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AUTOMATING THE AUTOCLAVE OXIDIZING LEACH PROCESS FOR NICKEL-PYRRHOTITE CONCENTRATES % :ﬁg
UDC 669.243:66.046.8-52 g%;’
e
yu. F. Markov, A. G. Levkovich, A. B. Voronov, G. F. Gurevich, and Ya. M. Shneerson * I“"2
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
7 out result that any excess of
~ /’” ”\ ing  temperature due to malfunction-
Initial pulp = 1 } t gas ing of the temperature auto-
5 P 3 B A o 51 B 7] B matic control system causes
disruption of the process,
2 Water to &) sulfur-sulfide buildup on
mixer end ~2 the mixers and heat exchangers,
7 seals and a sharp drop in autoclave
¢ 7 e z output. : .
. Oxidized pulp 2. The narrow working
iq : e temperature range and the
Fig;c%‘ihg?utlng of apparatus for autoclave oxidizing corrosive and abrasive .
1 - gas mixer unit; 2 - 3GP 13/25 cc : of the raw material
- receivers; 4, 16 - control valves ke it impossible to use
valves; 6 - pocket feeder; 7 - init ird automation resources,
pulp collector; 8 - centrifugal pum A’ﬁ’c [ >ecial development work
/30 pump; 10, 11 - autoclaves, capa juired.
12 - discharge valve; 13 - intermed |The 1ncreasec} pressure
14 - oxidized pulp collector; 15 - tsk of explosion make it
17 - supply tank; 18 - GR 16,40 pum .mportant for monitoring
! mtrol systems to be ex-

nels. .
' .y reliable.

The experience of the
Nickel Industry Research
and Design Institute in
the adoption of auto-
mation on 15 m3 capacity

Outgoing gas ——éb—c E——i

~®

autoclaves at the Yuzhu- A t

ralnikel' Combine and 3

1.74 m3 capacity auto- ‘me +© ?© T

claves at the Madneul A

Mining and Concentration 2z '\g 1'\4! ll\ﬂ‘ X

(_ZOmbine [3] was utilized Iy g ¥ 711w T

in the work, but most of ]

the schemes were perfected il

i;lortll.l? process of opera- [% r Cooling water
A diagram of the appa- 'Water & conden-

ratus routing appears in Palp discharge

Pulp discharge

Fig. 1, and a diagram of

the monitoring and measur- Water 20 atm__.

ing ins - . .
mazion :;g?::tina;g au;o Fig. 2. Diagram of monitoring and measuring ins-
A1l tn g. 2. truments and automation system for autoclave
€ systems are oxidizing leaching.

—

|

V-vl:JsI. Akin'shin, N. I. Burkalenko, N. L. Voloshchuk, G. V. Kosintsev, and M.

torinupov from the Nox_:ll'sk Mining and Metallurgical Combine automation and moni-

Re g and measuring instruments shop and V. I. Keilin from the Nickel Industry
Search and Design Institute participated in the work. g
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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 pur1fy1ng
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 (v 900 kcal/kyg). 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 aoproxxmately 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
continucusly 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

pboth determines the rate of pyrrhotite leaching and substantially affects the
passage into solution of the non-ferrous metals which the pyrrhotite concentrate

contains.
process is economic.

In addition, the degree of oxygen utilization determines whether the
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.
puring 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.
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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. '

clave is described below.

- Pulp Level in the Autoclave.

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). An, UKN Du6é type valve with redesigned
seating and piston is at present in operation.

System for Automatic Maintenance of a Constant
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-

Electrode type pulp level sensors are installed in the seventh and eighth

autoclave chambers.

Relays based on the IKS-2N type nonsparking relay and devéloped

by the Noril'sk Mining and Metallurgical Combine automation and monitoring and
mgasu;ing 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.
of the system being triggered by false impulses.

This reduces the possibility
The order to discharge comes

in through an intermediate relay when the 7th and 8th 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.
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| A Comparison of Evaporite Facies in the:Late Paleozoic
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Large evaporite basing are characterized by a cyclic alteration of sediménts deposited
under an arid climate in marine, lagoomidl, dnd subierial €nvironiments, respectively, In
the Permo-Carboniferois Amazon. Basin, marine 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 conditions passed into lagognal, and ulti-
mately the lagoon broke up intg disconnécted ‘salt lakes. 1In contrast, at least in the
Sergipe embayment of the Cretaccous South Atlantic salt basin! marine sediments. are
- : abisent, coarse halite is restricted to “tidal”-type feeding éhannels, arid the marginal la-
"t . goons, lakes, and salt flats are chardéicrized by a wide array of carnallite tachyhydrite
facies. These differences reflect the greater isolatign of the South Atlantic graben from
the world ccean.
Introduction uniformity of the principle emponte often prevents
OWING to their great sensititity to envifonmental full use of thig trait. It is therefore particularly
conditions, evapontes are among the best indicators fortunate that this is not true.of the Brazilian Sergipe
| of the facies in which they are dep051ted Unforen. Geposits (South Atlantic) and, to a lesser-extent, of
] nately, a lack of confiniuous coving and no chemical tH0S€ of the Amazon evaporite basm (Fig. 1). These
X ; depasits have heen extensively explored and abundant
core material shows these evaporites are represented
| by an unusually wide range of evaporite rocks.
|
‘ Amazon Basin
The Amazon Basin is a large Paleozoic basin in
northern Brazil containing a thick $equence of an-
hydrite and rock salt. The évap”oritb séquence itself
is of lower Permian age; it-is undérlain by fusulinid
‘ upper Carboniferous (Stephdnian) shallow water
‘ limestones and sandstones and overlain by upper
Permian to Lowér Triassic red shales deposited in a.
; ‘ continental-lagustrine. environment, Thus the evapo-
‘ rite sequénce is 2 régressiverane; transitional between
1 an underlying-epen marine sequence and an overlying
] contifiental one, The -evaporite-depositing area was
‘ subjected to both marine and continental influences.
| Marine limestone wedged in and intercalated with
. the evaporites from the open ocean or geosyniline
| along the western margin of the present South
] American continent, and fan deltas biilt up from the .
Guyanan, Brazilian, and West African cratons that
. enclosed the basin from the riorth, south, and ¢ast,
N _ respectively. Eolic dune sands which derived their
f)-I‘ material from these fan deéltas built up along the
| margins (Fig. 2).
| , The. téxture 6f the evaporites reflects their ex-
y Fic. 1. Location map. Sergipe is only 2 marginal bay of posure {o m*mne, and contivental influences and
) the large South Atlantic:salt basin: shows as well the grad'tlal transition from marine tg
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'ually broke into isolated salt lakes which deposited first fine halite, then sylvinite.
i ¢ dissolution of the halite along the basin margins.




F16. 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 anhydritized, 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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FrG. 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

NaCl. Not until the end of the uppermost lagoonal
cycle (VII), as the lagoon 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

o
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in the Amazon sequence. This reinforces the idéa be- due to eustatic changés’ resulting from ‘contem-.
that the well-defined -cyclicity of the late Paleazoic poranéous glaciation. No known glaciation. occurred

sediments, whether evaporites or coal measures, may during the Crétaceous, and this may explain why the

Fic.'8. A. Slabbed core of cycle VII showing bottomn growth of coarse- halite crystal overlain
by fine-grained halite. Massive precipitation of very fine ‘erystals dominated this depositional
stage of cycle VII. )

: . .B. Slabbed core of cycle: VII showing perfect lamination of very fine halite.

C. Slabbed éore of white sylvinite*from cyclé VII. Qnly selective leaching of the, KCI 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. i

E. Slabbed core,of-halite immediately overlying sylvinite in cycle VII after sylvinite deposi-
tion, This material was deposited during periodic Aoodihg of the salt layer by muddy iresh
water; éausing. thé recrystallization of salt-cubés.in the washéd-in mud (t6p).

F. Slabbed core showing continuation of conditions in E except that there is little mud and
much halite. Recrystallization after flocding left only a discontinucus mud network (white)
between the halite ¢rystals. .
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UPPER CRETACEQUS

LOWER CRETACEOUS

THE SERGIPE EVAPORITE SEQUENCE

AWYORITE wre

HALITE WITH SYLVINTTE BEDS EE5 cucaneous - maume siug
TACHIHTDRITE SANDSTONE

CARMALLITE NETANORPHIC BASEMENT

F16. 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). :

Fie. 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 became 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 coarsé 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
MgCl,, as shown by the presence of carnaliite, the
halite precipitated abruptly, with abundant nucleation
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. 12D). 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,
nucleation 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, when 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-
\

FEEDING CHANNELS
WITH HALME AND ALGAL STROMATOLITES .

DS

”
N

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 well 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

CARNALLITE DEPOSITING LAGOONS

INTERLAGOON FLATS AND EROSIONAL BOUNDARY

SOUTH ATLANTIC
{ARACAJU 25 KM) 0 12 3KN

F16. 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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Fic. 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 contiining large carnallite crystals which grew in a fine halite network. )
' E. Slabbed core from a sylvinite bed showing the intricate, amoebalike intergrowth of halite

E .o 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 ‘

i . 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 — - R
A LITERATURE SURVEY T

SYNOPSIS o MNG
The litefature on activated carbion is reviewed'sa as to provide a:géneral backgro inc.with resper‘t 10 . IACGL

the effect of sgurce material and activation procedu:e on.carban praperties, the structure and
chemical nature-of the surfacé of activated carbon, and the nature of absarption processes on
carbon. The various theories on'the.absarption of gold and silverfrem cyanide salutions are then
reviewed, followed by a discussion of processes for the:recovery of-gold and silver from cyanide
solutmns using acnvated carbon, including a. comparlson with zinc'precipitation.

"INTRODUCTION

The currént interest in activated carbon for the adsorp-

tion of metals from c¢yanide:solutions has prompted us -

to write a réview aimed at familiarizing.ihe reader with

* the:general physical and chemical propertics of activated

carbons and their apphcalaon to the recovery of gold
and silver from mine solutions and pulps, The firstpart
deals with the properties of carbons, the second with the
nature of adserption procésses, and the third with some

_processes that have been proposed-for the extraction 6F

gold from pregnant mine solutions.and ;mine- effluent
sdlutions containing small-amounts of dissolvéd-gold.

PHYSICAL AND CHEMICAL PROPERTIES. OF
ACTIVATED CARBON
Source materials

Activated carbons have beén- made from almost any
source. of carbonaceous material, including bone,”
cocunut shells, wood peach plps peat, bltummous
propemes of actwated carbon are influericed Dy both
the sgurce-material and the conditions of activation, viz,
chiemical or thermal {gas) activation afid the teiviperature
and duration of the process. In Figurg 1 are shown
pliototnicrographs of carbons synthesized from dif-
ferent starting materials, which show that the stfucture
of the original ofganic material, e: 8-, the cellular struc-
ture of the peach-pip and_ééconut ‘sheh produces, are
stiil present in the carbon.skeleton 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 dependesit oni the source. matérial.
It is' this property t‘lat makes carbons from particular
sources suitable. for- specific tasks, €.g., coconut shells

for.gas-phase adsorption. The: adsorptwe propertics of

actlvatcd carban were discovared in the 18th Century,
but the first' practical. appli¢ation ¢ame -about in the
sugar-beet mdustry when bone char was introduced asa
decolorant in France during [hc Napolecnic-wars. Fur-

: ther application of activated carbon remained fairly

static.untii World War I, when an answer 19 the use of
chlorine-gas in warfare was required. -and it was found
that coconut:shell éartions were mosteffective.as gasad-

- sorbents, Thesc carbens continue to be most,important

in air punf’canon while'coal-based carbons are most ef-
fective in the Field of water treatment. This is because
the majority of pores in activated carbon originating
frém coconut shells are small, v1z.:20¢3. in diameter, and
thus. are suitable for adsorption of small gaseous
molecules. Carbons manufactured from. bituminoys
¢oal have pores whose diamefers span the range 20 to

. 10 000°A;, :and these carbons can remove largé niblecules

from lIQUIdS, e.g.; large: mo,.eculcs, responsible for col-
our.
For adsorption to occur, the molecule must Teach the

‘internal surface “of ‘the carbor particle by diffusion

through the pores. As-a.result, (e pere structure will
have a marked influence on the- -adsorption kmetlcs ie.,
the rate at which‘the'mc'ecules aré adsorbed. Since the
pare structure is rclated to the.tim®and temperature of
activdtion, it aiso infltierices the mechanical strength of
acnvatcd rarbon granules.
The structure of the carbon skeletcn

The process of charring and activatign, descrlbed
below, produces a. riaterial that has a very large surface
area, fromra few hundred to weil overa thousand m%/g.
The structure of activated carbon is essentially graphitic _
in pature’, as shown. by X- ray- -diffraction studies, ard is:
not truly amorphous, but har regions of order :hat have
a graphite-like structure, The same studies' have shown
that the size of chese. miciocrystalline Tegions increases
with temperature of activation, which mxgh\ telate tothe,
adsorptive. propervies of ‘the. carton since thes depend

-strengly an the temperaturé of activation. [n Figure 2 is

shown the jzoropm.ed2 appgarance of the graphitic struc-
ture oFaétivafed carbdn. It ¢an bé.seen that the layers of
carbgn-atoms are considerauly disordercd and, dlso, the
separation Fatween tie layers, is greater, than that i"ou".d
i graplkite itself,

\ .
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FIGURE 1. Photomicrographs of activated carbons, authors’ samp/es reflected light, magn/f/cauan X175. Dark sreas are
macropores, light areas carbon. (a) coconut shell, (b) peach pip, (c] bituminous coal, and (d) extruded peat based carbon. The dark
areas in (a) are channels between the fibres of *Ye coconut shell, and appear to be stripes when cut at right angles, whereas those in
(b} are cells in the peach pip, end 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 of the pores are important, because they may
exert a screcning process, which prevents molecules that
are too large from being absorbed, or else promote ad-
sorption when the pore diameters are of 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 of molecules of different sizes by ac-
tivated carbons as an indication nf 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
number’ 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 forced3.
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 500 — 20 000 A
transitional pores or mesopores 100 —-500 A
micropores 8 — 100 A

The chemical nature of the surface
The most important division of carbons is into what

Steenberg5 has called the H--and L-carbons. H-carbons ™

are formed at temperatures in excess of 700°C (typically
around 1 000°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 water. -~

The two types of properties are completely interconver-
tible. Heating an H-carbon at low temperature will pro-
duce an L-carbon, for example. An important aspect of
the production of both types is the exposure to oxygen,
which is irreversibly adsorbed by the carbon, and only
comes off 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 outgassing samples of carbon under vacuum cor-
respond with the temperature ranges involved in the pro-
duction of H- and L- carbons, it has been suggestedS?
that the surface oxides evolved as CO, at lower
temperature are responsible for the physico-chemical
behaviour of L-carbons, and those evolved as, CO at
higher temperatures arc responsible for H-carbon
behaviour. Attempts to identify these surface oxides in-
clude acid-base neutralization®® and reaction with
specific chemicals to provide information. For example,

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

h (b) .
FIGURE 2. Proposed structure of activated carbon (-], with
that of graphite (b) for comparison. Adapted from Bokros?.
The circles denote the positions of carbon atoms, whereas the
lines are carbor-to-carbon bonds.

_methylation will give esiers wilh carboxylate groups,

“which are hydrolysable with base, whereas phenolic -

groups will give ethers which are not®%. More
sophisticated approaches_ have involved'®: ESR (Elec-
tron Spin Resonance) and NIMR (Nuclear Magnetic
Resonance), snd, more proiitably, Internal-reflexion [n:
frared Spectroscopy (IRS). The last techr gue, which is
discussed in detail by Mattson and Mark'?, has indicated
that there are probably carboxylate, phenolate, and
quinone-type groups present on the carbon'® (Figure 4).
Unfortunately, iRS suffers rrom the problem inherent
in all infrared techniques of identification, viz, inat a
large number of groups of different kinds adsorb over
similar ranges. The adsorptions have been alternatively
interpreted as being due to ether, pero.vfide. and ester
groups in the forn of lactones, carboxylic, anhydrides,
and cycle perorides (Figure 4). ‘Becaur= of these uncer-
tainties, it is not our intention to go into the details of
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these oxides further here, but merely:to remark thal the
low-tempcratuse oxides appear to be carboxylate in

100 000

nature, whereas those formed at Higher temperatures-ap-

pear to be phenolic, or some derivative of this group,
suchi as a.lactone. The.importance of these: groups pro-
bably lies in their ability to,alier the hydrophobic. vérsus
hydrophilic properties of the carbon ‘surface, as in-
dicated in the next section.

The-activation of carbon usually involves two distingt’

stages, viz, a preliminary charring step at lower

(o)
!
~C

{e}

températures (300 to 500"(3). which® drwes off the
volatile matter, of thc raw material- 1o leave a

hydrophoblc carbon skeleton, followed by hcating of:

the char at, higher temperalures (700 to 1 000° C) in-the
presence of air, carbcm dioxide, or water vapour (or
.mixtures of.thése). This is the acuvanon strge, and the
reactive;oxygen burns away part of the. carhon skeleion
as carbon monoxide and curbon diomde, Lhcreby in-
creasing the internal sufface area’ of tl;2 carbon -and
.developing the pore strucivre, I Jxygen is excluded, the
- tésulting carbions Have no al:n'tty .0 adsorb acids. ESR
experiments have shown that, aftrr Heatihg :at high
temperatures, a large pumber of s:gnals from unpas:cd
electrons; indicating ruptired bonds, are. present in the
carbon. These highly teactive sites react with oxygen
when it is admitted, an the signals from the unpaired
electrgns decrease enormous[y

The nature of -adsorption processes

Apdrt from (He strong interactions invoived in form- .

ing chemical bonds between atoms, molecules. exert
weak attractive and repu]sm fores on ‘each otl.er,
" which differ from those in chendical banding only in that
they are much weaker. These weak van Jer Waa]s fordes
‘are responsible for the adsorption of non-polar
molecules onto surfaces, aid are of the utmost impor-
tante in the adsorptien of organics by-activated carbon,
In Figure 5 is seen the theoretical durv2'® for'the van der
Waals .interaction: of two hydrogen atoms alceady
‘chemically bound fo o.her dtoms, e: g.; these might be H

atoms bound .to Cina hyurccirbon Apart from the:

small scile, the curve is similar to the familiar.cusvie of
ENETgY versus atgmic. separatmn for ferming chemical
bonds. The region where the energy falls. below the
X-axis, i.e.; the sum of the van der- Waals radii of the
twa hydrogen atoms, is energetically favourable for the
system, and it is the small attractive forces at these'in-
teratomic separativns that lead to the adsarption of non-
polar molecules onto hydrophoblc susfaces. No dif:
fererit in nature is the familiar hydregen bond, which is
ifvolved in attracting more polar molecules like water

FIGURE 4. Structure of 50me’ sun"ace oxites that have been
*progosed as bemg present-on the surface of activated carban:

fa) carboxylic acid, (6} phenolic hydroxyl; (¢} quinone-type car-.

bony! groups, (d) normal, and fe] Huorescein-type factones, i
carboxylic acid anhydrides, .and {g) cyc!ec peroxides.
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onto surfaces; so rendering: thém Hydrophilic. These |

bonds involve ditraction between the slightly positively
charged hydrogen atom in water and the election-rich
dipoles on ofher atoms, {ypically oxygen in water,
aleohols; carboxylates, silicates, and sg on. Both of
these forces.areinvolved in the adsorption of gasesionto
carbons, as aré also other forces varigusty classified as
dipole-dipole forces, dispersipn forees, etc., but that. are
esscnnally no different in nature from the flr}st two
types. Adserption from agueous salution may, be mmply

lnderstood as -2 balance between the much stranger N

hydrogen- bondmg forces:and the weaker van der Waals
‘forces. Thee lattice of -liquid water is held together by
hydrogen bonds, and .non-polar organic molecules
generally have oaly a low solubility in water because the
watef moleculés form strong hydrogen bonds with each
other ratherthan weak van der Waals inieractions with
‘the non-pelar organic molecule, or a hydrophobxcysur-

‘face incapable of forming hydrogen bonds: It s thus .
encrget;cal]y Favourable for the organic fnolecule to.7,p-
escape from the ‘water structure and adsorb onto a

hydrophabic surface. However, if the surface is made
hydrophilic, the water will adsorb preferentially and the
organic melecule will remain in the bulk liyuid. Should
the organic moleculc have;a hydrophilic group, ¢.g., 3

‘carboxvlate as well'as a hydrophoblc chain, the best ar-~

rangement then will be with the- hydrophobic portion at-
tached to the hydrophobic surface, with the hydrophilic

end oriented into the bulk aqueQus solunon which;, of

course, is the basis of solubilization of, hydmphobm fat-

‘ty particles in agueous selution by soaps. The impor-

tance ‘of the hydrophoblc/hydrophlhc balaricé of the
surface is seen in Figure 6, which shows the adsorpuon
of non-polar molecules ontd polystyrene matrices as the
hydrophilicily increases with the percentape sulphona-
tion of the intcrna} surface, which,. unsulphonated,
presents a phenyl group at the- interface, with watcr'2
The ion- exchange resin is used to ilfustrate Gur point
because it represents a-well-characterized and well-
understood system, which activated carbons do not. A§
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the perccmage sulphonauon increases from zero, ad-
sorptzon of the organic. increases, because the resin
swelly better, admitting the aguégus sdlution. In addi-
tion, the sulphonit acid groups form hydregen bonds
with water, and-structure it round themselves, rendenng
it less-able to solvalte the organie molecules dissolved in
it. Therefore the equilibrium is Sh]fu.d in the forward ’
direction so that: adsorption onto the hydrophnblc parts
of the internal surface occurs. This is similar to the
saltirig out of organzcs dlssolved in water; where addi-
tion of a simple. inorganic salt causes the drganic to
.separate out from’ the aguepus phase. After peaking
out, the adsorption of- the organic molecnies.in Figure 6
decreases as more sulphonaticn takes place, Jecause the
surface is now bécoming too, “hydronhilic and water is
.adsorbed preferentially: to non-pclar molecules. The
sinall residudl affinity for non-polar molecules ‘at; even
100 per cent sulphonation accounts far the ‘organic
fouling’ in normal ign-exchange resins.

The above factors lead'to a fairly simple bchawour af -
organic molecules ad'i‘)rbmg onto activated carbOns In
an hoémologous series of -0 zanic molecu!es, gig.,.
methyl, ethy] propyl alcohals, the adsorpilcn becomes
stronger as maore methylene. groups are -added berause:
the hydrophoblc part of the molecule becomes larger,
lowering.its affinity fdrthe. solvent water, and increasing
the éxtent: of van Her Waals interactions with tne.
hydrophebic, isurface of the carbon. This gives rise 1o
Tiaube’s rule, which states that the larger homelogues in
aseries will be the most strongly adsorbed. At the same.

«time, because” ions are very ‘strong \y hydrated (i.e.,
hydrophlhc), actwated ‘carbOi’fias, in general, only-a

_ “smal} affinity for iops. In Figure / is showrfthe adsorp-
tion of acetic-acid by ctivated ~arbon a5 a functon:of
pH. Below a pH valu: of 5 the acetic acid exists. as a.
neutral molecule CH COQH which is reasonably

: strongly adsoroed by the carbon, butabove thls pH the
proton is.lost.togivé ihe anion anCOO , which i

2 — pentanone

Propanone,

-togC .

0 .
Methan!

T T —
0 Capal:ny. Meqr’g 5
FIGURE & Distribution coefficient (C) of neurrar' prganic
molfecules.onto sulphonated polystyrene ion: exchange resing
as a function of the degree of sufphonarron This is measured
by the capacity.of the resin for cations, 5,2. Meq/ g representing
& substitution of approximately 100 per cent. (Adapted from
Rigman 12 .
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FIGURE 7. Adsorption of acetic acid onto activated carbon
as a function of pH. {Semi-diagramatic.)

scarcely adsorbed by the carbon at all. Because of this, it
is probable that theories of adsorption of ions such as
[Au(CN),,] as ions per se, discussed in the next section,
can be largely discounted. The key to understanding the
properties of activated carhon 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 of 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 the adsorption of ionic substances is more 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 C O,
which then react with water according to equation {1}:

C,O + H,0 = CI* + 20H". (1
The net effect of this reaction is the removal of protons
from the bulk aqueous solution. The formulation C.O
indicates that the exact nature of these groups remains
unknown. Garten et al/'* proposed that these groups
were chromene 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 with
oxygen, and also a very important property of the car-
bon, namely its 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 quinone-
hydroquinone 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 property 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 within the molecule, or
orients it correctly for reaction. Mest important, in
practice, is that activated carbon can act as an oxidation
catalyst and, for cxarnple, can catalyze the oxidation of
ferrous ion to ferric by atmospheric oxygen.

ADSORPTION AND ELUTION OF GOLD AND
.SILVER ON ACTIVATED CARBON .
Proposed mechanism of adsurption

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 salution 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 AuCl; ion, metallic gola can be usually
detected (Figure 10) on the surface -of the carbon par-
ticles, and so there is no difficulty in deciding on the

mechanjsm of gold absarption from chloride medium. .

In a cyanide medium, no metaltic gold is discernible on
the carbon. Theories on theé adsorption from cyanide
medium can be divided into two types — those that pro-
pose that the [Au{CN),] ™ ion present in cyanide solution
is adsorbed as such, and those that propose that it is
altered chemically by, for example, reductiongo metallic
gold or precipitation as the insoluble aurocyanide,
AuCN. The earliest theories were of 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. Feldtmann'® pointed out, however, that -

gold adsorbed from chloride medium was readily
Solution

| (i Outg} Helmholtz plane.

Inner Helmholtz plane
FIGURE 8. Schematic representatiun of the electrical double
layer with specifically ad.orbed anions on the surface of the
{ i cations in the diffuse layer. (Adapted
from Mattson and Mark!0.}
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Grabovskii ef al?, 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 Pitt2 proposed that the loading of

both Au(CN); and Ag(CN); proceeded by an ion- -

exchange mechanism. Initially%?, it was thought that at-
traction to positive charges generated in accordance with
_ the ideas of Frumkin'® accurred. 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 Bockris® to account
for specific adsorption of anions on metal 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 with this, it was found? that the order of strength
of adsorption was [Au(CN),]) > [Ag(CN);] > CN™, which
is the order of decreasing size of the anions. This ignores
the Tact that such large and weakly hydrated anions as
perchlorate are only very weakly adsorbed by the car-
bon, which, as pointed out by Kuz’minykh er al'8, is in-
consistent with the loading of the simple anionic com-
plexes by electrostatic effects. The ability of the cyanide
ion 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),]Z' 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 to account
for it fall into three categories: .

o those where it is proposed that the gold is still present
as the aurocyanide, held by electrostatic or van‘der
Waals type of forces'7'8:21.2,

e those in which it is suggested that it is present as a
gold compound other than the aurocyanide ion, e.g.,
precipitated AuCN'6.17.19 and

e those in which it is proposed that reduction to
metallic gold occurs'>2, )

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 the fact that activated carbon offers little scope for
more dircct investigations, e.g., X-ray diffraction or in-,
frared spectroscopy, into the nature of the gold species
present on the charcoal, and researchers are frec 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 AND
SILVER FROM CYANIDE SOLUTIONS USING
ACTIVATED CARBON

Dissolution of gold by cyanidation

In the dissolution of gold by cyanidation, the milled
ore is agitated with a dilute alkaline cyanide solution
(either sodium or calcium cyanide with lime) in the
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presence of air. It has been shown?® that the dissolution
proceeds by two reactions, viz, equations [10] and [i1].
The relative proportion of the gold that aissolves by
either reaction is not alv-ays constant, but depends on,
for example, the purity of the solution.
2Au + 4CN™ + O, + 2H,0— X
2Au(CN)7 + H,0, + 20H™ | i [10]
4Au + 8CN| + O, + 2H,0—

4Au(CN)i, + 40H| - (.

