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PROCESSING CHALCOPYRITE CONCENTRATES BY A NITROGEN 
ROAST-HYDROMETALLURGICAL TECHNIQUE 

by 

R, C, Gabler, Jr,, 1 B, W, Dunning, Jr,, 2 R, E, Brown, 3 and W, J, Campbell 4 

ABSTRACT 

Laboratory tests on a combined nitrogen roast--two-stage leach--electro­
winning approach show promise as a possible process for recovering copper, 
sulfur, iron oxide, and valuable minor metals (gold, silver, and molybdenum) 
with a minimum impact on the environment. During the nitrogen roast at 800° C, 
15 to 20 percent of the sulfur together with a significant fraction of the 
volatile elements, such as arsenic, bismuth, lead, and zinc, are removed from 
the chalcopyrite concentrate. The resulting calcine, consisting of 
S-chalcopyrite, troilite, and a bornitelike s.tructure, is leached with hydro­
chloric acid to remove 70 to 85 percent of the iron, The digenite in the 
leach residue is dissolved in an oxygen-saturated, spent sulfate electrolyte. 
Using a graphite ·anode plus sulfur dioxide to reduce interference from ferric 
iron, copper of 99,99+ purity is electrowon at current efficiencie} of 88 to 
92 percent and a cell voltage of 0.4 to 0,5 volt. Copper recovery for the 
overall process is 98 to 99 percent. Sulfur is obtained in the elemental form 
from the roasting and leaching steps. Iron can be recovered from the hydro­
chloric acid leach solution. Gold, silver, and molybdenum are concentrated in 
the silica residue from the spent electrolyte leach. 

INTRODUCTION 

Present copper extraction technology is based principally on pyrometal­
lurgical processing of sulfide concentrates in which high-temperature air­
roasting and air-smelting generates large quantities of sulfur dioxide. 
Because of very stringent environmental standards and increasing cost of 
energy, there has been a renewed interest in hydrometallurgical processes for 
recovering copper from sulfide flotation concentrates. Potential advantages 
of this alternate approach are (1) lower capital investments because smaller 
plants are feasible, (2) increased flexibility in handling various grades of 
concentrates, (3) recovery of elemental sulfur and iron oxide, and (4) pos­
sible reduction in energy requirements. 

1 Research chemist. 
2 Metallurgist. 
3 Physical science technician, 
4 Supervisory research chemist. 
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This report is limited to a discussion of a novel approach that combines 
a preliminary inert gas roast with a two-stage leach plus electrowinning. 6 

The principal steps consist of inert gas roasting to convert the chalcopyrite 
to sulfur-deficient chalcopyrite, troilite, and a bornitelike structure; 
hydrochloric acid leaching to remove most of the iron; then dissolving the 
copper-bearing residue in an oxidizing spent electrolyte followed by electro­
winning. The products are high-purity copper, elemental sulfur, iron oxide, 
and a silica residue containing gold, silver, and.molybdenum. 

ACKNOWLEDGMENTS 

This project was initiated under the guidance of Howard Leavenworth, Jr., 
presently staff metallurgist, Bureau of Mines, Washington, D. C. Carl Goldsmith, 
engineering technician, made many contributions to the design and con­
struction of the roasting equipment. Optical microscopic data were provided 
by J. J. Sjoberg, geologist, Reno Metallurgy Research Center. A wide range 
of technical support was provided by members of the College Park analytical 
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technician, and Wayne Lowry, chemist. The advice and assistance of the 
personnel named are greatly appreciated. 

FUNDAMENTALS 

The objective of the roasting step is to transform chalcopyrite into 
crystallographic phases suitable for selective leaching of the iron. During 
the inert gas roasting step, approximately 20 percent of the sulfur is removed 
and is collected in the flue dust as elemental sulfur together with some of 
the more volatile impurities such as arsenic, bismuth, lead, and zinc. 

The next operation is to leach the calcine with hydrochloric acid to 
remove most of the iron leaving a residue of digenite (Ct.1gS6 ), undissolved 
modified chalcopyrite, and hydrochloric acid-insoluble minerals such as quartz 
and molybdenite together with precious metals. Removal of iron at this stage 
is necessary to avoid a :prohibitively high buildup of iron during the copper 
electrowinningstep. Hydrogen sulfide liberated during hydrochloric acid 
leaching of the calcine converts any dissolved copper to insoluble copper 
sulfide. Any excess hydrogen sulfide can either be burned to form sulfur 
dioxide for use in the electrowinning step or reacted with sulfur dioxide to 
form elemental sulfur. This sulfur dioxide could be obtained by oxidizing 
part of the hydrogen sulfide. The hydrogen sulfide-sulfur dioxide mixture 
then would react to give elemental sulfur. 

The digenite in the residue from the hydrochloric acid leach is dissolved 
in a spent electrolyte recycled from the copper electrowinning step. The 
presence of ferric ion in the CuS0 -~SO -FeSO electrolyte is essential for

4 
the dissolution of digenite. Oxygen is fed into the second-stage leach 
solution to continuously reoxidize the ferrous iron back to the ferric state. 

6 Gabler, R. C., Jr., E. B. Amey, B. W. Dunning> Jr., C. E. Goldsmith, and 
H. W. Leavenworth, Jr. Recovery of Copper From Chalcopyrite Ore Concen­
trates. U.S. Pat. 3,857,767, Dec. 31, 1974. 
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The leach solution, now enriched in copper ,-,..JO grams per liter, then is 
subjected to electrowinning to recover the copper and to regenerate spent 
electrolyte for dissolving more digenite. The silica residue remaining from 
the second-stage leach contains the insoluble precious metals, molybdenum as 
molybdenite, and elemental sulfur formed during the dissolution of digenite. 
A flow diagram for the combined pyrometallurgical-hydrometallurgical process 
is shown in figure 1. Steps on the flow diagram that were not investigated 
in this study are shown with dotted lines. 

