 

3 . 3 3 8 

9 .434 
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3.6 NITRIC-SULFURIC ACID LEACH PROCESS 

3.6.1 Introduction 
This evaluation of material and energy requirements is for a copper extraction process 

referred to as the nitric-sulfuric acid leach process ("NSL process" or "nitric acid process"). The 
evaluation includes calculations for raw materials, procesa steam, electrical power consumption, 
fuels, consumables, internal process streams, effluents, and heat losses. Energy requirements are 
assessed in two respects, (1) an operational requirement that does not include special processing 
features for economizing or recycling heat generated by the processing reactions and (2) a 
theoretical requirement that includes heats of the processing reactions, indicative of potential 
energy savings. 

The nitric-sulfuric acid leach process is basically hydrometallurgical; the process design 
considered for this study is for the treatment of chalcopjrite concentrates recovered by froth 
flotation. The flow scheme is characterized by the hot vat leaching of the concentrates with an 
oxidizing lixiviant mixture of nitric and sulfuric acid. Following lixiviant purification, electro­
winning is employed for copper recovery. A detailed description of the processing operations is 
presented by Brennecke, et al (1978). Improvements in the flowsheet are described by Davies, et 
al (1978). The experiments conducted to develop the process, and results of economic and energy 
evaluations by the staff of the Ledgemont Laboratory, Kennecott Copper Corporation, are 
discussed in these two papers. Some general conclusions drawn by the Kennecott investigators 
are: 

1. The nitric-sulfuric acid leach process can produce electrowon copper capable of 
meeting typical chemical specifications for electroreflned-copper quality. 

2. Energy requirements for the nitric-sulfuric acid leach process are higher than for 
equivalent pyrometallurgical extractions (as much as 2.5 times). 

3. Operating costs of the nitric-sulfuric acid leach process are higher than for an 
equivalent pyrometallurgical extraction in medium- or large-size plants. Very small 
plants could have a slight cost advantage. 

3.6.2 Process Description 
The process design incorporates the improvement discussed by Davies, et al (1978). The 

major processing sections are an oxidizing nitric-sulfuric acid leach of the chalcopyrite concen­
trates, a series of purification steps (nitrate, iron and selenium removal) for the copper-rich 
lixiviant, and electrowinning to recover the copper as wire-grade cathodes. The oxidant for the 
leach, nitrogen peroxide (NO,), is regenerated with oxygen via a gas-phase reactor (see flowsheet. 
Figure 3.6-1). 
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Leaching is conducted in nonpressurized vats at 90''C. The nitrate-removal and iron-
removal purification steps (Process Steps 3 & 4 in Figure 3.6-1) are conducted at 1350 kPa and 
180°C. Oxidant regeneration (Process Step 14, NO Oxidizer) requires moderate pressures and 
some cooling. Other process steps are conducted at or near ambient conditions. Brief, but 
informative, descriptions of electrowinning and the other conventional hydrometallurgical proc­
ess steps employed in the process design are given in Biswas and Davenport (1976). A short text 
on the nitrogen oxide chemistry is that by Jolly (1964). 

The major stoichiometric relationships for the processing reactions are as follows: 

Vat Leaching of Chalcopyrite Concentrates, Process Step 2 

a. Copper dissolution 

CuS + NOj + 2H* -*Cu** + S° + HjO + NO (3.6.1) 

b. Iron dissolution 

FeS + NOj + 2H* - ^ Fe** + S° + H, 0 + NO (3.6 2) 

c. Sulfur oxidation 

S° + 2N0j+HjO-*2H* + SO; + 2NO (3.63) 

d. Nitrate fonnation 

3N0j + HJ 0 — 2N0r + 2H* + NO (3.6.4) 

NO Oxidizer, Process Step 9 

NO+l /202^N02 (3.6i) 

Nitrate Removal, Process Step 3 

a. Iron oxidation 

N07 + 4H* + 3Fe** - * NO + 2H2O + 3Fe*^ (3.6.6) 

b. Hydrogen jarosite formation (incomplete) 

3Fe*^ + 6HjO + 2S0: — HFcj (SO*), (OH)s + 5H* (3.6.7) 

Iron Removal. Process Step 4 

Ammonium jarosite formation 

NH3 + 3Fe*^ + 6HjO + 2SO4 — NHaFe (SO*), (OH)̂  + 5H* (3.6.8) 
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Selenium Removal, Process Step 6 , 

a. Selenium precipitation 

HjSeOs + 4Cu<' + 2H*-* CujSe + 2Cu** + 3HjO (3.65) 

b. Iron reduction 

2Fe*^ + Cu" - * 2Fe** + Cu** (3.6.10) 

As indicated above, the process has been laboratory tested and technically and economic­
ally evaluated by the staff of Kermecott Copper Corporation at their Ledgemont Laboratory. 
Further processing improvements could consist of the optimization of some of the processing 
steps; however, such improvements would probably have minor impact on the costs or energy 
requirements. Presently, development has not been attempted beyond the laboratory stage. 

3.6.3 Material Balance 
The evaluation of the material requirements is based on the process as described by 

Brennecke, et al (1978) and Davies, et al (1978). A water-removal step is added to maintain the 
water balance of the leachlng-purification-electrowinning loop. A backwashing circuit is added to 
clean the tailings slurry and reduce copper loss. A wet grinding step is added for particle size 
control of the feed to the leach vats. The flowsheet employed is presented in Figure 3.6-1 with 
identifiers for each processing step and stream. The evaluation of material requirements is 
summarized in Table 3.6-1. For the evaluation, the production rate of cathodes is set at about 
100,000 ton/yr and the copper recovery is 98%. The feed is considered to be a chalcopjrite 
concentrate recovered by froth notation, to be non-refiractcry to the leaching process, and having 
a composition of 25% copper, 29% iron and 31% sulfur. 

3.6.4 Energy Requirements 
A summary for the energy requirements for the process is listed in Tables 3.6-2 and 3.6-3. 

The energy evaluation is based on the material evaluation presented above. Table 3.6-2 is a 
listing of Level 1 requirements. The listing is on a modular basis in sequential processing order. At 
Level 1, the chemicals and other consumables in the process are not included except for the fuel 
used. Table 3.6-3 is a listing of Level 2 energy requirements — chemicals, fluxes, refractories and 
other consumables used on a continuous basis in association with the process. Energy equivalent 
estimates are included in the tables and the equivalent fuel requirements are calculated and 
summed. This information supports the values given in the tables, but is too extensive for 
inclusion as footnotes. 

The energy requirements presented in Tables 3.6-2 and 3.6-3 are evaluated for a process 
considered to be operated in a conventional manner. The totals are termed "operational" in the 
above summary table. The operational estimate does not consider special processing features for 
economizing or recycling heat generated by the processing reactions. The following is a discussion 
of a "theoretical" energy requirement for the process, that includes consideration ofthe heats of 
the processing reactions. The difference between the operational estimate and the theoretical 
estimate is indicative of the potential of the process for energy savings. 

The following energy calculations were provided by Goel (1979). Thermochemical data for 
the calculations can be fovind in Bamer and Schenerman (1978) unless noted otherwise. 
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TABLE 3 .6 -1 NITRIC-SULFURIC ACID LEACII PROCESS 

(TONS PER TON CATHOOE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
MpO 

SO4 ^ 

HO3-' 

H2SO4 

Other 
«2 
IINO3 
NH3 
CaCOj 

Scrap I r o n 
Steam 

TOTAL 

(1) 
CHALCOPYRITE 
CONCENTRATE 

wt. 

1 .020 
1.140 
1 .270 

0.650 

4.080 

dry 
wt.% 

25.00 
27.94 
31.13 

15.93 

100.00 

(3) 

PREMAMT LEACH 
LIQUOR 

wt. wt.% 

1.540 
1.100 

16.910 

4.860 

0.410 

0.970 

25.790 

5.97 
4.27 

65.57 

18.84 

1.59 

3.76 

1 

15 

3 

1 

440 

500 

210 

890 

100.00 

(8) 

ELECTROWINNING 
FEED 

Mt. wt.S 

22.040 

6.53 

70.33 

14.56 

8.58 

100.00 

(9) 

CATHODES 

wt. 

1.000 

1.000 

wt.; 

100.or 

100.oc 

(16) 

CLEAN TAILINGS 
SOLIDS 

wt. 

0.020 
1.140 
1.270 

3.030 

5 . 4 6 0 

wt .X 

0.37 
20.88 
23.26 

5 5 . 4 9 

100.00 



TABLE 3 .6 -1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION Mt. 

Cu 
Fe 
S 
lloO 

NO3 ' 

M^SO, 

O t h e r 

" 2 

UNO., 
N H , 

CaC03 

S c r a p I r o n 
S tea in 

TOTAL 

(20) 

CEMENT COPPER 

0.05 

0.05 

wt.Z 

100.00 

100.00 

NITRIC-SULFURIC ACIO LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

(35) 

STEAH. 
PROCESS HEATING 

wt. wt.X Mt. 

13.36 

13.36 

100.00 

100.00 

(36) 

STEAH, 
PROCESS HEATING 

wt.7. 

13.36 

13.36 

100.00 

100.00 

(37) 

STEAM. 
PROCESS HEATING 

wt. 

13.36 

13.36 

wt.Z 

100.OC 

100.OG 

(38) 

STEAM, 
PROCESS HEATING 

wt. 

13.36 

13.36 

wt.% 

100.00 

100.00 



L.J 

TABLE 3 .6 -1 ( c o n t . ) NITRIC-SULFURIC ACID LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
M2O 

HO3 ' 

H2SO4 

Other 
O2 

HNO3 

NM3 

CaC03 

Scrap I r o n 
Steam 

TOTAL 

(40) 

OXYGEN 

w t . w t . l 

1.770 100.00 

1.770 . 100.00 

(41) 

AMMONIA 

w t . wt.% 

0.070 100.00 

0.070 100.00 

(42) 

NITRIC ACID 

w t . w t .X 

0.068 100.00 

0.068 100.00 

(43) 

SCRAP IRON 

w t . wt.% 

0.080 100.00 

0.080 100.on 

(44) 

LIMESTONE 

w t . w t .X 

0 .640 100.00 

0.640 100.00 



TABLE 3 .6 -2 

STEP 
NUMBER 

1 

' 2 

i 

3 

4 

8 

12 

* 

PROCESS 

Uel G r i n d i n g 

A) E l e c t r i c a l Energy 

C o u n t e r c u r r e n t Leachinci 

A) Steam. Process 
Hea t i ng 

N i t r a t e Removal 

A) Steam, Process 
Hea t i ng 

0) Pumping ( e l e c t r i c a l 
energy ) 

I r o n Removal 

A) Steam, Process 
Hea t i ng 

E l e c t r o w i nn ing 

A) E l e c t r i c a l Energy 

Water Removal 

A) Steam, D i s t i l l a t i o n 

A n c i l l a r y Loads 

A) E l e c t r i c a l Energy 

ENERQY REQUIREMENTS 

NITRIC - SULFURIC ACID LEACII PROCESS 

U N I T 

KMH 

TON 

TON 

KWH 

TON 

KWH 

TON 

KWH 

UNITS PER NET TON 
CATHODE COPPER 

21.42 

2.90 

4.64 

7.15 

0 .19 

2 300 

5.63 

50 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

2 .8 

2 .8 

0.0105 

2 .8 

0.0105 

2 .8 

0.0105 

TOTAL 

Leve l 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.225 

8.120 

12.992 

0.075 

0.532 

24.15 

15.764 

0.525 

62.383 

•Not shown on f lowshee t 



TABLE 3 .6-3 

OJ 

- J 

ENERGY REQUIREMENTS 

NITRIC - SULFURIC ACID LEACII PROCESS 

Level 2 

STEP 
NUMBER 

10 

11 

PROCESS 

C o u n t e r c u r r e n t Leachinn 

A) N i t r i c Ac id 

I r o n Removal 

A) Ammonia 

N i t r i c Oxide O x i d i z e r 

A) 

Su 

A) 

Co 

Oxygen 

1 fate Removal 

Limestone 

pper Purge 

A) Scrap I r on 

U N I T 

TON 

TON 

TON 

TON 

TON 

UNITS PER NET TON 
CATHODE COPPER 

0.068 

0.0695 

1.77 

0.64 

0.08 

MILLION BTU 
REQUIRED PER UNIT 

14.2 

39.0 

3.78 

3.6 

2.0 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.966 

2.711 

6.691 

2.304 

0.160 

12.064 



Energy generated by leaching reactions 

CuS + NOj + 2H* —>• Cu** + S" + HJ 0 + NO (3.6.11) 

AHl,8 =-[2,800 + 7,900] + [15,500-15,300-57,800 + 21,600] 

=»-15,900 cal/mole 

Copper dissolved - 1.02 kg = 16.05 moles 

Energy Generated = (16.05) (15,900) (3.60 x 10'*) 

= .92 million Btu/ton product 

FeS + NOj + 2H* — Fe** + S° + HjO + NO (3.6.12) 

iiH§,8 = - [-39,200 + 7,900] + [-21300-15,300-57,800 + 21,600] 

= -41,500 cal/mole 

Iron dissolved — 1.14 kg = 20.41 moles 

Energy Generated = (20.41) (41^00) (3.60 x 10"*) 

= 3.05 million Btu/ton product 

S° + 2N0j+H2 0 - + 2 H * + S04+2NO (3.6.13) 

dH?98 = - [15,300+ 3 (7,900)-57,800] + [-232,700 + 3(21,600)] 

= -118,500 cal/mole 

Sulfur o.xidized - all sulfur from FeSj + 35% from CuFeSj oxidized to sulfate 
= .602 kg = 18.78 moles 

Energy Generated = (18.78)(118,500) (3.60 x 10"*) 

= 8.01 million Btu/ton product 

3N0. + HiO —^ 2N0r+ : H * + NO (3.6.14) 

AH?98 = - [3 (7,900) - 57,800} + [2 (-^9,600) + 21,600] 

= ̂ 3 ,500 cal/mole 

Nitrate formation - .42 kg = 6.8 moles 

Niuate produaion is kept to a minimum as required for complete oxidation of 
Fe** to Fe*^. Excess nitrate must be removed. 

Energy Generation = (6.8) (43^00) (3.60 x lO^*) 

= 1.06 million Btu/ton product 
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Total Energy Generation 

by Leach Reactions = .92 + 3.05 + 8.01 + 1.06 

= 13.04 million Btu/ton product 

Heat evolution by NO oxidation 

NO + I/2OJ-NO2 (3.6.15) 

^ 2 9 8 =-13,700 cal/mole 

NO produced in the leach vessels - 3.01 kg = 1003 moles 

Heat Evolved = (100 J ) (13,700) (3.60 x lO"*) 

= 455 million Btu/ton product 

50% credit from Heat Exchanger = 2.47 million Btu/ton product 

Heat required in nitrate-removal reactions (Retention Time: 10 minutes at 180°C 
and 1350 kPa) 

NOr+ 4H* + 3Fe** — NO + 2HjO + 3Fe*^ (3.6.16) 

^H?,8 = - [49,600 + 3 (-21300)] + [21,600 + 2 (-57,800) + 3 (-11,600)] 

= -15300 cal/mole 

No heat credit given. 

3Fe*^ + 6H1O + 2504° - * HFej (S04)j (0H)« + 5H* (3.6.17) 

AH?,8 = - [3 (-11,600) + 6 (-57,800) + 2 (-232,700)] + [-796370*] 

= 50^50 cal/mole 

Hydrogen jarosite formation - 40% of dissolved iron removed as hydrogen 
jarosite = 8.16 moles 

Heat Required = (8.16) (50,250) (3.60 x 10"*) 

= • 1.48 million Btu/ton product 

(*dHf of hydrogen jarosite is from M.R. Spedden, Kennecott Copper, Nov. 1971; available 
from U £ . Wadswonh's personal file) 

Heat required in iron-removal reactions (Retention Time: 85 min. at ISO'C and 1350 kPa) 

NH3 + 3Fe*^ + 6H2O + I S O ; - * NHaFea ($04)2 (OH)^ + 5H* (3.6.18) 
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iiHf98=6U50 cal/mole 

Iron precipitated 

Heat Required = (12.25) (61,250) (3.60 x 10"*) 

= 2.70 million Btu/ton product 

(̂  AHf of ammonium jarosite assimied the same as for hydrogen jarosite) 

Total Heat Generated by Processing Reactions 

= 13.04 + 455-1.48 2-2.50 

= 13.18 million Btu/ton product 

The heat generated by the process reactions can, in theory, be employed to offset steam 
requirements necessary for process heating. Some special design considerations may be necessary 
to accomplish the savings in steam, however. Such is the case with vat leaching where the process 
streams must be heated prior to leachmg. An equipment design that transfers heat ftom the 
leaching vats to the influent streams would be needed. The theoretical energy requirement for 
this special design is as follows: 

Total Level 1 Energy Requirement — 62.38 million Btu/ton product (See Table 3.6-3) 

Offset from Heat Generated by Processing Reactions — 13.18 million Btu/ton product 

Steam Conserved by Improved Water Balance — 13.18 million Btu/ton product 

Total Theoretical Level 1 — Requirement — 36.02 million Btu/ton product 

Total Level 2 Energy Requirement — (imchanged, see Table 3.6-3) —12.06 million Btu/ton 
product 

Total Theoretical Energy — Requirement — 46.42 miUion Btu/ton product 

3.6.5 Discussion 
Highly significant aspects in the evaluation of material and energy requirements for the 

nitric-sulfuric acid leach process are ascertaining the compositions of the streams of the leaching-
purification-electrowinning loop (streams with 20-25 times the mass flow of the product) and 
evaluating the control of the water bsdance (a control that is highly sensitive to the tailings 
backwash operation and the direct injection of steam for process heating). 