Soon after the dissolution of gold and 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 processes utilizing activated
carbon for the recovery of gold. .

However, in the early 1950's, intcrest in the
metallurgical application 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 carbon have been developed, and
these will bé briefly dealt with later. Numerous processes
for the recovery of gold in which activated carbon was
used as an adsorbent 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 properties of the carbon is that, unlike an anion-
exchange resin, it retains its gold {and silver) seiectivity
in the presence of large conceutrations ol other metal
cyanide complexes, e.g., Cu{CN)}, Ni(CN)2-, and
Ee(CN)g" which are sometimes 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 silver from

cyanide solutions . i

Some of the more important processes ‘hat have been
proposed for the recovery of goid and silve: from
cyanide solutions and pulps in which activated granular
carbon or powder is used as the adsorbent witl be outlin-
ed in this section. However, owing to the prominence
that the carbon-in-pulp (C-1-P) process is enjoying in
South Africa at present, 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?-2 demonstrated the technical
feasibility of the carbon-in-pulp process at the United
States Bureau of Mines Laboratories, The process incor-
porated a procedure for tie desorption and clectrowinn-
ing of the adsorbed gold and silver values, and it was

FIGURE 10. Peach pip carbon (top) ari a spherical carbon

(bottom) derived from polystyréne beads coated with metallic
gold after loading from auriferous chloride solutions.
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FIGURE 11. Carbon-in-pulp adsorption circuit as used at
Homestake. (Adapted from Laxen et al3!.}

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-I-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 Deep-and Grootvlei, and Fairview in™
the Barberton area, have paved the way for the instalia- .
tion of large-scale fully integrated C-1-P plants®'.

In a typical C-1-P gold-recovery process, granular car-
bon (usually between 6 and 16 mesh) is moved counter-
current to 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 with 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 imporlant requiremeént of the C-1-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?-® {reats 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 slir{acs frac{ion. At present, (_)n_!y lhe g;(_)l.d lrl the

cent of the total production. However, owing to *the ex-
cellent performance of the C-1-P process, it was recently
decided to replace the zinc-precipitation circuit used for
treating the sand fraction, by a carbon process®. Since

the filters on this side of the plant are functioning well, a
fluidized-bed technique is envisaged in which the:

clarifiéd liquor wi'l be pumped upflow 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 conrentrate. The concen-
tration of gold in the liquor aris:ng 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 about 2 grams of gold per ton

of solution.

Adsorption at Homestoke, An average ot 2 300 tons
per day of the slimes fraction, which has been cyvanided
and from which woodchips anu oversize material have

.been removed by screening a. 710 pm, is treated by

C-I-P.
Four adsorptioa stages are emplwed and a simplificd

flowshect of the adsorption circuit is shown in Figure -

113, The pulp is moved from one adscrption stage to
the nex: (a contact time of tetween 20 and 60 minutes is
usually employed) by means of airlifts that are situated
on the outside of each adsorption agitator and raise the
pulp and carbon granules onio L50 um vibrating screens.

The coarse granular carbon that is retained on the screen

is allowed to flow back into the agitator from which. it
was extracted, while the fine pulp flows through the

’”.‘screen into the next stage. With the ppovement of pulp
through the four .tages, the concentration of gold in

solution decreases.from’ the firs. agitator through to the
fourth, which is concomitantly arcompanied by an in-
crease in the gold cortent -of the curbun as it moves
countercurrent o the pulp from stage to stage. The
loaded carbon is moved by means of eductors (i.e.,
water pressure that minimizes losses from carbon abra-
sion) from the first stage to eluticn, after the completion
of a loading cycle that can be one auy, for example. rhe
amount of carbon oved in each cycle depends mainly
on the concentration of gold in *he influent solution.
To compensate for-the :emoval of the loaded carbon
from the circuit, an equivilent’ .amount of carbon is
moved up one stage, while tresh (or reactivated) carbon
is introduced into the fourth stage. From a head vaiue of
about 2 grams of gold per ton cf solution, a carbon
loading of about 11 kilogiams of gold per ton or carbon

is achieved, anu the tailings, which average 0,015 grams =~ 7~

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 about 116 cm) manufactured from stainless steel.
and insulated with fibre glass. The vessels, which have

conical bottoms, can '.old ~ne ton of carbo’ .

The adsorbed nold and siiver values are eluted by a
modified Zadra® procedure, ‘n which the loaded car-
bon, afte: being washed with water to remove residual
pulp, is transferrec to two eluiion vessels connected in
series. The hot cluant (50 to 93°C), which is composed
of 0,2 per cent NaCN and 1 ner cent NaOH, is pumped
upflow through the vessels in series at a flowrate of
about | bed - olume per hour. As the eluant containing
the desorbed gold and silver values emerges from the

-
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barren eluant from the electrowinning stage, after being
reheated 10 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 | bed volume per hour, 50 hours are re-
quired to elute a carbon with a.gold loading of 9,6
kilograms of gold per ton of carbon to less than 160
grams per ton.

Electrowinning at Homestake. The pregnant eluant
from the elution 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 steef and cathodes of steef
wool (the strands of the steel wool providing a large sur-
face area for the deposition of gold and silver), the latter
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 ncw cathode is placed in the firs cell.

Reactivation at Homestake. When the gold content of
the carbon gocs below 160 grams of gold per tan ¢ f car-
bon, the cluant 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 solution. 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 accompliished 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. Afer hcatmg, the carbon is allowed to cool in the
air, because it has been found that carbon granulcs
become ‘brittle when cooled by quenching in water.
Aftercooling, the carbon granules are wet-screencd and

‘the fines are removed. The coarse carbon granules are

then ready to be recycled to the adsorption circuit.

In South Africa, difficulties have been experienced on
pilot plants owing Lo the precipitation of calcium car-
bonatc 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, Barochem S35,
is added to the cyanided pulp prigr to gold adsorption.

Advantages of C-I-P over zinc precipitation

The C-1-P process for the recovery of gold has several
advantages over the conventional zmc-precnp\tanon pro-
cess.

It is well known that the cementation reaction is sen-
sitive not only to alkalinity and free cyanide but also to

Minerals Sci. Engng, vol. 12, no. 2. April, 1980
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FIGURE 12. Equilibriurn isotheim showmg the adsorption
of gold onto granular activated carbon. (Adapted from
Gilmorei’.i’.}

.. other common constituents of cyanidation liquors, ¢.g.,

' sulpludc salts and the cyanide complexes of copper,

nickel, arsenic, and aatimony, all of which have the ef-
fect of decreasing the gold recoveries. On the other
hand, activated carbon retains its excellent ability to
scavenge gold and silver even in rhe presence of large
concentrations of the cyanide comyplexes of the nickel,
copper, and iron sometimes encountcred in certain
South African ores. In the C-1-P process, the activated-
carbon granules are added direct to the cyanided pulp,
which obviates the ~xpensive filtration and clarification
stages that are required for zinc precipitation. Clarifica-
tion is necessary to eliminate suspénded constituents
that can coat the zinc particles and retard precipitation
of the precious metals. Elimination of dissolved oxygen
from the pregnant solution is also essential to prevent
the redissolution of the gold. Furthermore, the soluble-
gold losses on a conventional plant gencrally are
significantly higher than thos. encvuntered in a C-I-P
process. -’

Thercfore, it iz gencrally believed that C-1-P offers
certain economical advantages over zinc precipitation
not only in higher gold recoveries, but alsu in lowcr
capital and nperatmg costs. .

Other applications ir jold recovery

In a preliminary laboratory investigation, Gilmore®
demonstrated the feasibility of using activated carbon
for the recovery of smail concentrations of soluble go'd
from flotation-plant wasie effivents emanating from-
base-metal mills. In these plants,-sodium cyanide is used
as a flotation depressant, and it was shown that carbon
was capable of concentcating large amounts of gold
from very dilute solutions, and that the gold concentra-
tion of the barren solution was in equilibrium with the
gold c\onteﬁt-of the carbon (ligure 12). Thus, in a single-
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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 to be in equilibrium with a gold loading of
about 3 kg of 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 tevel by
Nicol®®. The tests were conducted in an upflow
fluidized-bed contactor based on the continuous-ion-
exchange (NIMCIX) contactor developed at the Na- .
tional Institute for Metallurgy. Granular cocenut-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 column
was treated with hydrochloric acid at least once a week
to removce calcium carbonate that was precipitated onto
the carbon granules.

Cyanide heap leaching?-® is a comparatively recent
hydrometallurgical development for exploiting low-
grade gold ores, mine-waste material, or deposits too
small to justify the construction of milling facilitics, 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 aré 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 an watertight pads, and the
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top of the heap is sprinkled with < dilute cyanide solu-
tion. The cyanide solution percolates through the heap
and dissolves the goid and silver values. The leach liquor
‘is subsequently collectad on the watertight pad, which is
shaped to permit the pregnant solution to flow into
storage tanks. On the other hand, long-term leaching is
used primarily to extract gold and silver from uncrush-
ed, porous, sub-mill-grade mate-ial’ from open-pit
operations¥. In the absence of mill facilities with a zinc-
precipitation circuit, or if the concentration of gold in
solution is below d nominal 1,5 grams of gold per ton of
solution, adsorption onto activated carlon is the pref-c-
red method for rucovering the precicus metal vilues.

In a typical carbon-ad<orpuion operation, the preg-
nant solution is pumped upflow through three to tive
columns in scries, which contain pranular coconut-shell
carbou, at a velocity sufficicnt to maintain the bed of
carbon in a fluidized state. Hewever, the gold-bearing
cyanide solution can also be percolawed downwaed,
through a fixed bed of activated carvon. The choice uf,
loading technique depends on the amount of undissolv-
ed solids in the heap-leach liquor. The most ecouomic
-method for recovering the precious-inetal values from
the loaded carbon is by elution and eléctrowinning,
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 to the treatment of
gold ores rich in silver has been found to greatly increase
the amount of activated carbon required to effect a high.

5
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silver recovery, owing to the fact that the adsorptive
capacity of . 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
(Ag,S), with sodium sulphide as the precipitant, and,

- after filtration, recovering the gold from the filtrate with

activated carbon. Figure 13 shows the flowsheet propos-

ed by Heinen and. coworkers® for the heap-leach.

carbon-adsorption process.
Hussey and coworkers® have conducted pllot plant
tests on a C-1-P-process for tne adsorption of silver from

cyanided pulps of a silver ore, and have obtained en- §
couraging results. From a pregnant solution containing

an average of 50 grams of silver per ton of solution, a

. barren solution between 0,60 and 0,40 g/t was obtained.

It was also illustrated how data on the rate of 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 carboa for the ad- ~

sorption of gold and silver from cyanided pulps or
clarified solutions originating from Witwatersrand ore
bodies is the precipitation of 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 of activated carbon for the recovery of gold
and silver by acidification of cyanided liquors that c0n~
tain low concentrations of 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
1o the recovery of pyrite by flotation. In such a process,

‘the carbon powder is separated from the pulp by flota-

tion, and the gold is recovered by burning the carbon to
ashes. The recavery of about 90 per cent of the gold
from a head value 0 0,16 gram of gold per ton of solu-
tion has been reported. A similar process was patented
by Chapman® in 1939.
Review of elution procedures

Gross and Scott'” 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 ehited efficiently with a
hot (93°C) alkaline solution of sodium sulphide. This
elution technique is not applicable to carbons carrying
silver, since insoluble silver sulphide (Ag,S) is pre-
cipitated in the pores of 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 °C) alkaline cyanide solution (1,0
per cent NaOH + 0,1 per cent NaCN) at atmospheric
pressure as the eluant, both gold and silver can be cluted
efficiently. In the circuit that was originally proposed,
the eluant is pumped upflow through the bed of loaded
carbon, and the eluant containing the desorbed gold and
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FIGURE 14. Influence of temperature on the elution of gold

from activated carbon. {Adapted frorm Ross et al¥2.)

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 electrpwinning cell and the
elution unit form a closed circuit, the eluted gold and
silver values arc remnved from the eluant by elec-
trodeposition as rapidly as they are desorbed from the
carbon, and the barren eluant is recycled to the élution
circuit: Thus, continuous elution is achieved with the
minimum volume of eluant, thereby reducing reagent
consumption. The gold and silver values are finally
recovered by smelting the wool to bullion. Tests have in-
dicated that 4 litres of solution per kilogram of carbon is
sufficient for continuous opcration.

Zadra® also reported the efficient elution of gold and
silver by a column technique, after preconditioning of
the loaded carbon for 30 minutes with a solution com-
posed of | per cent NaOH + 0,1 per cent NaCN at
93°C, followed by draining and elution of the gold and

.silver values with boilirg water. A similar elution techni-

que was developed by Davidson?' at the Anglo
American Research Laboratories. This elution pro-
cedure is usually préceded by treatment of the loaded
carbon with hydrochioric acid to remove calcium car-
bonate and nickel cyanide from the carbon.

However, on implementing the modified Zadra elu-
tion procedure at the Carlton Mill, Cripple Creek, Col-
orado, Ross and coworkers*? found that, contrary to the
laboratory elution results of Zadra, from 24 to 48 hours
instead of the claimed 6 hours was required in practice
1o strip a carbon containing between 200 and 400
kilograms of gold per ton down to about 10 kg/t. This
prompted them to investigate elution techniques that
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 of gold. {Adapted from Heinen et a/37.)

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 temperatures 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 96°C, more than 90 per cent °

would be eluted at 180°C, i.e., the rate of elution ‘s
about 12 times greater at 180°C. The effect of the com-
position of the eluant on elution 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 minutes. Subse-

quently, Davidson and coworkers®' also repo.ted ac- "

celerated elution rates with pressure elution.

Nizamutdinova and Chuvasheva® reported excellent
elution of gold from carbon with anhydrous ammonia
under a pressure of about 600 to 1 000 kPa.

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

Sodium sulphide was also shown to be effective for
sclectively precipitating silver from the pregnant eluant,
thereby providing a means of producing high-purity
gold by subsequent 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 clution of the gold and
silver values with hot water, the rate 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-sofuble 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 117% 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
247 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
ammonium 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 57 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.--Quebec, 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. ACG--Memphis, Tennessee

Gulf 0il 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. Louls, Missouri

Phillips Chemical Co.--Bartlesville, Oklahoma

Sierra Chemical Company--Reno, Nevada

Southern Explosives Corporation--Glasgow, Kentucky

Trojan Division, IMC Chemical Group, Inc.--Allentown, Pennsylvania
Unjon 0il 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 - 1/47,307 55,461
Other high explosives--- -— 1/182,319 175,910
Water gels and slurries- 460,913 420,299
Ammonium nitrate fuel-mixed blasting agents———-——--— r/1,331,313 1,652,258
Unprocessed ammonium nitrate r/2/2,068, 606 2,248,243

Total-- —— /4,090,458 4,552,171
r/ Revised.

Ey Some quantities of this class of explosive are included with "Unprocessed
ammonium nitrate'" to avoid disclosing company proprietary data.
2/ 1Includes some quantities of permissible explosives and other high explosives.



‘v

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
1979 1980 1979 1980 1979 1980 1979 1980 1979 1980 1979 1980
Permissibles 3/-- 44,891 52,476 281 81 615 716 1,294 973 226 1,215 47,307 55,461
Other high
explosives 3/~- 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 /889,368 1,126,850 65,394 65,637 221,460 187,434 151,669 110,611 3,422 161,726 r/1,331,313 1,652,258
Unprocessed
ammonium
nitrate 4/----- x/1,202,612 1,260,286 r/284,708 291,489 /262,944 242,602 229,951 218,597 r/88,391 235,269 r/2,068,606 2,248,243
Total——===—- r/2,237,393 2,559,142 /612,820 552,944 /653,033 576,086 474,122 412,038 /113,090 451,961 /4,090,458 4,552,171
r/ Revised.

1/ Some quantities of this use are included with "All other purposes! to avoid disclosing company proprietary data.
2/ 1Includes some quantities from coal mining, metal mining, quarrying and nonmetal mining, and construction work.

3/ Some quantities of this class of explosive are included with "Unprocessed ammonium nitrate" to avoid disclosing company proprietary data for 1979.
4/ 1Includes 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 Quarrying and Construction All other

State mining mining nonmetal mining work _purposes  Total
Alabamg-=—=~————————n 485,646 50 8,277 109,640 60,434 664,047
Alaska———————ce——mae 975 2,432 42 7,020 146 10,615
Arizona--—-sm-c—e—— 29,128 178,010 3,362 2,140 2,000 214,640
Arkansas—-=————-——e-- 3,529 911 6,441 2,290 7,605 20,776
California——=—w—eeo- 1,880 16,525 10,373 7,208 1,662 37,648
Colorado=—===-=——- -— 59,949 23,131 2,327 157 3,581 89,745
Connecticut——-=——e=—— —-— —— 9,938 4,838 361 15,137
Delaware———=—=e———-- -— —_— 193 1,437 165 1,795
District of Columbia 1/ — -— _— _— _— ——
Florida-———=-=—c——- -— -— 28,346 12,758 2,566 43,670
Georgila-———=—eeme——- 162 -— 16,174 3,380 6,272 25,988
Hawaii---=—-==mmeeuem — - 312 8 —— 320
Idaho-—————=—=ccaeo 1,375 13,835 11,019 3,139 128 29,496
Illinois———==mve———— 95,268 3 37,375 3,549 6,617 142,812
Indiang----—=———=u-- 176,971 252 21,971 5,748 3,995 208,937
Iowa 2,536 -— 19,282 1,844 7,563 31,225
Kangsag~~—-—=—meec——- 7,200 - 6,264 2,184 10,396 26,044
Kentucky-——=—=—e——- 574,663 6 56,048 27,887 90, 580 749,184
Louisiana—~ee——eou— 8 -— 3,242 97 2,596 5,943
Maine ——- —— 820 273 5 1,098
Maryland-——=—ee———-- 7,166 - 10,506 3,555 377 21,604
Massachusettg-—————- 322 — 3,669 1,653 256 5,900
Michigan~=———=—e=a-— 3,251 28,608 25,323 5,386 2,013 64,581
Minnesota———=—===—=- 1,660 116,012 4,304 528 3,323 125,827
Mississippi----——-=- —-— —— 443 60 2,145 2,648
Missouri-—————e-ec-— 15,544 5,224 27,884 10,835 6,971 66,458
Montana-——-—=-~=———-== 38,948 24,635 1,582 1,160 8,623 74,948
Nebraska—--——=—===—u 3 -— 1,756 769 28 2,556
Nevada--———=—eceeee --- 20,803 1,881 122 389 23,195
New Hampshire--——-—= -— - 738 894 62 1,694
New Jersey-———————=- -— 17 2,894 654 85 3,650
New Mexlco-——~—==e—e 15,115 45,046 5,504 1,105 25,178 91,948
New York--—=we——oewm 321 392 8,150 5,090 1,913 15,866
North Carolina-----—- 3,716 - 18,133 19,086 763 41,698
North Dakota-~——=-——-— 334 — - 4 2,176 2,514
Ohio 128,283 488 64,424 9,825 20,994 224,014
Oklahoma—~—==weeme—m 36,126 2,213 7,768 2,294 12,488 60,889
Oregon———=—~——c—se--- 83 -— 2,758 9,374 604 12,819
Pennsylvania~~-—=e-~ 351,955 1 52,249 14,599 25,634 444,438
Rhode Island—~=-=———- - -— 390 159 -— 549
South Carolina--—--- -—- -— 3,686 2,928 205 6,819
South Dakota-~—==—-—— 8 542 484 -— 3 1,037
Tennessee—~——~—====m 50,617 4,830 26,189 30,836 7,191 119,663
TeXa§m—m—mm———m————— 256 2,465 25,942 39,155 9,873 77,691
Utah 1,529 47,418 4,466 1,233 1,889 56,535
Vermont———————e—=e=e 37 -— 851 786 1 1,675
Virginia———-wve—we—— 109,700 10 13,412 20,087 13,463 156,672
Washington-——————=u- 5,600 5,417 1,560 7,874 692 21,143
West Virginia--—w--- 210,099 —— 4,071 19,248 5,621 239,039
Wisconsin-———cemm—ee -— 2,464 5,817 6,075 1,463 15,819
Wyoming====e—ceewm—— 139,179 11,204 7,446 467 27,561 185,857
Undistributed————~—— 2/ 2/ 2/ 2/ 63,305 63,305

Totale=m——=—=w= 2,559,142 552,944 576,086 412,038 451,961 4,552,171

1/ Included with Maryland.

2/ Quantities included with "All other purposes’ to avoid disclosing

data.

company proprietary



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

Class
Fixed high explosives Blasting agents
Ammon ium
Water gels nitrate fuel-
Other high and mixed blasting Unprocessed
State Permissibles explosives slurries agents ammonium nitrate Total
Alab 3,355 2,891 18,443 382,463 256,895 664,047
F N — -— 2,063 5,031 116 3,405 10,615
Arizona-~——-——mmeeaeee -— 2,420 44,092 12,921 155,207 214,640
Arkansag---- -— 1,306 2,420 6,678 10,372 20,776
California~- ——— 3,306 6,663 3,842 23,837 37,648
Colorado————==weeoae— 331 5,671 | 22,209 22,296 39,238 89,745
Connecticut~————cerm— —_— 1,783 4,306 3,017 6,031 15,137
Delaware—-—————————aceu -— 2 52 1,741 - 1,795
District of Columbia 1/ -— -—- - — -— —
Florida--—-=e-ccmmeewua —_— 11,637 17,585 9,585 4,863 43,670
Georgla——em—ee—cemau—— ——- 2,811 6,650 16,302 225 25,988
Hawaifi--- -— — 320 - - 320
Idaho---- -— 1,746 1,270 708 25,772 29,496
Illinois 536 7,414 7,721 85,969 41,172 142,812
Indiana-w-me—mevoeamaa 408 2,308 7,990 149,659 48,572 208,937
Towa——--—— 143 2,616 5,595 1,558 21,313 31,225
Kansas—-- 4 473 2,191 20,486 2,890 26,044
Kentucky 27,260 9,749 10,378 287,551 414,246 749,184
Louisiana--——~—weme—eo 8 2,666 475 2,794 ——— 5,943
—— 313 262 523 —— 1,098
Maryland--—=———=cemme— 22 3,075 4,101 13,605 801 21,604
Massachusettg~——weom—— — 2,182 364 2,781 573 5,900
Michigan—~——-=—we—ae—- 10 1,294 20,493 14,287 28,497 64,581
Minnesota——-—-—weoeaw- —— 517 71,813 38,310 15,187 125,827
Mississippi-—-=v--o-—v -— 2,141 450 57 - 2,648
Missouri—————e—eem— 12 7,803 5,188 14,740 38,715 66,458
Montana-~- - —— 8,135 1,417 1,091 64,305 74,948
Nebraska---- —- 1 348 495 1,712 ——- 2,556
Nevada-~-~===~. - ——- 619 376 6,436 15,764 23,195
New Hampshire- —-- -— 1,080 68 478 68 1,694
New Jersey--——— - —_— 1,350 566 1,690 44 3,650
New Mexico-- - 22 5,762 15,039 30,068 41,057 91,948
New York=—-er=e—meam——— 7 2,304 2,082 6,320 5,153 15,866
North Caroling---————- ——= 2,980 8,811 17,560 12,347 41,698
North Dakota-—--- ——- 2,177 ——- 9 328 2,514
Ohio 949 4,953 7,203 75,703 135,206 224,014
Oklahoma—-~—===ccecaew -— 3,762 2,932 50,993 3,202 60,889
Oregon——=—==—=ceeeanae — 3,607 1,258 3,687 4,267 12,819
Pennsylvania-——-e———u- 1,349 15,735 41,044 62,919 323,391 444 438
Rhode Island~——=c—m-— - 182 -— 367 -— 549
South Carolina----—--—-- —-—- 1,124 2,453 3,242 -— 6,819
South Dakota — 9 1,028 —— -— 1,037
Tennessee 1,152 7,595 3,856 41,458 65,602 119,663
Texas -— 8,986 4,024 23,462 41,219 77,691
Utah 178 5,078 . 10,069 937 40,273 56,535
Vermont-—=—=~—=mamaea- 1 428 607 639 -— 1,675
Virginia---~ 12,123 6,950 9,420 63,064 65,115 156,672
Washington——-=—veeceau- 313 3,387 2,611 335 14,497 21,143
West Virginig--—-ce——e 7,093 5,818 3,315 92,867 129,946 239,039
Wisconsin--—eeoecmmauan 6 1,356 6,663 6,852 942 15,819
Wyoming——-ce—ecamcmcun 178 3,998 28,900 68,380 84,401 185,857
Undistributed——wv—m——me -— -— -— -— 2/63,305 2/63,305
Total——-——veeee— 55,461 175,910 420,299 1,652,258 2,248,243 4,552,171

1/ Included with Maryland.
_2_/ 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 Metal Quarrying and Construction All other

State mining mining nonmetal mining work __purposes _ Total
Alabama---~———————=<~ 3,076 - 128 151 -—- 3,355
Alagka-~-——~commme— -—- - - -— - -—
Arizona-=—=m—mm————u —— — — _— _— —
Arkansas-—=~—-—c-e—e- —_— _— _— —— —— ——_——
Californiga~—-=—=--— -—— —_— — _— _— ——
Colorado——~———=—=c—- 331 -— —_— _— —_— 331
Connecticut-—————u— -— —— _— — ——— —
Delaware--—~-~————=w- —_— —— — — —— —
District of Columbia 1/ —_— -— — J— — _—
Florida--=~——=—ece— — —_— _— -_— _— —
Georgla--—~-—cme——— -— —~—— -— _— —— —
Hawaili-=-c~eveecune—e -— —_— —_— J— —_— _—
Idaho-===—e—mmm e — -— — — ——= -—
I1linois-——~—=—=m=mm= 457 _— 79 — —_— 536
Indiana---~—w—=m=—un 397 -— 11 - _— 408
Iowa 136 -— 7 — — 143
Kansas——=—~c————e——n= — - - 4 -— 4
Kentucky--~-—=-neemm 26,419 - 36 —_— 805 27,260
Louisjiana=w~e—me—eune 8 - - _— — 8
Maine —_— —_— —_— ——— _— —
Maryland-—~-ee—c—w== 22 -— —_— —_— — 22
Massachusettg-———-—- - — JE— _— — ——
Michigan——--——e=e—— - -— 10 — —_— 10
Minnesota=~-——==eee— -— _— —— _— — —
Migsissippi-——-—wwe- -— - —_— —_— _— —_
Missourj——w————ewe-- 1 —— 11 _— J 12
Montana-———=—————=-~ —_— _— [— _— J— _——
Nebraska--—————a——ex - - -— 1 -— 1
Nevada--—===cec-ea--— —_— —_— JE— -— — —
New Hampshire------—~ - -— R _— _— _—
New Jersey-—-——=—==~ - -— - - — —
New Mexico--—————wwn 2 -— —-_— 20 - 22
New York———-c———=—w- -— - —— 7 — 7
North Carolina——---~ -— - _— —_— _— —
North Dakota————-==~ -— -— — -— _— _—
Ohio 665 -— 279 5 -— 949
Oklahoma-«-—m—==cee- - - -— _— _— _—
Oregon—————————————~ — — -— — ——— -—
Pennsylvania———----~ 1,148 - 85 108 8 1,349
Rhode Island-------~ -— -—— J— _— —— _—
South Carolina------ -— - — _— —— ——
South Dakota--~-—=-- —_— —_— —— —— —— _—
Tennessee—~——=—c=—— 417 - 70 665 -— 1,152
Texas - - ——- -~ -— -
Utah 95 71 -— 1 11 178
Vermont—~=———cwcee——- ——— —_— _— —— 1 1
Vitginia---e—emeee—o 12,043 10 - —~— 70 12,123
Washington~e—w—ec—e- 313 - — —— _— 313
West Virginia—------ 6,874 - ——- 5 214 7,093
Wiscongin-—e—ceece-v -—- -_— -— 6 _— 6
Wyoming~————==emo--v 72 -— -—= ~— 106 178

Total-———=~m-—= 52,476 81 716 973 1,215 55,461

1/ 1Included with Maryland.