SAMPLES 

Twenty-five- to fifty-pound quantities of chalcopyrite concentrates were 
obtained from three commercial smelters through the assistance of other Bureau 
of Mines Metallurgy Research Centers. Emphasis was given to evaluating chal­
copyrite concentrates having various amounts of accessory minerals and precious 
metals to determine the recovery efficiency for copper, the purity of the 
electrowon copper, and the potential loss of valuable minor elements. All 
samples were characterized by optical microscopy and X-ray diffraction. 
Major and minor elements plus precious metals were determined quantitatively; 
other trace elements were estimated by semiquantitative optical emission 
spectrography. The elemental compositions are summarized in table 1. 

The sample labeled PC-3 consisted of chalcopyrite with approximately 
5 weight-percent quartz and a trace of covellite. Sample RC-1 was principally 
chalcopyrite with minor amounts (3 to 5 weight-percent by visual estimates) of 
pyrite, covellite, and bornite plus 5 to 10 weight-percent quartz. Sample 
AC-3 was chalcopyrite plus minor amounts of covellite, cubanite, bornite, 
pyrite, and sphalerite. The AC-3 concentrate had considerably more complex 
intergrowth of the copper-bearing sulfides as compared with the other 
concentrates. 
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TABLE 1. - Composition of chalcopyrite concentrates 

Element Concentration. weight-percent1 

AC-3 RC-1 PC-3 
0.008 

Al . ..................... 
Ag . •.•.•..•...••.•••.••• 0.063 0.005 

.31 .37.22 
<,002 <,03A~ ....•.•..•.•.•... .... <.002 

Au . ..................... .0015 .00001.00013 
<,03 

Bi . ..................... 
Ba2 •••.••••••.•••••••••• <,03 <· 1 

.024.82 <· 1 
Ca • •••..••.•.•.••.•.•••• .32 .38.47 

<,01<,001Cd • .•.••......••..•..•.• .049 
<,004 

Ct' ..................... 
<,03cc8 •........•....•.•.... <,004 

<,004 
Cu • .•....•..•...•.••.•.. 

<,004 <,03 
24.628.9 29.7 

Fe ...•.................. 24.6 25.7 26. 1 
.12.003K • .•.•.••.•••.• • . • •••••• -

<,001 <,01<,001Li2 •••.•.••••••••••••••• 

Mg • •...•.••.•.••••.•.••• .088 .18.53 
Mn.......•..... ......••• .14 <· 1 <· 1 
Mo • •.••••.••.•.••••••••• .24 .22.44 
Na • ••.•.••.•.•.••••.•••• .05.061 .1-1 

<,03 <,01 
Pb . ...... I 

Ni2 ••••••••••••••••••••• <· 1 
.17 .077.11 

Rb2 <,03<,01 <,03 
s . ...................... 29.429.2 29.0 

<,01 
si . ..................... 
Sb8 ••••••••••••••••••••• <,03<-01 

2.86.56 4.42 
srr3 ••••.•••••••••••••.•• <,01 
St' • • • .... • . • .. • ... • . • .. 

.03<-03 
<,01 <,001<,001 

Ti2 •••.••••••••••••••••• <,001 .062 
'V2 •....•....•.•..•.•.•.• 

.04 
<,01 <,01 <,01 

wa .....................• <,03 <,03 <,02 
Zn . ••....•.•.•....•...•• .35 
1 Samples were air dried prior to analysis. 

1.67 .19 

2 Values obtained by semiquantitative optical emission 
spectrography. In general, the concentrations are esti­
mated to fall within a factor of 10 lower than the stated 
value, for example, <0,03 would be in the range of 0.003 
to 0.03. 

EXPERIMENTAL RESULTS AND DISCUSS ION 

Roasting 

The objective of the roasting step is to convert the chalcopyrite into 
crystallographic phases from which most of the iron can be extracted by a 
hydrochloric acid leach. Experimentally, the conversion of chalcopyrite was 
concluded to go through an intermediate sulfur-deficient cubic chalcopyrite 
phase, the X-ray pattern of which is similar to S-chalcopyrite (ASTM card 
11-515) but with a slightly expanded lattice. For example, the d-spacing for 
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the 112 reflection for the observed intermediate phase was 3.08+ A as compared 
with 3.06 A for ASTM 11-515. This expanded lattice is easily determined 
experimentally as the shift from 3.04 A for natural chalcopyrite to 3.08 Acor­
responds to0.4020 forCuk:Y radiation. The expanded lattice, d = 3.08 A, 
was observed on all samples investigated; the intensities of 

1
the

2 
S-chalcopyrite 

lines decreased as the reaction approached completion. The solid phases in 
roasted samples were troilite, an unindentified high copper--low iron sulfide 
tentatively called a bornitelike phase, and s-chalcopyrite. Samples desig­
nated as a good roast (80 percent or higher iron extraction) gave patterns 
with significant peaks of troilite and the bornitelike phase. Samples whose 
pattern was essentially s-chalcopyrite generally gave significantly poorer 
iron extraction in the range from 50 to 70 percent. 

For 20 percent sulfur removal during roasting, the reaction can be 
described by the following equation: 

5 CuFeS inert gas , Cu Fe S + XFeS + S ·r • (1)2 -s s •x a -x 26 
In addition, there will be variable amounts of S-chalcopyrite depending on 
the completeness of the reaction. The C½,;Fe _xss-x is considered to have a

5
bornitelike structure because of the qualitative agreement between the 
authors' measured data and ASTM card 14-323. However, the Cl.\;Fe _xss.x phase 
disappears during the hydrochloric acid leach of roasted samples

5 
whereas 

natural bornite dissolves very slowly in the same leach solution. Therefore, 
the C1.'3Fe6 _xS

8 
_x phase has different properties than natural bornite. 