The Level 1 energy requirements are dominated by the process heating for the coimtercur-
rent-leaching and nitrate-removal steps and by the energy required to remove water from the 
leaching-purification-electrowinning loop to maintain the water balance. Electrowinning is also a 
heavy energy consuming step. The energy required for electrowiiming is determined by the 
production rate of cathodes and is fairly independent of process design considerations. Thus, 
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electrowinning offers little potential for energy reduction via design improvements. The process 
heating energy requirements have potential for reduction via refinements in design that econo­
mize or recycle heat (with an increase in equipment complexity, of course). 

The energy requirements for Level 2 are dominated by ammonia and oxygen consumptions. 
These requirements are dependent on the composition of the chalcopyrite concentrate feed, and 
thus, offer little opportunity for improvement via design refinement. Make up of nitric acid in the 
counter-current leaching step is a critical design consideration. The makeup of nitric acid is 
dependent on the gas-tight integrity of the leach vats, gas handling, and gas processing equip­
ment (all design considerations). Nitric acid is also a strong energy consuming item (14.2 million 
Btu/ton, see Table 3.6-2); thvis, potential energy requirement increases from design variances 
relevant to the gas-tight integrity of the equipment is discernible. Additional significance is 
placed on nitric acid make up if the energy reqtiired for air pollution control of NO losses were 
considered. 

With the exception of electrowinning electrical energy and the ammonia and oxygen con­
sumption, the energy requirement for the process is mainly in the form of low-pressure process-
heating steam. Many opportunities are thus afforded for the economizing or recycling of heat and 
for utilizing waste heat from other processing activities. The extent to which these energy 
conservation measures might be carried would depend on the optimization of an operational 
design. 

3.6.6 Conclusions and Reconrimendations 
The processing energy requirements are significantly sensitive to process design factors that 

infiuence the utilization of heat generated by the processing reactions or the economizing and 
recycle of heat from the leaching and purification steps. Second to the process design factors, 
chalcopyrite concentrate composition differences causing variances in ammonia and oxygen 
consumption are most significant. 

The six largest energy consuming items are electrowinning, water removal for control of the 
water balance of the leaching-purification-electrowlnning loop, process heating steam for the 
nitrate-removal step, process heating steam for counter-current leaching, oxygen for N(D oxida­
tion, and ammonia consumption for iron precipitation, respectively. The total energy require­
ment for an operational procesa is 74.44 million Btu/ton product of which 62.38 million Btu/ton 
product (84%) is in the form of direct fuel, steam and electrical power consumption. The 
theoretical energy evaluation indicates that the effective use of heat generated by the processing 
reactions would significantly reduce the total energy required (38% reduction, from 74.44 million 
Btu/ton product to 46.42 million Btu/ton product). Both the operational and the theoretical 
assessments are significantly above the energy required for more conventional pyrometallurgical 
processing. 
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3.7 UNIVERSITY OF UTAH-MARTIN-MARIETTA PROCESS 

3.7.1 Introduction 

This process, with attrition grinding of concentrate and ferric sulfate leach, is analyzed for 
its material and energy requirements for extracting copper from chalcopyrite concentrates. The 
estimates include calculations of material fiow for raw materials, internal process streams, and 
process effluents. The basis for the calculations is the production of one ton of copper from 
chalcopyrite concentrates. The process was evaluated at a pre-pilot plant stage by the University 
of Utah, Salt Lake City, Utah and Martin Marietta of Baltimore, Maryland. This evaluation was 
supported by the National Science Foundation under NSF/RANN Grant Award No. GI 40538. 

3.7.2 Process Description 
The process requires attrition milling of concentrates to produce small particles necessary 

for efficient leaching. In an acid ferric sulfate leach, a layer of elemental sulfur builds up on the 
surface of the concentrate particles that inhibits the leaching process. The specified mean 
particle size of 1 micrometer is a trade-off between the desire to have particles as small as possible 
without expending an excessive amount of energy for the attrition milling. As shown in Fig­
ure 3.7-1, a two-step leach is employed with an intermediate step to remove the coating of sulfvir 
from the concentrate particles so that the second leach step can proceed at a faster rate. The 
leaching processes are carried out at 90°C under atmospheric pressure: three stages at four hours 
per stage in step 1 and 3 stages at one hour per stage in step 2. The resulting solution rich in cupric 
sulfate is treated for iron removal by addition of ammonia and oxygen to form ammonium jarosite 
precipitate which must be separated from the solution. Selenium is subsequently removed by 
precipitation with metallic copper before the purified solution flows into electrolytic cells for the 
electrowinning of cathode copper. The spent electrolyte is recycled to the leaching stages after 
removing the excess liquid and precipitating excess sulfate as gypsum. The active ferric ion is 
regenerated in the electrolyte from the ferrous ion in the leaching vessels by the action of oxygen 
and sulfur dioxide. 

3.7.3 Material Balance 
The material balances were derived from the chemical reactions occurring during the 

extraction of copper. The chemistry may be summarized as: 

Leach Stages 

2CuFcS: + 30, + 250: + 2H2SO4 — 2CUSO4 + 2FeS04 + 2H:0 + 4S° (3.7.1) 

FcS: + 4 0 , +2HjO + SOj —>• FeS04 +2H3SO4 (3.7.2) 

CuS + 3S0j + 2O2 + 2H2O —^ S° I + CUSO4 + 2HjS04 (3.73) 

Iron Removal 

l2FeS04 + 30j + 4NH4 + ISHjO —>• 2 (NH4)i Fe^ (SO,)* (OH),, i + 4HjS04 (3.7.4) 

Selenium Removal 

HJ SeOj + 4Cu° + 2HJ SO4 —• Cuj Se 1 + 2 CUSO4 + 3H2 0 (3.73) 
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Electrowinning 

2CUSO4 + 2HiO - * 2Cu"' + 2HjS04 + Oj (3.7.6) 

Sulfate Removal 

HJSO4 + CaCOj + Hj0 -» CaS04 • 2H2 0 i + COj t (3.7.7) 

Recovery of Copper Sulfate from Waste Soiution 

CUSO4 + S° + SOj + 2 H J 0 -*CuS i + 2HjS04 (3.7^) 

The material balances resulting from this chemistry are presented in Table 3.7-1. The 
quantities involved are sufficient to produce one ton of cathode copper. Stream numbers are the 
same as appeared in Figure 3.7-1. 

The material flow requirements were taken from a flowsheet prepared by J. L. Sepulveda of 
the University of Utah and modified for a chalcopyrite concentrate composition consistently used 
in this report. The process reactions and kinetics are detailed in a-recent paper (Beckstead, 1976). 
Other references, (Baily, 1978; Goel, 1979; and Rosswog, 1979), present energy estimates for 
electrowinning copper from a cupric sulfate solution and general process energy for the hydro-
metallurgical leaching. 

3.7.4 Energy Requirements 
The Level 1 energy requirements that include all direct thermal and electrical inputs are 

shown in Table 3.7-2. The electrical energy includes milling, pumping, agitation and electro­
deposition of copper, but does not include the energy for producing gaseous oxygen or ammonia. 
The total energy which is all electrical, is equivalent to 55.3 million Btu per ton of cathode copper. 
The reasons for this relatively large energy requirement center aroimd the energy intensive natiu-e 
of the electrowinning step and the attrition milling step. The Level 2 requirements for chemicals 
consumed in the process are shown in Table 3.7-3 for a total of 10.0 million Btu per ton of copper. 
The major chemical contributors to the total energy load are gaseous oxygen used in several 
process steps, and the ainmonia used for iron precipitation. 

3.7.5 Discussion 
The total energy for both fuel, electricity and chemicals is equivalent to 65.3 million Btu per 

ton of cathode copper. The energy consumption is in the upper range for hydrometallurgical 
processes because of the energy intensive attrition milling of concentrates and the electrowinning 
of copper. The energy consumption figures could change for this process as it is developed further 
since it is still in a laboratory testing stage. The process is currently being technically and 
economically evaluated at the University of Utah. 

3.7.6 Conclusion and Recommendations 
This process appears to have the attraction of being a low-pollution route for the extraction 

of copper from chalcopyrite concentrates. Its energy requirements are quite high at its present 
state of development. These energy figures might be improved as more is learned about the 
process. Like all hydrometallurgical processes, it may be more attractive in smaller plants with a 
capacity of around 75,000 tons per year. 
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TABLE 3 .7 -1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Coinbined) 
S (F ree) 

AL2O3 

feO 
Fe203 

NIUFeg S0- )2-
O'Me 

Others 
NII3 
O2 

N2 

SO2 

l l jO 

CaSO^ • 2H2O 
Ca CO, 

CuS 

TOTAL 

(1 ) 

MATER 

Wt. H t . I 

3.647 100.00 

3.647 100.00 

FERRIC SULFATE ACID LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

(2) 
COPPFR 

CONCENTRATE 

dry 
w t . w t , « 

1.013 25 .00 
1.083 26.70 
1.256 31.00 

0.350 8,60 

0.140 3.50 

0.028 0.70 
0.042 1,00 

0.140 3.50 

0.405 

4.457 100.00 

(3) 
CONCENTRATE 

SLURRY 

dry 
w t . wt.% 

1,013 25,00 
1,083 26.70 
1.256 31.00 

(1.350 8.60 

0.140 3.50 

0.028 0.70 
0,042 1.00 

0.140 3.50 

4.052 

8.104 100.00 

(4 ) 
LEACH 
SOLIDS 

w t . 

0.081 
0.231 
0.264 
0.943 
0,350 

0,140 

0.028 
0,042 

0.140 

2.219 

w t . i 

3.70 
10.40 
11.90 
42.5 
15,80 

6 ,30 

1.20 
1 ,90 

6 .30 

100.00 

(5 ) 
SOLIDS FROM 

SULFUR REMOVAL 

w t , u t t . t 

0.081 6.30 
0.231 18.10 
0.264 20.70 

0.350 27.40 

0.140 11.00 

0.028 2 .20 
0.042 3.30 

0.140 11.0 

1.276 100.00 
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TABLE 3.7-1 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Coinbined) 
S (F ree ) 
S,02 

AL2O3 

FeO 
Fe2«3 
NH,Fe2(SO^)2 

Others 
NH3 

O2 

" 2 
SO2 

H2O 

CaSO^ • 2H2O 

Ca CO3 

• ^ , < i 
CuS 

TOTALS 

( c o n t . ) 

(6) 

SOLID HASTES 

wt . 

n.ooa 
0.140 
0.160 
0.092 
0.350 

0.140 

0.028 
0.042 

0.140 

1.100 

wt .X 

0.70 
12.70 
14.50 
8.40 

31.80 

12.70 

2.50 
4 .00 

12.70 

100.00 

FERRIC SULFATE ACID LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

(7 ) 

LlOdOb 
FROM LEACH 1 

dry 
w t . w t . t 

1.226 57.91 
0.890 42.10 

21.133 

23.249 100.00 

(8 ) 

LldUOb 
FROM LEACH I I 

d ry 
w t . wt.% 

0.171 59.40 
0.117 40 .60 

5.321 

5.609 100.00 

(9 ) 

SULFUR 

w t . wt.% 

0.296 100.00 

0.296 100.00 

(10) 

AHHONIUH 
JAROSITE 

w t . Mt.% 

2.654 100.00 

2.654 100.00 
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TABLE 3 .7 -1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (Free) 
Si02 

AL2O3 

FeO 
Fe203 

NH4Fe2 S0.)2 
OHJe 

Others 
NH3 

O2 

N2 

SO2 

H2O 

CaSO^ • 2H2O 

Ca CO3 

CuS 

TOTAL 

(11) 

AMMONIA 

wt. 

0.094 

0.094 

wt.% 

100.00 

100.00 

FERRIC SULFATE ACIO LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

(12) 

AIR 

wt. wt.% 

0.133 

0.632 

0.765 

21 .00 

79.00 

100.00 

(13) 

IRON PRECIPITATION 
LIQUOO 

wt. 
dry 
wt.% 

26,455 

1.395 
0.079 

27.929 

94.60 
5.40 

100.00 

(14) 

SELENIUM REMOVAL 
LiqUOD 

wt. 
dry 
wt. 

26.455 

1.397 
0.079 

27.931 

94.6 
5.4 

100.0( 

(15) 

CATHODE COPPER 

wt. 

1.000 

1.000 

wt.% 

100.00 

100.00 
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TABLE 3-7-1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (F ree) 
5,02 

AL2O3 

FeO 
Fe203 

NH4Fe2(SO.)2-
(OHJe 

Others 
NH3 

O2 

N2 

SO2 

H2O 

CaS04 • 2H2O 

Ca CO3 

CuS 

TOTAL 

(16) 

SPENT ELECTROLYTE 
TO LEACH 1 

dry 
wt . wt.% 

14.799 

0.222 83.50 
0.044 16.50 

15.065 100.00 

FERRIC SULFATE ACID LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

(17) 

SPENT ELECTROLYTE 
TO SULFATE REMOVAL 

dry 
w t . wt.% 

11.656 

0.175 83.5 
0.035 16.5 

11.866 100.00 

(18) 

DESULFATEO LIQUOO 
TO LEACH I 

d ry 
w t . wt.% 

3.534 

0.053 83 .5 
0.011 16.5 

3.598 100.00 

(19) 

DESULFATED LIQUOD 
TO CuS PRECIP. 

d ry 
w t . wt.% 

3.647 

0.055 83.5 
0.011 16.5 

3.713 100.00 

(20) 

CALCIUM 
CARBONATE 

w t . wt.% 

.938 100.00 

.938 100.00 
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TABLE 3 .7 -1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Coinbined) 
S (F ree) 
S,02 

AL2O3 

FeO 
Fe203 

NH4Fe2(S04)2-

(0H)6 
Others 
NH3 

02 

N2 

SO2 

H2O 

CaS04 • 2H2O 

Ca CO, 

CuS 

TOTAL 

(21) 

COPPER SULFIDE 

w t . wt.% 

0,082 100.00 

0.082 100.00 

FERRIC SULFATE ACID LEACH PROCESS 

(TONS PER TON CATHODE COOPER) 

(22) 

EXCESS FLUID 

w t , wt.% 

3,647 100.00 

3.647 100.00 

(23) 

i u U i i ^ DlOXIbE 
TO LEACH I I 

w t . wt,% 

0.115 100.00 

0.115 100.00 

(24) 

SULFUR DIOXIDE 
TO LEACH M 

w t . wt.% 

1.125 100.0( 

1.125 100.00 

(25) 

SULFUR DIOXIDE 
TO CuS PRECIP. 

w t . wt.% 

0.055 . 100.00 

0.055 100.00 
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TABLE 3.7-1 ( c o n t . ) FERRIC SULFATE ACIO LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (F ree) 

• 5 , 0 2 

AL2O3 

FeO 

Fe2<l3 
NH4Fe2(S04)2" 

(OHjg 

Others 
NH3 

O2 

"2 
SO2 

H2O 

CaS04 • 2H2O 

Ca CO3 

CuS 

TOTAL 

(26) 

SPENT ELECTROLYTE 
TO LEACH I I 

dry 
w t . wt.% 

0.852 

0.0128 83.5 
0.0025 16.5 

0.8673 100.00 

(27) 

DESULFATED LIQUOD 
TO LEACH I I 

d ry 
w t . wt.% 

4.474 

0.067 83.5 
0.013 16.5 

4.554 100.00 

(28) 

SULFUR 

w t . wt.% 

0.0277 100.00 

0.0277 100.00 

(29) 
OXYGEN FOR 

LEACH I 

w t . w t .X 

0.829 100.00 

0.829 100.00 

(30) 

OXYGEN FOR 
LEACH I I 

w t . w t . t 

0.117 100.00 

0.117 100.00 
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TABLE 3 .7 -1 ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (F ree ) 
S,02 

AL2O3 

FeO 
Fe203 

NH4Fe2(S04)2' 
(OHjg 

Others 
NH3 

O2 

"2 
SO2 

H2O 

CaS04 • 2H2O 

Ca CO3 

Cut? 

CuS 

TOTAL 

(31) 
flxVf.tli FOR 

SULFUR OXIDATION 

w t . w t . t 

0 .648 100.00 

0.648 100.00 

FERRIC SULFATE ACID LEACH PROCESS 

(TONS PER TON CATHODE COPPER) 

(32) 
CftLCTUH SULFATE 

PRECIPITATE 

w t . wt.% 

1.613 100.00 

1.613 100.00 



TABLE 3.7-2 ENERGY REQUIREMENTS 

FERRIC SULFATE ACIO LEACH PROCESS 

Level 1 

STEP 
NUMBER 

OJ 
OJ 
OJ 

PROCESS 

Attrition Hilling 

A) Electrical Energy 
(2 to 3 micron mean 
Particle size 
4.05 ton concen­
trate/ton copper) 

Copper E Iectrowinnimi 

A) Electric Energy 

Process Pumping and 
Agi tat i~dn 

A) Electrical Energy 

UNIT 

KHH 

KWIt 

KHH 

UNITS PER NET TON 
CATHODE COPPER 

4 0 8 . 2 

2445 

900 

MILLION BTU 
REQUIRED PER UNIT 

0.0105 

0.0105 

0.0105 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

4 . 2 8 6 

2 5 . 6 7 3 

9 . 4 5 

3 9 . 4 0 9 



TABLE 3 .7 -3 

OJ 
OJ 

ENERQY REQUIREMENTS 

FERRIC SULFATE ACID LEACH PROCESS 

Level 2 

STEP 
NUMBER PROCESS 

Leach I 
Al~Dxygen 

Sulfur Oxidation 
A7 l)xygen 

Leach II 
A) Oxygen 

1ron Precipitation 
Pi) Ammonia 

§"Ifate Removal 
A^ Limestone 

U N I T 

TON 

TON 

TON 

TON 

TON 

UNITS PER NET TON 
CATHODE COPPER 

0.829 

0.648 

0.117 

0.094 

0.938 

MILLION BTU 
REQUIRED PER UNIT 

3.78 

3.70 

3.78 

41.73 

0.104 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

3.134 

2.449 

0.442 

3.923 

0.098 

10.046 
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3.7A THE ELECTROSLURRV^" — ENVIROTECH CORPORATION PROCESS 

3.7A.1 Introduction 
This process uses ferric sulfate leaching to extract the copper from chalcopyrite concen­

trates. An analysis will be made of the material balance for raw materials, internal process 
streams, and process effluents on the basis of 1 ton of copper product. The energy requirements 
are estimated on the basis of a commercial plant with a production rate of 50,000 tons per year of 
copper cathodes. In collaboration with Dr. Milton Wadsworth, Professor of Metallurgy and 
Metallurgical Engineering at the University of Utah, the process has been developed at the bench 
level at the Elnvirotech Research Center in Salt Lake City, Utah. 