TABLE 6. - Other high explosives 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 nponmetal mining work purposes  Total
Alabama-—---—---~--- 445 --- 332 1,045 1,069 2,891
Alaskg————--mmomeme -—= - --- 1,955 108 2,063
Arizona-—-=~~e———w-- - 1,745 221 250 204 2,420
Arkansas~~——=—cen-—= 11 6 547 643 99 1,306
California-~-~------ 30 217 472 2,298 289 3,306
Colorado-=—==—w—a——- 435 4,902 10 93 231 5,671
Connecticut—-e—ee—a— - -— 1,118 665 — 1,783
Delavare~-—m—=emewem — — — _— 2 2
District of Columbia 1/ -— -— —_— _— — —_—
Florida=m—mc-eomcea- — — 4,604 7,033 -—— 11,637
Georgia————-m——eueu- 100 - 1,907 789 15 2,811
Hawaii-w—c—ecmmmcme e - —— -_— —_— R JE—
Idaho————————comn -— 791 1 954 —_— 1,746
I1linois————————o-— 929 -— 5,737 748 R 7,414
Indianga-—=—c—mcme—au- 568 252 1,309 179 —-— 2,308
Iowa 5 -— 2,269 262 80 2,616
Kansag—=-—=—=——=—===-- — - 98 72 303 473
Kentucky——————————— 6,121 -— 1,989 815 824 9,749
Louisiana——-=——=————— —— -— 209 4 2,453 2,666
Maine -— -—- 147 166 -—- 313
Maryland-—--———————— 119 - 1,740 1,206 10 3,075
Massachusettg————- - —-— —-— 1,265 764 153 2,182
Michigan-———=w——-——— -—- 372 802 29 91 1,294
Minnesota———-=——a—-— 10 152 87 268 -— 517
Mississippi-——=—o——- - -— 116 59 1,966 2,141
Missouri-—————coee—o 359 3,805 2,571 1,068 - 7,803
Montana-——-———————=- 476 922 -— 776 5,961 8,135
Nebraska-=-=—=ec-nae- 3 —-— —-— 317 28 348
Nevada-=—==-——-———— -— 527 -— 26 66 619
New Hampshire---——-- -— -— 410 621 49 1,080
Néw Jersey----——————— -— —— 1,185 153 12 1,350
New Mexico--—--——-—- 22 4,827 75 804 34 5,762
New York-~———————-— —— 194 857 902 351 2,304
North Carolina--—--- —— -—- 805 2,165 10 2,980
North Dakota-—---—-- 2 -— -— - 2,175 2,177
Ohio 1,394 463 2,433 561 102 4,953
Oklahoma--————-—~—-- 21 -— 432 575 2,734 3,762
Oregon—-—————————-——— 1 -— 477 2,822 307 3,607
Pennsylvania———————-— 5,371 1 6,920 3,170 273 15,735
Rhode Island—--=—=-- -— —— 121 61 ——- 182
South Carolina----——- - —-— 19 1,105 —_— 1,124
South Dakota---=-=== 6 -— —-— —-— 3 9
Tennessee——————==—= 1,008 1,640 2,830 2,117 - 7,595
Texas——————=—====== 12 265 630 2,741 5,338 8,986
Utah 258 2,685 106 839 1,190 5,078
Vermont--————=—-m—em 10 -— 143 275 -— 428
Virginia-——--=e---—- 1,536 -—— 4,663 640 111 6,950
Washington~=e~e-—ee- 37 1,174 32 2,108 36 3,387
West Virginia----——- 4,607 -— 223 673 315 5,818
Wisconsin--——————-—- -— -— 114 1,242 — 1,356
Wyoming—=--——c—-s—eu 1,016 145 112 127 2,598 3,998

Total--——————- 26,912 25,085 50,138 46,185 29,590 175,910

1/ 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 Quarrying and Construction All other

State mining mining nonmetal mining work purposes Total
Alabama----=—==—o—em 11,407 50 1,561 1,291 4,134 18,443
Alaska--—-—~=——------ 2 -— 42 4,982 5 5,031
Arizona-----————-—-- -—— 43,396 46 41 609 44,092
Arkansag---—----m--- 19 55 1,717 480 149 2,420
California-————---—- -— 301 4,035 2,196 131 6,663
Colorado—~--~————=—-- 5,392 14,854 612 499 852 22,209
Connecticut---——---- -— - 1,354 2,868 84 4,306
Delaware-——-——==me—-—e -_— -— — -— 52 52
District of Columbia 1/ --- —— —_— _— —-— -—
Florida-——————c—eae—- —_— _— 14,332 2,457 796 17,585
Georgia———-—-emeeeee 62 - 3,752 739 2,097 6,650
Hawaiie-—ococmcmameea ——— ——— 312 8 -— 320
Idaho-—cmcmcmccccnan -—- 787 237 158 88 1,270
Illinols——=cme—muaan 2,602 -— 3,039 1,125 955 7,721
Indiana--——ccm—eaaa- 5,115 -— 2,614 258 3 7,990
Iowa 90 -— 5,142 359 4 5,595
Kansage==—=s—o—caoa— 205 ——— 1,108 179 699 2,191
Kentucky-—=c——eceeax 7,734 6 1,819 412 407 10,378
Louisiana————=————— -— -—- 239 93 143 475
Maine - —_— 229 28 5 262
Maryland-—~——--——mev 272 -— 2,866 963 — 4,101
Magsachusettg——w——=- -— —_— 188 130 46 364
Michigan--—-——--—--- --- 18,833 1,652 8 — 20,493
Minnesota—-—-——————— --- 70,722 1,036 55 -— 71,813
Mississippi--—————-- —- —— 270 1 179 450
Missouri—————c—e——— 238 310 3,501 982 157 5,188
Montana--—-——=—————— 784 75 -— 364 194 1,417
Nebraska~-——=—=me—-- - - 368 127 —_ 495
Nevada--~—————cacwe- -— 20 340 14 2 376
New Hampshire-——-——- -— -— 37 29 2 68
New Jersey-—-——-—=—-=ae -— 17 479 69 1 566
New Mexico-—--—=—=——- 8,935 4,624 347 265 868 15,039
New York---—————e-— 42 148 617 1,057 218 2,082
North Carolina--—--- -— -—- 5,449 2,996 366 8,811
North Dakota-——=—=— — —-— — -— - —-—-
Ohio 752 25 5,369 849 208 7,203
Oklahoma--——————=—-- 770 11 1,139 424 588 2,932
Oregon-————=——————ww=- -— -— 83 1,170 5 1,258
Pennsylvania—————--- 24,318 — 14,086 1,011 1,629 41,044
Rhode Island-—------—- -— _— _— R —— —
South Carolina------ -— - 1,422 827 204 2,453
South Dakota------—- 2 542 484 - —_— 1,028
Tennegsee~—————=———— 99 727 2,293 692 45 3,856
Texas - 13 2,308 1,379 324 4,024
Utah 176 8,870 66 393 564 10,069
Vermont———=c———m=e-— — -—— 520 87 -— 607
Virginia-————e——ceeo 856 - 3,421 357 4,786 9,420
Washington-————=——-- -—-- 1,033 65 1,314 199 2,611
West Virginia------- 1,306 —— 466 1,196 347 3,315
Wisconsin-——-eeeeeu- -—= 2,464 3,349 672 178 6,663
Wyoming-----——————— 23,440 2,769 785 68 1,838 28,900

Total-—-—————-——- 94,618 170,652 95,196 35,672 24,161 420,299

1/ 1Included with Maryland.
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TABLE 8. - Ammonium nitrate fuel-mixed blasting agents sold for consumption
in the United States, by State and use, 1980
(Thousand pounds)

Coal Metal Quarrying and Construction All other

State mining mining nonmetal mining work purposes  Total
Alabama---—=r—ew——a- 326,782 — 437 83 55,161 382,463
Alaska-—————-——m———o -— -— - 83 33 116
Arizona-—————-——-——- 939 6,296 3,095 1,653 938 12,921
Arkansag——--————-——— 3,499 1 2,266 871 41 6,678
California-—=——ee--—- -— 39 1,586 975 1,242 3,842
Colorado-—--————=—ue 19,764 -—- 1,705 165 662 22,296
Connecticut——=—e—e-- —-—= —_— 2,289 728 -—- 3,017
Delawvare——-———=—————o -— -— 193 1,437 111 1,741
District of Columbia 1/ -—- - -_— -— -— —
Florida-———-—e—-ea—n — — 4,547 3,268 1,770 9,585
Georgila—-=—m~m—eu-—v -— - 10,290 1,852 4,160 16,302
Hawafi---—-ceccmee—eua -——— - - —_— —— —
Idaho—————-—c—ceuo - 30 638 -— 40 708
I1linois—~———-—mmm— 73,575 3 6,865 1,676 3,850 85,969
Indiana-————————=-n 126,244 _— 18,024 5,311 80 149,659
Iowa 6 -— 1,403 149 -— 1,558
Kansag——==—————e—e=—x 6,817 -— 3,705 1,929 8,035 20,486
Kentucky——-———————«— 240,025 -— 14,711 17,778 15,037 287,551
Louisiana—————=——em= -— -— 2,794 ——— -— 2,79%
Maine —-— —_— 444 79 -— 523
Maryland--———c—a—e—- 6,133 -— 5,763 1,342 367 13,605
Massachusettg———ee-- -— —— 2,115 609 57 2,781
Michigan-—-————-————- 386 3,373 10,404 124 -— 14,287
Minnesota-—-———-—-—— --—- 38,241 29 40 -— 38,310
Mississipple-=e—-mev -— —-— 57 -— -— 57
Missouri----————-——- 4,034 1,109 5,289 4,207 101 14,740
Montana—-—-——==w———— 892 165 ——— 20 14 1,091
Nebragka--—-—==——=—- —_— — 1,388 324 - 1,712
Nevada-——~———————e-- --- 5,820 213 82 321 6,436
New Hampshire----—-—-—— -— -— 223 244 11 478
New Jersey-———-—==--=w -— - 1,226 432 32 1,690
New Mexico---—---—--—- 556 138 5,082 16 24,276 30,068
New York-—-———————-- 279 -— 2,672 2,025 1,344 6,320
North Carolina------ -—— - 11,879 5,294 387 17,560
North Dakota------—- 4 —— -— 4 1 9
Ohio 50,184 - 13,285 6,324 5,910 75,703
Oklahoma--—----————- 35,243 2,202 4,447 1,203 7,898 50,993
Oregon————=——o———-—— 82 -—— 928 2,385 292 3,687
Pennsylvania———=——-- 43,851 -— 13,000 3,808 2,260 62,919
Rhode Island--————-- -— - 269 98 -— 367
South Carolina-~~-~~- —-— -— 2,245 996 1 3,242
South Dakota--——--—- -— -— - -— —-— -—--
Tennessee——————————- 28,110 -— 5,101 6,906 1,341 41,458
Texag———————=—————-- -— 2,187 15,145 4,913 1,217 23,462
Utah -— 846 50 -— 41 937
Vermont-——-———=—=mw- 27 -— 188 424 -— 639
Virginia-————————-—- 40,803 _— 4,713 14,306 3,242 63,064
Washington---————~—- ——- — 4 70 261 335
West Virginia-—-~--- 75,563 —_— 2,448 11,951 2,905 92,867
Wisconsin-——————a—w< - -— 2,354 4,155 343 6,852
Wyoming-———————————— 43,052 5,187 1,925 272 17,944 68,380

Total-——————- 1,126,850 65,637 187,434 110,611 161,726 1,652,258

1/ TIncluded 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-===—=c-wmeee 143,936 ~— 5,819 107,070 70 256,895
Alagka-~--—~c——cemev 973 2,432 -— -— -— 3,405
Arizona-—————————=—- 28,189 126,573 -— 196 249 155,207
Arkansag--—-———————- -— 849 1,911 296 7,316 10,372
California—-----——-- 1,850 15,968 4,280 1,739 -— 23,837
Colorado=——wee—eue—m 34,027 3,375 —_— _— 1,836 39,238
Connecticut-—---—--- -— -— 5,177 577 277 6,031
Delaware------~——-—- -— -— - — —— _—
District of Columbia 1/ — —— ——— _— — ——
Florida--—=——==ceau- -— -_— 4,863 —_— -— 4,863
Georgia——————————w—m - -— 225 -— _— 225
Havali--———-eeemeua- -— - —_— —— — -—
Idaho--~——=e—mmmme 1,375 12,227 10,143 2,027 -— 25,772
I1linoig——————=—=-w 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
Kangag-~-——m——memeu- 178 -— 1,353 -—— 1,359 2,890
Kentucky-—~=-m—=-=--- 294,364 -— 37,493 8,882 73,507 414,246
Louisiana----===ac—o -—— ——- - _— _— -—
Maine ——- - —— -— - -—
Maryland-———-—-ww-m- 620 -— 137 44 -— 801
Magsachusettg---———- 322 — 101 150 -—- 573
Michigan-———-—=-=-—- 2,865 6,030 12,455 5,225 1,922 28,497
Minnesota-=——we—-——- 1,650 6,897 3,152 165 3,323 15,187
Mississippi-—=v—e=—v -— -— -— —-— - -
Missouri-—---e——c-ew- 10,912 -— 16,512 4,578 6,713 38,715
Montana--—=—=e===—-- 36,796 23,473 1;582 - 2,454 64,305
Nebraska-—=e=ec——e--- — — - —— —-—— -_—
Nevada—=c—————=c—ueo -—- 14,436 1,328 ~— - 15,764
New Hampshire-—--—--- -— -—- 68 - ——- 68
New Jersey-—————w—=- —— -— 4 -— 40 44
New Mexico-=——==—=--- 5,600 35,457 - - -— 41,057
New York--———-e————- -— 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-————————=====x — - 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-——=e~e——c-— -— -— ——— -— -— -—
Virginia-———-———-—— 54,462 -— 615 4,784 5,254 65,115
Washington--——-—=-w-- 5,250 3,210 1,459 4,382 196 14,497
West Virginia--—-e-- 121,749 -— 934 5,423 1,840 129,946
Wisconsin-—--———--=- -— -— -— -— 942 942
Wyoming-——————=m-=—- 71,599 3,103 4,624 -— 5,075 84,401
Undistributed 2/---- 3/ 3/ 3/ 3/ 63,305 63,305

Total-——————=—~ 1,260,286 291,489 242,602 218,597 235,269 2,248,243

1/ 1Included with Maryland.
2
3
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/ Quantities undistributed to avoid disclosing company proprietary data.

/ Undistributed quantity for this use is included with undistributed "All other purposes.”



ack district with special em)

i, Univ. of Sydney, unpubl. SUBJ
iin Tertiary marine sedimen MNG
Amer. Soc. of Civil Eng., Bc ACLI

togy and forest ecology of u ,uven . __
urv., Prof. Pap., 347; 66pp.

of the shear strengths of saturated
s on the Razorback Range: An

¢ on the Hume Highway and their
Thesis, Univ. of N.S.W., 58pp.

of natural slopes. J. Soil Mech. and
mndon Clay cliffs. Proc. Geotech.
slace in the determination of the
sting Materials, 39: 999--1022.
wsition on the residual strength
13—129.

Slope. Norwegian Geotech, Inst.

| clay-shales by rotation shear tests.

in clay and shale. J. Soil Mech. and

stal area of New South Wales. I:
tation. Proc. Linnean Soc. N.S.W.,

of a slope failure. Proc. 6th Int.
37-—541.

t¢ creep. Proc. 5th Int. Conf.
ilopes. Géotechnique, 14(2):

¢ of natural .slopes in London clay.
s«ondon. 378—381,

£9. Stability of natural slopes and
il Mech. and Found. Eng., Mexico,

1solidation and the failure of soils.
ohg term creep. Proc. 5th Int. Conf.

. Proc. 1st Int. Conf. Soil Mech. and

* Boden. Bautechnik, 15: 433—435.

: E. B. Eckel (Ediior). Landslides
[, Special Report 29: 20—47.
.:mduse of part of the south coast
Series 38, 24po.

wetrical study. Ohio J. Sci., 66(5):

of linear and simple planar ‘

Engineering Ge olugy, 10 (1976) 13—36 L ’ 13
© Elsevier Scientific Publishing Comp.my, Amsterdam — Prmted it The Netherlnnds
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ABSTRACT

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

The Bureau of Mlnes, in cooperation with the Duval Corp., conducted a blast-
fragmentation experiment to determine the feasibility of preparing a porphyry copper-
molybdenum deéposit for in-situ leaching. The blast was designed with ten 9-inch-diameter
blastholes to depths of 110 feet in an equilateral triangle conflguratxon 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 selving 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 difference, 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 veiocity to account for
portions of the core that were nonrecoverable or too highly fractured to permit diametral
travel-time measurements.

The acoustic parameters all indicated the detenoratlon in structural quality {rom the
preblast condition, in which 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 suitabie 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 copper—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.1). 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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4,5,6,7,8 and 9 postshot
X 9 MS deloys

Fig.1. Test blast design.

Diamond-drill cores were taken before and after blasting from the different
blasthole spacing zones as indicated in Fig.1. 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 magnitude 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 resuits from acoustic logging methods 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, puise 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 environmental 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 a$ 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
reépresentative 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

RS M ] <z

RC AR 3 or il L ST RS e

e rad iz



sy,

50 ft of drill core. Velocities, density, and dynamic moduli were statistically
tabulated and combined for all the preblast holes (Table I). The propertics
exhibited considerable range because the competency of the rock varied
from sample to sample. )

"TABLE I

Rock properties of Duval test site rock

Property Mean N s? c

Density (g/cm?) : 2.50 16 0.086 3.4
Longitudinal pulse velocity (km/sec) 4.21 16 0.604 14.3
Longitudinal bar velocity (km/sec) 3.65 16 0.647 17.7
Torsional (shear) velocity (km/sec) 1.98 16 0.515 26.0
Dynamic Young’s modulus (GN/m?) 34.4 ) 16 12.19 35.5
Dynamic shear medulus (GN/m?) 10.5 16 5.29 50.6
Poisson’s ratio® 0.29 16 0.051 17.5

' N = number of specimens.

(£x* —x£x)>*
N—1

3 C = coefficient of variation in % = 100S/mean.

¢ Poisson’s ratio is derived from the ratio of longitudinal pulse velocity, Vp, to longitudinal

bar velocity, V, in the equation:

v=0.25 {{(1 —R)(9—R)}"—(1— R?)}, where R*= (V/V,)*.

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

TABLE II

Porosity and permeability of Duval test site rock — preblast

_ Sample Borehole Porosity Permeability
number (%) (107* darcys)
6071 1 5.0 <0.10
6072 1 4.5 7.27
6073 1 5.3 4.13
6033 2 5.6 0.77
6034 2 4.7 . 7.39
6035 2 4.5 1.80
6037 2 3.5 <0.10
6038 2 4.0 <0.10
6039 2 4.3 <0.10
6040 - 2 5.7 <0.10
6041 2 10.4 6.32
6036 2 © 5.9 0.98
6032 2 6.8 0.55
6044 2 6.7 5.37
6047 2 5.8 2.48
6048 2 5.9 0.47
6043 2 5.9 ’ 4.70
Mean Value — 5.6 2.51




N 17
ynamic moduli were statistically | Porosity and permeability determinations were made on 1l-inch-diameter
holes (Table ). The properties by 1-inch-long solid cylindrical specimens taken from the three preblast
npetency of the rock varied cores (Table L{). 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
N ) zones that should result-in higher values of both porosity and permeability
§ ¢ for the rock system.
16 0.086 3.4 _
16 0.604 14.3 ACOUSTIC CORE LOGGING
16 0.647 17.7
16 0.515 26.0 The core-logging apparatus measures the transit time of a mechanical
;g 12-;2 35.5 impulse transmited across the core diameter and consists of a pulsing unit,
16 0.051 fg'g , 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
sample variable and % = sample mean of core (Fig.3). The acoustic logging appara?us isa modiﬁc‘atvion of. the ulf‘;ra-
' sonic pulse measurement system and acoustic bench described earlier (Thill
: A et al., 1968; Thill and Peng, 1974). The timing circuitry is interfaced directly
"l puee velocity, Ve to longitudinal into an on-line Hewlett Packard* HP 9810A programmable calculator
=(V V. ) . wherein computations are made and output printed on the typewriter. The
S A0 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
eblast ) was used in these determinations. Anisotropy factor was calculated from the
rosity P N maximum travel-time difference divided by the mean travel-time expressed in
ermeability . . . .
) (10~ darcys) percen.t. These acoustic para_meters were determined on an intact piece of
) core within each 2-ft-depth interval along the entire length of each core.
? <0.10 '
; 7.27
5 4.13
7 0.77 Pulse Driver Receiver s
5 Z-gg generotor transducer transducer cope
; <0.10 Core holder
X <0.10
, <0.10
<0.10
6.32 -
0.98 ) Output prog?grlr:rr:necbie Timing
-0.55 typewriter calculator unit
5.37
248 Fig.2. Core-logging apparatus.
0.47
4.70 -
2.51 *Trade names are used for identification purposes only and do not lrnply endorsement by
the Bureau of Mines.
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Fig.3. Acoustic core-logging system in operation.

-

Other parameters determined to indicate structural integrity 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° intervals 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, V (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 160%
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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maximum depth
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Qe

CALCULATE and PRINT
T- average
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anisotropy
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No

DEPTH > max.depth

CALCULATE and PRINT
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standard error of meagn
coefficient of varigtion
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Fig. 4. Flow diagram for core-logging program.

UVury = EF/V, = F/Vi + FIVs +/Vs L FLY, (1)

where: V... = the nonporous aggregate average velocity,

f: = the fraction of the total volume occupied by each mineral
$
constituent where ¥ f; = 1, and

-V, = the single crystal VRH velocity.
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Thus S@D is simply the ratio V/V ... SQD thercfow reflects the rock’s
“structural integrity since velocity changes due to mineralogical differences
are compensated for in the V., calculation and comparison. For example,

te g

f ! when the SQD ratio approaches 1.0, the rock is fresh and intact and has few
,i | pores or cracks; conversely, lower ratios indicate poorer structural quality

E with different amounts of crack or void porosity.

k § ! SQD was related to rock quality in a way analogous to the way Deere et
ﬁ+§ b al. (1969) relate RQD to rock quality. An SQD base value of 35% was assumed
’“% 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 0- 25 very poor
50— 65 25— 50 poor
65— 80. 50— 75 fair
80— 95 75— 90 good
95—100 90—100 excellent

-

S | T S

Stiffness modulus

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

Y=pV? . ‘ (2)

where: Y = stiffness modulus,
- p = bulk density, and
V,= compressional wave velocity.
H The stiffness modulus is a quantity similar to Young’s modulus, £, and is
: related to the latter by the relationship:

b ___EQ—v
- Y avaa-2) (3)

where v is Poisson’s ratio. Thus, for constant v, Y varies as does £, and
indicates the dynamic stress-strain characteristics of the rock.

: Increase in fracture porosity normally is accompanied by decreases in both
. V,-and Y; hence, structural integrity can be interpreted from changes in v,

and Y. The change in Y is a sensitive indicator of structural changes since Y
is a function of V2,

T

Compensated velocity

Compensated velocity, V,, was calculated to estimate a weighted velocity
when compensation was made for highly broken or nonrecoverable core over

g a particular core interval. The RQD was used tQ weight the velocity by the
{ averaging formula: :

- - ampure
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V;'=RQD/V, + (1 —RQD)/V} - (4)
where V, = compensated mean velocity, '
' V, = mean velocity for intact rock,
Ve = velocity for highly fractured rock estimated at 2 km/sec, and

RQD fractional RQD.

As RQD gives the fraction of pieces 4 mches 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 V 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 statistically 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.

ACOUSTIC 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 ahout
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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ROCK PHYSICS

MATERIAL COPPER PORPHYRY

PROJECT IN SITU LEACHING - DUVAL
DATE DEC. 3, 1973

HOLE NUMEER !