The solid residue remaining from the hydrochloric acid leach of roasted 
concentrate consists of digenite (CUgS ), an altered s-chalcopyrite, gangue

5
minerals containing the precious metals, and molybdenite. As a result of the 
acid leach, the S-chalcopyrite peaks decreased in intensity and also shifted 
to a lower unit cell. For example, the d 2 spacing lowered from 3.08 A in 
the roasted concentrate to 3.06 A in the \~ach residue. The s-chalcopyrite 
pattern for the leach residue is in excellent agreement with ASTM card 11-515. 
X-ray diffraction data for a good roast, a poor roast, and their leach residues 
are listed in table 2 together with data for s-chalcopyrite, troilite, dige­
nite, and bornite. 

Three roasting techniques were evaluated to determine their effectiveness 
in providing.the required phases for efficient iron leaching. The techniques 
were stationary deep-bed vacuum roasting in an induction furnace, vacuum 
roasting in a rotary kiln, and fluidized-bed nitrogen roasting at atmospheric 
pressure. 

Stationary deep-bed roasting of pound quantities of concentrate in a 
horizontal induction furnace at 850° C presented two major difficulties; 
only the top layer of the concentrate lost any appreciable sulfur, and ferrous 
sulfide produced during the roasting was pulled out of the furnace by the 
magnetic stirring action of- the induction coil. The very fine ferrous sulfide 
passed through a liquid nitrogen trap to the vacuum pump and eventually 
fouled the pump oil. Therefore, this approach was discontinued. 



TABLE 2. - Powder X-ray diffraction data for roasted concentrates, hydrochloric 
acid leach products, and copper-iron sulfide minerals 

Roasted concentrate HCl leach residues Digenite Troilite BorniteChalcopyrite S-chalcopyrite 
PhasesPC-3 NR1 AC-1 VR2 Phases PC-3 NR AC-1 VR 14-3239-423 11-515 9-64 11-151 

dd I d I d I I d d Id I d I d I I 
5.43.27 B 3.03 100 3.06 3.21 40 20 4.08 1025 - 100- - - - - -

3.20 2.625 10 4. 74 3.6425 3.19 35 D 2.63 5 3.05 10 545- - - - -
3.13 10 3.13 1.874 2.79 40 2.98 40 3.48100 B 1.865 40 95 5- -- - -
3.08 100 3.08 2.66100 3.05 100 3.04 40 1.600 2.53 60 3.31 401.854 80 70 5sc sc 
2.98 5 2.98 30 2.52 3.18 60T 1.591 60 1.516 10 2.40 5 10- - - - -

2.77 30 2.76 D 3.0145 1.573 20 2.17 10 2.14 10 5- -- - - - -
2.71 2035 B 100 2.09 2.801.518 5 1.973 100- - - - - -- - -

2.67 10 2.66 2.6540 2.66 pC 1.877 1.923 30 2.74 505 5 5SC - -- -
2.49 10 2.63B 1.781 1.748 10 55- -- - - -- -- - -

2.17 2.17 1.686 30 2.50 4010 D 1.719 505-- - - -- - - -
2.09 10 2.09 T80 1.634 30 2.13 20- - - - -- - - - - -

2.111.96 60 1.96 100 D 1.595 5 5- - -- - - - - - - -
1.92 25 B+T 1.501 100B+T 1.9375- - - -- - - - - - - -
1.88 65 1.88 1.8730 40 1.86 D 1.850 105sc - - - -- - - -

1.6521.72 15 T 30- - - - - - -- - - - - - --
1.584 101.67 15 D- - - - - -- - - - -- - --

1.64 20 B+T 1.534 10- - -- - -- - - - - - - - -
1 Nitrogen-roasted 67 percent iron leach. 
2 Vacuum roasted 80 percent iron leach. 

d = d-spacing in angstrom units. 
I= intensities normalized to strongest line equal to 100. 
B = Bornite-type. 

SC= Beta chalcopyrite. 
T = Troilite. 
D = Digenite. 

....... 
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Various concentrates were successfully vacuum roasted in a 5-inch-ID 
rotary kiln for 2 to 7 hours at a final sample temperature of 850° to 920° C. 
Samples of approximately 1 pound each were contained in zircon reactors that 
were rotated during the heating cycle. A vacuum of 0.1 torr was maintained 
with a mechanical roughing pump. Sulfur and small amounts of sulfur dioxide 
generated during the roasting were collected on the surface of a liquid 
nitrogen cold trap. Based on these studies, a roasting time of 3 hours at 
920° C was selected to produce the desired phases. Although process evalua­
tion personnel indicated that vacuum roasting would not be economically 
acceptable, vacuum roasting did provide adequate samples to establish the 
feasibility of the subsequent leaching and electrowinning steps. 

The next step was to develop a method based on fluidized-bed roasting in 
a nitrogen atmosphere that may be economically acceptable. A 1-3/4-inch-ID 
quartz fluidized-bed reactor was constructed for roasting concentrates with 
hot flowing nitrogen gas. In fluidized-bed roasting, the incoming nitrogen 
gas passes through 18 inches of externally heated pieces of graphite rod 
(pebble heated) and then passes through a porous disk fluidizing a 10- to 
14-inch bed (1.3 to 1.7 pounds) of concentrate. Severe dusting was encoun­
tered when, as received, concentrate was roasted in this system. The optimum 
particle size range was found to be minus 8 plus 35 mesh. With the particles 
smaller than 35 mesh, dusting was a problem; with particles larger than 8 mesh, 
fluidization could not be achieved. The minus 8- plus 35-mesh size was 
obtained by screening the raw concentrate and by pelletizing the minus 35-mesh 
fraction, drying, and rescreening. 