3.7A.2 Process Description 

Overall, chalcopyrite concentrate is converted to covellite (CuS) and digenite (Cu,.,S) and 
the converted solids are then processed through a slurry electrovmming cell to recover copper as 
electrowon cathodes. The slurry electrowinning cell offers a new concept in copper electrowinning 
in that it generates ferric iron at the anode instead of oxygen when compared to conventional 
copper electrowinning. This eliminates the oxygen over potential which is the major contributor 
to the high energy requirement in conventional electrowinning. The ferric iron, generated at the 
anode, is used to leach copper from the copper bearing solids which have been fed to the cell. 
Thus, leaching and electrowinning take place simultaneously. 
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The flowsheet is shown in Figure 3.7A-1. Copper concentrate is mixed with water to produce 
a slurry of 50 wt.% solids and is fed to an attritor milling circuit to produce a mean particle size of 
approximately 2 micron. This improves reaction rates in subsequent leaching and conversion 
circuits. 39% of the ground concentrate is leached in an acidic ferric sulfate solution to produce a 
copper sulfate, iron sulfate, sulfuric acid solution for feed to the conversion circuit. Ferric iron is 
generated "in-situ" by sparging the agitated slurry with oxygen gas. A 97% copper leach is 
obtained in 5 hours. The reaction is carried out at 90''C. 61% of the ground concentrate is mixed 
with the leach liquor and the resulting slurry is reacted with sulfur dioxide gas in an agitated 
vessel to convert the chalcopyrite to covellite and digenite. Retention times are approximately 2.5 
hours and the reaction is carried out at 90°C. The converted solids are mixed with electrolyte 
from the slurry electrowinning circiiit and processed in the electrowinning cells to produce copper 
cathodes. The conversion liquor contains ferrous sulfate and sulfuric acid and is sent to an iron 
removal step to remove iron as hydrated ferrous sulfate; after iron is removed, the acid liquor is 
retumed to the leach circuit. A bleed stream is removed from the conversion liquor before iron 
removal to maintain a water and impurity balance. Iron removal is accomplished by adding the 
sulfuric acid required for leaching to the conversion liquor which is saturated with ferrous sulfate. 

Sulfuric acid addition lowers the solubility of ferrous sulfate and hydrated ferrous sulfate 
precipitates out of solution and forms crystals which are easily filtered and washed. 
Approximately 85% of the copper contained in the conversion solids can be leached in the slurry 
electrowinning cells before an appreciable amount of iron begins to accumulate in the electrolyte. 
The cell circuit is controlled so that the electrolyte slurry exits the circuit at this point and goes to 
liquid solid separation where the electrolyte is recovered and retumed to the electrowinning cells 
and the residual cells solids are directed to the leach step to recover residual copper. Sulfur 
contained in the feed concentrate is converted to elemental sulfur and reports to the tailings from 
the leach circuit. The elemental sulfur is recovered by pressure filtration, on plate and frame 
filter, with steam at 35 PSIG. Bleed streams and the hydrated ferrous sulfate (if it cannot be sold 
as by-product) are directed to a waste treatment and circuit where the acid is neutralized and 
iron is oxidized and precipitated as ferric hydroxide before being disposed to a tailings pond. 
Laboratory testing has shown a 98% copper recovery for the process, 

3.7A.3 Material Balance 
The process chemistry is shown by the following reactions: 

Leaching 

CuFeSj + 2Fe, (804)3 "^CUSO4 + SFeSO* + 2S° (3.7A.1) 

4FeS04 + 0 , + IH-zSOn - * 2Fei (804)3 + 2H2O (3.7AJ) 

Overall". 

CuFeS.. + O2 + 2HjS04 —>• CuSO, + FeSO* + 2S° + 2HjO (3.7A3) 

Conversion 

CuFeSi + 1.25CUSO4 + 0.25SO: + 0.5HjO :-* (3.7A.4) 

1.7CuS + OJCui.sS + FeS04 + OJHJSO* (3.7A.5) 
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Siurry Electrowinning 

2Pe^^ ^2Ee*3 + 2 r .(Anode) 

CuS + 2Fe*3 - * Gu''̂  + IFe"" ̂  t $° (Slurry) 

Cui5 + ̂ Fe"^' -*:2Cu*^ + 4Fe** + S** (Slurry) 

Cu-̂ 2 ^2e- ^ G u ^ (Gathode) 

Waste Treatment̂  

H, SO4 + GaCOa + Hj 0 —̂  CaSO* • 2H2 0 + CO3 

FeS04 + Ca (OH)i + O.2SQ5 + 2 JH3 O ^ Fe (0H)3 ^ CaSO* • 2H2 0 

Overall Process Chernical Reactioii 

CuFeSj + 0.5S5Oj + .1 l04SOj + 0,8892H2SO<t + ES CELL —*• 

Ci^ + 2S? + FeSO* t .88?2Hi0 ;(3.7A:12) 

Tlie material balances resulting from the above chemistiry are presented, in Table 3.7A-i. 
The quantities involved are sufficient to produce 1 ton.of copper product. Stream numbers are the 
same as appear in Figure 3,7ArL 

3.7A.4 Energy Requirennents 
The Level 1 energy requirements that include ail direct thermal and electrical inputs are 

shown in Table 3.7A-2. The electrical energy includes milling, pumping, agitation, and electro­
deposition of copper, but does not include the energy for producing gaseous oxygen. The total 
energy which is in the fonn of electricity, is- equivalent to 31.2 million Btu per ton of copper 
cathode. The electrowinning. step requires approximately 19.1 millioh Btu per ton of copper 
cathode (61;2% of the total). This is.approximately 21% lower than that required by conventional 
electrowiniiing.which is estimated to be 24 million Btu per tori of cathode copper. The Level ,2 
requirements, for chemicals consumed in the process are shown in Table 3.7A-3 for a total of 8.4 
miliionBtu per tori of copper. The major contributor to the Level 2 energy requirements is burnt 
lime which is used for iron precipitation. 

3.7A.5 Discussion 
The total energy for both fuel, electricity, and chemicals is equivalent to 39.6 million Btu 

per ton of copper cathode. The ene i^ cohsumptibh is in the lower range for hydrometalliuficai 
processes. This can be. attributed mainly to the lower power requirements'of the slurry electro­
winning cells. Further reductions in energy requirements are possible since this process is still at 
the preliminary stages of development. The process has been checked at the bench scale level and 
the electroslurry cell has been-studied extensively" ih cotitiriuous operation ̂  

3.7A.6 Conclusions and Recommendations 
As with all hydrometallurgical processes', this process offera a less polluting route for the 

extraction of copper from chalcopyrite concentrates. The estimated energy requirements show the 
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T A B L E 3 . 7 A - 1 THE ELECTROSLURRV^" PROCESS 

(TOHS PEK TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
5 (Conibined) 
S (F ree ) 
Others 

i »2^% 
1 CuSO^ 

FeSO,, 

Cacp, 

CatOH J2 
Ee(0H)3 

CaSO^-ZHgO 

°2 
" 2 
SO, 

1 •?°2 

TOTAL 

(.•1 y 

Copper 
Concent ra te 

dry 
w t . w t .S 

• 1.0204 26.0 
1.1430 28.0 

1" 1.2 6 53 31 ..n 

0.653 16.0 
!o.504S 

4.5862 100.00 

(2 ) 

Water 

w t . w t .Z 

3.5772 100.00 

3.S77Z 100.00 

1 (31 

Concen t ra te 
S l u r r y 

d ry 
H t , w t . 2 

0.39795 25.0 
0.4457 28.0 
0.4935 .31.0 

16.0. 
0.2547 16.0 
1 : s 9 i 8 

;3.18365 100.00 

(4 ) 
Concen t ra te 

S l u r r y 

d r y 
w t . y t . % 

0.62245 25 .0 
0.6973 2f l ,0 
0.77V8 31.0 

0.3983 16 .0 
2.4898 

4.97965 l o o . 0 0 

(5 ) 

Oxygen 

w t . 

0 .28 

0.28 

mt.'X 

100.00 

100.00 



TABLE 3 . 7 f l - l ( c o n t . ) THE ELECTROSLURR.y^*^ PROCESS 

(TONS PER TOM CflTHODE COPPER) 

STREAM HO. (6 ) (7 ) (B) in ( 10 ) 

STREAM NAME Leach L iquor leach S o l i d s S u l f u r D iox i de Convers ion . S o l i d s Convers ion L i f )uo r 

COM POS I T I P N M t . W t . t Mt . 
d r y 
w t . Ti w t . wt.S wt. 

dry 
H t . % Wt. w t . r 

o 

Cu 
Fe 
,S' (Combined) 
S (Free) 
Others 
ir^o 
H;^S0, 

CuSO, 

FeSO. 

(0.5 559) 
(0.7147) 

e.3194 

J.97V8 

1.3959 

1.9431 

CaCOj 

CdCOlt)^ 

Fe.( OH) 3 

CaSO,•ZH^Q 

"2 ' 
SOJ 

CO, 

TOTAL 13.6302 

61.0 

14.5 

10.2 

14.3 

100.00 

0204 
264 
258 
01 
'653 
4667 

2.6721 

0. 
12, 
VV 
45.8 
29.6 

0.112 

100.00 0.1 T2 

1 .1784 
0.3064 
0.7718 

0.3983 

100.00 

100.00 2.6549 

44.4 
M . S 
29.1 

i 5 ,0 

100.00 

(1 .106) 

10.7267 

2.3148 

3. 006 

16.0475 

66 .9 

14.4 

18. 7 

1 00.00 



• 1 ^ 

TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Conibined) 
S (F ree) 
Others 
H2O 

H^SO, 

CuSO, 

FeSO, 

CaCOj 

Ca(0H)2 
Fe(0H)3 

CaSO,- 2M2O 

O2 

"2 
SO3 

CO3 

TOTAL 

3.7A-1 ( c o n t . ) THE ELECTROSLORRY^*^ PROCESS 

(TONS PER TON CATHODE COPPER) 

(11) 
Convers ion L iquo r 

To I r o n Removal 

Wt. w t . 2 

(0 .6192) 

6.0069 66.9 

1.2963 14.4 

1.6834 18.7 

8.9866 100.00 

(12) 
Convers ion L iquor 

To Uaste Treatment 

w t . w t . 2 

(0 .4865) 

4.7198 66.9 

1.0185 14.4 

1.3226 18.7 

7.0609 100.00 

(13) 
Cone. S u l f u r i c 

Ac id 

w t . wt .X 

0.1258 5.0 

2.3905 95 .0 

2.5163 100.00 

(14) 
Ferrous S u l f a t e 

( C r y s t a l l i n e ) 

w t . w t .X 

(0 .3931) 

0.1929 15.3 

1.0689 84.7 

1.2618 100.00 

(15 ) 

Ac id L i q u o r 

w t . wt .X 

(0 .226 ) 

5.9399 58.0 

3.6868 36.0 

0.6145 6 .0 

10.2412 100.00 



TABLE 3.7A-1 ( c o n t . ) THE ELECTROSLURRY^" PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (F ree ) 
Others 
H^O 

H^SO, 

CuSO, 

FeSO, 

CaCOj 

Ca(0H)2 

Fe(0H)3 

CaSO,- 2H2O 

°2 
"2 
SO2 

CO2 

TOTAL 

(16) 

Copper Cathode 

dry 
w t . wt.% 

1.0 100.00 

1.0 100.00 

(17) 

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

w t . w t .X 

1.2274 3.2 
0.9196 2.4 

3.4351 9.0 
28.7395 75.7 

3.6784 9.7 

38.0 100.00 

(18) 
Res idua l C e l l 

S o l i d s 

dry 
w t . wt .X 

0.1784 10.8 
0.3064 18.5 
0.3234 19.5 
0.4484 27.1 
0.3983 24.1 

1.6549 100.00 

(19) 

Steam 

w t . w t .X 

0.315 100.00 

0.315 100.00 

(20 ) 

S u l f u r 

w t . w t .X 

.9086 100.00 

.9086 100.00 



TABLE 3.7A-1 ( c o n t . ) THE ELECTROSLURRY^" PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S (Combined) 
S (Free) 
Others 
H2O 
H^SO, 

0.0204 
0.264 
0.2581 
0.101 
0.653 

CuSO, 

FeSO, 

CaCOj 

Ca(0H)2 

Fe(0H)3 

CaSO, 

0 , 

SOJ 

CO, 

2H2O 

(21) 

Process T a i l i n g s 

w t . wt.X 

TOTAL 1 .2965 

1.6 
20.4 
19.9 

7 . 8 
5 0 . 3 

100.00 

(22 ) 
Water From 

S u l f u r Removal 

wt. w t . ! wt 

0.7817 

0.7817 

100.or 

100.0c 

(23) 

Ai r 

wt .X 

0.126 

0.474 

0.6 

21.0 

79.0 

100.00 

(24) 

Ca lc ium Carbonate 

w t . 
d ry 
wt.% 

1.0393 100.00 

1.0393 100.00 

( 2 5 ) 

Calcium Hydroxide 

wt. 
dry 
wt.X 

1.1654 100.00 

1.1654 100.00 



TABLE 3.7A-1 ( c o n t . ) THE ELECTROSLURRY^" PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S Combined) 
S 1 Free) 
Others 
H2O 

H2SO, 

CuSO, 

FeSO, 

CaCOj 

Ca(0H)2 

Fe(0H)3 

CaSO,- 2H2O 

"2 
SOJ 

CO, 

TOTAL 

(26) 

Waste Solids 

wt. 
dry 
wt.X 

(.8796) 

4.7986 

1.6828 

4.4964 

27.2 

72.8 

10.9778 100.00 

(27) 

Uash Uater 

wt. wt.X 

0.9334 

0.9334 

100.0c 0.937 

100.0c 

(28) 

Uash Uater 

wt. wt.X 

0.937 

100.00 

100.00 

(29) 

Carbon Dioxide 

wt. wt.X 

.4573 

4.573 

100.00 

100.00 



TABLE 3.7A-2 

STEP 
NUMBER 

1 

2 

3 

PROCESS 

• A t t r i t o r H.i 11 i n a 
A> f l e e t r i c a l energy 

f o r g r i n d i n g e q u i p , 
( 2 - 3 o i i c ron mean 
p a r t i c l e s i z e . 
4.0817 ton concen­
t r a t e / t o n copper 
p r o d u c t ) . 

8) E T e c t r i c a l energy; 
f o r c i r c u i t punipi ng 
and a g i t a t i o n . 

Leach 
A j Steaiii f o r c i r c u i t 

h e a t i n g , 
B) E l e c t r i c a l energy 

f o r c i r c u i t pumping 
and a g i t a t i o n . 

Convers ion 
AT Steam "for c i r c u i t 

h e a t i n g . 
8 ) E l e c t r i c a l energy 

f o r c i r c u i t pumping 
and agi t a t i o n . 

ENERGY REQUIREMENTS 

THE EiECTROSlUBBY^''' PROCESS 

U N I T 

(CMH 

BTU 

KUM 

BTU 

. KWIi 

UNITS PER NET TON 
CATHODE COPPER 

403.17 

13.65 

42.89 

.93.88 

MILLION BTU 
REQUI RED PER UNIT 

O.0TP5 

0.0105 

0.01O5 

0.0105 

Level 1 

• 

MILLION BTU PER NET 
TON CATHpDIG COPPER 

4 .,28;58 

0.14 33. 

2 .4460 

0.4 503 . 

2.36'30 

0 .9867 



ON 

1 TABLE 3 .7A-2 ( c o n t . ) 

• STEP 
NUMBER 

4 

5 

6 

7 

PROCESS 

S l u r r y E l e c t r o u t n n i n g 
A) E l e c t r i c a l energy 

f o r e l e c t r o w i o n i n g 
c e l l s { t o r e c t i ­
f i e r s and c e l l 
rec i r c u l a t ' ion pumps 1 

D) E l e c t r i c a l energy 
f o r c i r c u i t 
pumping, a g i t a t i o n 
and cathode 
h a n d l i n g . 

I r o n RemovaT 
A) E l e c t r i c a l energy 

f o r c i ' r c u i t pumping 
and a g i t a t i o n -. 

S u l f u r Removal 
A) Steam f o r c i r c u i t 

h e a t i r i g . 
8) E l e c t r i c a J energy 

•for c i r c u i tpu inp ing 
and a g i t a t i o n . 

Waste Treatment 
ft) E l e c t r i c a l energy 

f o r c i r c u i t . p u m p i n g 
and a g i t a t i o n . 