DIA AVE 6.773 4

DEPTH 0 45 9Q 135 T AVE RANGE Y AVE ANISOTRGRY
[ 29 MICRO-S MICRO-S MICRO-S KICRO-S MICRO~S M1CRO-~S r4/S PERCENT
4.0 9.75 9.65 9.75 10.15 9.83 0.50 4.858 5.09
6.0 10.60 11.00 12.35 10.45 11,10 1.90 4.300 17.12
8.0 10.20 10.50 10.25 9.95 10.23 0.5% 4.668 5.38
10.0 8.70 9.35 9.15 9.05 9.06 0.65 5.267 7.17

12,0 9.75 9.5% 9.65 9.45 9.60 0.30 4.972 .13
14.0 9.45 9.35 9.55 9.75 9.53 0.40 5.011 4.20
16.0 9.55 10.95 10.45 10.55 10.38 1.40 4.600 13.49
18.0 10.15 10.85 10.25 10.35 10.40 0.70 4.589 6.7
20.0 12.15 12.65 12.25 11.95 T12.25 0.70 3.896 5.71
22.0 10.25 10.85 10,55 © 9.8 10.38 1.00 4,600 9.54
26.0 9.65 9.95 10.15 9.45 9.80 0.70 4.670 7.14
26.0 10.05 10.45 10.25 9.65 .10.10 0.80 4,726 7.92
28.0 10.05 10.25 10.15 10.25 10.18 0.20 4.691 1.97
30.0 12,65 12.45 12.53 12,35 12.50 0.30 3.818 2.40

32.0 10,55 10.35 9.75 10.83 10.38 1.10 5.600 10.60

‘3.0 9.85 9.85 . 9.85 0.00 4,846

“36.0 8.75 10.65 10.25 10.65 10.33 0.90 4.623 8.72

38.0 9.45 9.75 9.60 9.65 9.61 0.30 4.965 3.12

40.0 11,45 1,15 11.85 11.95 11.60 0.80 4.115 6.90

42.0 12.55 12.15 12.05 12.10 12.21 0.50 3.908 4.09

44.0 16.55 15.65 14.15 13.85 15.05 2.70 3.1 17.94

46.0 13.05 15,58 15.55 13.15 14.33 2.50 3.2 17.45

48.0 10.85 - 12,65 12.75 12.35 12,15 1.90 3.928 15.66

~50.0 11.75 11.85 11.75 11.85 11.80 0.10 4.045 0.85

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

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 Ifl). 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.
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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 £t and between 3 and 4 km/sec at greater depths with a mean
of 3.86 km/sec for the entire length of core.
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TABLE 11

Summarized velocity for ecach horehole at 10-ft intervals of depth

Depth Pulse velocity (km/sec)
(1t) BH1 BH2 BH3 BH4 BHS5 BH6 BH7 BHS8 BHO

5— 15 4.88 3.74 3.46 4.03 3.37 2.70 3.02 3.87 4.03
15— 25 4.51 5.17 4.02 4.25 3.50 4.29 3.88 4.68 3.41
25— 35 4.54 3.99 4.60 3.57 3.49 3.91 4.12 3.31 4.19
35—. 45 4.16 4.22 3.97 3.93 3.65 4.30 4.37 3.64 4.48
45— 55 3.98 3.67 3.70 3.90 3.70 4.41 3.53 3.34 3.56
55— 65 3.82 3.78 3.58 4.22 2.83 3.17 3.40 2.80 3.92

65— 175 341 3:69 3.86 3.55 2.73 4.00 3.55 2.26 3.85
75— 85 3.43 3.41 3.35 3.65 3.20 2.75 3.30 3.11 2.76
85— 95 3.74 3.07 3.67 4.31 3.03 2.81 3.36 3.79 .3.42
95—105 3.38 3.71 4.11 4.49 3.72 3.96 2.72 3.04 3.39
105—115 3.00 3.96 3.98 3.75 - 3.65 3.27 3.13 -
115—120 3.89 3.75 3.92 3.44 - 3.49 4.22 3.94 -
Mean 3.89 3.85 3.85 3.93 3.32 3.62 3.56 3.41 3.70
velocity

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 stemming zone was a region of higher velocity and more
intact rock (based on RQD results) in the preshot cere, 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 small distance below the powder
column,

Anisotropy factor

The anisotropy factor calculated from the range in travel-time at each depih
increment fluctuated irregularly with depth (Fig.5). In an isotropic,
homogeneous rock, the anisotropy factor would be zero. In a uniform aniso-
tropic rock, the anisotropy factor would be a constant. Thus, the large
fluctuations in anisofropy facter 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
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TABLE IV - P
Comparison of velocity, RQD, SQD, Y, and compensated velocity in the preblast and posthlast drili core
Depth Preblast*! Postblast*?
fi
(tt) velocity RQD SQD Y compensated velocity RQD SQD Y compensated
(km/sec) (%) (%) {GN/m?) velocity - (km/sec) (%) (%) (GN/m?) veloceity
(km/sec) . (km/sec)
5— 15 4.03 47 66 40.6 2.62 3.51 28 . 57 30.8 2.27
. 15— 25 4.56 89 T4 52.0 2.99 4.00 20 65 - 40.0 2.22 |
Lo 25— 35 4.37 417 71 47.7 2.68 3.76 19 19 35.3 2.20 &4
L 35— 45 4.12 43 67 42,4 2.57 4.06 21 66 41.2 2.24 g
C 45— 55 3.78 37 62 35.7 2.42 3.74 14 61 35.0 2.14 i
3 55— 65 3.73 28 61 34.8 2.30 3.39 8 55 28.7 2.07  +
T 66— 15 3.65 21 60 33.3 2.21 3.32 11 54 27.6 2.09 y E
: 75— 85 3.40 23 55 28.9 2.21 3.13 12 51 24.5 2.09 ) §
i + 85— 95 3.49 " 35 57 304 2.35 3.45 14 56 29.8 2.12 ]
.Y 95—105 3.73 36 61 34.8 2.40 3.55 12 58 31.5 2.11 E
‘ “31 105—115 3.65 31 60 333 2.33 3.45 21 56 29.8 2.19 A E
k - 115—-120 3.85 40 63 37.0 248 3.17 38 62 35.5 243 &t ¥
E Mean 3.86 37 63 317.6 2.46 3.59 18 58 32.5 2.18 E
E values i L
4 *! Averaged from boreholes 1—3. 4
f *2 Averaged from boreholes 4—9. ;
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TABLE V

Comparison of preblast and posthlust velocities

Depth Preblast Postblast Difference Percent
(ft) BH1-3 . BH 4—9 decrease
(km/sec) (km/sec)
5— 15 4.03 3.51 —0.52 14.8
15— 25 4.56 4.00 —0.56 14.0
25— 35 4.37 3.76 —0.61 16.2
35— 45 4.12 4.06 -0.06 1.5
45— 55 3.78 3.74 —0.04 1.1
55— 65 3.73 3.39 —0.34 10.0
65— 75 3.65 3.32 -0.33 9.9
75— 85 3.40 3.13 —0.27 8.6
85— 95 - 3.49 3.45 —0.04 1.2
95—105 3.73 3.55 —0.18 5.1
105—-115 _3.65 3.45 —0.25 7.2
115120 '3.85 3.71 —0.08 2.1
Mean . 3.86 3.59 —0.27 . 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 offen 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 aggregate 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 error 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 results.
The main difference is that the SQD value is normalized to the velocity in an
ideal unfractured rock of the same composition; hence, results can be inter-
preted in terms of rock quality. Deterioration inrock 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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TABLE VI
Mineral aggregate average velocities
Mineral - Percent by volume VRH velocity (km/sec)
i velocities. - -
' Plagioclase . 66.8 6.22
Orthoclase/microcline 14.0 6.01
Quartz 11.2 6.31
Biotite 5.0 5.26
1alysis would not extensively z‘;:lid,tf (muscovite) gg 5:78
orite . -
ore follow trends and indicate . .
t i . .
zsm?:hiz?uilsid :’ﬁloclty r.esu_lts; 1 and RQD to rock quality, SQD results ranged from fair to poor, and RQD
o he ed to the veloczty In an results from fair to very poor for the quality of the preblast rock. In the
in ro:lfe’ r:f‘,‘t‘ltsv can be inter- i postblast rock, rock quality was classified as poor at all depth intervals for
D ¢ cg; 1y followm_g ! SQD, with only one borderline exception, and quality ranged from poor to
" b:oanl:d to 58% anf:l in RQD very poor for RQD. The greater change in RQD than in SQD following
eakdown comparing SQD blasting was interpreted to mean that comparatively greater damage was
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Fig.10. Comparison of rock quality in normal light for SQD of A, 77%; B, 66%; 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 and 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 guality 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.10), and the other half was treated with a dye
penetrant and photographed under black (ultraviolet) light (Fig.11). Specimens
were photographed using the same exposure times and lens openings. The
dye penetrant was absorbed into fractures, 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 at'its midheight. Figs.10 and 11 show that along the wave
path, there is a progression from a more fresh, less altered, less fractured rock
in A 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 fairamount 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 ovet 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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Comoarison of Rock Quality
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Fig.11. Comparison of rock quality in black light for SQD of A, 77%; 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 density
logging surveys. A

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.127), 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

Compehsated 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 velecity and that for the intact pieces, depending on the in-situ.
contact between pieces, and on the moisture 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.12-
and 14-% decrease for the 20- and 15-ft spacing, respectively. Mean pulse
velocity for postblast core BFH 4 actually was slightly higher than for preblast
core BH 3 (Table IIT). 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.1). These results suggested that the rock blasted at the
25-ft blasthole spacing was not as effectively broken up as the 20- angd 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 modulus, and compensated
velocity for core recovered before and after blasting at the Duval test site all

T e T T T R T R T Ry

- c S S SRS A
S el Bew BY ARl e e s WE S e ST R



|k i nn e iy AR ek

ETC RPN S MY U e S

Sl b N R

e

e
Ny
VS SY  w -
= R o i e b e ST 4‘:d;‘Mq:;;g‘,..éﬁn_;;-ww,igvkum e T -

147

TABLE VII

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

Depth 25-ft spacing 20-ft spacing ’ 15-ft spacing
(tt) BH 3 BH 4, 7,9 Differ- Percent BH 2 BH 5,6 Differ- Percent BH1 BH 8 Differ- Percent
(km/sec) (km/sec) ence decrease*' (km/sec) (km/sec) ence decrease (km/sec) (km/sec) ence  -decrease
5— 15 3.46 3.71 —0.25 +7 3.74 3.04 0.70. 23 4.88 3.87 1.01 26
15— 25 4.02 3.85 0.17 4 5.17 3.90 1.27 33 4.51 4.68 —0.17 +4
25— 35 4.60 3.96 0.64 16 3.99 3.70 0.29 8 4.54 3.31 1.23 37
35— 45 3.97 4.26 —0.29 +17 4.22 3.98 0.24 6 4.16 3.64 0.52 14
45— 55 3.70 3.66 0.04 1 3.67 4.06 —0.39 +10° 3.98 3.34 0.64 19 ‘
55— 65 3.58 3.85 —0.27 +17 3.78 3.00 0.78 26 3.82 2.80 1.02 36 i
65— 75 3.86 3.65 0.21 6 3.69 3.37 0.32 9 3.41 2.26 1.15 51 ‘
75— 85 3.35 3.24 0.11 3 3.41 2.98 0.43 14 3.43 3.11 032 10
85— 95 3.67 3.70 —0.03 +1 3.07 2.92 0.15 5 3.74 3.79 —0.65 +1 i
95—105 4.11 3.53 0.58 16 3.71 3.34 0.37 11 3.38 3.04 0.34 11 :
105—115 3.98 3.51 0.47 13 3.96 3.65 0.31 8 3.01 3.13 —0.12 +4
115—120 3.92 3.83 0.09 2 2.75 3.49 0.26 1 3.89 3.94 —0.05 +1
Mean 3.85 3.73 0.12 3 3.85 3.45 0.40 12 . 3.89 3.41 0.48 14
values
*1 P — Vpre_vpost L P . .
ercent decrease = v 100; increase is indicated by + sign.
post .




R

14

" 0.48

3.89 3.41

12

3.45 0.40

3.85

0.12

3.85 3.73

nean

values

'-Vpos

re

L 100; increase is indicated by + sign.

Vpost

v

*! Percent decrease

showed the effects of blast damage in different ways and with different
sensitivity. The acoustic core logging data gave information beneficial 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 structural 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 weathered
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
(837—18) than SQD (63—58) suggesting comparatively greater damage 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 all 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 not 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.
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ABSTRACT

Laboratory experiments conducted by the
University 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 more 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
environmental 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 deseribed 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
nydrogen 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 so great as to consume too much
acid 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 3o severe that the fluid
flow is essentially blocked. It can be used in
some deposits where the natural sodium content is
high or where 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/100g. 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/100g, respectively. Each ore
wag 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
ores B and C, the column was 2.5 em in diameter
and 10 cm long, and the confining pressure was
690 kPa (100 psi).

After the ore 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-cyclinder 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/1l, and the initial pH values were all about
10.2. The solutions initially contained 0.2 g/l
hydrogen peroxide. With ores B and C, the car-
bonate solutions were 0.1 molar, which is 13.8
g/l for potassium carbonate and 9.6 g/l 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

Permeability 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 permeability 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 6 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 calecium carbonate does precipitate. The
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clogging can be- especially troublesome  near
production wells. As the leach sclution ap-
proaches a production well the pressure. dedredses
and some carbon diokide may ‘go out .of the solu-
tion; causing calecite to precipitate. as the pH
rises. '

The dataz suggest that ammonium carbonate is
often less damaging than potassium carbonate, but
the variadility in the ratios and differences in
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
permeabllity loss, and that permeability is at
least as good for potassium carbonate following a
preflush as for ammenium carbonaté without a
preflush.

Carbonate Consumption And Costs

The effectiveness of the chloride preflush in
reducing the consumption of potassium carbonate
was calculated For cre A. It was calculated from
the measured goncentraticons of potassium and
carbonate in the known volumes of effluent of
carbonate sclution with and without a2 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 was being consumed
during the carbonate leaching. However, the
carbonate concentration in the effluent was lower
than in the feed, s0 some carbonate was being
consumed. The carbonate consumption without the
preflush was 14.0 meq/100g ore, and was 2.4
meq/lﬂﬂg ore following the preflush. Thua, for
this ore,.the consumption of potassium carbonate
acould be reduced 83 pet by using a potassium
chloride preflush. '

Now consider the reduction in cost of leach
solution. The material costs For potassium,
‘ammenium and sodium carbonate, bicarbonate, and’
chloride are shown in table 3. -They were deter-
mined from published prices (1) and by contacting
vendors. The costs of ammonium .carbonate and
bicarbonate were calculated Assuming that they
were made by eombining anhydrous ammonia and
carbon dioxide. These costs do not inelude
freight, labor, or equipment for handling the
chiemicals. Assume that potassium bicarbonate is
being considered, that a .chloride preflush re-
duces the potassium bicarbonate consumption by 83
-pet, and that the reduced consumption of the
potassium bicarbonate must be made up by the con-
sumption of potassium chloride on, a molar egui-
valent baszis. ‘Then the effective cost of the
‘potassium bicarbonate i3 (. 83) ($3.29/Kg-mole)
plus (:17) ($30. 65/kg-mole) equals $7. gh/kg—
mole. This %= still 1.4 times as expensive' as
ammonium bicarbonate, 'so savings in restoration
costs would have to be réalizéd fo ofFset the
extra leach scluticn cost. Under the current
regulations governing restoration, such savings
appear probable.,

‘The cost data also suggest that using a sodium
‘ehloride. preflush before leaching with sodium
bicarbonate could reduce expenses, and should be
considered whefe the formation IS amenablé to
sodium, An ammonium chloride preflush before
leaching with ammonium bicarbonate would increase
costs beécause ammonium Shloride is mére expensive
than ammonium bicarbonate. A thorough site

specific: economic comparison should include not
only material costs of the chemicals, but also
factors such as freight, labor and equipment for
handling the chemicals, including the handling
the caleium-rich solutions produced 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 ammonium, are héld tightly by clays. The
number of pore volumes of groundwater required to
lower the concentration by a given amount is not
necessarily any smaller for potassium than for
ammonium ions. The advantage of using potassium
stems, from the very low concentrations of ammo-
nium ions allowed in the groundwater after

restoration, net frém fundamental geochemical

differences.

The calcium-rich solution produced during the.
chloride preflush may be useful during restor-
ation. Depending on the post-restoraton limits

set for potassium, it may be advisable tec inject
a solution of high ionic strength duping part of
the restoration flushing to facilitate removal of
potagsium by lon exchange. To avoid creating new
restoration problems, the primary cation in the
high lonic strength solution should be. harmless
and ‘found in fairly high levels in natural
groundwater. Thus, the caleium-rich solution
praducéd duiring the chloride preflush ‘appears
ideal for that purpose.

CONCLUSTONS

Labeoratory experiments have shown that
flushing ore with a chlorideé solution prior to
leaching with a carbonate sclution reduces
permeability losses, and does not reduce the
uranium reccvery. Ekperiments showed that if
potassxum chloride preceeds potassmum carbonate,
the consumption of expensive potassium carbonate
i1s greatly reduced. Therefore, the substitution
of potassium carbonate-bicarbenate for ammonium
carbonate-bicarbonate may be esconomically fea-
sible, thereby avoiding the restoration problems
assoclated with amméonium carbonate-bicarbonate.
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Table 1 Pet of Uranium Recovery, With and Without

Chloride Preflush

pey

ranium

recoveread

_Pet

With. preflush

Without: preflush

Ammonium carbonate  From uranium
T 1eft in. ore
From effluent
concentrations
Potassium carbonate From uranium
laft In. ore
From effluent
concentrationsg

85

61
64
g2
83

Tabls. 2  Ratlos of Final Permeability to Initial Permeability,

With and Without Chloride Dr=f1ush

Flnal permeabilitv/initial permeability

With preflush

Without preflush

Ore & 9.89 0,83
Ammonium carbonate Ore B 0.78, .76, .84 6.42, .37, .53, .2%
Ore C 0:77, .67 0.76, .87
Ore A 0.74 0.65
Potassium carbonate fre ¥ 0.58, .68 0.21, =26, .36
Ore C 0.68, .80 0.45, .U6

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

. Dollars/kg—mole Dollars/lh=-mala
Potassium carbonate 60.86 - 27.60
Ammonium carbonate 9.00 4.08
Sodium carbonate 8.95 L.06
Potassium bicarbonate 30.65 13.90
Ammboniud bicarhonata 5.60 2.54
Sedium hicarbonate 20,56 9.32
Potassium chloride 3.29 1.49
Ammonium chloride 32.88 14,92
Sodium chloride 2,04 .91
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~ Pressure Leaching of Uranium Ores

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

ITH the development of uranium ores that

contain substantial amounts of acid-consum-
ing compounds, the alkaline leach 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 (CaQ) ores, the
sodium carbonate leach 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 leach and is
not attractive for economic reasons when treating
ores that are high in sulfates or sulfides.

Although in the sodium carbonaté 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 gypsum 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(NH.,),CO, + U,0, + 1/20, + 9H,0 -
3[(NH,), - UO.(CO,), - 2H.0] + 6NH,(OH) [1]

NH,(OH) + NHHCO,~ (NH,).CO, + H.O [2]

(NH,),UO,(CO,). + heat > 4NH,(gas) +
3C0.(gas) + UO, - 2H.O(ppt) (3]

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

~ B. G. LANGSTON, R. D. MacDONALD, F. M. STEPHENS JR. are
Assistant Division Chief, Extractive Metallurgy Division, Assistant

‘Chief, Minerals Beneficiation Division, and Division Chief, Extractive

Metallurgy Division, respectively, at Battelle Memorial Institute,
Columbus, Ohio. Paper presented ot AIME Annual Meeting, New
Orleans, February 1957.
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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 precxpltatlon 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 Infegral'eci 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 pilot-plant operating at a feed rate of 12 tons
per h@x . Although, other modifications of the flow-
sheet might be employed, for the purpose of demon-
stratmg an mtegrated 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 wuranium, 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 amounts of lime
(Ca0): Table I gives the chemical analysis of these
three ores.

Because over 85 pct 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 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 pct pulp density
was sufficient to prevent classification in the towers.

Temperature: A series of tests was run in the
towers at temperatures of 185, 225, and 250°F. A
pressure of 90 psig and a solution containing 98 g
(NH,).CO, and 54 g NH,HCO, per liter were chosen
arbitrarily, based on preliminary 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 and time on
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 pct 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 115 psig. A temperature of
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 pct 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 (WNH,).CO, and 54 g NHHCO,
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 extraction.

An analysis of the exhaust gases from the towers
showed that they contained 17 pct 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 any quadrivalent uranium 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
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Fig. 2. Process flowsheet for ammonium carbonate leach pilot plant.
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content of the air was enriched to 30 pct, 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 pct O. might have improved the
uranium extractions to as much as the 95 pct 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 ammonium carbonate of com-

. merce (NH.NH.CO, - NHHCOQ,) 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 thé 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--

\
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Fig. 3—(upper left) The effect of temperature and time on
the extroction 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 leoching towers,

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
pct 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 pct 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 ecm 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 e€qual 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. .

Precipitation of Uranium From the
Ammonium Carbonate Leach Solutions

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

Table I Chemica|~Ana|ysis of the Ores

Ass;y, Pct

Ore U103 A\ CaO Al:03 MgO

(o] CO, Si0; Fe:0, S L.O.L
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and ammonium bicarbonate in the leach solution on the ex-
traction of uranium.

system on the extraction of uranium.

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:

(NH,).CO,(aq) +heat- 2NH,(g) + CO.(g) + H.O (1)
[4]

NH,HCO,(aq) +heat-> NH,(g) +C0.(g) +H.0 (1) [5]

(NH,).UO.(CO,).:(aq) + heat—> 4NH,(g) +
CO.(g) +UO,

2NH,(g) + CO.(g) + H.O(1)» (NH.).CO, [7]

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

- 2HO(s) (61"

Tower Humbaer

Fig. 7—Concentrations of ammonium compounds in solution
with and without carbon dioxide added to the system.

precipitation of uranium by steam stripping.

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 solutions 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 ll. Chemical and Spectrographic Analysis of Precipitate

Chemical Assay, Pct

Spectrographic Assay, Pct
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Toble Hi. Typical Uranium end Ammonia Balance

.in the air-dried precipitates was identified as UO ‘-j

Uranium Balance
Basis:

Qre assay uranium, pct 0.52
Feed rate, kg per hr 13.63
Extraction uranium, pct 98.0
Pregnant liquor assay uranium,

g per liter 3.36

Soluble uranium to CCD system,

g 816
Soluble uranium removed as sam-
ples, g 14
Net soluble uranium to CCD sys-
802

tem, g
Distribution of Uranium in CCD
System: Grams Dist. Pct
‘Thickener No. 1 overflow:
45.4 liter per hr x 1.5 g per
liter x 12 hr 789.6 98.4
Soluble loss:
9.5 liter per hr x 0.11 g per
liter x 12 hr 12.6 1.6

Total 802.2
Distribution of Uranium in Precip-

itator:
Loss in barren solution:

50 liter per hr x 0.006 g per

liter x 12 hr 3.6 0.7

Over-all uranium loss: '

Soluble loss + loss in barten

solution 16.2 23
Ammonis Balance
Basis:
Discharge from leaching unit,
liter per hr 20.2
Assay of pregnant liquor, NHs, g
per liter 30.0
Total NHj; to CCD system, g 7272
NH; removed by sampling, g * 143
Net NHs to CCD system 7129
Distribution of NHz In CCD System: Grams Dist. Pet

Thickener No. 1 overfow:
45.4 liter per hr x 12.8 g per
liter x 12 hr 6973.2 -« 98.0
Soluble loss: ’
9.5 liter per hr x 12 g per
- liter x 12 hr 137

Total 7110.2
Distribution of Ammonia in Precip-

itator:
Ammonia recovery

35.2 liter per hr x 157 g per

liter x 12 hr. 6631.7 95.0

Loss in barren solution:.

50.0 liter per hr x 0.30 g per

liter x 12 hr 180 2.6
Unaccounted loss 161.5 23
Total €6973.2
Over-all loss:
Soluble loss + loss in barren
solution + unaccounted loss 478.5 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 précipitation 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 wvaries
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 pct 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 Il gives the data obiained 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 pct. 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

756—JOURNAL OF METALS, JUNE 1957

2H.O by X-ray diffraction. The ignited preclpltate
was identified as U,O..

Operation of the Integrated Plant for the

Extraction and Recovery of Uranium

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 a:

¢ e eeatudn

‘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 re-z-
turn the ammonia to the leaching circuit, absorption;:
towers werée employed to recover the ammonia from:-
the precipitation tower. Table III gives the uraniumy;
and ammonia balance obtained from operation otb
the integrated plant on Ore 3. -

These data show that the soluble loss of uramun;’
from the countercurrent decantation system was 1.6
pct of the uranium in the pregnant liquor and thats:
an additional loss of 0.7 pct was incurred by the 2
barren solution discharged from the precxpltatlom
tower. On this basis, the recovery of uranium from%
Ore 3 was 95.5 pct of the uranium in the feed to thef_} :
leaching system. In the case of Ores 1 and 2, where® " -
approxxmately 93 pct of the uranium was extractechp ;
in the leaching towers, the over-all recovery ofs ..
uranium was approximately 91 pct of the feed to
the integrated plant. -

.With respect to the ammonia recovery system,,'*"_%
the data show that the ammonia lost with the dis-.~ i
charge from the countercurrent decantation washing, -
system was equivalent to 1.67 1b 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 dry feed to the integrated plant.

Conclusions : o

The data obtained from this study have demon-
strated that the ammonium carbonate pressure’ P
leach is a technically attractive method for extrac-~ 7
tion of uranium from high-lime ores.

As in the case of other processes developed for-
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 pct 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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THE 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 minés a copper sili-
cate (chrysocolla) ore, averaging 2%

86

5 P R whe
ctiine. Froth' p by the first
two cells goes-to an 8-cell cleaner
machiré, and the tails*dre pumped to
the tailing. pond. Cancentrates. pro-
duced by the first two cells of the
cleaner machine -are pumped to a

6-ft, 3-leaf disc filter. Cake produced 3.
by the filter falls by gravity onto a 4.
.. concrete’ storage. and loading_ floor . .s5,
below, e - - 6.
.. Reagent setup is relatively simple:. : .
Lime is used for pH control; xan- -
thates for collector; and alcohol for 8.
frother. Final concentrates assay :
“from 45% to S0% etallic copper. - 9
They are trucked to Casa Grande 10.
for shipment to the Asarco smelterﬁ» n.
- at El Paso, Texas. ST 12,
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PROCESS is the S4-in. x. 42-ft rotary calciner. Fourteen .gas
fyed burners keep combustion zone temperatures in_1,400-1,500°F range. - . ...

AT i

A _The trucks dump their load onto the

B

gregation

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
operation in the shallow pit follows
standard practice: primary blastholes
are drilled with--a Gardner-Denver
wagon drill and drill rods are fitted
with detachable 3Y2-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. .=~

P

“"elevated stockpile area near the rail
A _.grizzly covering a 45-ton ore storage .
per‘ ",'_n e T e ey

Soal

30 vyeilte Qs

B %‘.'Process NAoi: New

" In 'the processing plant, minus 10-
" mesh ore is heated at 1400°F to
1500°F with sodium chloride’ and
coké (or other carbonaceous mate- .
_ ~-rials). This segregation process pro- =
- -~duces fine metallic ‘copper, which can.
-be recovered by conventional flota-
tion methods. -
The USBM and Transarizona Re-.
sources ran-extensive bench and pilot
plant tests but—the -segregation proc-
ess is-not mew. It was developed and .
patented in the '20s by Mineral-
Separations Ltd., who, at that time,
tried it in Africa. The company built-

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. L
Transarizona, controlled by -Trans-
continental Resources Ltd., a. Cana-

,Enginee}ing and Mining ]ourn#I;Vol.Idl,Na.Il '

" 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 V2-in. -openings;- secondary conc
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.

i AY

- , 'LEGEND
Rail grizzly, spaced 12 in. 13.
45-ton hopper : 14.

24x18-in. jaw crusher set 2 in.
Vibrating screen with Y2-in. openings
-3-ft :Symons cone crushers sét 3 ‘in:
A-C vibrating screen with lO-mes_h
deck—5x10" ft

36-in. rolls
400-ton fine-ore bin
3-ton coké bin
3-ton salt bin
Weightometer
Bucket elevator

15.
16.
17.

Y8,
19.

[l

. 20.

21.
22.

Journal

s

Concentrates to
€l Paso Smelter.

12-ton surgé bin

15-in. by 42-ft Standard- Steel
rotary calciner .
4x44-ft Baker type rotary cool
6x12-ft ball- mill o
Rake classifier
5x6-ft conditionet
Rougher flotation machine made up of
8 Denver 48-in. cells

Cleaner flotation machine made up of
8 Denver 36-in. cells

Eimco 6-ft, 6-leaf disc filter
Concretc storage and loading - floor

Co. '
T

“

'

.87




. !': i—\ .