Roasting tests were conducted as follows. The charge was placed in the 
reactor, and a nitrogen flow rate of 11 liters per minute was started. The 
heaters were turned on, and when the temperature at the porous disk reached 
500° C, the nitrogen flow rate was increased to 20 liters per minute. When 
the temperature at the disk reached 740° C, the flow was set at 26 to 29 liters 
per minute. A temperature profile of the reactor at this point showed 
435° c--8 inches into the graphite rod heater, 620° c--12 inches into the 
graphite rod heater, 740° c--at the porous disk, and 800° c--13 inches above 
the porous disk (the top of the unfluidized charge). The concentrate was 
maintained at temperature for 1 to 2 hours. Subsequently, the heaters were 
turned off and the charge allowed to cool to room temperature with a nitrogen 
flow rate of 11 liters per minute. 

During roasting the a-chalcopyrite was altered first to the intermediate 
~-chalcopyrite phase and finally to a mixture of the bornitelike phase and 
troilite. In a 20-minute nitrogen roast at 740° C, the calcine was found to 
consist of the well-crystallized S-chalcopyrite, "bornite ," and troilite. In 
2-hour nitrogen roasts, more "bornite" and troilite were formed, but some 
s-chalcopyrite was still present in most samples. 

Seven roast tests were made at 740° C for 2 hours on the three concen­
trates. The PC-3 concentrate roasted with little difficulty; however, the 
calcine consisted of principally the modified s-chalcopyrite. With the RC-1 
concentrate, the bed collapsed at about 600° C (disk temperature), which 
prevented fluidization during the run; however, the test was continued and 
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the crystallographic structure changes were the same as when the bed was fully 
fluidized. The AC-3 concentrate had a tendency to form a cinder. This same 
effect was observed during the vacuum rotary kiln roasting of this concentrate 
as cinderlike balls were formed. 

Because similar structure changes were obtained with the bed in an 
unfluidized state, it appears that a multiple-hearth or a gravity-type furnace 
could be substituted for the fluidized-bed nitrogen roast. Conversion of the 
chalcopyrite to the bornite-type structure plus troilite is necessary to 
achieve maximum removal of the iron in the first-stage leach. However, 
total iron removal in the first-stage leach is not essential to the success 
of the overall technique. 

During the roasting step a significant fraction, 20 to 90 percent, of the 
more volatile elements, such as arsenic, bismuth, lead, and zinc, are removed 
together with the elemental sulfur and some fine unreacted particles of the 
concentrate. Composition of the dust generated during the roasting step is 

discussed in the section 
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"Recovery of Sulfur." 

Hydrochloric Acid Leach 
To Remove Iron 

The removal of iron by 
a hydrochloric acid leach is 
based on a prior study by 
Tkachenke, Tseft, Dem 1yani­
kov, and Slashchinina. 6 They 
achieved 81 percent iron 
extraction from vacuum­
decomposed chalcopyrite with 
a 10-minute leach using boil­
ing 2.7 ~ hydrochloric acid. 
In the present studies, the 
calcines were screened to 
minus 60 mesh and then 
leached at a solid-to-liquid 
ratio of 10 to 16 grams per 
100 milliliters of boiling 
hydrochloric acid solution 
for a leaching time of 

6 Tkachenke, 0. B., A. L. 
Tseft, I. G. Dem 1yanikov, 
and V. Ya. Slashchinina. 
Thermal Decomposition of 
Chalcopyrite in Vacuum6 8 10 12 14 and Subsequent Treatment 
of the Residue. Tr. Inst.HYDROCHLORIC ACID, normality 
Met. Obogashch., Akad. 
Nauk. Kaz. SSR, v. 19,FIGURE 2. - Dissolution of iron and copper as a function 
1966, pp. 41-52.of hydrochloric acid concentration. 
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10 minutes. The optimum hydrochloric acid strength was concluded to be 
2.7 N based on the data shown in figure 2. 

Up to 10 percent of the copper was dissolved during initial iron leach 
tests conducted for extended times. This dissolution of copper was a result 
of a loss of hydrogen sulfide from the leach solution. Subsequent tests 
confirmed that bubbling hydrogen sulfide through the solution prior to 
filtration would maintain the soluble copper at an insignificant level. Dur­
ing actual plant operation, some of the hydrogen sulfide liberated during the 
hydrochloric acid leach could be recycled through the leach solution to 
convert any dissolved copper to insoluble copper sulfide. 

On studies with the vacuum-roasted samples, the iron removal was 85 to 
95 percent for the PC-3 and RC-1 concentrates and in the range from 60 to 70 
percent for the AC-3 concentrate. With nitrogen-roasted concentrates, the 
iron removal was in the range from 70 to 85 percent, with the highest for the 
RC-1 concentrate. Without exception, roasted samples whose X-ray diffraction 
pattern showed moderate to major peaks of troilite and the bornitelike phase, 
gave good iron extractions. Tests involving longer leaching times, finer feed 
materials, and releaching of the residue did not remove any significant 
additional amounts of iron. Therefore, the key to greater iron extraction 
lies in better roasting rather than improved leaching techniques. 

In the proposed process, the leach solution would be subjected to a 
hydrochloric acid regeneration step based on the oxidation of aqueous ferro~s 
chloride with oxygen to obtain ferric oxide and hydrogen chloride. Analytical 
data for the various filtrates are given in table 3. The regeneration step 
as shown in figure 1 was not investigated in this study because available 
processes were considered acceptable. 