U N I T 

KUH 

KMH 

KWII 

BTU 

KUH 

KWH 

ENEROV REQUIREMENTS 

THE ElECTROSLUfiRlf^" PROCESS 

UNITS PER NET TON 
CATHODE COPPER 

3820 

39 .91 

1 4.16 

,3-.2 2 

23.82 

-

MILLION BTU 
REQUIRED PER UNIT 

0.03 05 

0.0106 

0.0105 

0.03 05 

0.0105 

TOTAL 

Lefvel 1 

MILLION BTU PER NET 
TON CATHODIC COPPER 

19.1100 

1 
0.41,9T 

0:1487 1 

0 ..59 

0.0338 

0.2501 

31.2258 1 



TABLE 3.7A-3 ENERQY REQUIREMENTS 

THE ELECTROSLURRY^" PROCESS 

Level 2 

STEP 
NUMBER 

- J 

PROCESS 

Leach 
W) Gxygen 

Convers ion 
A ) O x y g e n ( f o r s u l f u r 

b u r n e r ) 

I r o n Reinoval 
AT S u l f u r i c Acid 

Haste Treatment 
A") Limestone 
B) Lime 

UNIT 

TOM 

TON 

TON 

TON 
TOM 

UNITS PER NET TON 
CATHODE COPPER 

0.28 

0.056 

2.3905 

1.15 
0.928 

MILLION BTU 
REQUIRED PER UNIT 

3.78 

3.78 

0.83 

0.104 
5.4 

TOTAL 

MILLION BTU PER NET 
TON CATHODIC COPPER 

1.05B 

0 .212 

I . 9 8 4 

0.120 
5.011 

8.385 



process to be potentially competitive with conventional smelting. Removal of hydrated ferrous 
sulfate from the process as a by-product could lower the energy requirements by approximateiy 
2.5 million Btu per ton of cathode copper. Research is currently tmderway at the bench level to 
further reduce the energy requirements of the slurry electrowinning circuit. Two approaches 
being studied are lower ciurent density operation in the range of 60 amps per square feet and the 
use of more conductive lead alloys for anodes. 

The slurry electrowinning concept may have application to the recovery of other metals. 
Tests conducted by Envirotech Corporation have shown recovery of chrome, zinc, nickel, and 
cobalt may be feasible with this technique. 

3.8 ROAST/SULFITE-REDUCTION PROCESS 

3.8.1 Introduction 

This section contains estimates of the material and energy requirements for a copper 
extraction process referred to as the sulfite-reduction process. The estimate includes the eval­
uation of material flows of raw materials, other influents, internal process streams, and effluents. 
Energy values are evaluated for raw materials, fuels, steam, electrical power and other consu­
mables. Energy requirements are assessed in two respects, (1) an operational requirement that 
does not include special processing features for economizing or recycling of heat between or within 
prtKessing steps and (2) a theoretical requirement that includes improved heat transfer and 
utilization. The theoretical energy evaluation is indicative of potential energy savings. 

The sulfite-reduction process is hydrometallurgical with the exception of the initial roasting 
step and the anode fumaces prior to conventional electrorefining of the copper product. The 
process design evaluated is for the treatment of chalcopyrite concentrates recovered by froth 
flotation. 

A fairly detailed description of the novel processing steps is given by Bartlett (Feb.-Mar. 
1978) in the report "A Process that Uses Sulfur From a Copper Concentrate to Reduce Leached 
Copper," The more conventional processing steps are described in standard texts on copper 
extraction such as that by Biswas and Davenport (1976). Some advantages claimed for the 
process are reduced energy and labor requirements by the elimination of electrowinning typical of 
hydrometallurgical copper extraction, low requirements for raw materials and utilities, and few 
corrosion problems. The process is fairly complex as is evident by the many process streams 
shown on the flow sheet (see Figure 3.8-1). The flow scheme consists of three recycle loops, 
interconnected: (1) The lixiviant recycle loop for the leaching and precipitation of copper, (2) the 
scrubber-liquor recycle loop for the adsorption of sulfur dioxide from the roaster gas and the 
removal of sulfate, and (3) the ammonia recycle loop for the adsorption of ammonia into the 
sulfite liquor (indicated as the Gas Scrubber Circuit, Process Step 7, in Figure 3.8-1). 

3.8.2 Process Description 
The main features of the sulfite-reduction process are a roasting of the chalcopyrite to 

oxidize the copper and iron sulfide minerals (Process Step 1, Fluid-Bed Roasting in Figiue 3.8-1), 
a sulfuric acid leach ofthe calcine from the roaster (Process Step 2, Leach Circuit in Figure 3.8-1), 
and a copper reduction step (Process Step 3, Reduction Autoclaves in Figure 3.8-1), that utilizes a 
sulfite-rich liquor generated by the adsorption of sulfur dioxide from the roaster gas. The roasting 
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is controlled at 660°G to prevent the formation of ferrites — acid-insbluble, copper-containing 
compounds. Leaching is conducted in open vats at 85" C, and the reduction step is conducted 
under pressure at leO^C and 864 kPa. A roaster-gas- sulfur dioxide concentration of 5% is 
su^cient for adsorption and stilfite-rich Uquof generation. The fluid-bed roaster is capable of 
producing gases with sulfur dioxide levels well in excess of 5%. 

The main^stoichiometric relationiahips fbr the processing reactions are as foUovî ; 

Fluid-Bed Roasting, Process Step 1 

a. Chalcopyrite oxidation 

aCuFeSj +6^ Oa —»• 2GuO + Fej O3 + 4S0j (3.8.1) 

.b. Pyrite oxidation 

2FeS, +5^ 0 , - * Fe, Oj + 4S0j (3.8 ̂ ) 

Sulfuric Acid Leaching, Proce^ Step 2 

CuO + H,S04 —*- CUSO4 + HiO (3.8 J ) 

Reduction Chemistry, Process Step 3 

a. Bteduction of copper by ammonium bisulfite 

GUSO4 + NH4HS03 +H3O^Cu° + 1/2 (NH4)2 SO4 + mH^SOi, (3.8.4) 

b. Reduction of copper by ammonium ailfite 

CUSO4 + (NH4;)i SO3 + HJ 0 - * C u" + (NHi), SO4 + Hi SO4 (3.8 J;) 

Gas—Scrubbing and Sulfite Regeneration Chemistry, ProcessStep 7 

a. Ammonium sulfite fonnation 

(NH4 )i SOa + SOl + HJ O — 2NH4 HSO3 (3.8,6) 

b. Ammonia adsorption 

NH4HSO3 + NHJ ^ (NH*), SO3 (3.8.7) 

Sulfur Disposal and Ammonia Regeneration CHemistry, Process Step 10 

a. Acid neutraiii^tion with limestone 

GaCOs + H3SO, ^ CaSQ4 + CO, + H,0 '(3 j S ) 

b, ^Ammonia recpvery with-Ume 

CaO + (NH4); SO4 —>• 2NH3.+ GaS04 + Hf 0 (3.8.9) 
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3;8^a Material Requirennents Evaiuations 
The evaluation df material requirements is based on the description' of the process by 

Bartlett (Feb.-Mar. 1978), Melting of the copper precipitate from the redtiction autoclaves; fire 
refining to,remove iron, oxygen and sulfur; anode casting; and electrorefining have been added to 
provide a processing scheme comparable with conventional pyrometallurgical technology. The 
flow sheet is that of Figure 3.8-1 which shows the identifiers for the process steps and streams 
used in tbe material and ene i^ requirements evaluations. A summary of the material fiows is 
listed in Table 3.S-1. A complete accounting of pertinent supportive calculations,, data and 
references for tbe material flov^ is given in Appendix 3.8-A. Considered for this evaluation is a 
cathode production rate of about 1(XI,000 ton/year and a copper recovery of 98%. The feed is 
considered to be a chalcopyrite concentrate recovered by froth notation having a coniposition of 
25% copper, 29% iron and 31% sulftir that is ametiable to the process. 

3.8.4 Energy Requirements Evaluation 
Tables 3.8-2 and 3.8-3 list a summary qf the ene i^ requirements for the process. The energy 

requirement evaluation is based on the.above material requirements evaluation. Level 1 require­
ments for fuelŝ  steain and electrical power (excluding chemicals and consumables) are listed in 
Table 3,8*2. Level 2 requirements for chemicals, fiuxes, refractories and other consumables, are 
listed in Table 3.3-3. Equivalent fuel requirements are calculated and summed using appropriate 
energy equivalent estimates. Relevant calculations and descriptive information for the energy 
requirements tables can be found in Appendix 3.8-B if such information is too extensive for 
inclusion as footnotes. 

The evaluation for Tables 3.8-2 and 3.8-3 is an "operational" estimate in that it reflects a 
process designed and operated in a conventional, operational mode. The bottom-line totals are 
termed -'operationeLr' in the above summary table. This operational estimate does not consider 
any special features for the economizing or recycling of heat within the process. The "theoretical" 
estimate discussed below includes such considerations. The main aspect of the theoretical 
estimate is the utilization of the heat generated by the processing reactions to offset process 
heating requirements. The difference between the operational and theoretical estimates is in­
dicative of the potential of the process for energy savings. 

The foUowing energy calculations were provided by Goel {1979); Thermochemical data for 
the calculations can be fotmd in Bamer and Schenerman (1978). 

Eher^ generated by the leaching reaction 

CuO + H3SO4 ^-^CuS04:+ HjO (3.8.10) 

H?98 - (^37,600 -232,700) + (15,500- 232;700 -57,800) 

=-4,700 cal/mole 

Copper dissolved- 1,00 kg = 15.73 tiioles 

Energy Generated = (15,73) (4,700) (3,60.x 10'*) 

= ,27 nnillion Btu/ton product 
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TABLE 

[ 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
f e 
S 
Other 
NH^IISO^ 

{HHIJgSOj 

(HH;,)^SO^ 

n,so, 
K,0 

NII3 

Scrap Fe 
Ca(0H)2 
Ca COJ 

s-0, 

Ca SO. 

P.H 

TOTAL 

*Copper i s f 
r^ 1 I IL 1 UUtf U 

3 .8 -1 SULFITE ftEDUCTIOH PROCESS 

(TONS PER TOK CATHODE COPPER 1 

. Ci.) 

CHALCOPYRITE 
CONCENTBATE 

[w.t. Mt.% 

1.02 25.06 
1.14 28.OT 
1.26 30.96 
0.65 15.97 

4 .07 100.00 

igu red as CuSOj,. 1( 

( 2 ) 

CALCTHE 

Wt. w t . S 

( .02 29.74 
T .14 33.24 
O.OT 0.29 
1.26 36.73 

3.4 3 100.00 

% of" the t o t a l welq 

(3 ) 

PREGMANT 
LIOUOR* 

Wt. w t . £ 

1.00 7.23 

3.T74 9.09 
0.097 0 .28 

0.0128 0.04 

2.622 7.51 

26.48 75.85 

3.0 

34.91 100.00 

I t I s a l l owed f o r m 

(4 ) 

COPPER SLURRY 
SOLIDS 

w t . wt.,? 

0.99 100.00 

0,99 iOO.OO 

nor Imni i i t v bu i Idun 

(s)-

AHOOES 

w t . wt.,? 

0.99 100:00 

0.99 100,00 

wh.i ch: 
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TABLE 3 . B - r ( c o n t . ) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
Other 
HH^HSOj 

(NH^jj-SO^ 

(Nil,) 3504 

"2^«4: 
HgO 

HH3 

Scrap Fe 
Ca (OH)^ 

Ca CO3 

SO, 

Ga SO. 

pH 

TOTAL 

*Copper i s 
which 1s il 

(6) 

ANOOES 

wt. wt.S 

T .00 100.00 

1.00 100.00 

igured as CuSO.. 
eluded as "Othir", 

SULFITE REDUCTION PROCESS 

(TOHS PElt TOU CATHODE COPPER) 

(7,) 

CATHODES 

Mt. Mt.% 

1.00 100.00 

1,00 TOO.00 

!% of the total weif 

(8) 

ROASTER GAS 

wt. wt.S 

.5.0 

ht is allowed for m 

(9) 

OFF GAS 

wt. wt.S 

3.0 

nor Impurity buildu 

(10) 

BARREN 
LIQUOR* 

wt. wt.S 

0.01 

3,803 
0.V4O 

0.019 

3.76.3 

2.235 

1,870 

9.09 
0.33 

O.OS 

9.00 

5.34 

76.19 

.83. 

0,95 

100.00 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe. 
S 
Other 
NH^HSOj 

(HH^VjSOj 

(NH^J^SO^ 

H,SO^ 

"2° 
HH3 

Scrap Fe 
Ca (OH)2 

Ca CO3 

SO, 

Ca SO^ 

pH 

TOTAL 

^Copper i s t 
wh ich i s i l 

3 , 3 - 1 ( c o n t . ) SULFITE REDUCtlOti PROCESS 

(TONS PER TON CATHODE COPPER) 

( i n 
TAILINGS 
(SOLIDS) 

w t . w t .S 

0.02 0.92 
I .T4 52.29 
0.01 0 .46 
LOT 46.33 

2.18 TOO,00 

i g u r e d ~as CUSOA, ' 10 
e luded as " O t h e r " . 

(1?) 

GYPSUM SLORRV 
(SOLIDS') 

w t , • w t ,S 

2 ,12 100,00 

2.12 100,00 

> o f the t o t a l weigt 

CEMENT COPIJER 

w t . wt .S ' 

<O.01 100.00 

O.OT 100.00 

t Is a l l o w e d f o r mi 

SULFITE 
LIQUOR* 

Wt. Wt.S 

0.702 9.09 
1.44 3 18,69 

0.186 2 .41 

.5,39 69 .81 

3.3 - 3 ,5 

7.721 100.00 

or i m p u r i t y b u i l d u p 

BARREN LIQUOR 
TO LEACH* 

w t . 

<0,01 

2 ,652 
0,097 

0.013 

2.622 

1 .557 

22.20 

29. 1 7 

hPt,.S 

0.01 

9.09 
0.33 

0.04 

8,99 

.5,34 

76.11 

0,95 
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TABLE 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 
S 
Other 
NH^HSOj 

(NH^)2S03 

(NH^)2S0^ 

HgSO^ 

"2° 
NH3 

Scrap Fe 
Ca (0H)2 

Ca CO3 

SO3 

Ca SO4 

pH 

TOTAL 

•Copper i s 1 

3 .8 -1 ( c o n t . ) 

BLEED 
STREAM* 

w t . Wt.S 

<0.01 O.OB 

L 1 5 4 9.08 
0.043 0.34 

0.006 0.05 

1.142 8.99 

0.678 5.34 

9.67 76.12 

12.70 100.00 

igures as CuSO.. 1 
ch i s i nc l uded as " 

SULFITE REDUCTION PROCESS 

(TOMS PER TON CATHODE COPPER) 

PURGED 
LIQUOR* 

w t . Wt.S 

1.154 9.09 
0.043 0.34 

0.006 0.05 

1.142 9.00 

0.678 5,34 

9.67 76.18 

12.69 100.00 

)% o f the t o t a l we1( 
I t h e r " . 

AMHONIA 
LIQUOR* 

w t . w t .S 

0.973 9.09 

0.058 0.54 

9.67 90.37 

10.70 100.0 

h t i s a l l owed f o r m 

AMMONIA 
VAPOR 

w t . 

300 

300 

nor 

wt .S 

100.00 

-

100.00 

mpur i t y 

AMMONIA 
MAKEUP 

w t . w t .S 

0.035 100.00 

0.035 100.00 
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TABLE 3 . 8 - 1 ( c o n t . ) SULFITE REDUCTION PROCESS 

(TONS PER TON CATHODE COPPER) 

STREAM NO. 

STREAM NAME 

COMPOSITION 

Cu 
Fe 

Other 
NH^HSOj 

(m^)2S0^ 
(NH4)2SO^ 

HgSO, 

HgO 

NH3 

Scrap Fe 
Ca(OII)2 

Ca CO3 

SO, 

Ca SO^ 

pH 

TOTAL 

*Copper i s 1 
wh ich i s i l 

IRON 

w t . w t .S 

0.02 100.00 

0.02 100.00 

i gu res as CUSO4. 1 
e luded as " O t h e r " . 

LIME 

wt . w t .S 

0.71 100.00 

0.71 100.00 

)S of the t o t a l w e l ; 

LIMESTONE 

w t . wt .S 

0.76 100.00 

0.76 100.00 

ht i s a l l owed f o r m nor i m p u r i t y b u i l d i p 
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TABLE 3 . 8 - 2 

STEP 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

PROCESS 

Roas te r 

A) Uaste Heat Recovery 
U) Fuel ( S t a r t Up on l y 

t l i L ' l - C i r c i i i t 

A) E l e c t r i e . l l Power 
B) Process H e a t i n g , 

S team 

R e d u c t i o n A u t o c l a v e s 

A) Pumping, E l e c t r i c a l 
B) Process H e a t i n g , 

Steam 

F i l t e r 

A) E l e c t r i c a l 

M e l t i n g , R e f i n i n g , and 
Anode C a s t i n g 

A) H e a t i n g and M e l t i n g 
(Fue l O i l ) 

B) P o l i n g Gas 

E I e c t r o r e f i n i ng 

A) E l e c t r i c a l 
B) Process H e a t i n g 

( F u e l O i l ) 

Gas Sc rubber C i r c u i t 

A) E l e c t r i c a l 

A n c i 1 1 a r y Loads 

A) E l e c t r i c a l 

U N I T 

BTU 
BTU 

KI'IH 

KUH 
LBS 

KUH 

GAL 

. SCF 

KUH 
LBS 

KUH 

KUH 

ENERGY REQUIREMENTS L 

SULFITE REOUCTIOn PROCESS 

UNITS PER NET TON 
CATHODE COPPER 

- 4 . 2 6 
0 .2 

69 .756 

8.04 
8164 

2 

19.5 

225 

272 
1300 

132.43 

5 0 . 0 

MILLION BTU 
REQUIRED PER UNIT 

1.00 
1.00 

0 .0105 

0 .0105 
0 .0014 

0 .0105 

0 . 15 

0 . 0 0 10 

0 .0105 
0 ,0014 

0 .0105 

0 .0105 

TOTAL 

i v e 1 1 

M ILL ION BTU PER NET 
TON CATHODIC COPPER 

-4.;, '5 
0 . 2 0 

0 .627 

0 .084 
11 .43 

0 .021 

2.925 

0 .225 

2.856 
1 .82 

1 .39 

0 .525 

17 .769 
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TABLE 3 .0 -3 

STEP 
NUMBER 

5.. 