— SUB
NG

trACSS

Ve
3 t

-ofloat is

by oxygen.

iron ions
isulfide

LN 4 AIMEI

emistry,

11y,

_l

r’ 5“ v & l\/ / /3 TSVETNYE METALLY / NON-FERROUS METALS %}ESR’VE“E%

M, "CHTY OF UTAR
@hidun 54 ‘UES

o

: Dy
B

EARS
ADOPTION OF A CARBON SORPTION SCHEME FOR GOLD EXTRACTION AT THE BELOUSOV PLANT!
¢ 669.213

N. I. Taskin, A. G, Romanenko, N. S. Chekanov, K. G. Egorov, and Z. M. Burenko

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

Pulverized activated carbons (ground KAD and activated flotation carbon UAF) are
sow mainly used as carbon sorbentsy 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-
zent for extraction of gold with UAF carbon from the copper concentrate thickener
werflow at the Belousov Concentration Plant. The thickener overflow precious metals
mnd impurities content (in mg/liter) fluctuates widely:

0.8-2,0 Au 10-15 Mg
0.5-1.5 Ag 30-40 sulfates
1500-2100 CNyotal 150-270 C1
300-460 Cu 1500-2000 carbonates
20-30 Zn ' 3-5 xanthates
30-30 Ca

Research [1,2] has established that a two-stage counterflow sorption scheme is
:he most promising. '

Gold extraction reaches 96% and carbon saturation with gold is 1.0 kg/ton at a
iAF carbon consumption of 1,0 kg per m3 of overflow, )

It was established during tests on the scheme that 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-

and aluminum sulfate) were tes-
ted with a view to creating

carbon [N

?ig. 1. Scheme for extraction of dissolved gold
from copper concentrate thickener overflow:

~ 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- .ilg- 2. Hydraulic mixer:
nér; 6 - solution tank for preparation of carb- -1 - tank; 2 - circulation
on suspension; 7 - solution tanks for prevara- : 2““?7 3 - central pivpe;
tion of aluminum sulfate solution. - recelver channel.

rous, copper, and zinc sulfates,
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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 aluminum 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 1is 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.
gold, passes continuously to sorption stage I 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 pump 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 acdopted 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.

REFERENCES

1. N, I, Taskin, A. G. Romanenko, K. B. Lebedev, et al.,- Synthesis and Use of Ion-
Exchange Materials and Sorbents in Non-Ferrous Metallurgy, Alma-Ata, 1970
(Kazmekhanobr Collection Mo, 3), pp. 300-308.
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THIS MONTH IN MINING

UNIVERSITY OF UTAH
RESEARCH IMSTITUTE
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L ) MNG “adapl its limestone kiln technology and The program calls for a semi-works size of the mine and supporting equipment at
Ty AECK hardware to the related problem of retort- kiln to be built at the Federally owned the government facility. According to
oo ing oil shale. A 30-month demonstration Anvil Points oil shale research facility. Harry Pforzheimer. vice president of
Yoy program calculated to cost some $7.5 mil- Under terms of a recent lcase agreement Sohio Petroleum Co., “A broad spectrum
YT Tion, with Development Engineering Inc. between DEL and the government, the An- of industry is expected to support the pro-
: il 1 (Il)El) dof Denver as the operator, is vil lfoin'ts works will be lavail;a(blc flordpsc gram, Il.would’bf (!c51lrablc for at least 15
5! anned. in Paraho’s experimental work, inchidin companics to participate.”
! j P “Private industry.’ particularly petro- a mine, crushinI?g equipment. retorting an«% Companies investing in the project on a
{ iR leum. natural gas, and electric generating related plant, laboratories, and certain on- “participant” basis will receive a favorable
PR l’; \ companies, are invited to become partici- site. housing and office space. The Cleve- license to use the process and hardware on
- IR pants by individual commitments of  land-Cliffs Iron Co. has offered to handle oil shale. the advantages of a pioneer’s po-
e i : l $500.000 toward the cost of the program, the mining for DEI at Anvil Points. sition in the proprietary technology, the
S 1 !/ » _ payable as moneys arc expended over the The low per-company cost in the project data and information developed. and an
A life of the project,” John B. Jones. DEI was made possible by the number of par- opportunity to advise and observe the
L { If president, said. ‘ ticipating companies, and through-the use progress of the program. [}
Vi ) J
1 [
ity L
b 5 l}l ‘
= !' AEC and KCC will jointly study potential of nuclear blasting to mine copper

7 (I A CONTRACT TO UNDERTAKE JOINTLY a evolved at the AEC's Lawrence Livermore tion. and the general conclusion was that
) i program of investigation, study. and eval- Laboratory. One of the mgjor diﬂ'crpnccs it was manageable. Thc_ AEC ha'd in_di-
ks : I uation of in-place copper leaching tech- is the fact that the orebodies that will be cated that the concentration of radioactive
3 > |SHIR nology that could be applied in an ore- considered in this new project are primary isotopes in the leach solution would be
R ?, body fractured by a nuclear detonation sulphide orebodies located under the wa- sufficiently low so that special shielding
! has been signed by the US Atomic Energy ter table, as opposed to primary oxide ore- agamnst cxposure would not be needed.
i ’ : Commission (AEC) and Kennecott Cop- bodics located over the water table in the As conceived at the time of the Sloop
! per Corp. (KCC). The AEC portion of the Sloop project.” project, a nuclear blast for copper leaching
! study will be conducted as part of the As the Slaop project was conceived  would fortunately lock the relatively non-
l - commission’s Plowshare Program to de- back in 1967, a 20- to 30-kiloton device volatile radionuclides in a congealed
A velop peaceful uses for nuclear explosives. would be planted at a depth of 1.200 {t in “puddle glass™ at the bottom of the rock
. ﬁ The process to be studied would involve the mineralized zone. After the explosion cavity, and only a small percentage would
1 i the possibility of fracturing a deeply would come a solution test. Auack welis enter the leach soiution. Subsequent met-
i d buried low grade copper bearing deposit would flood the rock chimney and estab- allurgical processing by the then newly de-
i with a nuclear explosive, and then perco- lish communication with recovery wells. so veloped solvent extraction process was
e lating an oxidizing leach fluid through the that pregnant liquor could be pumped to being considered to remove virtually all
z‘ fractured rock. The leach fiuid would then the surface. At the time of the Sloop proj- radioactive contaminants from the fin-
3 be pumped to the surface, where the cop- - ect. the problem of radioactive contamina- ished copper. The Sloop project was even-
B per would be extracted. tion of the copper ore had received atien- tually shelved. (7]
' The study will help determine the feasi-
, bility of recovering copper from low grade
' orebodies, many of which are deep under-
ground and are not cconomically recov-
erable using conventional mining tech-
, niques. The study, designed to investigate — -
the requirements’ for nuclear fracturing RFIERE ~
and leaching of a representative orebody. R 4
I will incorporate data on several orebodies. D
? The results will enable the parties to de- W,
" cide whether an actual leaching experi- ./
! ment should be conducted. No actual field %’
; work is contemplated. but a concept will g 'gb ;
I be developed for a surface extraction ' j'_' 3
. plant and other facilitics nceded for pro- = - " 3 - <!
ol cessing copper leach solutions. . 36memmm ¥ i
; Preliminary engincering and technical 1 0-000900:70" ’ ‘e
| f studies will be carried out by Kennecott's "7’:'54'-"1.’.’{;"-&»#(5,,._, F‘-‘u
i fe Ledgemont Laboratory in Lexinglon, G N
j i) Mass., and by the AEC’s Lawrence Liver- oo b
i more Laboratory in California. Environ-
! f' mental effects will be considered in the
| study by the AEC's Nevada Operations
s Office in Las Vegas. The US Burcau of
I lf Mincs (USBM) will provide advice and
| assistance in assessing the potential ben- Lo e
Nt efits and disadvantages of nuclear in-place . ‘T : .
! copper leaching, as compared with al- The 300 millionth ton of molybdénite ore  arca supplying a major portion of the
i ternative mining practices. The study is produced by the Climax Molybdenum Co. mine’s total output, the Phillipson level is
! ! & expected 10 be completed late this year. mine at Climax. Colo.. was hauled from nearing exhaustion. Continued operations
g A KCC scientist who is working on the the Phillipson level recently. The Climax from the main producing level, the Storke.
18 ;i project, Dr. Robert Hard, told E/Ms that mine. which has produced more ore than and from the new 600 level will maintain
Nk this investigation program does not repre- any other underground mine in North production at its 43,000 tpd capacity. The
' i sent a revival of the old Slcop project con- Amcrica. continues to produce nearly 14 mine has been one of the world’s leading
el sidered in 1967 by KCC, the AEC. and - million tpy of raw ore, according to the  producers of molybdenum since it began
2k USBM. As Hard put it. “This project in- company.’ operations in 1918, ]
‘ corporates newer concepts that were: After more than 40 years-as a producing : {Continued on p 30)
i
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A PATTERN FOR- COPBPER MINING -in the

future ‘may. be set by a joint project of.

American Smelting and Refining Ca,
(Asarco) .and the Dowell Div. of Dow:
Chemical Co.; which plans to use sul-
phuric. acid tcr leach out copper .in situ,
thén recaver the copper by plating :an-
odes. in an ¢lectrowinning plant,

In the 50-50 joint ventiire opétation,
Dowell will use techniques. developed in
oilfield work to help Asarco éxploit a
copper oxide body near Florvence, Ariz.

- Iiis estimated that there: are. about 300-

400 million 1b of :copper about 1,100.ft
undergrotind at_the 90-acre Asarco site:
The. depth of the orebody is too great
for an open-pit mine, and the grade—
less :than 1%-—is not - high enough to
merit sinking shafts. Leachmg in sity, it
iz believed, offers an economic alt.ema-
tive, Dowcll s'ays it will be the first time
this process has been used for leaching
-at such 4 depil,

Dowell” has started drilling five' holes
at the site, Four will be uséd for injec-
tion of a weak acid sélution, and one:
will be a producing well. Dnlhng will
take six weeks to two months, then
water will be pamped in under pressure.
to fracture the orebody. The pressure
vsed will be around 1,000-1 500 psi at
the : qurface, which s re]auw:ly low in
comparisen with the 3,000:10,000 psi.
-used in oilfields, The flow will be abouit
1 1o 1.5 bbl per minute. Sometime this
fall, depending on how long*it lakés fo
satirate the orebody and establish a
flow pattern, Doweéll will start metfering
concentrated acid into lhe water, form-
ing a 3%, acid sohition in water to leach
out the éopper. It is expecied that suf-
ficient results will be available for an

evaluation of the procéss by early, 1973,

According t6 Deowell, this system
could make smeliers obso]ete within ‘15,
-vears because it is-a’cléaner process, On
the other: hand, it is likely that the En-
vironmental Prcteclu:m Agency will be
monitoring the project to determine the
pnsmblhty of the_ water table being. po!-
‘Tuted by the acid, Dowell ;says there is”
litie likelihood. .0f such pollufion be-
caise Stafnless. steel pipes will be used
o carry. the solution down tp the ‘ore-
body,,and after Ihat lhe alfeady, weak

- solution” Wil ‘bé neutralized by feaciion

with the ore.

lniliéliy, Powell will ue oiifield serv-
ice friplex pumps—three- cylmder pumps
made of carbon steel—but expects that
eveniuvally thése, too, will have 10 be of
stainless steel to avoid corrgsion.

The solitibn abiained from the. pro-
diicing well will be shipped by tank
trucks to Asirco’s San Xavier plant,
soyth of Tucson {about 75 mi away), ,
where the copper will be: recavered by

- electrowinning. A plant will ke built at.

Florenice ad'soon as the mine proves. suc-
ces»:ful

E/ Mi—June, 1972

Currently, tHe electrowinning opera-
fion at San.Xaviér is vsed 10 recover
copper teached from copper oxide, whlch
is' obtained along with sulphide copper
from Asarcos adjacent open-pit Mission
ming,

Leaching operatiofs are very incf-
ficient, according to Dowell, But the
company expecls its experiencein deal-
ing with flyids undergrqund will edable
it to recover at least 60% of ihe copper
-at Florence over a period of 20-25 years,
The -process will be -more ‘than economi-

cal with only 30% recovery, according’

to Dowell.

A pilot ;plant “vsing a $imilar process-

has been operaled by Kennecott Copper
Corp. for. about two years-.at ‘Ruth, Nev.
However, that oreBody is only about 300
-ft deep, as agaionst 1,100 £t for the Dow-
ell-Asarco project. Dowell did ‘the. initia)
hydraulic fraciu'riﬁg of the body. The
Kennecott plant is' small scale, pdmpin'g
about 30 40 pal of solution per miin.
About .10-15 1b of copper tesults fromy
every 1, 000 gal. Kennecotz is opcratmg

URIVERSITY OF UTAH
RESEARGH INSTITUTE
EARTH SCIENGE LAB. -

N MINING

Asarco and Dow Chemical to leach deep cbﬁper orEdey‘in situ in Arizona

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

In anolhcr recent development,

- Ranchérs Exploration and Development

Co. is planmnrr te leach copper fiom its
Old-Reliablé mirie in Arizona, a deposit:
of oxidized and secondarily enrichéd
copper (E/MJ Aprl 1972, pp 98-100).
In this case, the orebody was first shat
tered: by 2,000 tons of exploswe ‘placed
according to a2 plan dévised by E.I Du
Pont de Wemours & Co_,.which is pro-
. viding:exp]gsive and 'téchnical assistance.
Alsg,s since “the Old Reliable deposit. is
tocated in-a hillside, Ranchers Explora-
tion ‘plans leach percolatlon The arga
-above the deposit will be terraced, per-
forated pipes will be laid on' the lerraoes
for irrization of the orebody, and thé
leachmg solutions will, be drawsn off by
uravlty at the:base of the mine:

Amax chief sees marketing challenge for c;Opper

THE COPPER mnusmr WILL BE CHAL-
LENGED over the riéxt 10 years to devel-
‘0p a. moré aggressive markeling ap-
proach, it was suggested recently by Tan
MacGregor “chairmén and chief execu-
“tive officer of American Metal Cllmax
Inc: (Amax)

MacGregor told the spring migéting of
‘the Copper Development Association
that “Free World copper productmn will
remain somewhat in excess of demand
through the rest of the 19705 and pos-
sibly not until 1982 might. demand over-
take. supply: At that time, if-is estimated
that Free World. pnmary and secondary
supply will have increaséd to close to 11

. m:]hon tpy, 'vwhils. démand; including ex-

ports io the Eastern Bloc nations, .may
slightly exceed the 11 million-tpy fig-
™

This: 10-year ouﬂook MacGregor de-
clared “indicalés 10 me that.we, as an.
mdustry have a. marketing opportunity
ahéad. We must- do sorie rcthmkmg
about the capabilities of our indusiry, °
and hew gl of us—whether minef, cus-
tom smelter, or fabncator-—can work -
togethier to ‘achfeve the common goal of
iricteasing copper usage’

MacGregor cited the success. of CDA
In ‘developing such new uses for ‘copper
as the Decade 70 House of New Condepts;
the Cdpper Maiiner Shrimp boat, copper
solvent plumbing, 1he Exemp[ar auta-
mobile, and (he life safety sprinkler sys-
tern, "I heanily endorse CDA's ap-
proach to market developinient, Which
emphasizes the. cremmn of whole sys-
tems’ using copper,” MacGregor said,

-systems rather than sheet .

“apd the impressive job of creating these
copper systems and seeing-them through
the prototype Stage to commercial re-
ahty However, our industry—which
‘supports CDA—is not. following through
forcefully angd exploitmg the lead-time
-ddvarilage. "We must pick up where
CDA’s initial goals are .achiéved.”

 MacGregor stated that the copper in-:
dustry has pnmari]y been - “concerned
with sales—that is, méving metal at a
profit—bit when it comes to marketing;
the finding of new applications that will
serve as-fitire, ontlets for our produc-
tion, we are not-attuned to the total ef-
fort requued 2

“Thére ‘is gr&at danger," he.. told the
meeting, “that the. industry has not; de-
veloped the marketing expertise “of
familiarity with téday’s sophisticated:

‘technology and the systems selling “ap-
.proach and techniques necessary for ‘the

expanszon of thé market base for .cop-

- pér. ;‘We.should be selling plumbing sys-

tems rather than copper ‘tubing, robfing
To:think
in terms of systems and market rather
.than merely=sell copper, requires a ver-
satile sales- force that can talk to re-
search groups, design engineers, prodic-

ticn people, and -general managers of

companies—on their own terms.”
‘MacGregor called on the industry to

“*fully understand the jrplications’ of

new -markets, have the required alloys
readily avanlab]e, dnd be ‘Willing 10 offer
technical service, to support new high-
technology applications.”

(This-Monrth continued on p. 20)
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Asarco and

A PATTERN FOR COPPER MINING in the
future 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 use sul-
phuric acid to leach out copper in situ,
then recover the copper by plating an-
odes in an electrowinning plant.

In the 50-50 joinl venture operation,
Dowell will use techniques developed in
oilfield work to help Asarco exploit a
copper oxide body near Florence, Ariz.
i is estimated that there are about 300-
400 million 1Ib of copper about 1,100 fi
underground at the 90-acre Asarco site.
The depth of the orebody is 0o great
for an open-pit mine, and the grade—
fess than 1% —is not high enough to
merit sinking shafts. Leaching in situ, it
is believed, offers an economic alterna-
tive. Dowell says it will be the first time
this process has been used for leaching
at such a depth.

Dowell has started drilling five holes
al the'site. Four will be used for injec-
tion of a weak acid solution, and one
will be a producing well. Drilling will
tuke six  weeks to two months, then
water will be pumped in under pressure
to fracture the orebody. The pressure
used will be around 1,000-1,500 psi at
the surface, which is relatively low in
comparison with the 3.000-10,000 psi
used in oilfields. The flow will be about
1 10 1.5 bbl per minute. Sometime this
fall, depending on how long it takes to
saturate the orebody and establish a
flow pattern, Dowell will start metering
concentrated acid into the water, form-
ing u 3% acid solution in walter to leach
out the copper. It is expected that suf-
ficient results will be available for an
evaluation of the process by early 1973.

According to  Dowell, this system
could make smelters obsolete within 15
years because il is a cleaner process. On
the other hand, it is likely that the En-
vironmental Protection Agency will be
monitoring the project to determine the
possibility of the water table being pol-
luted by the acid. Dowell says there is
little likelihood of such pollution be-
cause stainless steel pipes will be used
to carry the solution down to the ore-
body. and afier that, the already weak
sotution will be neutralized by reaction
with the ore.

Initially, Dowell will use: oilficld serv-
ice triplex pumps—three-cylinder pumps
made of carbon steel—but expects that
eventually these, too, will have to be of
stainless steel to avoid corrosion,

The solution obtained from the pro-
ducing well will be shipped by tank
trucks to Asarco's San Xavier plant,
somth of Tucson (about 75 mi away),
where the copper will be recovered by
electrowinning, A plant will be built at

L Florence as soon as the mine proves*Suc-

cessful, -

E/IMI—June, 1972

Currently, the electrowinning opera-
tion at San Xavier is used 10 recover
copper leached 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 its 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 309% recovery, according
to Dowell.

A pilot plant using a similar process
has been operated by Kannetott Copper
Corp. for about two yes . at Ruth, Nev,
However, that orebody is only about 300
-ft deep, us against 1,100 ft 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 gal of solution per min.
About 10-15 b of copper results from
cvery 1,000 gal. Kennccoll is operating

Dow Chemical to leach deep copper orebody in situ in Arizona

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 recent development,
Ranchers Exploration and Development
Co. is planning to leach copper from its
Old Reliable mine in Arizona, a deposit
of oxidized and sccondarily enriched
copper (/MJ, April 1972, pp 98-100).
In this case, the orebody was first shat-
tered by 2,000 tons of cxplosive, placed
according to a plan devised by E.l. 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 solutions will be drawn off by
gravity at the base of the mine.

Amax chief sees marketing challenge for copper

THE COPPER  INDUSTRY WILL BE 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 not until 1982 might demand over-
take supply. At that time, it is estimaied
that Free World primary and secondary
supply will have increased to close to 11
million tpy, while demand, including ex-
ports to the Eastern 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
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 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, “l heartily endorse CDA's ap-
proach to market deveiopment, which
emphasizes the creation of whole sys-
tems using copper,” MacGregor said,

“and the impressive job of crealing these
copper systems and sceing them through
the prototype stage to commercial re-
ality, However, our industry—which
supports CDA—is not following through

forcefully and exploiting the lcad-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 metal at a
profit—but when it comes to marketing,
the finding of new applications that will
serve as future outlets for our produc-
tion, we are not attuned to the total ef-
fort required.”

“There is great danger,” he told the
meeting, “that the industry has not 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, rather
than mefely sell copper, requircs a ver-
sutile sales force that can talk to re-
scarch 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 solution did not exceed 70-80%. It is considered [3] that nickel will
combine in magnesium silicate and this hinders its extraction. Only Caron [4) has
been able to achieve high nickel extraction (892%) 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 ammonia method. The composition of the examined ore is 1.41-
1.68% Ni, 0.013~6.026% Co, 4.09-6.49% Fe,03;, 31.51-32.5% MgO, and 40.45-42.9% S5i0,.

It was established by petrographic analysis that serpophyte is the principal mine-
ral as a nickel-carrier.

Differential-thermal analvsis 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 Ash con- Yield of
bitumen C, % H, % tent, % volatiles, %
No. 1 78.16 7.42 1.6 : 63.8

No. 2 44.19 9,62 39.4 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 NH; and 50 g/l CO;, a l:s ratio of
10:1, © = 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 . . i i v 4 v 4 e . . 800 700 300 950 1000 1050
Ni extraction to solution . . 34.3 58.3 59.6 78.1 85.8 84.3
The effect of the reduction time on nickel extraction to solution was (in %):
T, min
t, °C 30 60 120 210
950 . . . . . 80.5 -=- . 78.1 20.7
1050 . . . . 85.8 - 84.3 71.6

Increasing the ore size to above 0,105 mm, 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 two hours there will be a 78.1% extrac-
tion from ore 0.105 mm in size; for ores, 0.315 and 332 mm in size, the extraction
would be 70.2% and 37.7%, respectively.
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It was found that to attain the maxiwmum nickel extraction it would be sufficient
to add coal in an amount 6-7% of the ore weight. At the same time, the cinder
should be cooled rapidly in order to avoid any drop in extraction indices. up
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, °C st
Form of bitumen 500 600 700 900 1000
No. 1 & vt v v o v ¢ o ¢ o o & 20 58 87 90 89 :
NO. 2 v ¢ v v v v e v o o v o - 45 81.2 88 87 <
.No. 1 with additions
1% of the charge weight . ., . . - 8g2* 87 83.5 78
*Temperature of 650° C
The effect of the reduction period, when using bitumen No. 1, on nickel extraction c
to solution is as follows (in %):
1, min
t, °C 30 90 120 210
700 . . . . . 85 87 87 84
900 . . . . . 94.1 92.8 90 90.7

If reduction is conducted for 2 hours at 900° C, then it would be possible to L3
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) . 2
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. .

x
c
' i
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half of 1976. Total cost of the first
phasc of the project is estimated
at upwards of $135 million. The
company has ore reserves con-
sidered suflicient  for producing
more than 100 million 1b of product
annually. '

Shimura Kako Co., Sumitomo
Mctal Mining Co. and Tokyo
Nickel Co. have agreed to purchase
the output of the plant for 15 years.
Project  participation  agreements
have been signed with these com-

£
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panics und with Mitsui and Co.,
Nissho-lwai Co. and Sumitomo
Shoji Kaisha, Ltd.

An experimental in-place. leaching
test will be undertaken in Arizona
by American Smelting and Refining
Co. Asurco huas reached an agree-
ment in principle with Dow Chemical
Co. 1o conduct a test on u deposit
containing perhaps 100 million tons
of oxide ore. which may assay in
excess of 0.4 percent copper.

The plan is to leach the deposit
with sulfuric acid solutions which
would then be recovered through
‘wells. The copper would in turn be
recovered from the solutions. It was
pointed out that the project would
provide an additional outlet for sul-
furic acid from the company’s Hay-
den, Ariz. smelter.

A copper facility is planned at the
lead smelter of Bunker Hill Co. at,
Kellogg, 1daho. The new plant will
process by-products from  Bunker
Hill's lead and zinc smeliers by
pressure leaching, solvent extraction
and clectrowinning to produce high
grade cathode copper at the rate of
approximately 10 tpd. Scheduled
completion for the project is the end
of the first quarter of 1974, Engi-
neering and construction manage-
ment of the facility has been con-
tracted to Holmes & Narver, Inc.

Use of coal rather than natural gas
for the generation of clectrical power
has been recommended in a report
relecased by the Alberta Energy
Resources Conservation Board. The
report suggests that coal probably
would provide additional electrical
enerpy at fower cost than gas over
the next 30 years.

The province currently produces
more than 1.8 trillion cu ft of gas
annually for shipment outside the
province. It the Board's recomimen-
dations were adopted, an additional
10 to 12 talhion cu {t might be re-
lcased as surplus o the provinee's
needs over the next 30 years.,

* Researchers at Pennsylvania State
University believe that a plant called
cleocharis acicularis may be one
answer to estublishing plant life in
acid streams. The plant is described
as a bright green reed that s a rela-
tive of the Biblicul papyrus. It has

ng} MN73

been observed in acid streams in
mats as large as a putting green and
colonies of cleochuris huave been
termed underwater oases by Richard
Wagner, assistant professor ol bot-
any at Penn State. He believes it
might be used as a stirter crop in
which micro-organisms, algae and
inscels could take hold.

The reason the plant grows in acid
streams 1 unknown, but it has w
date been found only in quiet pools

‘or where there is a slight downhill .

grade in the stream bed, The plant
1s suid to dend itself 10 transplanta-
tion.

The Cornwall iron ore mining oper-
ations of Bethlehem Steel Corp. at
Corawull, Pa. are being shut down
after more than 230 years of con-
tinuous operation. Bethlehem had

~been planning an orderly closure of

the mines for some years, but last
year hurricane Agnes aceelerated
those plans because of inundation of
underground workings at Cornwall.
It is cstimated that some 110 mil-
lion tons of ore have been mined
from two deposits a1 Cornwall —one
of which outcropped and was mined
by surface mining methods and one
of which occurred 150 ft below
surface.

Anaconda Co. has entered’ into 2
$H10.8-million lease covering all of
the cquipment at the company's
new 120,000-tpy primary aluminum
reduction plant at Scbree, Ky, This
1s belicved to be the largest equip-
ment lease ever arranged for a single
facility. it extends for 20-years and
allows for renewal or purchase of
the cquipment at fair market value,

Seven equity investors provided
$38.8 million in the form ol owner-
ship participations in an cquipment
trust and three insurance companies
made loans totaling $72 million,
secured by the cquipment. United
States  Leasing  International,  Inc.
negotiated equity for the transuaction
and First Boston Corp. placed the
debt.

The Scbree plant is located ncar
Henderson, Ky. 1t is to  begin
production during the second quar-
ter. It is Anaconda’s second reduc-
tion ptant and increases the com-
pany’s annual oulput capacily 10
about 300,000 tons of primary
aluminum,

Mining Congress Journal
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THE ANTICIPATED EFFICIENCY LEVEL IN HYDROMETALLURGICAL PROCESSING OF MADNEUL'
CONCENTRATES

or="V

g oA —
UDC 669.334.012.7 'J»'z
. m : maz
T. P. Geleishvili, I. A. Terent'ev, and R. N. Dundua $§§; ’

QX

The Madneul' Mining and Concentration Combine came into operation in 1974 in the . Tl o il
Bolnisi region in the Georgian SSR, mining and processing copper pyrite ore from the & 3@
Madneul' copper-barite-polymetallic deposit. In accordance with the scheme, the basic ﬁefi"ﬂ
product from the Combine (copper concentrate) is shipped for further processn\g to i i —
the Alaverdi Copper and Chemical Combine, where spare capacity is available in both - - ';E-ﬂ
the roasting and the copper-smeltmg shops. Very little capital investment will there- m-g”
fore be reguired {only for expansion of the refnung process) and additional copper, . l‘!;|=

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. -Academy.of 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 wvarious 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 electrolytlc manganese
dioxide, a valuable and scarce product for the electrical engineering industry;

extraction of copper, gold, and silver from the dutoclave mud;

processing the production waste.