TABLE 3. - Metallic constituents in hydrochloric 
acid leach filtrates 

Element Concentration, grams ~r liter1 

AC-3 RC-1 PC-3 
Ag • ..•....•.•.•..•.•••• 0.0022 0.0009 0.0002 
A 1 • •.•.••.•....•.•...•• .060 .14 .15 
Bi . .................... .052 - -
Ca • •.•.•.••.••••.•.•••• .23 .25 .35 
Cu • ••••.•••..•.••••.••• .01 .027 .01 
Fe ••••••••••••••••••••• 19.5 19.5 17.6 
Mg • •••••. • •••.•• • • • •. • • .021 .11 .17 
Mn . ••.••••.•.••••.••••• .018 - -
Mo , • , • e • Q •••••••••••••• .0010 .0020 .0004 
Pb • •.....••...•.••.•.•• 
Zn • ....•..•.•....•.•.•• 

.042 
1.24 

.0093 -~ .010 
.26 

iBased on a volume of 2 liters. 
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Dissolution of Copper in Oxygenated Spent Electrolyte 

The residue from the hydrochloric acid leach is digenite plus lesser 
amounts of molydenite, gangue minerals, and sulfur-deficient s-chalcopyrite. 
The digenite is dissolved by the spent electrolyte by the following reaction. 

10/9 CDs S + 2 Fe2 (S0 ) 3 ""i, 4 FeS0 + 2 CuS0 + 10/9 S. (2)
5 4 4 4 

As indicated in equation 2, the ferric ion plays an essential role in the 
dissolution process. During the dissolution, ferric ion is reduced to 
ferrous ion. Therefore, oxygen is added continuously to convert the ferrous 
ion back to the ferric state: 

The initial batch of spent electrolyte was prepared from reagent-grade 
cupric sulfate, ferrous sulfate, and sulfuric acid to correspond to the 
following concentrations in grams per liter: Copper--11.6, iron--2.9, and 
R:aS0 --218. In the first set of tests, air was used as the oxidizing agent 
for 

4
converting ferrous iron to ferric during dissolution of digenite. After 

26 hours at 100° Conly 50 percent of the available copper was in solution, and 
the rate of dissolution decreased to essentially zero. Other tests using air 
as the oxidizing agent gave similar results. Another possible approach for 
converting ferrous to ferric iron is available also in a turboaerator. 7 

Fallwell8 found that four times as much oxygen could be dissolved into 
solution using pure oxygen as compared with using air. Comparison tests 
between oxygen and air were conducted at 90° C with 60 grams of first-stage 
leach residue and 600 ml of spent electrolyte. Agitation was provided by a 
1-inch-long Teflon-coated9 stirring bar rotated at 435 to 535 rpm. 

The oxidizing gas, air or oxygen, was bubbled into the solutions at an 
equivalent oxygen flow rate of 250, 500, and 1,120 cubic centimeters per 
minute (airflow rates of 1,200 and 2,400 cubic centimeters per minute of air 
are equivalent to 250 and 500 cubic centimeters per minute of oxygen, 
respectively). After 20 hours with air, approximately 40 percent of the 
copper was dissolved and the dissolution rate was essentially zero (fig. 3). 
In comparison, approximately 80 and 100 percent of the copper was in solution 
using oxygen at flow rates of 250 and 1,120 cubic centimeters per minute, 
respectively. In all subsequent studies, 99+ of the copper in the first­
stage leach residue was dissolved after 20 to 22 hours in the spent electro­
lyte at an oxygen flow rate of 1,120 cubic centimeters per minute. 

The spent electrolyte leaching tests were generally run serially in groups 
of three, Consistently, it was noted that the dissolution rate in flask 2 was 

7 Havcr, F. P., R. D. Baker, and M. M. Wong. Improvements in Ferric Chloride 
Leaching of Chalcopyrite. BuMines RI 8007, 1975, pp. 10-13, 

8 Fallwell, W. F. Oxygen Finding a Big Outlet in Treatment of Wastewater, 
Chem. and Eng. News, v. 52, No. 28, July 15, 1974, pp. 7-8. 

9 Reference to specific trade names does not imply endorsement by the Bureau of 
Mines. 
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FIGURE 3. - Dissolution of digenite as a function of time and oxygen flow rate. 

more rapid than in flasks 1 and 3 as evidenced by the earlier appearance of 
elemental sulfur on the solution surface. In these leaching tests, the oxygen 
was passed in series from flasks 1 to 2 to 3; therfore, differences in oxygen 
flow rate was not the reason for the higher dissolution rate noted in flask 2. 
Using a strobe light, the researchers found that the stirring bars in flasks 1 
and 3 rotated at 435 rpm as compared with 535 rpm for flask 2. Therefore, it 
was concluded that the higher dissolution rate in flask 2 results from the 
more vigorous stirring. 

An oxygen flow rate of 1,120 cubic centimeters per minute provides 
approximately a factor of 100 times more oxygen than is theoretically required 
to convert the ferrous ion to ferric. Based on the dissolution rates in 
flasks 1 and 3, there was no dropoff in dissolution efficiency using recycled 
oxygen; therefore, it should be possible to connect leachingtanks in series to 
the oxygen flow or recycle the oxygen through the leach solutions. Another 
approach is to pressure leach under an oxygen atmosphere; however, the present 
studies were limited to leaching at essentially atmospheric pressure. 