6 

7 

9 

10 

PROCESS 

M e l t i n g , R e f i n i n g , and 
Anode Cas t i ng 

A) F lux 

E l e c t r o r e f i n i n g 

A) Ac id and Reagents 

Gas Scrubber C i r c u i t 

A) Maice-up Ammonia 

Cementat ion 

A) Scrap I r o n 

Regenera t ion C i r c u i t 

A) Lime 
B) L imestone 

ENERQY REQUIREMENTS 

SULFITE - REDUCTION PROCESS 

U N I T 

TON 

TOM 

TON 

TON 

TON 
TON 

t 

UNITS PER NET TON 
CATHODE COPPER 

0 .1 

0.0165 

0.035 

0.02 

" 0 .71 
0.76 

MILLION BTU 
REQUIRED PER UNIT 

0.71 

• 

0.83 

39.0 

18.0 

5.45 
0.24 

TOTAL 

Leve l 2 

MILLION BTU PER NET 
TON CATHODIC COPPER 

0.076 

0.014 

1.365 

0.36 

3.870 
0.182 

5.867 



Energy generated by the reduction-autoclave reactions 

(90% of copper is assumed to be reduced by bisulfite [NH4HSO4I, and the remaining copper 
is assumed to be reduced by sulfite l(NH4)j SO3] at a reduction efficiency at 99%) 

CuSO*+NH4HS04+HjO-*Cu° +1/2 (NH4)j SO4+ 154 HjS04 (3.8.11) 

In an aqueous solution, this equation can be expressed as 

Cu** + HSOr + H,0 - * Cu" + S04° + 3H* (3.8.12) 

^H?,8 =(15,500- 165,000-57.800)+ (-232.700) 

= -25,400 cal/mole 

Energy Generated = (15.73) (.90) (.99) (25,400) (3.6 x 10"*) 

= 1.28 million Btu/ton product 

CUSO4 + (NH4)2 SO3 + HjO ̂  Cu° + (NH4)j SO4 + HjS04 (3.8.13) 

In an aqueous solution, this equation can be expressed as 

Cu** + SO3" + H,0 —»Cu° + s o ; + 2H* (3.8.14) 

î H?98 = (15,500-167,200-57,800) + (-232,700) 

= -23,200 cal/mole 

Energy Generated = (15.73) (.10) (.99) (23,200) (3.6 x 10-«) 

= .13 million Btu/ton product 

Total Heat Generated = ,27 + 1,28 + .13 
by Processing Reactions = 1,68 million Btu/ton product 

With some special design features, the heat generated by the processing reactions can be 
utilized to heat the influents of the reaction vessels and, thus, offset a process heating require­
ment, (generally, the processing equipment is increased in either size or complexity to accomplish 
this heat transfer — e.g., employing bulkier continuous-stirred tanks as compared to more 
efficient tube or staged reaction vessels. The theoretical energy requirement is evaluated as 
follows: 

Total Level 1 Energy Requirement — (see Table 3.8-3) — 35.40 million Btu/ton product 

Offset from Heat Generated by Processing Reactions — 1.68 million Btu/ton product 

Total Theoretical Level 1 Requirement — 33.72 million Btu/ton product 
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Total Level 2 Energy Requirement (unchanged, see Table 3,8-3) — 5,87 million Btu/ton 
product 

Total Theoretical Energy Requirement — 39,59 million Btu/ton Product 

3.8.5 Discussion 

The sulfite-reduction process does not involve novel technology in that it integrates process­
ing steps developed for other metallurgical or environmental pollution control purposes. The 
roasting of chalcopyrite concentrates is similar to the technology for autogeneous oxy-sulfate 
roasting developed by Hecla Mining Co. at their Lakeshore, Arizona property (Bartlett, Feb.-
Mar. 1978) or equipment employed by Cities Service Co., Minerals Group at their Copperhill, 
Teimessee operation for roasting pyrite in the production of sulfuric acid. Roaster gas scrubbing is 
similar to the ammonia-based processes for sulfur dioxide removal from power-plant stack gases 
that have been developed by Nippon Kokan KK, a steel company in Japan; Ugine Kuhlmann in 
France; Smelter Control Research Association, U. S., and others (Slack and Hollinden, 1975, 
Radian Corp., 1976). The leaching circuit is typical of hydrometallurgical acid-leaching oper­
ations employed for metal extractions such as for copper and uranium (Biswas and Davenport, 
1976, Ch. 13; Merritt, 1971), The copper reduction step is the Jamau 1907 patent (Jamau, 1907) 
and has been recently investigated and reported on by Parker and Muir (1976). Regeneration of 
ammonia (Process Step 10, Regeneration Circuit in Figure 3.8-1) has been shown to be effective in 
the Nippon Kokan KK process (Slack and Hollinden, 1975). The other process steps (cementa­
tion, melting, fire refining, anode casting, and electrorefining) are common to conventional 
copper production. 

Each step of the sulfite-reduction process was extensively laboratory tested, and technically 
and economically evaluated by the staff of Kennecott Copper Corp. Research Center at Salt Lake 
City, Utah (Bartlett, Feb.-Mar. 1978 and Oct. 1978). Further development has been recom­
mended by Bartlett (SRI Intemational, 1977). Present development has not gone beyond 
attempting laboratory experiments. 

The evaluations provided by this study clearly demonstrates the validity of combining the 
various processing technologies. Of particular interest if the interplay of reductant (sulfites) and 
acid levels in the lixiviant recycle loop (see calculations in Appendix 3.8-A). A significant element 
in the operation and control of this loop and the other two interacting recycle loops (see discussion 
in Introduction above) is the splitter (Process Step 8, Figure 3.8-1). Control ofthe flow of solution 
retumed to the leach vats and the flow of the bleed stream to the ammonia regeneration circuit is 
intimately related to the chemistry of the leach circuit and reduction autoclaves. The material 
flow calculations show that operation and control are feasible. 

3.8.6 Conciusions and Recommendations 
The processing energy requirements are not significantly sensitive to processing design 

factors that influence the utilization of heat generated by the processing reactions (such theo­
retical considerations would produce an energy requirement reduction of 1.68 million Btu/ton 
product or 4% of the operational energy requirement estimate). The processing scheme is also 
fairly insensitive to the comp(»ition ofthe chalcopyrite concentrate feed. This insensitivity is the 
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result of the energy requirements being dominated by process heating steam and other loads that 
are fairly independent of the feed composition. The roaster waste heat recovery is the energy 
value most dependent on feed copper, iron and sulfur levels. A reduction of 10% in roaster waste 
heat recovery would increase the total energy requirement by about 1% (see values on Tables 3.8-2 
and 3.8-3). 

The two largest energy consuming items are process heating steam for the reduction 
autoclaves, and process heating steam for the leach circuit. These two major energy items 
constitute 71% of the total. The operational energy requirement is estimated as being 41.32 
million Btu/ton of copper produced with 35,45 million Btu/ton product (86%) in the form of direct 
fuel, steam and electrical power consumption. The theoretical energy requirement that considers 
the utilization of the heat generated by the processing reactions is estimated as 39.64 million 
Btu/ton product, only slightly less (4%) than the operational estimate, 
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ACID-FREE REGENERATION OF GOLD-BEARING ANION-EXCHANGE RESINS 

UDC 622.342:66.074.7 

A. P. Vltkovskaya, V. I. Kuznetsov, and V. N. Zaitseva 

Increased interest has recently been shown in acid-free methods of regeneration in 
the sorption extraction of precious metals from cyanide pulps and solutions, particu­
larly in connection with the production of ferritized ion exchangers. 
There are a number of alkaline methods of resin regeneration, but these are not en­

tirely acceptable in practice^ [I, 2]. 
The authors of this paper have have developed a new scheme for selective regenera­

tion of gold- and.silver-bearing anion-exchange resins with solutions of ammonium thi­
ocyanate and alkali, based upon different speeds of element elution by ammonium thio-
cyanat solutions CFig. IF. 
AM-2B anion exchangers of porous structure in mag­

netic and non-magnetic modifications saturated in 
cyanide pulps were taken for study (Table 1). 

l o n l t a 

.IW-2S 
Jm-ZBT 
M - I B F 

Table 1 
Content in Resin 

Au 

6 . 5 5 
5 .25 
6 .S3 

Ag 

0 .46 
12 .30 

1.47 

Co 

14 .5 
5.7 
4 , 6 

2n 

3 .50 
4 . 0 8 
1.90 

r mg/g 

Fe 

0 .6 

Nl 

1,0 
0 .51 
1.4 

Co 

0 .50 
0 .13 
0 .15 

A I 

3 .6 
0 . } 
0.4 

Total 
lBp \ i r -
I t i e a 

2 3 . 5 0 
10.62 

8 .45 

Ssaui I n Roam II r 
Inpur l ty lapurltjr 

dflsorrtioa dffBorpticn' 

^ \ Bluata { 
Au daaorptioB I lg dae'arptlon 

Reaui to aorption ' 'apoalt Solution to 
"' ' _ aorptlein 

Fig. 1. Chart of thiocyanate 
alkaline scheme for select­
ive regeneration of resin 
for a two-stage sorption 
process. 

The investigations were conducted under dynamic 
process conditions. The elution of metal lower cy­
anide complexes from anion exchangers is caused by 
their displacement by the thiocyanate ion, due to 
the concentration effect and high polarizability of 
the latter. 

Selectivity in the elution of sorbed elements by 
ammonium thiocyanate solutions(with the exception 
of zincj is in accordance with the affinity series 
for metal lower cyanide ions, which is as follows 
for the AM-2B anion exchanger: 

Au ? Zn > Ni > Ag > Cu > Fe > CN~. 

Silver is close to copper and nickel in the selectivity 
series; it is therefore not possible to separate it from 
the impurities. 
Alkali is a selective eluent for zinc, which can be 

separated either from the saturated or the degolded resin 
13]. 
Speed and selectivity in elution depends upon the ammo­

nium thiocyanate concentration in the solution and the 
temperatur;e C^ig. 2J. 
Raising the temperature from 20 to 50"C accelerates the 

completion of the copper desorption process appreciably 
and makes it possible to reduce the eluent concentration 
to 5-10 g/liter with a high f90-95%) degrees of copper 
desorption when gold extraction into the eluate is not 
higher than 8%. 
Unlike gold, silver is easily eluted from anion-exchange 

resins, although the elution rate is less than for copper. 
The addition of alkali (NaOH) to the thiocyanate eluent 

makes it possible to separate out the zinc with iron and 
copper, and fairly high figures for the separation of im­
purities (90-95%) and gold are achieved in 3-4 hr with 
thiocyanate-alkaline solutions of quite moderate concentrations: 10 g/liter Nft. CNS and 
10-25 g/liter NaOH (Fig. 3). 

0 io 25 50 

Fig. 2. Effect of tem­
perature upon desorp-
•tion of Au, Ag, Cu, 
and Zn (T = 4 hr) : 

- 20»Cj SOOC. 

f™ =^ ^ 

British Patent No. 808909, 1952. 
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Fig. 3. Effect of NaOH 
coricentration upon 
desorption of Cu, Zn, 
Ag, and Au by thiocy-
anate-alkali solution 
(T = 4 hr; t = 50"»C; 
CNHHCNS = 10 g/literJ. 

In these circumstances, 
26-50% Ag passes into the 
thiocyanate-alkaline elu­
ate, but complete extrac­
tion from the resin is 
possible with an excess 
of eluent and an increase 
in washing time (Fig. 4). 
Together with the im­

purities, 2.6-3.8% Au is 
desorbed into the thiocy­
anate-alkaline eluate; 
this is at the level of 
gold extraction in puri­
fication operations in 
chloride-thiocyanate and 
acid-thiourea regenera­
tion schemes. 
The high efficiency of 

thiocyanate-alkaline solu­
tions in relation to iron, 
copper, and zinc can be 
used in combination with 

Fig. 4. Effect of un­
it loading upon elu­
tion of Au and Ag 
by thiocyanate-alka-
li solution with a 
concentration of 10 
g/liter NH^CNS+25 
g/liter NaOH (t = 
= 50»C): 

Au; Ag. 
The figures on the 
:curves indicate the 
unit loading (in 1 
hr) ^ = 1 liter/so-
lution/1 liter resin. 

the concentration capabil­
ities of the eluent for selective regeneration of gold-
bearing anion-exchange resins. This can be achieved by 
consecutive treatment of the resin, first with a thio­
cyanate-alkaline solution with a low thiocyanate concen­
tration to desorb the impurities, then by eluting the 
gold with a concentrated thiocyanate solution. 

During the process of eluting impurities by the thiocyanate-alkaline method, the re­
sins are saturated with the thiocyanate ion, which helps to accelerate the subsequent 
process of selective gold elution. 
Washing the sorbent between operations becomes superfluous when the same reagent us 

used to separate the impurities and gold; as a result, the total regeneration time is 
reduced and the gold concentration in commercial regenerate fractions increased by 
20.r-25%. 
However, the thiocyanate ion absorbed by the resin in the regeneration process has 

an adverse effect upon sorption of precious metals by recirculating resin, being a 
strong depressant. 

It has been established that the reduction in the resin capacity for precious me­
tais is proportional to the residual capacity of the ion exchanger in terms of the 
thiocyanate ion [4]. 

Complete restoration of the sorption properties of the anion-exchangers is therefore 
impossible without recharging them, to chloride or hydroxyl forms; this recharging 
takes longer than desorption of gold and impurities added together [4], 
Among the desorbents for the thiocyanate ion, alkali is preferable to nitrate and 

chloride eluents, particularly for the AM-2B anion exchanger, because it can be used 
to combine the desorption of the thiocyanate ion, zinc, sulfur, silicon, aluminum, 
and arsenic with conversion of the resin to the hydroxyl form which is most selective 
in relation to gold [4], and the thiocyanate-alkaline eluates can be re-used in the 
regeneration process. Most of the ammonium thiocyanate expended on regeneration has 
to be neutralized Jaecause there are no economical methods for extracting thiocyanates 
from the eluates. 
Neutralization of spent thiocyanate-alkali eluated by chlorination leads to salt 

pollution of effluents and industrial water, and makes complete water recirculation 
difficult. 
A reagent-free method of breaking down thiocyanates with ozonized air in the elu . 

ates and directly in the process of eluting them from the ion exchanger has been used 
to eliminate this disadvantage. 
The experiments were conducted in a laboratory installation consisting of an ozoni­

zer and a column with a porous bottom? 
The investigations showed that complete breakdown of non-ferrous metal cyanides and 

thiocyanates by dispersed ozonized air in thiocyanate-alkaline and chloride-alkaline 
eluated of complex composition was achieved in 10-60 min (Table 2). 
Approximate calculations showed that the cost of neutralizing cyaniferous thiocyan­

ate-alkaline eluates by ozonizing will be 3-10 kopecks per ton of ore with a normal 

E. K. Roshchin participated in the work. 
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INTRODUCTION 

Recent research done jointly by the University 
of Maryland and Martin Marietta Laboratories (Four­
ney, et al., 1979; Holloway, et al., 1980; Barker, 
et al., 1979; Winzer and Ritter, 1980a,b; Winzer, 
et al., 1979a,b,c) has revealed a number of hitherto 
little recognized factors in the fragraentation 
process in explosively loaded rock. Blasting pat­
terns are commonly designed with delays betueen 
boreholes, both to reduce ground vibration and to 
enhance fragmentation; however, research has shown 
that the delay times expected are not often achieved 
due to the high degree of irregularity in the firing 
times of the initiators (Winzer, 1978; Winzer, et 
al., 1979a). 

Crack Initiation and propagation have also been 
reevaluated. Work by Fourney, et al. (1979), Hollo­
way, et al. (1980), and Winzer and Ritter (1980a,b) 
supported early theories of rock breakage by stress-
wave-induced damage (e.g., Obert and Duvall, 1950; 
Duvall and Atchison, 1950, 1957; Hino, 1956; and 
others), which were later rejected because of energy 
considerations. However, the new studies went 
beyond those synthesizing gas-pressure and stress-
wave breakage mechanisms (e.g.. Field and Ladegaard-
Pederson, 1971; Kutter and Fairhurst, 1971) in Chat 
they found new fracture mechanisms and provided 
data indicating that stress-wave breakage is the 
dominant fracture mechanism and is principally 
responsible for fragraentation. 

The results of these research efforts have been 
integrated into an applications approach for use in 
field production blasting operations. Tests with 
these new approaches are discussed, and resulting 
changes in ground vibration, especially frequency, 
and their implications are presented. 

EXPERIMENTAL METHODS 

Production blasting tests were monitored using 
four 16-mm high-speed motion picture cameras and 
three, three-axis recording seismographs. To record 
actual firing times of boreholes in the blast pat­
tern, a Redlake Locam and a Redlake Fastax were 
placed behind and above the active bench. To 
monitor face fragraentation and burden motion, a 
Fastax was placed in line with and slightly above 
the active face, and a Locam, as nearly perpendicular 
tjO the face as possible. This geometry varied some­
what from shot to shot. Framing rates varied from 
500 to 3000 frames/s depending on exposure condi­
tions. Environmental Technology three-axis recording 
seismographs were used to record the resulting ground 
vibration in the vertical, transverse, and longitu­
dinal modes. The response of these seismographs Is 
essentially flat from 2-100 Hz, the frequencies of 
most Interest In blasting seismology. The seismo­
graphs were linked to the cameras through a radio 
transmitter that transmitted a continuous 1000-cycle 

timing pulse to three receivers (one for each seismo­
graph) to be recorded on the seismograph tape. When 
one of che high-speed cameras gives the signal to 
fire che shot, this pulse is interrupted, resulting 
in a zero-time indication on the magnetic Cape of 
each seismograph. In chis manner, Che shoe para­
meCers (firing cimes, delay, fragmenCacion behavior, 
etc.) can be related to the record of the seismic 
event. 