The autoclave-hydrometallurgical scheme for proce351ng 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

.

Principal Technical and

Economic Results of Hydro-

metallurgical Processing
of Copper Concentrate

ORI el c 0B [ SN et MRl . ML ® 5 e 8 Thd Da. S A L4 & T

work on integrated autoclave-hydrometallurgical pro- “5‘;:?3:,‘;{:‘,’,;'
cessing of copper and manganese raw material, obtain- —
ing and delivering the necessary data for final tech- Indices R
nical and economic justification of the construction §§ %E
of a hydrometallurgical plant. ® Sada’

The Nickel Industry and Design Institute enlisted .
the aid of the Leningrad Research Institute of the e expendltares, | .0 | 101,8 )
State Chemical Industry Plant Design Institute and Circul.capital, mil. z. .| 60| 6, ,
the State Research and Design Institute for Alloys i ote copixal, ' li000 | 107.8
and Non-Ferrous Metalworking in working out the Capital expendltiire per -| -
technical and economic justification with various omu:;:tofrgbomdiu Lasl 147
ways of using the autoclave copper powder (see Roturn on capital, r/r, .| 0.69] 0,68
Table). Prime cost of commodity -

The calculations showed that processing copper ;;::::tu::l :‘r:‘;::“' 10,1 | 407
concentrate from the Madneul' Combine with Chiatura of comoditsecutput k. | 57,7 ] 58,6
low-grade manganese ore at a hydrometallurgical ?°2“;T1'°'“““L‘ 20,41 BT
piant gave better technical and ecom'zmi;:l rleéultsd Eog;:u%ztgép;z:f..i. 29,4 | 26,6
than copper concentrate processing at the averdi rtizatlon period o )
Copper and Chemical Combine, the annual saving being capitsl investment yr..| 3,2 is_
10.7 million rubles.
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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

‘minerals 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: %n 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-
nonic efficiency in the tenth five-year plan.
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AUTOCLAVE EXTRACTION OF PLATINUM METALS FROM ACID SULFATE SOLUTIONS USING THIOUREA Qﬁﬁg
. ' 7 =

UDC 669.21/23:66.046.8 & D2 oy

Ra%

V. Sh Barkan oo g G

e |

Eﬁlﬁ::x,

an extremely effective method of precipitating platinum metals using thiourea is 55;=:g

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. )

Autoclave Extraction of Precious Metals with Thiourea %%
. ' ?
Indices’ Rh Ru Ir Ag Se To As | H,50,| Cu NI 80 /j
Content: &0
in initia; solu- a
tion, mg/l.....| 86 32 13 28 — | 140 | 80° 220° 30° | 25° 40
in discharged ] : 20 40 & 8 0
solution, mg/l..lundet fndet.| 3.7 [undet] — | 75 | 780%; 220° | — | — e, %
in solid residue ’
[ PO ceeesl 100351 000f 165( 063 | 1,3 03] — | 50 | 4 g
Extraction from ) 120 217°)
solution, %.....[100 {100 | 71 J100 | — | 64 | — - - | - :
80 12
- X R
* content in g/l . "c §0 o L A(a0-
S " o H , o
o™
DY N
Solutions of the following composition (in g/liter) 20 '6/ 3
wvere used: 150-250 H2S0,, 4-30 Ni, 20-30 Cu, 1-3 Me, 0w W '8(} 0
and 0.8-1.5 As; in mg/liter: 80-200 Rh, 30-80 Ru, 10- - 76,9,
o /9

-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, Relationship of Ru extrac-
and cooled and filtered after holding for 10-20 min. tion (a) and Ir extraction
Autoclaves were used without mixing, because the pro- (b) from the solution to
cess being studied consists of the formation of sol- the tellurium extraction
uble thiourea complexes and their subsequent thermal at temperatures of:
breakdown to form metal sulfides, i.e., the initial X - 160°C; - 180-190°C
system is homogeneous. The thiourea consumption va- 0 - z210°C.

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. 1Industrial 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- 1
erade temperature of 180°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 comglete accordance with the laboratory tests (see Table), Live steam should not :
be used because it dilutes the solution; external heating maintaining a solution tem- ]

"
i

| perature of 210-220°C is the most effective,
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PREFACE

This study, An Assessment of Energy Requirements in Proven and New Copper Processes,
was performed by subcontractors operating in cooperation with an advisory committee made up
of faculty members of the Department of Metallurgy and Metallurgical Engineering and the
Department of Mining Engineering of the University of Utah. This arrangement was requested by
the Department of Energy to provide a management function by the University of Utah in staging
and coordinating the work.
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*Specific tasks are listed in Table A-1.
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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:

e 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 information 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 feasibility 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, 1977) 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 Associates (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 of the world output, and most of the
estimated commercial copper reserves of the world. Therefore, this study focuses on processes



TABLE A-1

COPPER PROCESSES EVALUATED/COMPANIES ASSIGNED FOR EVALUATION

Process

Mining Operations
Mineral Processing Operations

Gas Cleaning

Acid Plant

Refining

In Situ Salution Mining

Copper Cementation

Conventional Smelting

impurity Control

Electric Furnace Smelting

Outokumpu Flash Smelting

INCO Flash Smelting

Top Blown Rotary Convertar Smelting
Noranda Continuous Smelting

Mitsubishi Continuous Smelting
Queneau-Schuhmann Continuous Smelting
AMAX Dead Roast Blast Furnace Smeiting
Segregation Process

Thermo Electron Chiorination Process
Oxy-Fuel Reverberatory Smelting

Oxygen Sprinkie Smelting

Arbiter Ammonia Leach Process

Roast Leach Electrowin Process
Cymet-Ferric Chioride Process
Sherritt-Cominco Process

Nitric-Sulfuric Acid Leach Process
University of Utah — Martin Marietta Process
Electrosiurry-Envirotech Process
Roast/Suifite Reduction Process

Section

1.2

13

1.4
1.5
1.6
1.7

1.8
23
24
2.5
26
2.7
2.8
29
2.10
2.1
2.12
2.13
2.14
2.15
2.16
3.2
3.3
34
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, Littie, Inc.

Arthur D. Little, Inc.

AMAX

Ford, Bacon and Davis Utah, Inc.

Mountain States Research and Deveiopment
University of Utah

Arthur D. Little, Inc.

Arthur D. Little, Inc.

Mountain States Research and Development
Arthur D. Little, Inc.

Arthur D. Lictle, Inc.

Ford, Bacon and Davis Utah, Inc.

Arthur D. Little, Inc.

Envirotech Corporation

Ford, Bacon and Davis Utah, Inc.
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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 separately 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
composition 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 Mill Concentrate Grade Annual Plant Capacity
(Dry Basis) {Dry Basis)
® 0.55% Copper ® 25% Copper 100,000 Tons Cathode Copper
® 28% lran
® 31% Sulfur
Cut-Off Grade Mill Recovery Base for Comparison
¢ 0.29% Copper ® 87.5% Conventionat 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.



Conventional Processes
Older Proven Process
Older Proven Process
Older Proven Process
Newer Praven Pracess
Newer Proven Process
Newer Proven Process
New Unproven Process
New Unproven Process
New Unproven Process
New Unproven Process
New Unproven Process

New Unproven Process

& (!
) . 2
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TABLE 8-1

PROCESS STEPS AND CLASSIFICATION USED IN THIS STUDY
COMPARISON 1S MADE TO CONVENTIONAL SMELTING

Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Boneficiation

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

M.itsubishi Continuous

Oxy-Fuel Reverberatory

Top Blown Rotary Converter
Queneau-Schuhmann Continuous
Oxygen Sprinkle Reverberatory
AMAX Dead Roast Blast Furnace
Segregation

Thermo Electron Chiorination

Refining

Electrorefining

Electrorefining

Electrorefining

Electrorefining

Electrorefining

Electrorefining

Electrorefining

Electrorefining

Etectrorefining

Electrorefining

Electrorefining

Electrorefining

Electrorefining
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Commercial Hydrometallurgical
Processes

Comunercial Hydrometallurgical
Processes

New Unproven Processes

New Unproven Processes

New Unproven Processes

New Unproven Processes

New Unproven Processes

New Unproven Processes

in Situ Solution Mining

Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Open Pit Mining

Partiat Underground
Mining

TABLE B-1 {Continued)

Beneficiation

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

None

Leaching

Arbiter Ammonia
Roast-Leach
Sherritt/Cominco
Nitric-Suffuric

Acid Ferric Sulfate
Electrosturry-Ferric Sulfate
Cymet Ferric Chloride

Roast/Sulfite

Leaching in Place

Reduction

Electrowinning

Electrowinning

Electrowinning

Electrowinning

Electrowinning

Electrowinning

Hydrogen Reduction

Ammonium Bisulfite

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 8-2

ENERGY VALUES FOR FUELS,
OTHER ENERGY SOURCES AND COMMODITIES

Commodities Unit Million Btu per Unit
Metallurgical Coke Net Ton 315
Distillate Fuel Qil Gallons 0.139
Natural Gas Cubic Foot 0.001
Electrical Energy Kilowatt-hour 0.0105
Steam Pound 0.0014
Carbon Electrode Net Ton 82.0
Graphite Electrode do 160.0
Limestone do 0.104
Nitric Acid . do 14.2
Refractory do 26.6
Sand (silica sand) do 0.042
Oxygen do 441
Lime Pound 0.0027
Sulfuric Acid Net Ton 0.83
Ammonia Net Ton 41.73
Hydrogen Net Ton 2340
Scrap Iron Net Ton 18.0
Nitric Acid Net Ton 14.2
Ammonium Nitrate Blasting Agent Net Ton 30.0

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

o e Nl

,
. =

o e T e

-} ~'



- .

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 generaily available and therefore refractory consumption was excluded from Level 2
analysis in many instances. However, such consumption appears to fall in the range of 20-50 b 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. Energy 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 smeiting. 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
valuve 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 C1

ENERGY USE IN MINING FOR A
STRIPPING RATIO OF 1.25

Million Btu’s per Ton %
Unit Cathode Copper Total Mining Energy *
Drilling 0.612 30
Blasting 3.895 19.4
Loading 1.849 9.2
Hauling 13.137 65.2
Ancillary 0.638 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
7.5% 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 miills 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 AND BENEFICIATION

Million Btu/Ton Cathode Copper

End Process Recovery

% Mining Concentration Total
97.0 20.48 43.32 63.80
97.5 20.38 43.09 63.47
98.0 20.27 42.87 63.15
98.5 20.17 42.66 62.83
98.7* 20.13 4257 62.70
99.0 20.07 42.44 62.51
99.5 19.97 42.23 62.20

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

Total
Category . Procass Level 1 plus Level 2 Range
OLDER Conventional Smelting {Green Charge) 35.16
PROVEN Conventional Smelting (Calcine Charge) 30.92 3044
PROCESSES Electric Furnace Smeiting 42.97
Qutokumpu Flash Smeiting : 18.92 19-21
INCO Flash Smelting 21.25
NEWER Noranda Continuous Smelting 24.00
PROVEN Mitsubishi Continuous Smelting and Converting 19.76 20-29
PROCESS Oxy-Fuel Reverberatory Smeiting 28.62
NEW - Top Blown Rotary Converter Smeiting 23.56
UNPROVEN Queneau-Schuhmann Continuous Smelting 22.63
PROCESSES Oxygen Sprinkle Smeiting 22.43 2024
AMAX Dead Roast Blast Furnace Smelting 19.58+1.5"
Segregation Process 2103
Thermo-Electron Chlorination Process 20.20

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 smeiting operation the estimated
mining energy is 20.13 and concentrator energy is 42.57 million Btu/ton cathode copper.

*Value reported by AMAX for electro-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 types 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 of the 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 smeiting. More important,

while sulfur recovery as acid in conventional smeiting is below 70%, sulfur recovery in Caletones
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 illustrates 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 miilion 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.t 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 Btu/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 Furnace 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 pyrometallurgical 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:

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

e 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 controi is likely to be
similar for the Segregation process 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 shown 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 vears old, and well proven, may be viewed as modern transitional-proven technology,
while Mitsubishi and Noranda are modern 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 modern 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 Sur Forsching und Technologie. The demonstra-
tion plant (250 tpd galena) is funded at a level of $25 million U.S., one-half by German industry
and one-half by the German government with tests to be completed by the end of 1982.

11



TABLE C4

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

TOTAL LEVEL 1

LEVEL 2

Misc. Materials

Oxygen

Electrodes

Fluxes

Water

Anode Furnace
Electrorefining

TOTAL LEVEL 2
GRAND TOTAL

25 2.3a 2.3b 2.15 2.10 29 2.1 2.16 27 28 2.6 2.12
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2.92 1.63 1.26 1.63 1.42 37 1.26 0.94 64
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1.35 1.31 1.49
.78 4.03 2.83 127 86 60 13 64 59 61 0.42
2.21 25 .40 .48 32 : 05 24 31 34 0.21 84
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4.74 2.27 3.87 4.51 4.08 3.10 4.30 3.91 3.19 4.09 3.86 4.18
.10 .10 .10 10 .10 .10 .10 .10 .10
6.10 6.82 5.82 5.82 6.82 5.82 6.82 5.82 582 6.82 5.82 6.03
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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)2
Conventional Smelting: Green Chargeb 35.16 26.73

Conventional Smelting: Calorie Charge® 30.92 23.84

Electric Furnace Smeltingd 42.97 32.55

Outokumpu Flash Smelting® 18.92 20.51, 23.69

INCO Flash Smelting \ 21.25 18.20

Noranda Continuous Smeltingd 24.00 20.53, 29.41

Mitsubishi Continuous Smelting 19.76 2.21

a. Add to Ketlogg values, 3.57 million Btu/ton cathode copper for fugitive emissions and 4.69 million
Btu/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%.
¢. 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; Matte Grade — 41%.
Kellogg and Henderson: no air preheat, Matte Grade — 35%. '
e. This study: enriched air 36.5 wt % oxygen, preheated to 200°C, Matte Grade — 65%.
Kellogg and Henderson: (1) air preheat at 77% to 1000°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 enrichment, Matte Grade — 75% Cu,
h. This study: Oxygen enrichment (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;

® [ncrease SO, 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 vear, 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 are 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)

Concentrate to Refined Copper Range
Total Range (Mining to Refined Coppar)

Process Level 1 Plus Lavel 2
Roast Leach Electrowin® 30.45
Cymet Ferric Chioride Leach 30.92 24-31 87-94
Roast/Suifite Reduction 23.64
Electrosturry—Envirotech 39.61
U of U/MM Ferric

Sulfate Acid Leach 49.45 40-50 103-113
Sherritt Cominco 48.13
Arbiter Ammonia Leach” 62.05
Nitric-Sulfuric Acid Leach 74.45 60-75 123-138
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 smeiting 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 of the 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-Electrowin, Cymet Ferric Chloride, Sherritt-Cominco, and Sulfite Reduction.
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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 of the 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 Ib
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 molybdenum 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 Suifite
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. Application 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.



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
in continuous one-step fashion. However, the potential for transfer of arsenic,
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,
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 true one-step
smelting of copper concentrates and may result in a saving 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 the 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-
erable potential for improvement. The areas for research and evaluation are:

® Research to decrease energy consumption in electrowinning is important since

- e

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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® 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.

e 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 to 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;

e weathering and leaching characteristics of copper porphyry 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 estimnates 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 and 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 E1

CHARACTERIZATION OF RESEARCH IDEAS

Potential
Energy Savings Probability of R&D Cost Range of
MMBtu/Ton Success? implication’ Applicability
Mining
Haulage vs. trucks 4 VH* 1 R
Blasting vs. crushing/grinding Trade-off H 12 R
Concentration vs, dump leaching 20-25 H 1 R
Fundamentals of dump leaching
Increase aeration and 10-20 M 23 R,G
copper extraction
Grinding
Pebble mill autogeneous 4 M 2 R
Stabilizing contro!
Optimal energy control 13 M 2-3 ?
New classification techniques
Other milling devices NA! L 12 G
Pyrometailurgy
Waste heat for drying 0.7 H 1 R,G
Pyrometallurgical siag cleaning 2 M 3 R,G
Impurity removal from blister 2 M 3 R.G
Flue dust treatment 1 L 2-3 R
Waste heat steam/cogeneration 4.5 VH* 1 R
Single continuous reactor technology 4.7 H 34 G
Hydrometallurgy
Electrowinning 8 L 3 G
Use of aiternate reduction schemes 15 H 3 G
Reactor design for optimum 3 H 1-2 G
heat transfer
in Situ Mining 20 M 4 R.G

*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 — approach 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; $1 Million = 2; $10 Million = 3; $100 Million = 4,

4. R = Retrofit; G = Grassroots.

5. L = Laboratory; P = Pilot piant; D = Demonstration; S = Study.

Type of
Research®

S.D
SD
S.D

LPD

S.L
S.L

L.P

s.LpPD
S.LPD
S.LPD
S

PD

s,LPD
S.LPD
S.D

S,..D



. 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;
® hulk flotation followed by grinding and selective flotation;
® concentrate pretreatment before smelting or hydrometallurgical processing; and

® 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
standard product.

By contrast the front-end processes are open-ended on both sides; the mining operations
being tied to the physical characteristics of the 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 vertical 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 planning 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 undoubtedly add to 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
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average copper value of blocks of ore of minable size is log-normally distributed within the ore
body such that the mean value of the 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:

o

Fraction of total tons above cut-off grade = f f(x) «dx

-4

o0
x +f(x)+dx
Average grade of tons above cut-off grade = 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% of the
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

Pigure 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 (8) - = 30°
Ave. slope of haul roads in pit = 6%
Surface haul to dumps = 2500 ft. @ 6% grade
Surface haul to primary crushes AC = 2500 ft. level
Overburden/ore body stripping ratio (—-\ = 125
Mill head value of ore CB / = 0.55%Cu
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 10 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)
™ Tons mined from ore body (CB)
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TABLE 1.211

GRADE/TONNAGE RELATIONSHIP

Cut off Tons > COV* Average Grade (% Cu)
Value (% Cu) (%) 4 Tons > COV Tons < COV

0 100 45 -

22 85 50 a7

.29 70 .55 .22

.34 58 .60 .24

.40 48 .65 27

.45 39 - .70 .29

.50 32 .75 31

.55 26 .80 .32

* COV = Cut off value



FIGURE 1.2-2 THE MINE MODEL
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TD = Tons ore sent to dump leach (CD)

TS = Tonsoverburden stripped (AC)

TW = Total tons mined from ore body not sent to mill (AD)
TT = Total tons mined (AB)

Stripping Ratio Notation (Refer to Figure 1.2.2)
RSM = Ratio of 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 = Ratio of 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 seat 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/CB----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.
100,000 x 2,000
55x20x.8629
= 21.0706 x 10° tons/year

Tons to mill (TO) =

RSM=1.25

RDO = 30/70 = 4286

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 106/21.0706 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 million 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 ib of blasting agent (ANFO)
in terms of its equivalent coal energy as follows:

945 1b. Aﬁmom’un? I‘-Jitrate

0.945 x 30 x 10%/2000
14175 Btu

055 x 138690

7268 Btu

21443 Btu Coal Energy

055 Ib. Fuel Qil

/]

1 Ib. Blasting Agent

Neglecting fuses, detonators and primers to initiate the explosion, we calculate the blasting
energy consumption for our mode! 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 1bs./BCY. (Pfleider, Surface Mining, p. 439).

6 x 2000 x 10239
4500

= 2730 Btu/ton rock.

2730 x 67.7283 x 108
100,000

= 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 of the 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 unnecessarily over-represented. As 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 fleet of rear dump
trucks which may range in size from 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 part 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 synthetic 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 !
Effective work per ton = SD (40 + 20 x % grade)

The product SD(2 + % grade) is a pr;;;ortional measure of the effective work accomplished,
equivalent to moving one ton of rock through an equivalent level distance (ELF) of SD(2+%
grade).

Total Effective Work = Tons x SD (2 + % grade) TELF.



+

An estimate of the energy consumed for transporting broken rock can now be made in
respect to the mine model previously discussed. (See Fig. 1.2-4.) Assume conventional rock
hauling by rear dump truck operating at an average energy utilization factor of 0.2963 Btu/TELF

as derived in Appendix 1.2.3.4.

In Figure 1.2.4 we have:

n

TESOBRLE|BEES T

Depth of pit

Average lift for overall tonnage

Average lift for overburden stripping
Average lift for tons mined from ore body
s 37.6268
TT  67.7283
750/sin 30° = 1550

1500 x .5556 = 833’

1500 - 833 = 667
750/2=375"

1/2 AC sin 30° = 208"

2 HS + 1/2 CB sin 30° = 583"

= 5556

Stripping duty =TS x Slope Dist x (2 + % grade)

100
= 37.6268 x 10° x 208 x — * 2+6)
= 1.0435x 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
= 933154 x 108 TELF

To Primary Crushers = TO x Slope Dist (2 + % grade)
= 21.07x10° x2500x 2
= 1.05x 10'! TELF

Mining Duty = TM x Slope Dist (2 + % grade)

100

= 30.10x 10°% x 583 x x8
= 240x 10'? TELF

Total Hauling Duty = 4.42x10'? TELF

Energy/ton Cathode Copper = 4.42x 10%/100,000

ALY

(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, consumed by openpit mining under the assumed conditions of the model.
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In Appendix 1.2.3.3 it is shown that at the mine concerned the installation of a conveyor beit
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 = 0.399 x 10% Btu/ton Cu

Dewatering = 0.016 x 10° Btu/ton Cu
Reclamation equipmept = 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% of the 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 tonnage 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.




TABLE 1.2.2

EFFECT OF VARYING CUT-OFF GRADE

Cut Off Millthead Tons
Grade Grade Milled Btu x 10° /ton Cath. Copper Produced
{% Cu) {% Cu) x 108 Mining Cone. Refining Total
0 45 26.6005 17.4 53.7 35.2 106.3
22 50 23.518 18.3 475 - 35.2 101.0
.29 .55 21.070 20.1 42.6 35.2 97.9*
34 .60 19.086 22.2 38.6 35.2 95.9
.40 .65 17.444 24.7 35.2 35.2 95.1

45 70 16.061 28.1 324 35.2 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
tonnage 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) 0 22 .29 .34 .40 .45
Tons Milled { x 10%) 26.60 23.52 21.07 19.09 17.44 16.06
Milt-head Grade {% Cu) .45 .50 .55 60 .65 .70
Copper Produced (Tons) 100,000 100,000 100,000 100,000 100,000 100,000
Btu/ton Copper {x 10%) 106.3 101.0 97.9 95.9 95.1 95.7
Tons Leached (x 108) 0 4.15 9.03 13.82 18.90 25.12
Dump Grade ( % Cu) 0 17 22 .24 27 29
Copper Produced (Tons) 0 2,351 6,622 11,056 17,007 24,284
Btu/ton Copper ( x 10°) 0 93.7 93.7 93.7 93.7 93.7
Total Tons Treated (x 10°) 26.60 22.67 30.10 32.91 36.34 41.18
Total Cu Produced (Tons) 100,000 102,351 106,622 111,086 117,007 124,284
Ave. Btu/ton Cu {x 10°) 106.3 100.8 97.6 95.7 94.9 95.3
% Resource Recovery .835 822 .787 .750 .715 671
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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).

TABLE 1.24

EFFECT OF VARYING STRIPPING RATIO

Stripping

Ratio Btu x 10° /ton Cathode Copper Produced

{RSM) Mining Conc. Refining Total
1.00 17.79 42.57 35.17 95.53
1.25 20.13 42,57 35.17 97.87*
1.50 22.47 42.57 35.17 100.21
1.75 24.81 42.57 35.17 102.55
2.00 27.15 42.57 35.17 104.89

2.50 31.84 42.54 35.17 109.57

*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 Btu x 10° /ton Cathode Copper Produced
{Feet) Mining " Cone. Refining Total
500 24.67 42.57 35.17 102.95
750 28.00 42.57 35.17 106.28"
1000 31.36 42.57 35.17 109.64
1250 34.71 42.57 35.17 112.99
1600 38.05 42.57 35.17 116.33
*Standard Reference.
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1.2.5 Dump Leaching

Dump leaching accounts for some 30% of the 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 systematically 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 tumn 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 gssumed:

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 sect. 1.2.2.1) = 9.0309 x 10° tons @ .22% Cu

9.0309 x 10° x .22 x 20 = 39.7360 x 10° Ibs Cu/year
@ 33% recovery = 6622.667 tons/year

@ 360 days per year - = 36,792 lbs/day

Leacheate concentration .5 gr/litre = 4.2 1bs/1000 U S. gal.
Daily Circulation = 8.7600 x 10° gal./day

= 6083 gal./min.

From Ingersoll Rand Hydraulic Data Tables for 14" 1.D. pipe we get:

Q = 3077gpm

V = 642ft/sec

H, = 64ft

Hg = 1.58ft/100°

Pumped Flow of barren solution

Gravity Head = 450 ft
Spray Head = 50ft Q=6083 x.13369
Velocity Head = 1 ft =813 ft3 /min
FrictionHead = 79ft
Fittings = 40ft

620 ft

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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HxQx624
33,000

620x 813 x 62.4
33,000

Water Horsepower =

= 953 HP.
Pump H.P, @ 70% efficiency 1362 H.P.
Energy per day = 1362x.745x 24
24 346 KW hr/day
249.28 x 10® Btu/day

249,28 x 108 x 2000
36,792
= 13.551 x 10° Btu/ton Cu.