Several tests were made to evaluate the buildup of impurities when the 
electrolyte is recycled after electrowinning the copper. In these tests, the 
electrolyte was recycled through the copper dissolution and electrowinning 
steps three times. Approximately 20 percent of the electrolyte was discarded 
after each electrowinning cycle. This discard is necessary to limit buildup 
of sulfate, iron and impurity elements. The increased sulfate concentration 
results from addition of sulfur dioxide during electrowinning to keep the iron 
in the ferrous state. In an operating plant, the copper in the discard would 

+- 100 
c: 
Q) 
u 
~ 

Q) 
a. 80 

0 
~ 

w 
1-­ 60u 
<( 
0:: 
I­
x 40w 
0:: 

~ 20 
0.. 
0 
u 

6 I, 120 cu cm/min0 2 
o 0 2 2 50 cu cm/min 
□ Air 2,400 cu cm/min 



13 

be recovered by cementation. This cement copper would be added to the electro­
lyte to reduce the ferric iron to ferrous thus saving sulfur dioxide in addi­
tion to making more copper available for electrowinning. 

The concentration of the eight elements followed in this recycling study 
are listed in table 4 for the initial synthetic spent electrolyte and for the 
electrolyte after the first, second, and third cycle. Elements that form very 
insoluble sulfides, such as lead and silver, do not show any buildup because 
their concentration is controlled by their sulfide solubility product. Impur­
ities such as aluminum, calcium, and magnesium increase steadily until they 
reach a maximum level established by the amount of solution discarded after 
each electrowinning step. For 20 percent discard, the maximum buildup is 
approximately five times the concentration of the first cycle leach solution. 
Iron builds up to its maximum level more rapidly because of its high starting 
level, 2.9 grams per liter, in the synthetic spent electrolyte as compared 
with essentially zero for most of the other elements. The data for iron in 
table 4 are representative of a sample with 80 percent of the iron removed 
in the hydrochloric acid leaching step. 

TABLE 4. - Concentration dependence on number of recycles 

Concentration grams per liter in spent electrolyte 
Maximum 

Element Initial 1st cycle 2d cycle 3d cycle value for 
20 percent 
discard 

Ag . •.•...••...•.•.•••• • 0.0002 0.0002 0.0002 0.0002 0.0002 
Al ..................... .0005 .11 .20 .26 .56 
Ca • ...••.•.•......•..•• ND .053 .086 .12 .27 
Fe ....••.. ............. 2.9 5.3 5.7 6.1 12. 
Mg •.•....•. • ..•.•.... •. .0003 .11 .20 .25 .55 
Mo • •.•.••••..•••.•.•••• ND .0010 .0026 .0036 .005 
Pb •.•...........•.....• .003 .0020 .0018 .0018 .0020 
Zn •. ..........•......•• ,0007 .0097 .021 ,032 .049 
ND--Not detected. 

A brief study was made comparing dissolution rates for copper and iron 
in spent electrolyte using the raw concentrate, roasted calcine, and the 
hydrochloric acid leach residue. Sample sizes were selected to be equivalent 
to the copper contained in 60 grams of the hydrochloric acid leach residues. 
All samples were leached in spent electrolyte for 22 hours using the optimized 
~onditions described earlier in this section. Only approximately 30 percent 
of the copper was dissolved from the raw concentrate as compared with 100 
percent for the calcine and the hydrochloric acid leach residue. However, 
the iron concentration in the solution from the calcine was 17.8 grams per 
liter as compared with 4.1 grams per liter for the hydrochloric acid leach 
residue solution. Therefore, after five cycles of the electrolyte through 
the dissolution and electrowinning steps using the roasted concentrate 
directly, the iron concentration would be in the range of 50 to 60 grams per 
liter using a 20 percent discard per cycle. Thus, the first-stage 
hydrochloric acid leach is necessary to prevent the buildup of a prohibitively 
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high level of iron and other metals in the electrowinning solution when 
starting with copper-iron sulfides. 

Electrowinning Copper 

High-purity copper, 99.99+ pure, was electrowon at a high cathode current 
efficiency and a low cell voltage from thirteen second-stage leach solutions 
containing the following in grams per liter: Copper--26 to 33, iron--3 to 9, 
and sulfate--225 to 240, plus minor amounts of sulfate soluble impurities, 
(table 5). A graphite anode, combined with the injection of sulfur dioxide 
gas into the electrolyte,10 was substituted for the conventional electrowinning 
process that employs a lead-antimony anode. The graphite anode showed no 
visible signs of erosion after the equivalent of 15 days of continuous opera­
tion. In the conventional lead anode process, lead contamination of the 
cathode deposit by erosion of the lead anode is a significant problem. 

TABLE 5. - Electrolyte composition for electrowinning copper 

Element Concentration, grams per liter 
College Park1 Connnercial2 

s04 •...•.•....•.•.••.•.••••.•.•.. 223 -241 78.5 
Cu . ...•....•.•.•..•.•.•••••••.•.• 26.5 - 32.7 40 
Fe •••••••••.••••••.•••••••••.•••• 3.7 - 8.7 4.6 
K • •.••.•.••••.•.•.••. • •. • .•....•• .003 - .3 2.3 
Na • ..........•..............•.••• .002 - .3 6.7 
A 1 • •.•.•....•.••.•...•....•.•..•• .048 - • 256 1.8 
Mg• • • • • . • • • • • • . • .. • .•..•. • .... • • • 
Zn • ....•...•....•.•.••••..•..•.•• 

.016 - • 248 .15 

. 01 .15 
Ca . •..•.•..•....•..•....•......•.. 
Bi . ............................. . 
Ti . ............................. . 

.01 .12 .48 
<.001 - .11 
<.001 - .07 

Mn • ....••.•.•.••.••••.•.•.•..•.•. 
Ni . ............................. . 
Li . ............................. . 
Cr . ..........................•.•. 