RESULTS 

Fragmentation SCudies 

Analysis of high-speed motion pictures of pro­
duction blasts and reduced-scale block and bench 
blasts (Winzer, ec al., 1979b; Winzer and RiCCer, 
1980a,b), as well as evaluacion of che effeces of 
errors in ms delay iniCiaCors on fragmenCacion 
(Winzer, 1978; Winzer, eC al., 1979a), has changed 
boch che technology of initiacion of blascing pac-
Cerns and che paccerns Chemselves. Winzer, eC al. 
(1979c) published resulcs of a sCudy of che effecCs 
of various facCors (burden, spacing, sCrucCure, and 
Ciming) on fragmenCacion. For a given range of 
burden and spacing, Ciming and sCrucCure were found 
Co be Che mosC ImporcanC facCors affeccing che suc­
cess of che blascing operacion. 

Two aspeccs of Ciming were found Co be basic Co a 
successful blasC: sequencing and proper firing 
InCerval. All boreholes musC fire in Che designed 
sequence. For example, in a single-row blasC opening 
aC one end, Che holes should fire 1, 2, 3, it, eCc, 
from che opening end. Sequencing errors produce 
oversize, flyrock, backbreak, and cighc muck, as has 
been clearly shown in high-speed films of more chan 
60 produccion biases. 

Less readily analyzed are Che effecCs of Ciming 
errors chac cause "crowding" (holes firing closer 
CogeCher Chan expected), thus changing the relief 
in a shot. Previous work (Bergmann, et al., 1974; 
Andrews, 1975) had escabllshed Che opclmum delay 
ac abouC 1 ms/fc of burden, equlvalenC Co abouC 
1.2 ms/fc beCween holes in a row and ~ 5-6 ms/ft 
on the echelon, depending on the spacing and burden. 
Osing high-speed films of production blasts, Winzer, 
et al. (1979a,b) determined that to reduce vertical 
motion to zero, en-echelon relief had to be at leasC 
8.2 ms/fc. This, coupled wich poslclve evidence of 
Che delecerious effecCs of Che firing errors found 
by Winzer, et al. (1979a), led to che development of 
more accurate Initiators (see Table 1). 

Similarly, advances In understanding the factors 
conCrolllng fragmenCacion and resulclng ground vi­
bration led to the Introduction of more sophisticated 
programmable sequential blasting machines Co "concrol 
che firing of a series of InlclaCors. Alchough Che 
availablllCy of boCh new blasCing machines and more 
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Table 1 

Means and Scandard DeviaCions of Firing Tiraes 
for DuPonC ExperlmenCal New Technology 

IniCiaCors and Standard DuPont Initiators 

Delay 
(ms) 

75 
100 
125 
150 
175 
200 
250 
300 
350 
400 
450 
500 

New 
Lab 

74 
97 

120 
149 
180 
196 
245 
305 
346 
395' 
458 
514 

Technc 
X 

i logy 
l o 

1 .3 
2 . 6 
2 .8 
3 .9 
2 .9 
5 .1 
4 . 8 
3 .0 
5 .5 
4 . 6 
9 . 1 
4 . 5 

F i e l d X 

9 9 . 5 
117 .9 
144 .7 
1 7 1 . 5 
1 9 7 . 3 

302.4 
330 .0 

10* 

6 .6 
6 . 1 
8.9 
5 .8 
5.4 

Old** 
X 

8 6 . 2 
111.7 
140.4 
173.4 
1 8 5 . 1 
183.4 
279.2 
307.0 
362.4 
4 2 8 . 1 
440 .8 
523.7 

10 

4 . 2 
5.6 
7 .8 
6 . 0 
5.9 
9 .6 
9 .6 

11 .7 
34.4 
19 .8 
18 .6 
2 4 . 0 

* Higher lo values reflect higher error in measure­
ment of field data. 

** From Winzer, et al. (1979a). 

accurate initiators is still restricted, the combin­
ation of these two changes allows blasting paccerns 
t o be realistically designed wich much longer 
delays and consequenC higher relief (up Co 17 ms/fC 
on active echelon burden vs 6.5 ms/fc in general 
pracClce). In addicion, new delay guidelines for 
sequenClal blascing have recencly been released 
by DuPonC (Andrews, 1981, in press), reflecCing 
Che usefulness of long-delay paCCerns for improved 
fragmenCacion. 

A combinacion of sCudles using Homalice raodels 
(Barker, ec al., 1979; Fourney, eC al., 1979), small 
rock places (Holloway, ec al., 1980) and large rock 
blocks and produccion blascing (Winzer and Rlccer, 
1980a,b) escabllshed Che Imporcance of sCrucCure Co 
the overall fragmenCacion process, and quantified 
some of the mechanisras by which new fractures are 
Initiated by the interaction of scress waves with 
structural discontinuities. Of current concern in 
the application of this research to blasting prac­
Clce are large-scale dlsconcinuicies such as joinCs 
and bedding planes. These dlsconcinuicies Influence 
Che geomecry of Che borehole paCCern, and perhaps 
also Che opclraum Ciming, alchough Che laCCer influ­
ence Is noC yec clearly undersCood. These effecCs 
will be discussed below for individual cases. 

Twency produccion blasts were raoniCored in CesCs 
of five high-relief blascing paccerns, and boch frag­
menCacion and ground vlbracion were assessed. Vibra­
tion effecCs will be discussed in deCall in Che next 
section. 

Location 1. The tests in location 1, a limestone 
quarry, were the slraplesC conducCed and also pro­
vided Che mosc precise economic daCa. A single row 
of 6-1/8-in. holes was drilled on a 17-fc x 11-fC or 
an 18-fC X 14-fc paCCern, depending on che ledge 
being shoe. Bench heighcs were eyplcally 40 Co 
45 fe. This paCCern was unusual, i.e., che burden 
was larger Chan Che spacing, buC was deCermlned by 
the spacing and character of major joints. Two sets 
of solution-weathered joints were prominent, 6 to 

11 ft apart, one nearly parallel to the bench face, 
one at about 90°. JolnCs such as Chese, which are 
open or filled with macerial of very different pro­
perties than the surrounding rock, can severely 
attenuate the stress waves from the blast, and, as 
shown by Winzer, et al. (1979c), result In the pro­
duction of oversize. Increasing the spacing aggra­
vates the problem because more blocks of rock are 
insulated from stress waves by open joints, and 
decreasing che burden Increases flyrock. 

The original delay paCCern used 17 ms beCween 
holes, and some shots were decked, with 25 ms be­
tween decks, for vibration control. The between-
hole relief was 1.5 ms/ft. The new pattern tested 
used 42 ms between holes, increasing the relief to 
3.8 ms/ft, which was within the range indicated by 
our earlier research. 

Improved fragmentation due co Che new paCCern 
produced a savings of abouC 10% on Che overall cosC 
of produccion of a ton of stone from this quarry 
during a 4-month trial. The savings were based on 
changes in amount of secondary breakage required and 
in tons per hour of throughput at the primary 
crusher. The two major reasons for the Improvement 
were: 1) increased relief, which decreased the 
amounc of backbreak, resulting a stralghter and 
smoother face and beCcer performance for Che nexc 
shoe; and 2) somewhac more speculaCive, Che addi­
cional Cime beCween holes, which allowed more Cime 
for fracCure developmenc around Che deconaced hole 
before che adjacenC hole was fired. In che llrae-
sCones aC this location, crack propagation veloci­
cies are abouC 12% of Che P wave velocicy, or abouC 
55 cra/ras (Holloway, eC al., 1980), i.e., iC Cakes 
about 10 ms for a crack co propagaCe che disCance 
frora che borehole co Che free face wich an 18-fC 
burden. Alchough che cracks are iniCiaCed chrough-
ouC the burden by Che P wave, Chey require Cime Co 
grow and coalesce. Therefore, che CoCal propagation 
time indicates the minimum time necessary for a sig­
nificant crack necwork Co begin Co form. However, 
movemenc sufficienc co open Che cracks in blocks 
requires periods 2 Co 4 cimes longer chan Co forra 
Che crack neCwork, or 20-40 ms of delay for Chis 
location. If Che hole is fired Coo soon, Che sCress 
waves from adjacent boreholes may noC be able Co 
fully inceracc wich cracks formed or forming from 
previously fired boreholes, Chus impeding fragmen­
tation. Research is continuing on this question. 

LocaCions 2, 3, and 4. At these three locations, 
more complex patterns were tested, in both granite 
and limestone. All tests were on multiple-row pat­
terns, with between-row delays and high en echelon 
relief. The firsC sec of Cescs used paCCerns sim­
ilar Co Chac shown in Fig. 1. 

BeCween-hole delay in a row was 50 ms (fixed 
by Che available delay inCervals in che ms delay 
series); Che sequenClal Cimer was see Co an InCerval 
of 100 ms; bench helghc was 72 fC; burden was 10 fc 
and spacing was 12 ft, equlvalenC Co a delay of 
4.2 ms/fc beCween holes in a row and, 10 ms/fc be­
Cween echelons. These delays beCween holes and 
echelons were abouC 1 ms/ft and 2 ms/fc more, re­
spectively, Chan chose used in our earlier research. 

The resulcs from chese Cescs were similar Co those 
at location 1: oversize blocks were reduced or elim­
inated altogether, and backbreak was greatly reduced 
(see Fig. 2). In comparison wich mulcl-row blascing 

238 

^ 



COMBINED NOMINAl C»P Ml«Y5 WIIH IIMER 

(3) 0[SICNAI[SOIOI[CHN010C»C»PS 

'3» «D ' O O - ^ ^ S W - ^ - ' i ' 3 0 0 ' 3 » <0D 

- ' 5 0 0 ' ^ ' ^ ' ^ ' ! > ' ' * K " / " ' 

6 !O- '700 - '™ ' ' i n ) SSO 'WO 

Figure 1 High-relief blascing paecern cesCed in a 
granice quarry. SequenClal Cimer seCCing was 100 ms 
beCween individual circulcs, and beCween-hole delays 
were 50 ms. Firing eiines shown are nominal. 

Figure 2. PhoCograph of wall condiclons and pare of 
Che muckpile from Che shoe shown in Fig. 1. NoCe Che 
absence of backbreak, and Che dlsplacemenc and helghc 
of Che muckpile. 

paccerns using less delay (1.7-2 ms/fC beCween holes, 
5-6 ms/fc beCween echelons), vercical moclon was re­
duced (flyrock or hlgh-veloclcy venclng of sCemming), 
and Che shape of Che muckpile changed (Fig. 3) due Co 
Increased overall dlsplacemenc of Che fragmenCed 
macerial. The resulC was an economic advancage, 
especially where fronC-end loaders are used. In Che 
case shown In Fig. 3a, Che fragmenCed maCerlal is 
fairly "CighC"; ic resisCs shovel or loader peneCra-
Clon, increasing its handling Cime. In Che siCuaCion 
shown in Fig. 3b, Che fragmenCed macerial is looser 
and can be loaded more rapidly. Up co 30% reducClons 
in loading Cime have been achieved using higher 
relief paccerns. 

The paccerns described worked well for shoes up 
Co five rows, buC beyond Chis polnc, vercical moclon 
Increased, and dlsplacemenc and wall condiclons de-
CerioraCed. In addicion, high-relief shoCs wich Chis 
design produce ground vlbraCion wlCh relaclvely high 
parclcle velocicies in Che 3-18 Hz range, Che reso-
nanc frequencies of residenClal sCrucCures (Siskind, 
ec al., 1980). 

Earlier unpublished work ac Marcin MarietCa 
Laboracorles IndicaCed ehaC for shoCs using up Co 
10 rows, as much as 18 ms/fc on Che echelon would 
be needed Co reduce vertical motion Co zero. The 
long becween-row delays (125-150 ms) required Co 
accomplish Chis eype of relief would resulc in lighc 
burdens on the front rows, possibly causing cutoffs, 
noise, and front-row flyrock. 

A sequential blasting machine, with variable in­
tervals between circuits, can prevenc Coo rauch re­
lief on Che fronc rows and Coo liccle deeper inCo 
Che shoe. Using machines bullc by SafeCy Devices 
of Lorcon, Va., and Research Energy of Ohio, we 
could sec Che inCervals beCween each of 10 circulcs 
for any delay beCween 5 ms and 999 ras (Research 
Energy) or becween 100 Ms and 999 ms (Safecy 
Devices). This flexibillcy allowed shoe designs 
wich progressively increasing delays beCween cir­
culcs and corresponding increases in en-echelon 
relief in deep shots. 

1.5 - 2 ms/ft between holes 
5 - 6 ms/ft between ectielons 

This eype of paCCern — decreased becween-hole 
relief and increased en-echelon relief — shown in 
Fig. 4, was CesCed in a limesCone quarry in Iowa. 
Inicial en-echelon relief was 14 ms/fc, increasing Co 
21 ms/fc in Che rear rows. In addicion, che beCween-
hole relief was Increased on Che lasC row. A com­
parison of Che resulcs from Chis shoe and a previous 
shoe using scandard sequential cimer programs is 
shown in Fig. 5. The difference beCween Chese Cwo 

(b) 4.2 ms/ft between holes 
10 ms/ft between echelons 

Figure 3. SkeCches of muckpile cross secClons for 
differenc delay patterns: a) typical shape of a 
muckpile for delay of < 2 ms/ft between holes and 
< 6 ms/ft en echelon; b) typical configuration for 
delay of > 3 ms/ft beCween holes and > 8 ms/fC en 
echelon. 

Figure 4. Variable relief blascing paCCern CesCed in 
a limesCone quarry In Iowa. Delay Cimes shown were 
achieved by increasing Che firing InCerval beCween 
circulcs (rows) for che lasC Cwo rows in che shoe. 
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Figure 5. PhoCograph of muckpiles produced by Che 
patcern given in Fig. 4 (background) and a fixed-
interval, lower relief patcern using 5 rows (fore­
ground). Pare of che muck in the foreground has 
been removed. Muck from Che new paecern obscures 
Che wall from Chis angle, buC che macerial is 
chrown clear of che wall Co che base of Che bench. 

shoes was principally in dlsplacemenc and wall con­
diclons. The fragmenCed maCerlal from Che test blast 
was displaced from the wall nearly to the bottom of 
the bench, the muck profile was lower, and backbreak 
was reduced. 

Results from all three test series escabllshed Che 
success of applicaeion of Che research resulcs in 
delays and sCrucCural effecCs Co field pracClce. 
Moreover, applicaclon was aided by new Cechnology 
IniCiaCors and new blascing machines, Chemselves Che 
resulc of earlier research. SignificanC savings in 
produccion coses were realized. One problem sCem­
ming from Che use of new paCCerns remained Co be 
addressed, ChaC of ground vlbracion. 

Vlbracion Scudies 

The problera of vlbracion is critical in Che ap­
plicaclon of any blascing paCCern, as more and more 
mining operaClons-become surrounded by urban areas. 
New work on Che effecCs of blasC-lnduced ground vl­
bracion on residenClal sCruccures (e.g., Medaris, 
1977; Siskind, et al., 1980) escabllshed the Impor­
cance of Che frequency of Che seismic waves, and 
presenced new guidelines on Che frequencies and 
ampliCudes of ground vlbracion ChaC can be expected 
to produce damage in residential sCrucCures. These 
new guidelines recommend considerably lower ampli­
Cudes Chan do previous ones, and Cake inCo accounC 
frequency. 

Because of Che imporCance of being able Co pre-
dtcc seismic effeccs from Chese new blascing pac­
cerns, we have undercaken a sCudy of Che relaClon-
ships beCween frequency and ampliCude of ground 
vlbracion and Inpuc parameCers such as Che delay 
• paecern. On each of Che mulci-row blascing pac­
cerns previously discussed, Chree or more Chree-
axis recording selsmomeeers were used Co record 
Che vlbracion produced by Che blascing paCCern. 
Each Cape was digicized and processed for peak 
parclcle velocicy for each of Che chree componencs. 
Frequencies presenc in each coroponenC were ob­
Cained by Fourier analysis. 

rRWUEKCY (H;l 

Figure 6. Calculaced and measured frequencies for 
the shot shown in Fig. 1. a) Calculated from labor­
atory-derived initiator firing times; b) calculaced 
from borehole firing cimes measured using high-speed 
clnemaeography; c) Fourier specCrum (longicudlnal 
component) frora Che seismogram. The high frequencies 
shown In che calculaced speccra frora firing Cimes 
measured in Che field occur partly because only a 
small percentage of the firing times were obtainable; 
thus, the sampling scaciscics are noC good. The 
macch is beCCer for che specCra calculaced using 
measured firing Cimes for Che IniCiaCors. Higher 
frequency peaks (above 30 Hz) are presenc in Che 
vercical and Cransverse componencs of Che spectra 
from ehe seismogram. 

Figure 6 presencs resulcs from 1 of che 12 shoCs 
monieored, obcalned as follows. From ehe mean and 
scandard deviacions of Che firing Cimes for DuPone 
IniCiaCors given in Table 1, Che inCervals beCween 
ehe firing cime of each hole and all ochers were 
calculaced. The Inverse of Che inCervals equals the 
frequency. The number of InCervals corresponding Co 
a pareicular frequency (fi), mulciplied by ehe 
square of chac frequency, was ploCCed as a hlseogram. 
[This procedure provides Che besc correlaclon wich 
ehe ampllcudes in Che Fourier specCra from Che seis­
mograms, buC che physical meaning of che paramecer 
(InCerval x f!̂ ) ig not yeC known.) Figure 6 
presencs che frequencies obcalned from Che firing 
cimes measured in Che laboratory (6a), ehe frequen­
cies calculaced from acCual firing Cimes in che shoe 
(6b), and Che Fourier analysis of Che seismic daCa 
from ehe shot (6c). There is generally good agree­
ment between the major frequencies obtained from the 
laboratory data and actual firing times and Che 
acCual frequencies found in Che shoe, suggescing 
ChaC a reladonship between delay design and re­
sulcing frequency of ground vlbracion exisCs. 