[}

x 10,239 Btu/kWhr

Specific Energy =

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

Energy for cementation (Sect. 1.8)

Energy for refining (Sect. 2.3)
Total Energy

13.55 x 10° Btu/ton Cu
45.05 x 10° Btu/ton Cu
35.14 x 10° Btu/ton Cu
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 mineralization, the cut-off grade
demarcating ‘ore to mill’ from ‘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 account 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

Explasive 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: S-<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
Diesel Fuel

108.75 hr/day x 12.86 gal/hr
1399 gal/hr x 138,690 Btu/gal

1,399 gal/day
194,027,310 Btu/day

Lube Oil
@ 1.5% 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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Mine B

Operating Data: 5-40R Rotary Dirills

2-60R Rotary Dirills

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 §/7 = 14.5 hr/day

Diesel Fuel
40R 36.25 hr/day x 10.71 gal/hr = 388 gal/day
60R 14,5 hr/day x 19.29 gal/hr = 180 gal/day

688 gal/day x 138,690 Btu/gal 95,418,720 Btu/day

Lube Oil
@ 1.5% of Diesel Fuel = 10 gal/day
10 gal/day x 148,690 Btu/gal = 1,496,900 Btu/day
Total Direct Energy = 96,915,620 Btu/day
Mine C
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 drill shifts/day x 7.25 hr/shift = 108.8 hr/day
Assume use of drills is proportional to number of drilis

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 Oil
@ 1.5% 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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Mine D

Operating Data: 4-60R Rotary Drills
107,400 Tons mined per day
4 drill shifts per day 1 shift per day
7.5 hr/shift

4 drills/shift x 7.5 hr/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 = 80,301,510 Btu/day

Lube Oil

@ 1.5% of Diesel Fuel 9 gal/day
9 gal/day x 148,690 Btu/gal 1,338,210 Btu/day

"Total Direct Energy = 81,639,720 Btu/day
Tons Mined Energy Equivalent

Mine Per Day Btu/day

A 190,000 197,149 800

B 135,000 96,915,620

C 256,000 246,434,750

D 107,400 81,639,720
Total 688,400 622,139,890

Average Energy 622,139,890 Btu/day
688,400 tons mined/day
904 Btu/ton mined

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:

Tons Mined . Powder Factor Ib Blasting Agent

Mine per Year’ Ib/ton Used per Year

1 39,514,000 X 0.20 = 7,902,800

2 27,108,000 X 0.27 = 7,319,160

3 36,583,486 X 043 = 15,380,898

4 57,046,000 X 0.25 = 14,261,500

S 18,672,100 X 0.62 = 11,576,702

6 145.264 340 X 0.224 = 32,510,159
Total 324,187,926 X 0.27) = 88,951,219

88,951,219 Ib ANFO/yr .- b ANFO

324,187,926 T/yr = T

The tonnage-weighted-average blasting agent use for six large open pit copper mines
is0.27 Ib/T. 42
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APPENDIX 1.2.3.3

Energy Consumption: Rock 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 Effective 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
Vertical 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

1 kWhr

3.898 x 10® short tons
5730 feet

221.5 feet

387%

1.311 x 10'? TELF
2,759,279 gallons
3.827x 107 Btu
39,361 gallons

5.89 x 10° Btu
3.886x 10'! Btu
0.2963 Btu/TELF

2.064 x 107 short tons
7,079 feet

414 feet

5.86%

1.149 x 10'? TELF
2.0924 x 107 kWhr
2.142 x 107 Btu
0.1865 Btu/TELF

2.064 x 107 short tons
4.581 x 10% kWhr
4.69 x 10'° Btu
2,272 Btu/ton

2.214 x 107 short tons
18,216 feet

457 feet

2.51%

1819 x 10'? TELF
3.533x 107 kWhr
0.1989 Btu/TELF
0.1941 Btu/TELF

138,690 Btu
149,690 Btu
10,239 Btu



Significant unit energy consumption figures extracted from the above tabulation are:

Truck Hauling = 0.2963 Btu/TELF
Conveyor Transportation = 0.1941 Btu/TELF
Waste Rock Crushing = 2272 Btufton

Considering only the existing conveyor system we have:

Energy Consumed — Waste crushing 4.69 x 10'? Btu
2.142 x 10'° Btu
— Ore conveying 3617 x 10'! B
- Total = 6.229 x 107 Btu
Haul Duty — Waste conveying = 1.149 x 10'? TELF
1.819 x 10'? TELF

2.968 x 10'? TELF

— Waste conveying

n

— Ore conveying
— Total

]

If the 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: ‘ .

Btu/ton Copper

1. Auxiliary Mining Equipment 0399 x 108
2. Pit Dewatering 0.016 x 10¢
3. Reclamation Equipment 0.021 x 10°
4, Revegeration 0.202 x 108

Total 0.638 x 108




1. Auxiliary Mining Equipment

Track Dozers
Rubber Tired
Dozers
F.E. Loaders
Graders
Water Trucks
ANFO Trucks
Pickups
{Gasoline)

2. Pit Dewatering

Fuel
No. of Consumption X Shifts/ X Days/ X Utilization _
Units gal/hr Day Year 70% Gallons per Year
12 14 3 3 0.7 110,000
4 11 3 312 0.7 28,800
3 18 3 312 0.7 35,400
5 7 3 312 0.7 23,000
2 9 3 312 0.7 12,000
2 6 1 312 0.7 2,600
60 2 3 312 0.7 78,600
Tota] Diesel =211,800 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 gai/yr x 125,800 Btu/gal = 0.9888 x 10'° Btu/yr
Lube Oil
@ 1 5% of fuel use = 4356 gal/yr
4356 gal/yr x 148,690 Btu/gal = 0.0647 x 10" Btu/vr
Total Energy Use = 3989 x 10'° Bu/yr
10
3989 x 10 _ Btulyr - g 399 4 106 Btu/ton Cu
100,000 T Cu/yr
Assumed Data: Precipitation — 10 inches/year
Pit Diameter — 3,000 f1
Pit Depth — 750 ft.
Length of pipe for pumping 2000 ft
No evaporation or precipitation
Pit area = 72 = 3.14 x (1500)* = 7.068 x 10° ft*
L , 10in. fi ft3
Volume of precipitation =708 x 106 ft 2 x — x =589 x 108 ——
yr 12 in, yr
ft? |
5.89 x 106 — x 7.48 =
vr ft3 838 gal o d
=83, pumping duty
525,960 —— min
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% Hg 8 ft

Total Head 775 ft

Q = 84 gal/min x 0.13369 ft3/gal = 11.23 ft* /min

HQ x 624 _715x11.23x 624
33,000 33,000

16.5 Hp
Pumping Efficiency @ 70% o7

Water Hp = =16.5 Hp

=235Hp

Energy Requirement

kWh hr kWh
235 Hp x 0.754 x 24 =420
Hp day day

kWh Btu
420 — x 10239 ——— =43 x 10°
day kWh day
da
p x 365.25 y 2 B
a T tu
Y Y -0016x105 ———
T Cu Ton Cu

yr

43x10°

100,000

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 will-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 f1 wide at top, 800 ft wide at bottom, 249 ft slope

400 ft + 800 ft
——————— x 249 ft = 149,400 f1?

Total dump area reclaimed each year = 3,259 800 ft?
The dump will be covered with 0.5 ft of topsoil

3,259,800 ft* x 0.5 ft
27 ft® fyd?

=60,367 yd3/yr

Assume scraper production rate of 125 yd3/hr, at an approximate 3000 ft haul distance.

60,367 yd?/yr
125 yd® /hr

Also assume for this job that a dozer and a grader are required for the same length of time as the
scraper.

=483 hrfyr

Fuel Consumption
Scraper 483 hr/yr x 15.8 gal/hr

7,631 gal/yr

Dozer 483 hr/yr x 10.0 gal/hr = 4,830 gal/yr
Grader 483 hr/yrx 58gal/fhr = 2,801 gal/vr
Total Diesel Fuel = 15,262 gal/yr

Energy Consumption

Diesel fuel 15,262 gal/yr x 138,600 Btu/gal = 2.115 x 107 Btu/yr

Lube Qil
@ 1.5% of Diesel Fuel = 229 gal/yr
229 gal/yr x 148,690 Btu/gal = 3.405 x 107 Btu/yr
Total ©2.149 x 107 Btu/yr

2.149 x 10° Btu/yr
100,000 T Cu/yr

= 2.1 x 10% Buy/ton Cu

4. Revegetation

The sprinkling system 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/vear.

For a 1522 ft long dump with spray nozzles on 100 ft centers, 60 nozzles are required at 25 gal/min

each at 35 Ib/in®.



60 x 25 gal/min = 1500 gal/min
3 hr/day x 270 day/yr = 810 hr/yr sprinkling required

Assume 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 = 1.25 ft/100 ft (Cast Iron Pipe)
3750 ft x 1.25 ft/100 ft = 47 ft

Laterals

3-6 inch lines total length of pipe 2250 ft carrying 500 gal/min
Velocity head = 0.5 ft
Friction head = 2.02 f1/100 ft (Cast Iron Pipe)

2250 ft x 2.02 ft/100 ft = 45 ft

Gravity Head = 950 ft
Pressure Head = 81ft ‘
Friction Head = 92ft \
Fittings @50% H; = 46f1
Velocity Head = 1 ft
Total Head 1170 ft
Q = 1500 gal/min x 0.13369 ft3/gal = 200 ft*/min '
HQx624 1170x200x62.4
Water Hp = = =442 Hp
33,000 33,000
{
@ 70% efficiency 5 ; Hp = 631 Hp required for one 1522 ft section.
7866 ft of dump/yr _ I
- =3,17
1522 ft

631 Hp x 5.17 = 3262 Hp required for total dump

kWh
3262 Hp x 0.745 o X 810 hr/yr = 1.968 x 10% kWh/yr
P

2015 x 10'° Btufyr
100,000 T Cu/yr

= 202 x 10° Btu/ton Cu
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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-mesh. 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 typical 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 some 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

.49



MOUNTAIN STATES RESEARCH & DEVELOPMENT

N —— ‘H

COPPER SULFIDE ORE

ELEC. ENERGY l

CRUSHING
@ STEEL LINERS
AECYCLE WATER
ELEC. ENERGY T e T T e e e
) TAILINGS
\ @ GRIND SLURRY FEED THICKENER
@srsn BALLS OVERFLOW
’
RINDING
@snu LINERS GRIND (19) N
FRESH [/l
WATER [ TAILINGS

WATER RETURN
ELEC. ENERGY

PR IR A VIR TVIRIN IR ¥ PR
e 4
@ PROTHERS E E TAILINGS

PROMOTERS FLOTATION

y -
LIME (II!S‘I’EEL LINERS 14 -

~

D 13) STEEL BALLS

WATER RETURN
//7/2; "/
®

TAILINGS
TO POND

b

TN i o s NN RNRS VNN

REGRINDING

A

ELEC. ENERGY

ELEC. GNERGY

T U R R

FILTRATION AR A PRI R A
FILTRATION RECYCLE WATER

COPPER CONCENTRATE

STREAM LEGEND

SOLI0S

SLURRY

Liquto

MINOR ——

FIGURE 1.3-1 COPPER SULFIDE CONCENTRATOR




- 0 wh B 2 O anm EY W M G NS an & B N B i aEa
_ . - , _ - '

TABLE 1.3-) 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. Description Solids (Tons) Water (Tons) Other (Lbs)
1 Ore Feed 51.95
2 Steel Liners 0.061
3 Crushed Ore Slurry (70%) 51.95 22.26
4 Steel Balls 1.5
5 Steel Liners 0.1
6 Flotation Feed Slurry (30%) 51.95 121.22
7 Frothers 0.07
8 Promotors 0.08
o 9 Lime 3.0
= 10 Concentrate Slurry (75%) 1.00 3.00
N Regrind Slurry (20%) 1.90 7.60
12 Steel Liners 0.004
13 Steel Balls ) 0.04
14 Regrind Recycle (20%) 1.90 7.60
15 Tailings to Thickener 50.95 118.33
16 Tailings Overflow 19.37
17 Tailings Underflow (34%) 50.95 98.96
18 ’ Tailings Return 62.60
19 Fresh Water Makeup 36.36
20 Water Return 98.96
21 Filtration Recycle Vater 2.89

22 Copper Concentrate 1.00 0.11




TABLE 1.3-2 ENERGY REQUIRE MENTS Level 1
FOR COPPER SULFIDE CONCENTRATOR

STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET

NUMBER PROCESS UNIT OF ORE REQUIRED PER UNIT YON OF ORE

) Crushing . KW 1.85 0.0105 0.019425

2 Grinding KHH 8.89 0.0105 0.093345

3 Flotation KHl 1.16 0.0105 0.012180

5 Filtration KHH 0.19 0.0105 0.002520

* Regrindiny KHH 0.24 0.0105 0.001995

* New Water KHH 1.63 0.0105 0.009555

" * Recycle Water KWH 0.91 0.010% 0.01711%
(09 )

TOTAL 0.156135

*Not Shown on Flowsheed




TABLE 1.3-3 ENERGY REQUIREMENTS tevel 2
FOR COPPER SULFIDE CONCENTRATOR
STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT OF ORE REQUIRED PER UNIT TON OF ORE
I Crushing
AY Tiners L8 .06 0.018 0.00108
2 Grinding
AY Balis LB 1.5¢ 6.018 0.027
B) Liners LB 0.10 0.018 0.0018
3 Flotation
K) Frothers LB 3.00 0.009) 0.0123
B) Promotors LB 0.08 0.02 0.0016
C) Lime LB 0.07 0.02 0.0014
* Regrinding
RY Liners L8 0.04 0.018 0.00072
B) Balls L8 0.004 0.02 0.00008
TOTAL 0.04598

*Not shown on flowshee




used by others. The energy requirements for high carbon ferro-chromium is given as 61 x 10° Btu
per ton (Battelle, 1975). Most of the 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 process. These total kWh readings are converted to kWh per ton by dividing by the tons

processed. The kWh or Btu per pound 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 is 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 W1 of 13.1 kWh/ton and abrasion index Al
of .095. Here the total energy required for grinding by various methods is plotted versus an
autogenous grinding factor. The autogenous grinding factor, §, 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)

+ 8 (NET BALL MILL ENERGY/eg)

(STEEL CONSUMED AS MEDIA & LINERS
'\ 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 3 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% (8 = 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 flow 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 ¢rusher 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 procesa 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 and 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. If the
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 & 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 research 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.
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TABLE 1.3-4 EFFECT OF HEAD GRADE
ON TOTAL ENERGY CONSUMPTION

Head Tail Recovery Tons Ore per BTU per MM BTU per MM BTU per
Ton of Cu
Assay Assay Percent Ton Concentrate Ton Ore Ton Concentrate . in_Concentrate
0.30 0.07 76.9 108.4 202,115 21.9 87.64
0.35 0.07 80.2 89.0 202,115 18.00 72.00
0.40 0.07 82.7 75.5 202,115 15.27 61.08
0.45 0.07 84.7 65.6 202,115 13.26 "~ 53.04
0.50 0.07 86.2 58.0 202,115 11.72 46.88
v 0.55 0.07 87.5 51.9 202,115 10.50 42.00
0.60 0.07 88.6 47.0 | 202,115 9.51 38.04
0.65 0.07 89.5 43.0 202,115 8.69 34.76
0.70 0.07 90.3 39.6 202,115 8.00 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

All 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-
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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, and 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 (H,SO,) 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 of the off-gas are such that maximum efficiency in the electrostatic
precipitators is attained at about 700°F and around 100°F (i.e., minimum resistivity). Since the
gas cannot be cooled below about 400°F because of the 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 240-300°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 from 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 of the
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 gas 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 system
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 from 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.

1.4.6 Retferences

Alonso, J. R. F., “Estimating the Costs of Gas-Cleaning Plants,”” Chemical Engineering, Decem-
ber 13, 1971, pp. 86-96. :
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Emissions Primary Nonferrous Smelting Industry — Volume II of ITI: Appendices A and B,” June
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TABLE .4-) ENERGY REQUIREMENTS Level 1
GAS CLEANING

STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
} Hot gas cleaning Thous. 0.00336
SCF .
2 Cold gas cleaning Thous.

SCF 0.00126
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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
off-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 furnace 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 from 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

SOz(g) + 1/2 Oz gy — SO3(4) AHY = -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 limita to ensure good absorption.

SO3(g) + Hi10(g) — Hy S0, @ AHP = ~31.14kaal/g-mole  (1.5.2)

Reaction 1.5.1 is an equilibrium reaction. The conversion ratio is a function of temperature
and concentration. T'o maximize conversion to sulfur trioxide (and hence sulfur dioxide removal)
and to meet pollution control requirements, most modern 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 SO; 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 is
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 Level 1 N
OC/DA ACID PLANT
STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
1 S0, coacentration of
gag to acid plant
A) 4-5% 502" Thous. (-1.1098 x % 502: +
SCF 5.5592
B) 5-97 50, Thous. (6 x 1074 y 1 50,) +
SCF 7.2 x 107
C) 9% and above Thous. 0.0126
Volume of gas is SCF
dituted to 97 502
*Assume acid plant wil] shut dow

s below 4% 502
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TABLE 1.6-4 ENERGY REQUIREMENTS Level |

MELTING ANODE SCRAP IN REVERBERATORY FURNACE

STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
1 FIRE REFINING
A) Distillate fuel of] Gal. 35 0.139 4.87
B) Natural gas, polind SCF 560 0.00) 0.56
C) Metallurgical coke NET TON 0.008 31.56 0.25
2 ELECTRO_REFINING
A) Electrical energy KWH 20 0.0105 0.21
8) Steam (waste heat LBS -1060 0.0n14 -1.48
credit) . TOTAL 4.41
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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 2.3%
Other utilities 1.8
Chemicals and materials 7.9
Labor 19.9
Fixed Costs (including return on capital) 68.1
TOTAL 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 from 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 unfractured 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 flow 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 run-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 Kennecott Copper Corporation. At the
other end of the spectrum is complete rubblization such as could result by block caving mining or
by nuclear rubblization as suggested by the Lawrence Livermore Laboratory experiment (Braun,
et al., 1974). Block caving or nuclear rubblization 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 rubblization” and is an approach
employing explosives to shatter the ore into a pattern 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 rubblization 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 rubblization producing a mean rock fragment diameter of 10
centimeters with average crack openings of approximately 3 millimeters. Uniformity is achieved
by phased rubblization 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 pyrite 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 3-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 rubblization 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
rubblized deposit is 8 percent of the total volume, the free liquid or pore volume would be 8 x 107
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 rubblized 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
CUFESQ + HzO"‘T 02 =CuSO4 + HQSOQ +-'2_‘F8203

15
2FeS, +4H,0 + 0, =Fe, 03 +4H,S0,

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 — Kaolinijte — AI** + 6H, SiO,
The overall reactions would be:
2KAISi; Oa +4H,804 +8H;0 = Al, (504)3 +K; S0, + 6H,SiO4

. C3C03 + Hz SO, = CaS0, + Hz O+ CO2

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 ——3—0:-(1 -a)?% =186x10°1t

where « 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-)
CALCULATED PRODUCTION DATA FOR IN SITU EXTRACTION FROM ONE BLOCK:

9
ONE PORE VOLUME (PV) = 2.27x10 ¢
RETENTION TIME = 100 days

Oxygen

Total Daily Requirement

2, Cu Avg. Cu Oxygen Cumulative
Pore Time fraction [Cu "] Produced Production Requirement Total

Volume_ {days) Reacted ____ _ gpe ____ (Million Tons) _____tons/day ___ toms/day _______(tons)
1 100 10 21.3 0.053 531 3,690 3,690
2 200 170 11.6 0.082 290 2,016 5.706
3 300 .210 7.74 0.10 193 1,341 7.047
q 400 .240 5.80 0.116 145 1,008 8,055
5 500 .270 5.80 0.130 145 1,008 ‘9,063
6 600 .290 3.90 0.140 97 674 9,737
7 700 .310 3.90 0.150 97 674 10,410
8 800 .330 3.90 0.160 97 674 11,090
9 900 . 350 3.90 0.169 97 674 11,760
10 1000 .370 3.90 0.179 97 674 12,430
" 1100 . 385 2.90 0.186 73 507 12,940
12 1200 .400 2.90 0.193 73 507 13,450
13 1300 .415 2.90 0.200 73 507 13,960
14 1400 .430 2.90 0.208 73 507 14,460
15 1500 .445 2.90 0.215 73 507 14,970
16 1600 .460 2.90 0.222 73 507 15,480
17 1700 .470 1.90 0.227 48 334 15,810
18 1800 .480 1.90 0.232 48 334 16,140
19 1900 .490 1.90 0.237 48 334 16,480
20 2000 .500 1.90 0.242 48 334 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 effluent 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
rubblized 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. If 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 Mining Plan

The mining plan is based upon a 1,000-foot cube of porphyry 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 107 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 underground 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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By truck 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 surface 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% -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, rcom-
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, preduction 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 Block

As a slice is nearing completion, special drilling equipment can be moved in to drill 4-inch
diameter holes in preparation for the rubblization 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 rubblization.

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 1%4 years of 20 percent (610 HP) connected, and 100 percent
connected the remaining 6 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 13%-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-Situ 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 efficiency 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 of the 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 is 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 development resulting in higher recoveries than 50
percent,
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TABLE 1.7-2 ENERGY REQUIREMENTS Level 1
INSITU LEACH PROCESS
STEP UNITS PER NET TON MILLION BTV MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
Mining and Fracturing 22.5
l.eaching
A) Pumping Solution 1.4
B) Meating Solution 29.6
and ore in place
Solvent Extraction 24.0
Electrowinning
O Energy Produced in the -29.6
o Process* {oxidation of
sul fides)
TOTAL 47.9

*Enerqy produced in the
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TABLE ).7-3 ENERGY REQUIREMENTS Level 2
INSITU LEACH PROCESS

STEP ’  UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
Mining and Fracturing L8s 143 .060125 8.6
Explosives
Leaching Oxygen LBS 13,160 .0018 23.7
SC-EH Reagents LBS 24,92 .0172 0.4
TOTAL 32.7

001




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 of oxygen 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 tests on rubblization should include up-flow
flushing to remove fines produced by sliding joints during blasting. It appears such
flushing 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:vo-phase flow.

6) Weathering and leaching characteristics of copper porghyry 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* + Cutt — Cu® =Fet+ (1.8.1)

Other metals 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 flow througha 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% SiO, + Al,O,, 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+ T+ = gFet+ (1.8.2)
Fe° + 2H* = Fet+ + 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 Ag.;+/Acus+ 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 30% 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 controiling
step is the diffusion of copper ions to the steel surface. Thus, the rate of copper precipitation
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(Nadkarni and Wadsworth, 1968) is proportional to the concentration of copper, in solution, the
exposed iron area and the specific rate constant ‘k’

dCeus+/dt = = kA Ceu+, (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+* 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 commmon 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 cylindfical 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 of the 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 Kennecott 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 (JACOB!, 1964)
Ohio Cu,
Inspiration (Bingham Anaconda Andes
copper Canyon) (Butte) Copper Cananea
Launder system Zigzag Straight Straight ligzag ligzag
line line

Paily production {tonnes) 1 9 8 8 22
Leach solution flow (@ min ") 9.5 3.2 19.0 2.2 5.1
Copper concentrations (kg m ')

Pregnant leach 0.85 2.04 0.3} 2.41 3.30

Post cementation 0.02 0.06 0.02 0.07 0.36
Recovery of launders (%) 97 97 95 97 89
Number of launder units 32 200 20 18 40
Dimensions of launder units

Length (m) 12 5 30 19 12

Hidth 0.5 0.8 3 3 1.6

Depth 1.5 0.8 0.9 1.8 0.9
Total launder volume (mw°) 290 640 1620 1850 650
Velocity of leach solution (m min™) 2.0 9.8 2.0 0.4 0.1
Contact time (min) 19.2 50 78 875 88
Ratio: D2lly copper production 0.04 0.014 0.005 0.004 0.03

Total launder volume
(tonnes day m™3')



Other dynamic precipitation techniques such as the turnbling 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 from 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 requirements 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 powder (<150 um) of
99.9% purity (EMJ, 1967). A German patent (Reid, 1972) according 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 successful, 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
{(1921-73)
Approximate Annual Tonnage Precipitate Use (%)
Precipitates, Reverb
Smel ter Concentrates Reverbs, Roasters Converters Roasters Converters
Asarco, E} Paso 295,600 3,000 9,000 25 75
Hayden 529,812 1,743 2,614 40 60
Tacoma 273,603 0 3,995 0 100
Phelps Uodge, Douglas 680,509 10,500 6,500 62 38
Morenci 810,000 16,000 1,200 93 7
New Cornelia 206,471 1,40 2,445 40 60
Kennecott, Garfield 780,542 - ?2.650 2,21 96 4
Hayden 296,282 3,215 43 100 0
— Hurley 265,442 36,700 405 99 1
o McGill 283,196 16,435 ] 100 0
-~
Inspiration 282,200 28,500 0 100 0
Magma, San Manuel 798,500 0 0 0 0
Anaconda, Anaconda 647,870 37,840 0 100 0
Copper Range, White Pine 247,100 0 0 0 0
TOTAL 6,397,127 218,223 28,413 88.¢ 11.5

Source: Economic Impact of New Source Performance Standards on the Primary Copper Industry, Arthur
p. 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 efficiently 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 “yardstick’” 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 furnace (2.5), Oxy Fuel Reverb (2.15), the flash smelting processes
(2.8, 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 modern continuous smelting and converting process
with a unique design. The AMAX Dead Roast Process (2.12) which utilizes a small blast furnace
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 difficult 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 smeiting 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.

109



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 amongst the two
liquid, condensed phases. Normally, a gas 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,O,) 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 Siag Composition

Magnetite cannot form when conditions do not allow the following reaction, Eqn. 2.2.1, to
proceed.

3FeO(in slag) + 1/2 O, (in surroundings) = Fe,0.(S) 2.2.1)

Thus the formation of magnetite requires the existence of FeQ and a sufficient pressure of oxygen
in the surroundings. FeOQ 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, Cu,S, occurs. The highest oxygen pressure will then
result from the reaction of Egn. 2.2.2.

Cu,S + 0, = 2Cu(liquid) + SO,(gas) (2.2.2)

This would correspond to an 80% Cu matte grade. Actual matte grades are generally lower, and
those encountered in modern 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 thermodynamic data, and
has the form shown in Eqn. 2.2.4.

K, = (activity FeO x pressure SO,)/[activity FeS x (pressure O,)"?] (2.2.4)
Activity of FeO can be controlled by selecting a suitable slag, adding for example proper amounts

of Si0, and CaO, known as “fluxes.” Since the reaction uses up oxygen almost quantitatively, the
pressure of SO, depends on oxygen content of the oxidant. If pure oxygen is used, then SO,
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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% O, in air):

FeS + 150, + 5.64 N; = FeO + SO, + 5.64 N, (2.2.5)
For the more general case, one gets the result of Eqn. 2.2.6:
pressure of SO, (atm) = % O,, blast (150 — 0.5 x % O,, 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)/(1 — 0.005605 x %Cu,matte) 2.2.7)

It appears that if activity of FeQ 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 FeQ and
Si0O, 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, Al,O, is considered chemically equivalent to Si0O, 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 O,.

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 formation of Fe,O,, with its higher heat of formation than FeQ, 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 the Production of Unrefined Blister Copper
from the Standard Concentrate under Idealized Conditions

Basis: 1000 net tons Cu in Blister

INPUT tons OUTPUT tons
Green Concentrates 4500 Blister Copper 1020
Sitica Flux 970 Slag
Lime Flux 366 5102 1319
A1203 140
Oxygen 1535 FeQ 1459
Ca0 289
Mg0 25
Cu 13
S 16
Other 12 3283
Gas
HZO 450
C02 161
SO2 2457 3068
TOTAL INPUT 7371 TOTAL OUTPUT 7371




Table 2.2-2
Energy Balance for Production of Blister Copper from Standard Concentrates.