.001 - .04 .14 
<.0001- .02 

.0003- • 009 
<,001 - .009 

Mo • ....•.•••••••.•••.••.•.•..•••• .001 - .006 .25 
Pb • •....•........•....•......•.•• 
V • •••••••••• • •••.•••••••••••••••• 
Ag • ....•.•.• • .••.•• • .•.••• • •••.•• 

.002 - .004 .01 
<.0001- .0007 

•0002- • 0003 
1 Range of values for various test solutions. 
2 C. L. Mantel. Electrochemical Engineering. McGraw-Hill Book Co., 

Inc., New York, 1960, pp. 198-210. 

All electrowinning tests were conducted in a 2-liter glass beaker using 
1.6 liters of electrolyte. The cathode was a 1-inch-diameter titanium rod 
having an effective plating area of 0.040 square foot. A graphite cylinder, 

10 Pace, G. F., ~nd J.C. Stauter. Direct Electrowinning of Copper From 
Synthetic Pregnant Leach Solutions Utilizing S02 and Graphite Anodes-­
Pilot Plant Results. Can. Min. and Met. Bull., January 1974, pp. 85-91. 
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inside diameter of 3.5 inches and a wall thickness of 1/8 inch, served as the 
anode. Surface area of the anode exposed to the plating solution was 23 times 
that of the cathode. The tests were conducted at 55° C with agitation 
provided by a 3/8-inch-diameter by 2-inch-long Telfon-coated stirring bar 
rotated at 340 rpm. Temperature was maintained by a 250-watt infrared lamp 
with the on-off cycle controlled by a thermoregulator. The electrowinning 
cell was operated at 0,8 ampere corresponding to 20 amperes cathode current 
per square foot. Sulfur dioxide gas was bubbled through the solution at a 
rate of 10 to 50 cubic centimeters per minute. Even at the lowest flow rate, 
sulfur dioxide was escaping from the solution. The electrowinning tests on 
the various second-stage leach solutions were conducted on both an inter­
mittent, 3 to 6 hours, and a continuous basis until the copper concentration 
was reduced to a level of approximately 10 grams per liter. In the inter­
mittent tests, the cathode deposit was stripped, and the electrodeposition 
was restarted after each test interval. 

Sulfur dioxide added during electrowinning decreases the concentration of 
oxygen at the anode and reduces the ferric ion to the ferrous state. Ferric 
ion reduces the cell efficiency by reacting with cathodic copper to form 
ferrous sulfate plus cupric sulfate. Oxygen liberated at the anode reacts 
with ferrous sulfate to give ferric sulfate thus completing the undesirable 
oxidation-reduction cycle at the two electrodes. Thus the following two 
reactions are essential to achieve the high current efficiency obtained in 
these tests: 

(4) 

and (5) 

Another factor to be considered is the low cell voltage, 0.4 to 0.5 volt, as 
compared with the normal electrowinning cell voltage of 1 volt or greater. 
This lower cell voltage results in a significant reduction of power require­
ments. The low voltage achieved in these tests results from eliminating the 
oxygen overpotential by adding sulfur dioxide as given in equation 4. 

Copper samples obtained from seven of the test solutions were analyzed 
for trace elements by quantitative optical emission spectrography. In all of 
the samples, the following elements were below the limit of detection given 
in parts per million: As-2, Au-1, Bi-0.5, Ni-3, Sb-3, Sn-2, and Te-4. Iron 
and lead were present at the 5- and 10-ppm level, respectively, in one set of 
samples but were below the limit of detection, 4 and 2 ppm, respectively, in 
all other samples, Silver was within the range of 10 to 50 ppm in the first 
several grams of copper electrowon from any solution but was not detectable, 
<1 ppm, in subsequent deposits from the same solution. This preferential 
deposition of silver in the initial deposits is expected since silver is more 
easily reduced than copper. Therefore, the ratio of silver to copper in the 
deposit drops rapidly with electrowinning time. No other significant metallic 
impurities were detected by a general qualitative spectrochemical procedure. 
Sulfur, a connnon impurity in electrowon copper, was determined by a combustion­
titration technique. Sulfur was in the range from zero to 15 ppm in all but 
one of the deposits analyzed; the sulfur ranged from 15 to 40 ppm on various 
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portions of one deposit. In general, the copper deposits meet or exceed the 
ASTM specifications for most classes of high-purity electrorefined copper and 
significantly exceed the purity of conventional electrowon copper. 11 

Recovery of Sulfur 

Two steps in the proposed process generate elemental sulfur--the inert 
gas roasting and the second-stage leach. The roaster offgas solids contain 
approximately 85 weight-percent sulfur, and the second-stage leach residue 
ranges from 40 to 80 weight-percent sulfur; the value for the second-stage 
leach residue depends on the gangue mineral content of the concentrate. 

Sulfur was recovered from both sources using a method described by Haver 
and Wong. 12 Their method is based on the wide variation in solubility of sul­
fur in pE:rchloroethylene with temperature. At 25 ° C, the solubility is 25 
grams per liter compared with 422 grams per liter at 100° C. The sulfur­
bearing samples were slurried with boiling perchloroethylene (boiling point 
121° C) to dissolve the sulfur then filtered while hot. Because of its 
density, perchloroethylene can be heated to boiling in an open vessel without 
any appreciable loss if a cooling ring is provided above the liquid level. 
Bright yellow crystals were obtained from the second-stage leach residue. Sul­
fur from the roasting offgas solids was brownish-yellow and did not signifi­
cantly change with recrystallization. 