This Cype of analysis can be used Co design shoCs 
Chac shlfc frequencies ouC of Che resonanc frequency 
of residenClal sCrucCures. The shoes discussed pre­
viously produced major peaks in che specCra beCween 
5 and 20 Hz. Particle velocities at 500 ft ranged 
from about 0.5 Co 1 in./s, and ac 900-1000 fc, ranged 
frora abouC 0.15 Co 0.5 In./s. Ac ehe higher arapli-
Cudes, chese shoes Cherefore produced vlbracion Chac 
exceeded ehe lower limics of poCenCially damaging 
vlbracion (0.5 in./s aC 10 Hz or less, as recom­
mended In che mosc recenc Bureau of Mines sCudies). 
Alchough Chere were no occupied houses wichin range 
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of damaging vibracions aC Che locaclons where Che 
Cesc paccerns were used, a problem was encouncered 
aC anocher location. 

Location 5. This location is a graniCe quarry 
sltuaCed aC Che edge of a small Cown. The nearesC 
resldenCs are abouC 1000 fc from one or more of che 
acClve faces in Che pie, and all residenClal sCruc­
Cures are siCuaCed on poorly consolldaced sandy 
sllCsCone which overlies che granice. The quarry 
experiences boCh poor blasCing resulCs and com-
plainCs from neighbors arising from ground vlbra­
cion. Blascing paccerns such as Chose CesCed at 
locaclons 2, 3, and 4 would produce low-frequency 
ground vlbracion, which could aggravaCe Che problem. 
In addicion, Che area Itself may be conducive to 
transmitting vibration at certain frequencies. To 
test this theory, a sdngle 3.5-ln. borehole was 
fired on one of the 60-ft benches at the quarry. 
The spectrura from this single hole was quite com­
plex, containing frequencies around 6, 10, 15, 20, 
and 26 Hz. This result was not surprising since 
a columnar charge is not a point source. The 
additional complicating effects of delays and 
multiple columnar charges were ellroinaced, however. 

Thus, ie could be CenCaClvely assumed chac che 
eransmisslon characcerlsclcs of ehe ground favored 
waveform energy aC Che frequencies found In Che 
single-hole seismogram. The delay paCCern for Chis 
sice should Cherefore prevenc generaclon of large 
amounCs of energy at Chose frequencies, yec scill 
meeC ehe objecclves of becter fragmentation. Ac­
cordingly, a pattern was designed to shift the bulk 
of ehe seismic energy Co frequencies above 20 Hz. 
Figure 7 is a ploC of Che expected frequencies for 
che new paCCern design (from InlClaCor firing Cimes) 
and acCual frequencies obCained for ChaC paCCern 
from Che seismogram Caken ac ehe same locaeion as 
ChaC for Che single hole. As can be seen, che pae­
cern has succeeded in shifcing ehe frequency above 
20 Hz. Smaller peaks sCill appear aC 6, 10, and 
15 Hz, buC Chey are lower Chan Chose produced by 
earlier paCCerns. The shoe, consisclng of chree 
rows of 3.5-in. holes drilled on a 9-fC x 9-fe 
paecern, used 125-ms delays becween rows 1 and 2, 
136-ms delays beCween rows 2 and 3, and 50-ms delays 
becween holes, i.e., 5.6 ms/fc beCween rows and up 
Co 18.5 ms/fc on Che echelon. The resulc was Im­
proved breakage, dlsplacemenc, and wall condiclons. 

The subjecc of frequency of ground vlbracion from 
blascing and ies concrol is complex, and has been 
Created here In a fairly simple, empirical raanner. 
Wich suicable caveaCs, we can say chaC Che InpuC 
parameCers, expressed in Cerms of InCerval firing 
Cimes, are direccly relaCed Co ehe ouCpuC frequen­
cies. This conclusion has sorae support from earlier 
sCudies (Frantti, 1953; Pollack, 1963) of seismograms 
taken at long distances. However, the relative am­
plitudes calculated from che firing Clraes do noC 
always agree wleh Chose frora seismogram specCra, 
and Cheir physical significance is unknown at this 
time. Complicating the interpretation of the spec­
tra are the transmission characteristics of the 
ground itself, and the statistical nature of the 
input function, which is caused by scaccer in In-
iclator firing times. The successful application 
of these relationships to design blasting patterns 
that produce shifts in frequencies suggests that 
the relationships discussed are valid. Considerably 
raore research must be done to understand the funda­
mental causes of the observed spectra. 
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Figure 7. Calculaced and measured frequencies for 
high-relief paccerns designed Co shlfc ehe fre­
quencies above Che resonanC frequencies of houses 
(a, b, and c as in Fig. 6). 

CONCLUSIONS 

Applicaeion of discoveries frora research on ef­
fecCs of delays on fragmenCacion, and on fundaraenCal 
fragmenCacion mechanisras Chemselves, Co che design 
of blascing paccerns, has resulCed in new, more ef-
ficlenC blascing paccerns for use in open-pie raining. 
These new blascing paCCerns induce changes in Che 
frequency, and possibly Che amplicude, of ground 
vibracions, buC preliminary research resulcs Indicace 
ChaC frequency can be conCrolled by delay design, 
and ChaC Chese designs can be implemented using new 
technology initiators and new programmable sequential 
blasting machines. 
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C hemical mining may be defined as the use of 
chemicals in extracting metal values from in 

situ broken or unbroken ores within a mine. The 
present means for the generation and regeneration 
of sulfuric acid or sulfuric-ferric sulfate solutions 

_are inadequate for most applications. This report 
\ describes a pressure oxidation process for the gen-
leration and regeneration of these solutions from 
[pyrites and spent iron sulfate leach liquors. While 
recent mining developments such as solution injec­
tion, caving, and conventional and nuclear blasting, 
have provided new and better means for the per­
colation of leach solutions through rock masses, 
little has been done to reduce cost and improve the 
quality of the leach solutions that are required. 

A leach solution for chemical mining should meet 
certain requirements. It should be 1) inexpensive 
on either a small or large tonnage basis, 2) capable 
of selectively leaching the desired ore minerals con­
tained in a particular ore, 3) of the proper strength 
or quality to do the job of leaching in an under­
ground environment and 4) amendable to simple 
and inexpensive metal recovery steps. It is also im­
portant that the capital investment be low for the 
solution generation and/or regeneration plant. 

Sulfuric acid and/or ferric sulfate solutions are 
the most Hkely- candidates for chemical mining 
leach solutions. Most of the oxides and sulfides of 
copper, zinc and nickel and the oxides of uranium, 
vanadium, beryllium, etc., are soluble in one or both 
of these solutions. However, gangue materials that 
are high in lime, magnesia, iron or aluminum may 

- interfere with their use. 
Several processes have been introduced in the 

past for the generation and/or regeneration of acid-
ferric sulfate leach solutions. Air oxidation of 
spent ferrous sulfate leach solutions under atmos­
pheric conditions was found to be non-economical 
at Cananea, Mexico. Anodic oxidation was used at 
Inspiration, Arizona for several years to oxidize 

PAUL H. JOHNSON is a graduate student, Dept. of Mining and 
Geological Eng., University of Utah. The paper was presented in 
May at the Pacific Southwest Mineral Industry Conf. of AIME at 
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iron sulfate solutions. Various sulfur dioxide ad­
sorption-oxidation processes, in specific applica­
tions, have met with some success. Bacterial oxida­
tion of spent iron sulfate leach liquors has attracted 
a good deal of attention in recent years. Insofar as 
the generation and regeneration of acid-ferric sul­
fate solutions for chemical mining are concerned, 
each of these processes have their limitations. Some 
of them would be inefficient and too expensive, 
some would not do the complete job of solution 
generation and regeneration and some would not 
produce solutions of the proper strengths for ef­
ficient chemical mining. 

A new process,* recently tested on a laboratory 
scale, makes use of pressure oxidation techniques 
to convert solutions of ferric and ferrous sulfates 
and/or pyrites to sulfuric acid and/or ferric sulfate 
solutions. Commercial scale application would prob­
ably require the use of an autoclave which retains 
pyrite at a high pulp density within the vessel until 
reacted. A description of the autoclave is appended 
to this article. 

CHEMISTRY 

The over-all process consists of: 
1) acid-ferric sulfate generation and regenera­

tion from pyrites and spent iron sulfate leach 
liquors at elevated pressures and temperatures and 
at high pulp densities; 

2) adjustment of the ferric sulfate content of the 
leach liquor when the iron oxide reaction product 
is removed under atmospheric conditions; 

3) heap, "in-situ" or "in-mine" leaching of ores 
under atmospheric conditions; • 

4) purification or adjustment of pregnant Ieach 
liquor; 

5) metal recovery from pregnant leach liquor. 
In the acid-ferric sulfate generation step, water or 

spent solution containing iron sulfates, pyrite and 
air are combined iri an autoclave of special design 
to bring about the reaction, 

2FeS= + 70, + 2H,0 -» 2FeS0. + ,2H,SO.. [1] 

• Patent appUed lor. 
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.^Concurrently, under the same conditions as those 
of the pyrite oxidation, sulfuric acid and ferric 
sulfate are regenerated from the iron sulfates con­
tained in the spent leach liquors. The ferrous sul­
fate originally in the spent leach liquor, plus any 
obtained through pyrite oxidation, is oxidized to 
ferric sulfate, i.e.. 

4FeSO. + O. + 2H.SO.-^ 2Fe,(SO.)a + 2H.O. 
[2 ] 

In those cases where there is insufficient sulfuric 
acid present, a basic iron sulfate forms according 
to the equation, 

4FeS0..+ 3H,0 + O,-^' Fe.SO„ + 3H.SOi. [3] 

Ferric sulfate hydrolyzes in varying degrees ac­
cording to the reaction temperature, to form sul­
furic acid and a solid iron oxide product, i.e.. 

Fea(SO.)3 + 3H=0 -> 3H,SO. + Fe.Oa [ 4 ] 

A savings is effected in acid ferric sulfate re­
generation from spent leach liquors. Much less air 
and autoclave volume is required in the regenera­
tion of iron sulfates to acid than in the generation 
of acid from pyrites. 

Iron oxide dissolves in the highly acid solution 
under atmospheric conditions according to the 
reaction, 

3H.,SO. + Fe.O,-* Fe,(SO.)3 -H SH^O. [ 5 ] 

Upon removal and cooling of the regenerated, 
• acid-ferric sulfate solution from the autoclave ves-
. sel, the iron oxide residue product is allowed to 
'. settle in a thickener and removed from the system. 
• The temperature of the leach liquor-iron oxide pulp 
.̂  and the time of contact during separation should 

determine how much acid would be reconverted 
back to ferric sulfate. 

? 
; In the atmospheric leachmg of sulfide and oxide 
. ores under atmospheric conditions with this acid-
- ferric sulfate leach liquor, both ferric sulfate and 

ferrous sulfates are added to the leach liquor. Typi-
:; 'cal leaching reactions are: 
' CujS + Fe.(SO4)3 -» 2CUSO4 + FeS04 -1- S 

ZnS + Feo (SO4) 3 -• ZnS04 + 2FeSO + S 
• 3CuO+ Fe.2(S04)3-* 3CUSO4+ Fe203 
:• FejOa .nHoO -{- 3H2SO4 -* nHgO + Fez (804)3 

When copper is precipitated from solution by 
cementation, the reaction is: 

• CUSO4 + Fe -• FeS04 -H Cu 

• Again, ferrous sulfate is added to the system. 
After metal recovery by standard metallurgical 

processes, most of the spent solution is combined 
with pyrite and returned to the autoclave. 

LABORATORY EQUIPMENT 

The major laboratory equipment used in this 
study consisted of a laboratory, high-pressui-e, high-
temperature acid-ferric sulfate production auto­
clave. It was built almost entirely of titanium and 
had a considerable amount of accessory equipment. 

The vessel was tall (about 20 ft) and narrow (up 
to 9 in. diam). It was placed within a supporting 
structure and wrapped with an insulated shield. 
Controls and measuring equipment were used to 
measure and regulate the flow and pressure of air 
passing through the system, indicate the pulp level 
within the vessel and measure the rate of flow of 
circulating solution and the temperature within 
the vessel. The system had a means of adding water 
to make up for steam losses, for adding reagents 
if needed during a test, for external heating and 
for periodic sampling of the vessel contents. Air 
was supplied to the vessel via a large receiver tank 
by a compressor capable of compressing 6.75 stand­
ard cfm air to a pressure of 700 psi. A mercoid 
switch controlled the pressure of air in the re­
ceiver tank and the operation of the compressor. 

This vertical, gas-agitated, laboratory autoclave 
was capable of batch leaching 5 to 9 lb of solids 
under conditions that are quite similar to what 
might be expected to exist in a commercial size 
vertical, gas-agitated autoclave. These conditions 
were a pulp density in the reaction zone of approxi­
mately 40%,* agitation by air-solution fluidization, 
circulating solution classification, air pressures as 
high as 700 psi, and temperatures to 230C. Air and 
circulating solution flow rates were controllable and 
measurable over a wide range. 

LABORATORY MATERIALS 

A pyrite flotation concentrate and commercial 
ferrous and ferric sulfates were used in this study. 
Table I is a screen analysis of the pyrite concen­
trate. It assayed 38.0% Fe, 43.0% S, 0:4% Cu, 1.0% 
Zn, 0.8% Pb and 0.082 and 2.5 oz of Au and Ag, 
respectively. The ferrous sulfate salt assayed 25.6% 
F e " and 44.7% SO,. The ferric sulfate was com­
posed of 24.0% Fe"* and 42.2% SO,. Tap water was 
used in all experiments. 

EXPERIMENTAL PROCEDURE 

Ih these studies, batch charges were added to the 
autoclave, the vessel was sealed and then heated 
up to temperature under running air flow condi­
tions. It was then run under a given set of leach 

* The pulp density was limited in the laboratory titanium model 
to 40% solids becTUSc of solution recirculation limitations. These 
limitations would not be involved in a larger, continuous model 
having a more efTicient means ol recirculation. 

TABLE I. Screen Analysis of Pyrite Fiotation 
Concentrate 

Mesh % Retained 

+ 20 
- 2 0 +28 
- 2 8 +35 
- 3 5 +48 
- 4 8 +65 
- 6 5 +100 

- 1 0 0 +150 
- 1 5 0 +200 
- 2 0 0 +270 
- 2 7 0 

0.0 
0.6 
1.0 
3.5 
8.8 

36.9 
5.7 
1.6 

24.8 
16.9 

100.0 

i i 

• i l -

n - i . 
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conditions for approximately 3 hours. In some in­
stances, ferrous and ferric sulfates and/or sulfuric 
acid were injected into the vessel when reaction 
temperatures were reached. Periodic sampling of 
the vessel contents provided a means of following 
the chemical reactions. 

PYRITE OXIDATION 

Numerous tests were .conducted with pyrite and 

Cwater charges to determine the effect of variables 
on pyrite oxidation rates. 

Fig. 1 is a typical time versus leach liquor com­
position graph. The composition of the leach liquor 
contained in the autoclave (corrected for volume 
changes) is plotted versus time and temperatures 
from the time of startup to the finish of the tests. 
Sulfuric acid, SO,, and ferrous and ferric iron com­
positions are plotted on this graph. 

Table II shows data for a number of pyrite oxida­
tion tests. The more pertinent test results obtained 
in this series of tests are described in this table as; 
(1) the rate of sulfate production during the given 
test period in terms of sulfate ion/liter of solution 
in vessel/hr (gpl S O y i / h r ) , corrected for volume 
changes; and (2) the total iron content of the leach 
liquor in the system at the end of two hours of 
leaching in terms of grams per liter (gpl) (uncor­
rected for volume changes). 

TABLE II. Summary of Pyrite Oxidation 

Temperature , ' C 
Air Pressure , psig 
Air Flow. c£m/sq in. 
Pyri te , grams 
AddiUon ol Water 
Total Water, Uters 
1-2 hr 80=. Prod. Rate 
2 hr FcT gpl 
2 hr HaSO. gpl 

7 

183 
353 
.057 

2500 
X 

14 
39 

6.5 
40.5 

Tests Nos. 
• 8 8 10 11 

183 175 173 173 
335 300 335 "Soo 
.067 .067 .067 .033 

3500 2500 2500 2500 
X X X X 
14 14 14 14 
53 22 25 30 

11.5 3.8 6.2 5.0 
62.5 27.0 29 64.5 

12 

155 
355 
.067 

2500 
X 

14 
13 

1.0 
11.5 

Tests 

13 14 

155 195 
355 355 
.033 .067 

2300 4500 
X X 

14 14 
• 13 78 

1.0 23 
14.8 62 

Sulfate production rates were noted to increase 
with increases in the surface area, pulp density, 
oxygen partial pressure and to be independent of 
the solution compositions. Tests 7 and 8, which 
were run with pyrite charges of 2500 and 3500 
g respectively, had 1-2 hour sulfate production 
rates of 18 and 25 gpl per hour respectively. 

The sulfate production rate curves were noted to 
be essentially linear with time in each test, despite 
the fact that the composition of the leach solutions 
varied widely within each test. Solutions as high 
as 120 gpl H-SO, were produced in 2% hours of 
leaching at relatively low pulp densities. 