Basis 1000 gm Cu or One Net Ton Cu in Unrefined Blister

Input kcal/kg Cu Million Btu/net ton Copper
Oxidation of sulfur 2743 9.88
Oxidation of iron 1215 4.37
Formation of slag 208 .75
Formation of alloy _5 _.02
h Total energy input an 15.02
Output
Sensible heat at 1250°C
Blister copper 188 .68
Slag 1255 4.41
Gas-SO2 591
Co, 55
HZO 296 942 3.39
Decomposition
sulfides 824
CaCO3 156 980 3.53
Evaporation of water _308 1.11
Total accounted for 3643 13.12
Surplus, by
difference _528 1.9
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 smeiting) 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 affinity for sulfur and its weak affinity 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 furnace 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 furnace. 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 furnace 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 furnace 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 + 2FeS + S (2.3.1)
FeS,=FeS + S (2.3.2)
S +'Q, = S0, (2.3.3)

Both types of roasters (multiple hearth and fluidized bed) usually operate around 1200°F.
Sulfur dioxide concentration in the wet off-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 Smeiting

Roasted and unroasted materials, after mixing with suitable fluxes, are smelted in rever-
beratory furnaces. Liquid converter slag is also charged into the reverberatory furnace to recover
its copper content. Heating of the charge is accomplished by burning fvel in the furnace 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 enrichment 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 scrubbing system at
Asarco’s Tacoma, Washington smeliter 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 furnace is transferred in ladles to the converters using
overhead cranes, The converters used in copper smelting are of the cylindrical Peirce-Smith type,
the most common size being 13’ x 30’. Air is biown 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 furnace 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 from 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 furnace 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 furnace, 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 of the furnace 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% of the sulfur in the feed is
oxidized and is removed from the furnace 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 furnaces have suspended roofs of basic refractory. Over the
years, two types of reverberatory furnaces have evolved, each with its specific charging methods.
The first and older is the deep bath reverberatory furnace which contains a large quantity of (in
excess of 100 tons) molten slag and matte at all times. In modern deep bath reverberatory
furnaces, the molten material is held in a refractory crucible 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 furnace is the dry hearth type in which a pool of matte
exists mainly at the tapping end. The dry hearth type furnaces 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 heen practiced for long on a commercial basis.
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TABLE 2. 3.} REVERB SMELTING: GREEN CHARARE
{TONS PER TON BLISTER COPPER )
STREAM NO. (1) (2) (4) (5) {6)
WET SILICA REVERB
STREAM NAME CONCENTRATE FLUX REVERB SLAG OFF GAS MATTE
dry dry
COMPOSITION wt . wt. ¥ ] wt wt.%wt. wt.?] wt. wt. wt. wt. ¥
Cu 0.9932 25.0 ' 0.0132 0.44 1.0416 1720
Fe 1.112 28.0 | o0.0072 1.4n0f01.124 37.33 .7648 30.82
s 1.2316 3.0 0.0292 0.97 .6192 24.97
Of - 0.0188 0.47 | 0.0032 0.60] 0.3192 10.60 .0552 2.1
5,0, 0.3428 8.63] 0.456 0.0 | 1.1844 39,34
AL,04 0.1342 3.45 ] 0.0208 a.0 | 0.1752 5.82
CaO + MgOo 0.1164 2.93}0.010 2.0 ] 0.1348 4.48
Olhers 0.0208 0.52]0.010 2.0 | n.0308 1.02
H,0 0.39728 1.06211
5029 1.2392
0,
co
cO9y 2.3656
Ny 7.8110
TOTAL 4.37008 100.00] .5072 100.00] 3.0108 lon.oqn.zam 2.4808 100.00
TEMP. (°F) 60 60 2250 2350 2150
STATE S S L G L

*‘Oxygen associated with FeO and Feq0,
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TABLE 2.3-1 (cont.) REVERB SMELTING: GREEN CHARGE
[ TONS PER TON BLISTER COPPER )
STREAM NO. (7) (8) (9) (10) oy
STREAM NAME | CONVERTER FLUX CONVERTER SLAG CONVERTER OFF GAS CORVERTER AIR BLISTER Cu
COMPOSITION wt. wt.2 ) wt. wt.%jwt. wt. % | wt. wt. 1] wt. wt .4
Cu L0616 4,08 .980 98.0
Fe . 006 1.40 ) .7696 50.93 .001 0.1
S .0364 2.41 .009 0.9
Of,. .0024 0.60| .2324 15.38 L0015, 0.15
$;09 . 3856 90.00) .3856 25.50 ‘
AlLyO4 L0V72 4.00| .0172 1.14
CaO + Mgo .0084 2.00| .0n840 0.56
Others .0n8s 2.00 .0085 0.8
H,0
S09 1.148 31.36
O3 .7504 23
co
COy .
Ny 2.51221 68.64 12.51221 77
TOTAL .428) 100.00{1.5112 100.00} 3.66021 100.00] 3.26261 100.060{1.0 100. 0t
TEMP. (°F) 60 2250 2300 60 2200
STATE S L 6 6 L

‘Oxygen associated with FeO and Feq0,



TABLE 2.3-2 ENERGY REQUIREMENTS Level 1

CONVENTTONAL SMELTING: GREER CHARGE SHELTING

STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
1 Materials Handling and
General Utilily
R) EYectrical Energy KHH 69.1 0.0105 0.726
2 Reverb. Smelting
A) Fuel: Fuel 00 GAL 179.9 0.139 25.006
B) Electrical Energy KWH . 60.8 0.0105% 0.638
C) Waste Heat Recovery:] LBS 7140 0.0014 -10.000
Steam
3 Convertin
A) Electr?ca] Energy KWH 155 0.0105 1.628
B) Fuel: Fuel 0i) GAL 3.9 0.139 0.542
4 Gas_Cleaning
— A) Hot Gas Cleaning
o 1- Reverb (1.51502) Thous. 1000.9 0.00336 3.363
2 SCF
2- Converters
{(7.0% 502) ghous: 198.7 0.00336 0.668
cF

B) Cold Gas Cleaning
1- Converters

(7.0¢ 502) Thous. 198.7 0.00126 0.250
SCF
2- Fugitive KWt 340 0.0105 3.570
Emissions Control
5 Acid Plant
A) Converter Gas Thous. 198.7 0.0114 2.265%
(7% 502) SCF
* Water Pollutian Controw
A) Electrical Kwhl 9.0 0.010% 0.095
6.7 Anode Furnace_and TON OF 1.0 5.824 5.824
Electrorefining CATIHODE
COPPER - - e e —
TOTAL 34.571%
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TABLE 2.3-3 ENERGY REQUIRE MENTS Level 2
COMVENTIONAL SMELTING: GREEN CHARGE SMELTING
STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
2 Reverb. Smelting
A) Silica Flux TONS 0.518 0.042 0.022
3 Converting
A) STlica Flux TONS 0.437 0.042 0.018
* Mater Pollution Control
AY Lime LBS 30.0 0.0027 0.081
6.7 Anode Casting_and TON OF 1.0 0.468 0.468
Electrorefining CATHOOE
COPPER e
TOTAL 0.589

*MHot shown on flowshee




TABLE 2.3-4 ENERGY REQUIREMENTS Level 1
CONVENTIONAL SMELTING: CALCINE CHARGE SMELTING
STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
| Materials Handling
A) Electrical Enerqy KHH 69.1 n.0108 0.726
* Roaster
A) Electrical Energy KWH 62.7 0.0105 0.658
2 Reverb. Smclting
A Fuel: "Fuel 0il GAL 104.3 0.139 14.498
B8) €lectrical Energy KWt 60.8 0.0105% 0.638
C) Haste Heat Recovery] LBS 3107 0.0014 -4.350
Steam
_3 Converting
AY Electrical Eneray KHH 120 0.n10% 1.260
B) Fuel: Fuel 0i1l GAL 2.3 0.139 0.320
- a fas_Cleaning
N A) Hot Gas Cleaning
1- Roaster {107 SOQ Thous. 149.2 0.00336 0.501
SCF
2- Reverb Thous. 525. N.00336 1.764
(0.85% sny) SCF
3- Converters Thous. 167.3 0:00336 0.562
(7% sny) SCF
8) Cold Gas Cleanina
1- Roaster (10%509 Thous. 149.2 0.00126 0.188
SCF
2- Converter Thous. 167.3 0.00126 0.211
(74 s02) SCF
3- Fugitive KHH 340.0 0.0105 3.570
Emissions Control
5 Acid Plant
AY Roaster & Converter Thous. 316.5 0.01224 3j.a74
Gas (8.4% 502) SCF
* Hater Pollution Control
A) Electrical Energy KHH a.0 0.0105 0.098
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TABLE 2.3-4 (Cont.)

CONVENTIONAL SMELTING:

ENERGY REQUIREMENTS

CALCINE CHARGE SMELTING

tevel 1}

STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT | TON CATHODIC COPPER
6.7 Anode Furnace and TON OF 1.0 5.824 5.824

Electrorefining CATIIODE
COPPER - e e e
TOTAL 30.339

*Not shown on Tlowsheel.




TABLE 2.3-5
CONVENTIONAL SMELTING:

ENERGY REQUIREMENTS

CALCINE CHARGE SMELTING

Level 2

STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
2 Reverb. Smelting
A} Silica Flux TOM 0.375 0.042 0.016
3 Converting
Ry "SiTica Flux TON 0.290 0.042 0.012
* Hater Pollution Control
AY time LBS 30.0 0.0027 0.081
6,7 Anode Furnace and "TON OF 1.0 0.468 0.468
Electrorefining CATHODE
— COPPER '
o
o
TOTAL 0.577

*Not shown on flowsheet
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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 furnaces and cathode
‘melting furnaces. An exception is the Qutokompu Harjavalta plant where anode furnace off gas is
used to dry concentrates, reportedly decreasing fuel requirements for drying by aproximately
25%. The anode furnaces 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 furnace has
the cathodes moving counter-current 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 furnace. '

The principal developments with respect to decreasing energy requirements has been the
oxygen enrichment of combustion air in the reverberatory furnace. 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 an INCO reverberatory furnace (Saddington, et al., 1967) indicates that
oxygen enrichment of combustion air to 27% oxgyen reduces fuel consumption by about 20%.
Alternatively, 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 furnace 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 burner end. Industrial tests, as part of a program to
increase enrichment to 40-30% oxygen, at the Almalyk smelter (Kupriakov and Artemeiv, 1974)
demonstrate that this problem might be overcome by supplying the fuel with a shortage of oxygen
and by supplying the remainder of the oxygen via vertical roof pipes spaced regularly down the
length of the furnace.

At the Caletones 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

127



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 alternate 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 Kinneberg, 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 VIII); 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 the concentration 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, As, 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 furnace (Keller, 1902). The behavior of metals other than copper
and iron in reverberatory smeiting 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 impcrtant 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.

e 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 smeiting and subsequent converting operations.
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TABLE 2.4-1

ESTIMATED DISTRIBUTION OF ELEMENTS
DURING MATTE SMELTING

Distribution

~—

- s .

Metal Matte Slag Volatized™*
Alkali and alkaline earth metals

aluminum, titanium 100
Ag, Au, platinum metals 99 1
Antimony 30 5% 15
Arsenic 35 55 10
Bismuth 190 10 80
Cadmium 60 10 30
Cobalt 95 5
Lead 30 10 60
Nickel 98 2
Selenium 40 60
Tellurium 40 60
Tin 10 50 40
Zinc 40 50 10

*Not including solids blown from the furnace (dust losses).

Source:
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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 Sh, 80 percent of the 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 flue 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 furnace or to the converter itself. However, this procedure returns all of the
impurities to the circuit and hence some smeiters 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 Smeiting

2.4.3.1 Outokumpu Flash Smelting (Harkki and Juusela, 1974)

The feed at the Harjavaita 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 furnace 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 furnace 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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Ag
Au
Pt metals
As
Bi
cd
Co
Fe
Ge
Hg
Ni
Pb
Sb
Se
Sn
Te

Zn

Inot including ejected droplets of matte and slag.

2Including

Source:

TABLE 2.4-2

DISTRIBUTION (ESTIMATED) OF IMPURITY
ELEMENTS DURING CONVERTING

Blister

Copper Gas !
90 0
90 0
90 0
15 75

5 95

0 80

80 0

0 0

0 100

10 S0
75 0

5 8s

20 60
60 10
10 65
60 10

0 30

entrained matte.

Slag2
10
10
10

10

20
20

100

25
10°
20
30
25
30

70

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

Analysis (%)

Smelter Cu Pb Zn cd Bi Sb S Sio Ag Au In
Gaspe 10.2 27.9 7.5 0.31 1.95 0.80 2.3 NR NR NR NR
Noranda 11.0 22.1 13.9 0.82 - 0.18 10.2 6.5 0.04 0.0005 0.12

pel

Source: Stanley, et al., 1972, published in Biswas and Davenport, 1976.
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TABLE 2.4-4

COMPOSITIbN OF CONCENTRATE AT HARJAVALTA

Cu Fe S Zn Co Ni Pb As Sb Bi Se
(percent)

22.7 32.1 34.3 4.0 6.2 0.1 0.5 0.3 0.02 6.003 ‘0.003

Sel

Source: Harkki and Juusela, 1974.

-d ox Ga me

Au Ag
(grams/10° kg)
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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 interrupted 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**/Fe*™ ratio in slag and the copper content of matte. Figure 2.4-1 shows shows the mass
distributions (i.e., the amount of the 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 runs 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 furnace, the flow pattern in the
furnace 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, and 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 390 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).
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2.4.3.2 INCO Flash Smaeiting

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 furnace amount to 4300 scfm at an output of about 1200 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 siag about 50 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 furnace. 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 furnace (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 of 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 furnace 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 liiely to
be high because of the continuous contact between matte and metal in the converting furnace.
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 furnace 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

A B C D F
Element aMO/aMs cM/cS cWM/cS cB/cWM cB/cS cB/cS
Pb 1.5 x 1072 1.6-5.0 0.9 15 13.5 2-6
Sb 37 0.25 1.0 13.6 13.6 0.1-0.3
As -- 2.1 1.0 9 6
Bi 0.68 -- -- 8.1 --

=
Note: a: activity c: weight % MO: oxide MSs: sulfide
WM: white metal S: slag . B: Dblister
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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 furnace and distributed into slag. Since the converting furnace
slag is returned to the smelting furnace, almost all zinc is distributed into the smelting furnace
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 furnace 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 furnace 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 carrvover of mechanical dusts represents only 2-3 percent of the charged concen-
trate in the Mitsubishi process, comparable to that in the reverberatory furnace. 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) during the slag-forming
stage of converting, i.e., before metallic copper is formed. In the case of single-step smelting,
however, metallic copper is always 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 crude blister to acceptable levels.

2.4.8 Electrorefining

The purpose of electrorefining is to remove impurities 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 patterns of these impurities during electrorefining are as
tollows (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 HC! 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., Ag,Se, Cu,Se, Ag,Te, or Cu,S. 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 (OH),S0,] 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

As. Bi and Sb combine to form arsenate precipitates which also enter the anode
residues.
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Metal

Au

Ag

Se and Te
Pb

Sb

As

Fe

Source:

TABLE 2.4-6

COMPOSITION RANGES OF ELECTROLYTES
IN MODERN COPPER REFINERIES

Proportion into
Anode Residues

(%)

99

98

28

98

60

25

Eichrodt and Schloen,

and Davenport,

1976.
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1954,

Proportion into

Electrolyte
(%)

<1
2
2
2
40
75
95

=100

published in Biswas
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TABLE 2.4-7

' PROPORTIONS OF ANODE IMPURITIES ENTERING
RESIDUES AND ELECTROLYTE AS ESTIMATED
BY EICHRODT AND SCHLOEN (1954)

Concentfgtion
Component (kg m °)
Cu 40-50
I-I2504 (free) 170-200

Upper Limits

Ni 20 (Inco)
As . . 10

Fe 2

Sb 0.5

cl 0.03
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 furnace. Electrical furnace smelting is described in detail by (Biswas and Davenport,
1976).

The process described in this model is a modification of the Inspiration Consolidated
Copper Company 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 furnace by lowering the required operating temperature to
produce 40 percent matte. The fluid bed roaster alone reduces the furnace 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 furnace were made in
Norway at the Sulitjelma Mine in 1911-1913. The first commercial furnace was completed in 1929
at this mine with a proven annual capacity of 5,000 tons of blister copper. The conversion to
electric furnace smelting was very slow, restricted to areas where hydroelectrical energy competed
favorably with fossil fuels. By 1970 there were only 25 electric copper furnaces 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 furnaces have been constructed and have been operating in the United States since 1970.
All three of these operations recover the sulfur dioxide from the electric furnace for sulfuric acid
manufacturing.

The high equivalent fuel requirement of the electric furnace 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 furnace as shown in the
process flowsheet (see Figure 2.5-1). The amount of sulfur burned in the roaster is sufficient to
produce a 40 percent copper matte. In a variation of this process, the copper concentrate is dried
to 3 to 4 percent moisture before being fed to the electric furnace. 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 furnace efficiency. Dry calcines are combined with dust collected from roaster,
cyclones, and electrostatic precipitators and recycled converter slag to form the furnace feed. The
feed is conditioned with limestone and silica flux to enhance proper slag formation. Furnace
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 furnace 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

Air 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 furnace containing

furnace 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 furnace. 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 furnace is returned to the converter. Anodes are cast and refined to
electrolytic copper.

2.5.2.3 Acid Plant Operation

A double adsorption contact acid plant is incorporated in the process. The gases from
roaster, furnace, 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 furnace 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 énergy 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-) ELECTRIC FURNACE PROCESS
(TONS PER TON CATHODE COPPER)
STREAM NO. (1) (2) (3) (4) (5)
STREAM NAME CONCENTRATE ROASTER AIR ROASTER FUEL ROASTER OFF GAS CALCINE DUST
dry

COMPOSITION wt. wt. %] wt. wt.?ﬂ wt. wt. %] wt. wt.Z {wt. wt.?1
Cu 1.016 25.001 .762 10.257 .648 28.053
fFe 1.087 26.738 .652 8.776 .554 24.002
S 1.260 30.997 .567 7.626 .482 20.855
fel .028 .690 .23) 3.106 .196 8.493
Fe 0] .042 1.040 .032 .427 .027 1.167
5162‘ . 351 8.630 .263 3.541 .224 9.684
AL203 . 140 3.450 . 105 1.415% .089 3.871
CaCO3 .048 1.183 .G36 .485 .01 i.327
Cal .092 2.271 .069 .932 .05¢% 2.548
M20 .554 .606 8.159
Fuel .06 100.000
02 .842 23.000 .10} 1.354
N2 2.819 77.000 2.819 37.943
SO2 .01 13.611
CO2 176 2.369
TOTAL 4.064 100.00013.661 100.000 | .056 100.000] 7.429 100.000 | 2.309 100.000
TEMP, (F) 60 60 60 1200 1000
STATE S G L G S
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TABLE 2.5-1 {cont.)

ELECTRIC FURNACE PROCESS

(TONS PER TON CATHODE COPPER)

s1

STREAM NO. (6) (7) (8) (9) (10)

STREAM NAME ] ROASTER SO?' GAS CALCINE SILICA FLUX LINE FLUX RECYCLE DUST

COMPOSITION | wt. wt. 7] wt. wt. 7] wt. wt.%) wt. wt. 2wt wt. 4
Cu 114 2.232] .254 28.053 .178 22.837
Fe .098 1.910] .21 7 24.002] . 106 13.674
S . 088 1.660] .189 20.855 .093 11.897
FeO .035% .676] .077 8.493 .035% 4,449
F6203 .005 .093] .01 1.167] .003 2.0001 .000 1.000 | .008 1.088
SiO2 .039 .771] .o088 9.684] .124 90.000] .00 2.000 ] .132 17.003
ALZOJ .06 .308] .035 3.871] .006 4.000 .016 2.028
CaCO3 .005 106 .02 1.327 .037 96 .000 § .005 .695
Ca0 .010 .203] .023 2.548 .006 4.000] .000 1.000 | .010 1.33%
H,0 .606 11.838 )
02 L1010 1.965
N2 2.819 55.054
502 1.011 19.749
CO2 .176 3.437
Cu20 . 001 . 103
FezSiO4 .158 20.331
Fe304 .013 1.655
ALZSiOS .010 1.262
CaSi03 013 1.645%
TOTAL 5.120 100.000 .905 100.00g .138 100.000] .038 100.000 } .778 100.000
TEMP (F) 1100 1200 60 60 100
STATE G S S S S
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TABLE 2.5-1 (cont.)

ELECTRIC FURNACE PROCESS

(TONS PER TON CATHODE COPPER)

STREAM NO. () (12) (13) (14) (15)
STREAM NAME FURNACE FEED FURNACE AIR ELECTRODE FURNACE OFF GAS FURNACE S0, GAS
COMPOSITION | wt. wt. L | wt, . wt. 4 | wt. ut. %] wt. wt. % |wt. wt. %
Cu 1.079 25.895 .01 2.857 ].on 2.857
Fe .878 21.061 .009 2.248 ] .009 2.248
S .763 18.303 .008 1.969 | .o08 1.969
fel .308 7.380
Fe,0, .049 1.178 .00} .176 | .001 176
510, .568 13.631 .006 1.454 | .006 1.454
AL,0, .146 3.496
caco, . 085 2.035
Ca0 .098 2.356
Carbon .010 100.000
0, .062 23.000 .015 3.870 | .08 3.870
N, .206 77.000 .206 54.018 | .206 54.018
S0, .019 4.990 | .019 4.990
50, .006 1.559 | .006 1.559
co, .078 19.793 { .075 19.793
Cu,0 .00} .019 .000 .002 | .000 .002
Fe,Si0, .158 3.794 .019 4.930 | .019 4.930
Fe0, .013 .309 .00} .308 | .00} .308
AL,Si0g .010 .236 .003 .793 | .003 .793
CaSio, .013 .307 .004 1.033 | .004 1.033
TOTAL .168 160.000 | .268 100.000 | .010 100.000]{ .381 100.000 | .381 100.000
TEMP. (F) 811 350 60 1300 1100
STATE S 6 S G G
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TABLE 2.5-1 (cont.)

ELECTRIC FURNACE PROCESS

(TONS PER TON CATHODE COPPER)

STREAM NO.

(16)

(17)

(18)

(19)

(20)

STREAM NAME

FURNACE SLAG

FURNACE MATTE

CONRVERTER FLUX

CONVERTER AIR

CONVERTER FUEL

COMPOSITION | wt. wt.? wt. wt. %] wt. wt.? wt. wt.i | wt, wt. %
Cu .016 .491 1.161 40.9606
Fe .013 .386 .836 29.500
S .01 .338 .809 28.546
FeZO3 .066 2.000 .001 .038]1 .021 2.000
Siﬂ2 .544 16.517 .00 154 ] .924 90.000
AL203 .04 4,000
Ca0 .041 4.000
Fuel .087 100.000
0, 1.787 23.000
N, 5.981 77.000
Cu20 . 000 . 000 .001 .038
Fe25i04 1.846 56.020 L0158 .564
Fe304 116 3.504 .001 .038
ALZSiO5 .297 9.006 .002 .075
CaSiO3 .387 11.737 .003 113
TOTAL 3.296 100.000 }2.834 100.000 hi.026 100,000 7.768 100.000 | .087 100.000
TEMP. (F) 2250 2100 60 60 60
STATE L L S G L
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TABLE 2.5-1 {cont.)

ELECTRIC FURNACE PROCESS

(TONS PER TON CATHODE COPPER)

STREAM NO. (21) (22) (23) (24) {25)
STREAM NAME CONVERTER SLAG CONVERTER OFFGAS CONVERTER SOZ GAS BLISTER COPPER OXIDIZING AIR
COMPOSITION | wt. wt.% | wt. wt.Z | wt. wt.Z | wt. wt. % | wt. wt.*

Cu 0.109 5.280 1,052 .607 .052 .607 1.000 97.561

S 0.077 3.729 . 000 .N01 .000 .001 .00} 17

Fe203 0.018 .873 .003 .035 .003 .035 .000 .009

Siﬂz 0.368 17.820 .087 1.009 .087 1.009 .002 .183

“20 .082 .944 .082 .944

02 .458 5.300 .458 5.300 .04 23.000

NZ 5.981 69.167 5.981 69.167 .048 77.000

502. 1.173 13.563 1.173 13.563

SO3 .366 4.238 .366 4.238

C02 .277 3.200 .217 3.200

Cu20 0.000 .007 .00) .009 .001 .009 .015 1.469

Fe28i04 1.088 60.025% .139 1.611 .139 1.611 .005 .540

F8304 0.105 5.072 .012 . 135 .012 .135 .00 .052

ALZSiOS 0.061 2.946 .007 .079 .007 .079 .0005 .030

CaSiO3 0.079 3.840 .009 .102 .009 .102 .0005 .039

TOTAL 2.065 100.000 8.648 100.000 8.648 100.000 1.025 100.000 | .062 100.000

TEMP. (F) 2250 2200 1100 2100 60

STATE L [ G L G
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TABLE 2.5-1(cont.)

ELECTRIC FURNACE PROCESS

(TONS PER TON CATHODE COPPER)

STREAM NO. (26) (27) (28) (29) (30)
STREAM NAME ANODE FUEL REDUCING AIR ANODE OFF GAS ANODE COPPER CATHODE- COPPER
COMPOSITION | wt. wt.% wt. wt. % wt. wt.? wt. wt.? | wt. wt.?

Cu 1.176 100.000] 1.000 100.000

H20 .009 10.895%

fuel . 000 100.000

02 .004 23.000} .002 2.270

N2 .014 77.000 (| .062 70.731

502 .002 2.72%

'C02 .02 13.379

TOTAL .000 100.000 .018 100.000 ] .087 100.000}F 1.176 100.00011.000 100.000

TEMP. (F) 60 60 1800 1800 60

STATE L G G L S




TABLE 2.5-1 (cont.) ELECTRIC FURNACE PROCESS

'STREAM NO. (31) (32) (33) (34) (35)

STREAM NAME DILUTION AIR S0, ACID GAS ANODE SLAG MAKEUP WATER SULFURIC ACID

COMPOSITION | wt. wt.? fwt. wt. % | wt. wt. %] wt. wt.fwt. wt.?
Fe,0, .000 .959
sio, . .002 19.585
H,0 .688 4.39 .299 100.000 | .287 7.000
H,50, 3.812 93.000
0, .527 23.000] 1.100 7.026

o N, 1.763 77.000]10.770 68.765
oo 50, 2.203  ° 14.067

S0, .32 2.378
co, .528 3.372
Fe,510, .006 66.422
Fe,0, .001 5.575
AL,Si0, .000 3.238
Casio, .000 4.221
TOTAL 2.290 100.000f15.661 100.000 | .009 160.000] .299 100.000} 4.099 100.000
TEMP. (F) 60 550 1800 60 100
STATE G G L L L
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TABLE 2.5-1 (cont.) ELECTRIC FURNACE PROCESS

(TONS PER TON CATHODE COPPER)

STREAM NO. (36)

STREAM NAME 50, TAIL GAS

COMPOSITION ] wt. wt. i
02 .553 4.662
N, 16.770 890.793
502 NN .093
CO2 .528 4.453
7
0
TOTAL 11.862 100.000
TEMP. (F) 100

STATE G




TABLE 2.5-2 ENERGY REQUIREMENTS Level
ELECTRIC SHELTING
STEP UNITS PER NET TON MILLION BTU MILLION BTU PER NET
NUMBER PROCESS UNIT CATHODE COPPER REQUIRED PER UNIT TON CATHODIC COPPER
1 Flued Bed Roasting
A) Compressed Air MILLION 91.046 0.0042 .382
SCF
#) Misc. Elec. Power KWH 0.772 0.0105 .008
C) Fuel GAL 15.484 0.1474 2.282
2.672
2 itot Gas llandling MILLION 112.864 0.00252 0.284
SCF
q Electric Furnace
A) Direct Power KWl 1381.1 0.0105 14.502
— B) Misc. Elec. Power KWH 430.97 0.0105 4.525
oy 