Optical spectrographic analysis indicated that the recovered sulfur from 
both sources was of higher purity than a connnercial grade of sulfur (table 6). 
The only significant differences in detectable impurities between sulfur from 
the roaster offgas solids and sulfur from the second-stage leach residue was 
trace amounts of iron and zinc in the offgas solids sulfur. 

TABLE 6, - Semiquantitative optical spectrographic analyses of sulfur 

Element Impurities in sulfur. weight-percent 
Second-stage leach residue Roaster offgas Connnere ia 1 

Ag • ......••••••.•• ND ND 0.00001-0.0001 
A 1 • •.•......•..... ND ND .001 - .01 
B • •.•.••. • .•..•.•• ND ND .001 - .01 
Ca • ....•.•.•..•••• ND ND .01 - .1 
Cu • ..•......•.•.•• 0.0003-.003 0.0003-.003 .0003 - .003 
Fe •.•..•.•.•.... ·•• ND .0003-.003 .001 - .01 
K. • ..............• ND ND .01 - • 1 
Mg •••.• • .••... • .•• ND ND .003 - •03 
Na ••• •••.•......•. ND ND .003 - .03 
si . ............... .0001-.001 .0003-.003 .003 - .03 
Sr . ............... ND ND .0003 - .003 
Zn • ......•.•...... ND .003 -.03 ND 
ND--Not detected. 

11American Society for Testing and Materials. Part 5, Copper and Copper 
Alloys. 1971 Annual Book of ASTM Standards, Philadelphia, Pa., 1971, 826 pp.

12 Haver, F. P., and M. M. Wong. Recovering Elemental Sulfur From Nonferrous 
Minerals--Ferric Chloride Leaching of Chalcopyrite Concentrate. BuMines 
RI 7474, 1971, 20 pp. 

Pages 3-4 of work cited in footnote 7. 

https://copper.11
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Semiquantitative spectrochemical analyses of the dust and condensable 
solids collected together with sulfur during the roasting step are given in 
table 7. These data represent the composition of the sample after extrac­
tion of sulfur. The nonsulfur fraction represents 0.5 to 1 weight-percent of 
the concentrate feed to the roaster. Therefore, the loss of copper due to 
blow over of fines is less than 0.3 percent of the copper available in the 
feed sample. Although the analytical data are only semiquantitative, the con­
centrations of volatile elements in the dust fraction are significantly 
higher than in the initial concentrate. 

TABLE 7. - Optical spectrochemical analyses of dust 
and condensable solids 

Element 

Cu , Fe ••......•.•....•.•.•..•....•.••••••• 
Si . ..................... I •••••• I •••••••••• 

Al, As, Bi, Pb ........................... . 
Ca , Mg , Ti • ..................•........••.• 
K, Mo, Na, Sn, Zn, Zr •••.•••.••.••••••.••• 
Ag , Cd , Mn, Sb • ...............•..........• 
Ba , Co, Cr , Ni • ......•.........•........•• 
Li Sr Ge ••.•• , .• , ...••.•.••••.•.•. , • , ••• 

Concentration range, 
wei ht- ercent 

>10 
>5 

0.3 -3 
.1 -1 
•03 - .3 
.01 - .1 
.003- .03 
.001- .01 

Gold, Silver, and Molybdenum 

Gold, silver, and molybdenum are concentrated in the residue from the 
spent electrolyte leach. Following extraction of the elemental sulfur from 
the residue, the weights of the gangue materials plus molybdenite correspond 
to 3.5, 10, and 13 percent of the AC-3, PC-3, and RC-1 concentrate weights, 
respectively. The significantly higher gangue mineral fraction for PC-3 
and RC-1 concentrates correspond to the higher silica values for these samples. 
Analytical data for a material balance indicate that essentially all of the 
molybdenum and gold plus 95 percent of the silver in the roasted samples 
report in the spent electrolyte leach residue. There is some indication of a 
small loss in silver and gold during the roasting operation; however, this may 
be analytical error involved in tracking quantities at the part-per-million 
level. X-ray diffraction studies show that the molybdenum is present as 
molybdenite. The mineralogical distribution of gold and silver was not 
determined. 

As a result of the significant enrichment during the leaching steps, the 
spent electrolyte leach residue corresponds to a very high grade ore. The 
silver concentration ranges from a low value of approximately 1,000 ppm for 
the residues from the RC-1 and PC-3 concentrates and 17,000 ppm for the AC-3 
residue. Gold is present at the 50- to 100-ppm level in the AC-3 and RC-1 
residues. The gold content was not followed in processing the PC-3 concen­
trate because of its very low concentration. Molybdenum is present in the 
several weight-percent range in the spent electrolyte leach residues for all 
three concentrates. 
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No studies were conducted on the recovery of the gold, silver, and 
molybdenum. It should be emphasized that the value of the gold and silver 
in some of the chalcopyrite concentrates approximates that of the copper; 
therefore, efficient recovery of the precious metals should be an integral 
part of an economically acceptable process. 

CONCLUSIONS 

A combined nitrogen roast--two-stage leach--electrowinni~g method shows 
promise as a potential process for recovering copper, sulfur, iron oxide, and 
valuable minor metals (gold, silver, and molybdenum) with a minimum impact on 
the environment. Copper of 99.99+ purity is electrowon with an overall 
recovery of 98 to 99 percent, Sulfur is obtained in the elemental form from 
both the roasting and leaching steps. Iron is available in the hydrochloric 
acid leach solution for recovery. Gold, silver, and molybdenum are concen­
trated.in a silica residue. 

* U.S. GOVERNMENT PRINTING OFFICE: 1975-603-752/24 INT,-BU,OF MINES,PGH,,PA, 20500 

https://trated.in