These data correspond well with those obtained 
by earlier experimenters who worked with stirred, 
conventional autoclaves and weak solutions. They 
concluded that the over-all rate of pyrite oxidation 
was proportional to temperature, surface area, or 
pulp density and oxygen partial pressure and was 
independent of the solution composition. 

Sulfate production rates were not influenced ap­
preciably by air flow rates. The 1-2 hour sulfate 
production rate obtained in test 10 (25 gpl SO, per 
1 per h r ) , which was run at 175"C.and a pressurized 
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Fig. 1—Typical time vs. leach liquor composition graph jor 
pyrite o.xidation test No. 8. ' 

air flow of 0.067 cfm per sq in., is comparable to 
the 30 gpl SO* per 1 per 1-2 hour value obtained 
in Test 4 wherein the temperature was held at 
approximately 182°C and the pressurized air flow 
was maintained at 0.02 cfm per sq. in. Likewise, tests 
13 and 12, which were run at a temperature of 
155°C and air flow rates of 0.033 and 0.067 cfm per 
sq in.^, had identical sulfate production rates. 

Inasmuch as there was found to be little or no 
variation in sulfate production rates with increased 
air flow or increased agitation through the air-
stirred autoclave, diffusional control is not indicated 
at low agitation levels. Activation energies obtained 
from experimental data also support this conclusion. 

EFFECT OF IRON SULFATES 
Since ferrous and ferric sulfate either accumu­

late in the leach solution d.uring the leaching of 
pyrite or, in the case of an acid-ferric sulfate re­
generation process, are added to the charge entering 
the autoclave, it was of interest to examine their 
possible effects on .the over-all reaction at temper­
atures in the range of 155 to 175°C. 

Table III summarizes the tests made on pyrite in 
solutions containing iron sulfates. 

The curves of Fig. 2 are representative of those 
tests (Test 15) wherein ferric and/or ferrous sul­
fates were added to the charge initially. 

Fig. 3 shows a typical test (Test 16) where iron 
sulfates were added to the system when it had at­
tained reaction temperatures. 

Characteristic of tests where iron was initiaUy 
present in the leach liquor was; 

(1) rapid formation of acid to a level dependent 
on the test temperature, i.e., 

Fe2(S04)3 + 3H2O -»• 3H:50. + F e A ; [6] 

t These two values of pressurized atr flow probably represent the 
low and the medium range air flow rates for this type of air-
stirred autoclave. 
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Fig. 2—Leach liquor composition graph, iron sulfates ini­
tially present. Test 15. 

(2) a rapid decrease in the total iron content of 
the system as a result of the above reaction; 

(3) continued pyrite oxidation, i.e., 

2FeS2 + 7O2 -t- 2H2O -»• 2FeS04 + 2H2SO4, 

at siniilar rates to those obtained in tests where iron 
was initially absent in the system, and; 

(4) basic iron sulfate precipitation was found to 
interfere somewhat with the normal pyrite oxida­
tion pattern in those tests wherein initial iron sul­
fates were present in the leach liquor. Early in the 
test, before the acid content of the leach liquor had 
a chance to build up, a yellow basic iron sulfate 
product would precipitate and cause the sulfate pro­
duction rate to be somewhat less than normal, i.e., 

4FeS04 + 3H2O + ©2-* Fe4S09 + 3H2SO4 [7] 

AUXILIARY REACTIONS 
Due to operational dilTerences between a com­

mercial size continuous autoclave and the labora­
tory model in which testing was done, certain dif­
ferences are to be expected in the chemistry. The 
heating or cooling of solutions in entering or leaving 
a large continuous vessel would take place much 
faster and under more reducing conditions than in 
the case of tests run in the laboratory model. Ferric 
sulfate, during the brief ingress period, would be 

TABLE III. Pyrite Oxidation Tests with 
Iron Sulfates 

16 
Test 

18 19 21 

Temperature, deg. C 173 
Air pressure, psig 355 
Air flow, c£m/5<j in. .067 
Pyrite # 1 , gms 4300 
H-SO,, ml 6.7 
Ferrous sulphate, gm 1061 
Ferric sulphate, gm 1072 
Total water, liters 14 
SO'4 prod, rate 1-2 hr 35 
2 hr FcT, gpl 28 
2 hr H-jSOi, gpl 61.5 • 

173 
355 
.067 
2500 
6.7 

2022* 
— 
14 
25 
13 
54 

150 
250 
.067 
1000 
6.7 

1060 
1072 
14 
11 
23 
26 

175 
355 
.067 
2500 
6,7 

1061' 
— 
14 
22 
8.5 
44 

175 
353 
.067 
2500 
6.7 

584 
14 
23 
8.0 
45 

l.S.T 
333 
.067 
2500 
6.7 

584 
14 
9 

4.3 
33.5 

173 
353 
.067 
2500 
6.7 
— 1072 
14 
28 
14 
40 

173 
335 
.067 
1000 
6,9 
.371 
368 
14 
13 
13 
32 

' Injected a t end of warmup period 
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Fig. 3—Leach liquor composition graph, iron sulfates in­
jected, Test 16. 

partially reduced to the ferrous form by pyrite, i.e., 

7Fe,(S04)3 + FeSa + SHgO-* 15 FeS04 + 8H2SO4 
[8] 

and the liquor leaving the vessel would have a 
tendency to form ferric sulfate from acid and the 
solid ferric oxide product, i.e., 

Fe203 + 3H2S04-*Fe2(S04)3 + 3H20 [9] 

Evidence of the reducing efl'ect of pyrite on ferric 
sulfate can be seen in the w^armup periods of almost 
all of the tests run in the laboratory model of the 
air-stirred autoclave. In the early part of each of 
these tests, despite the fact that oxidizing conditions 
prevailed, the content of ferrous sulfate in the solu­
tion increased and that of the ferric sulfate de­
creased. 

The effects of pyrite in reducing ferric sulfate were 
studied in a series of tests in which 100 g sam­
ples of minus 100 mesh pyrite #2 were contacted 
with 100 ml amounts of an acid-ferric sulfate solu­
tion containing 41.2 gpl total iron, 4.7 gpl ferrous 
iron, and 13.7 gpl sulfuric acid for one-half hour 
durations at variable test temperatures. 

This reduction of ferric iron on pyrite at slightly 
elevated temperatures could possibly be used to 
good advantage in any cyclic acid-ferric sulfate 
generation or regeneration process wherein the 
presence of ferric iron in the pregnant liquor was a' 
hindrance to the metal recovery step. 

Often, in tests conducted in the laboratory auto­
clave model, it was noticed that if the leach liquor 
were allowed to set in the vessel at the end of the 
test, or was in contact with the ferric oxide slimes 
for a fairly long duration, sulfuric acid would dis­
solve the ferric oxide and form ferric sulfate in the 
leach liquor. 

If, in the commercial production of a ferric sul­
fate lixiviant, a solution of high ferric sulfate con­
tent were desired instead of a solution of high acid 
content, slow settling of the ferric oxide residue at 
a somewhat elevated temperature would promote 
the reversion of sulfuric acid to ferric sulfate. 
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SUMMARY 

Thus , in this process , compressed air is used to 
oxidize and hydro lyze pyr i te and /o r spent ferrous 
atid ferric sulfate leach l iquors to relat ively strong 
solutibns of sulfuric acid a n d / o r ferric sulfate. -The 
reactions, shown in Eq. 1 and Eq. -2, proceeded, at 
reasonable ra tes in an a i r - s t i r r ed "autoclave at t e m ­
pera tu res above i40°G, a t h igh pu lp densities and, 
a t ' a i l pressures above 200 psig. Under the. same test 
conditions, and at the same t ime as these oxidation 
reactions, sorne (dep eh ding on t empe ra tu r e ) of the 
ferric sulfate p resen t was quickly hydrolyzed to sul­
furic acid, a s s h o w n 'in Eg; 4. 

The reverse of this react ion was shown- to occur 

at atmospheric pressures and below-bo ilirig tem­
pera tu res . This reaction could be used to reconvert 
acid to ferric sulfate; Solutions with up to 12% sul­
furic acid a n d / o r 6% ferric iron were proditced by 
,this gener a t ion-regenerat ion process. 

A similarity, m a y be noted "iri the; chemistry of 
pyrite,, ox id ation in an aiir-stirred autoclave to that 
in a horizontal , irnpeller^stirred autoclave. The prin­
cipal difference in the 'e^uipmeht , however; is that a 
single, small , a i r -s t i r red vessel of the type described 
itl this ar t icle .would do the same job, as numerous 
larger-, conventional autoclaves iri series arrange­
ment . In this application, the new vessel design 
should be m u c h Ifess expensive and more efficient. • 

A Ver fka l Gas-Agitafed Aufodave 

• i . p 
Simplified diagram of dutoclaue. Noiff 
corie-shaped classifier compartment. 

The ace omp any in'g •drawing shows 
a new vertical,, gas-agitated auto­
clave* in its siriiplestipi'm. The long 
and relatively narrow chamber {!) 
represents the reaction zone where a 
bed of solids is agitated By a liquid-' 
gas fiuidizatjon action. Gas,, liquids 
and solids are piimpe'd into ' the base 
of thisizone and move upward ih the 
chairiber at different rates, In mov­
ing through the system, the gas,agi­
tates; helps to fluidize the solid bed 
and chemically reacts wi th the 
slurry. It leaves the system via a 
.restriction valve at the -top of "the 
vessel at «an outflow pressure some­
what less than its "inflow, pressure. 

Liquids and solids niove upward 
under conditions of violent agitation 
ih the reactipn'zone to the vicinity of 
the windovv (3) leading to the in­
ternal classifier (4) . In this cone-
shaped coinpartihent Eufr;ovmding 
the reaction, zone, slurry moves cir-
cumferentiaily from the- entrance 
w;indow (3) to a discharge por t (5) 
where the ieach liquid and selected 
solids leave the system. Most of the 
solids entering the internal classifier 
settle on the conical walls and then 
re-enter the reaction zone via the 
openings at the" base of the" in ternal 
classifier (6) , 

•Patent applied for 

The most important features of the 
autoclave, with re.sppet to, its. des ign, 
are the internal classifier, the reac­
tion zone, the solution recirculation 
system and. the in]ection ports lo­
cated at the base of the reaction zone 
coltimri. • "" •"• • " •• •• """ ' 

The internal classifier has several, 
purposes: 

1) I t serves to hold the corir 
tents of the reaction zone at a 
high pulp density (plus 55%) for' 
more efficient chemical reaction; ' 

2) It- ailovvs effluent jpulp to be 
- -drawn .from an area adjacent, to 

the reaction zone, reducing froth­
ing problems; 

3) It, retains s.qlids in the reacr 
tion zone until ' they are fully re­
acted hence reducing volume and 
staging requirements; 

4) It provides means for ob- : 
taining * clas'sified leach liquor 
for internal recirculation or with­
drawal. 

The geometry of the reaction zone 
is dependent 'on a great number, d i 
factors, i.e., the optimum ainouiit, 
of gas required by the chemical r e ­
actions and for good agitatiori; stag­
ing;, maintenance, construction and 
cost factoids; the pulp .volume r e ­
quired at a given pulp density and 
cheniical, reaction .rate; flow ra te of 
splution through the,system. 

Given sufRcient.inlqrmation about 
these physicai arid chemical fac-
tors„it should be possible to design a 
vertical autoclave reaction zone for 
aoy giveri ore; 

In any vertical "air-agitated auto­
clave where pulp, or a more dilute 
recircuiated solution, enters the re,-
actipn zone at the bottom of the 
coiuihn, it is important that the in-
jection port(s) be of such design as 
to prevent the backflow of the high 
density pulp contained in the reac­
tion zone, ,P,iilp backflpw would 
caijse pliigging of' lines and trouble 
on startup after a shutdpwn period, 

A laboratory vertical,, gas-agitated 
autoclave was, of d design which 
required a recirculation system coh:-
sisthig bf a pipe running from the 
internal classifier to a point some 

distance below the autoclave proper 
and then back up to the injection 
port at' the base of the reaction zone. 
No pufnp was used. In such- a sys­
tem, .the length arid diameter, of the 
solutiori recirculation line, sufficient 

•to cause the proper ampunt-.of solu­
tion, recirculation, would depend on 
the pressure and teniperature df the 
system, the height, of the reaction 
zone, the density Of the pulp in the 
reaction zone and in the recircula­
tion systeni, the amount, of recircu­
lated solution required to maintain 
suspehsiori of pulp in the reaction 
zone, the amoiirit and density of gas 
.passing through the system, and the 
fluidity of'the solution. 

A compartmented version of the 
autoclaye, cajjable of treating 35,000 
gal at a "high" pulp density and at a 

•comparatively low operating cost, 
could, be built at an estimated cost-
ratiging from $140,000 to $190,000.. -

A significant advantage of this 
autoclaye appears to be its ability to 
function in a different and more 
efficient manner. Its inherent ability 
to retain and react solids at high 
piilp densities, regardless of the char­
acter of the feed slurry and the 
available gas and liquid flow 
through the system, would lend to 
the-treatment of thefbUdwing types 
of materials: 

1) Solids requiring complete dis­
sblution that enter and/or leave the 
reaction vessel at either very dilute 
or medium pulp densities; 

2) Applications where only lim­
ited gas and/or fluid flow is avail­
able tb cause fluidization and agi­
tation of coarse, dense o r low re-
a'ctable, mirieral content solids;. 

3) Flotation concentrate's Which 
have a. tendency to float in an air-
agitated'autocl a've. 

The internal design of the new 
vertical gas.Tagitated "autoclaye has 
the potential of iinproving the fluid­
ization, and leachihg efficiency of au­
toclaves and, consequently, of broad­
ening their field of application. tJn-
derground.'installation of the vessel 
could reduce .the plant capitai in­
vestment and dpfifating costs. • 
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Certain ty.pes oE resistant auriferous ores cannot be processed by- the classic 
methods of cyanidation and •amalgamation because the gold finely dispersed in the 
sulfide's is not sufficiently extracted-. 

An oxidizing roast is regarded .as the. most acceptiable method of exposing such min­
erals [1],- a Substantial disadvantage of this process, is the formation, of low-
melting mixtures which coat 1;he gold particles and prevent diffusion of the cyanide 
solution. On the other hand there are inevitable losses of gold in oxiaizing roast­
ing because of the considerable amounts of dust that are lost. 

Mineralogical analysis Of certain auriferous sulfide ores shows that' the .principal 
co'hstituent minerals are pyrites> chalcopyrite, pyrrhotite, and (in part) arseno­
pyrite, in which gold is present in the crystalline lattices of sulfides dissemi­
nated in quartz and in the form of complex compounds with silver, tellurium, bis­
muth, and antimony. The greatest amount of gold is in the structurally free state, 
in associations in the .quartz. 

Processing such ores is more efficient when high temperatures and pressures, are 
used. 

A study was made of the process of autoclave separation of auriferous sulfide ore 
from the Koch-Bulak deposit, Uzbek SSR; ammonia solution, giving combined extraction 
of valuable constituents from the material, was used as the sol'vent [2-6] . .The ex^ 
periments were conducted in Vishnevskii type titanium autoclaves ['71. 

1^ 

Chemical Composition, % 

Relationship of Gold Ex­
traction from Sulfide Ore 
to Solvent Composition 

SolVCIit. 

NH, 

50 
Kffl 
50 

IQO 
50 

too 

coniiostl: 

(NHJiSO. 

100 
100 
100 
50. 

ion, g/1 

Cii 

sis 
2,S 

Degree of 
All e x t r a c ­

t i o n , % 

S6.0 -
76.0 
83,0 
89.0 
33.0 
90,0 

Test conditions;; t_«=. 180"C; T 
hrs; liq:sol = 5:1 

,fiS. * . • . . . . .' 

AliDs . . . , > 
•EejOa . , . . . 
SiO? .. î  . . • . 
CaO 
Cu . . . . . . i 
2n , . . ,. .. . . 
MgO . . . . . . . 
S . . . . . . i 
Naid 
K2O . , . . . -
Other admixtures 

Z . . . . , . . 

Sample 1 

t' d e t e c t e d 
9 .65 
3.50 

59.4 6 
0.84 
0 .22 

— 
1.33 
9.96: 
0 .13 
3.0 

Sample 2 

Not de. tect* 
4 .29 

23 .62 
4 2 . 1 1 

1.2 3 
0 . 7 5 
0 .13 
1.45 
7 . 0 3 
0.04 
0 .96 

8.02 

9 6 . 3 1 

13 .36 

9 5 . 0 7 

The experimental results showed that raising the temperature "to 17 5-180° C in-
ereased the extent to which gold passed into solution; after this, temperature had 
no appreciable effects Maximum gold extractipn in these circumstances- is 76% irre­
spective of the initial raw material content of valuable constituent (npt more than 
56% in the absence of an oxidizing agent). 

Published data t3,4] and our own experiments showed that' the presence of an, oxi­
dizing agent in the leaching of resistant sulfide ores helps to form a stable com­
plex of Au(Si03)2^~ type according to the reaction 

2Au + 4Sz03^~ + Hz'O + 1/2 02- 2flu (SjOa J.i,'- +-ZOH". 

The follotting proved to be the optimum leaching conditions: solvent composition 
,(g/liter) 50 NH3, 100 (NHi,)2S04, 2.S Cu; liquid-to-solid ratio 5 : 1 ; partial pres­
sure of Qi 15-20 at; T = 5-6 hr, size of• material 90% -0,074 mm (see Table). 

In spite qf the high extraction of gold when irich ores are processed., consider­
able amounts of metal (7^8% Au) remain in the cakes. The causes of underleaching 
.form the subject of further investigations. 

COMCLUEIOWS 

A study was made of the possibility of using autoclave technology to process re­
sistant- auriferous sulfide pres, A non-toxic solvent ensuring a high degree of 
gold extraction intp solution was selected, and ah optimum leaching routine has been 
perfected and recommended. 
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