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INTRODUCTION

In leaching copper ores knowledge of the rate of dissoluiion of the copper minerals
and of the impurities is desirable. With knowledge of these two factors and data as to what
minerals are present in the ore the metallurgist has an exoellent c—tart on planning a leach-
ing cyole to fit that ore. The rate of dissolution is rather difficult to predict, and the
time required to leach a given ore may differ markedly from that required by another ore.
The whole study as related to mixed oxidized and sulphide ores is one of relative rates nf
Jdissolution of the different copper minerals and the impurities in sulphuric aoid and in
ferrio sulphate. The aim of leaching is to choose a cyole and strength of solvents to ex-
traot a maximum amount of copper and a minimum of impurities. The consumption of reagents
per unit of copper dissolved is a function of the strength of the reagents used and the
relative ratec of attack on copper minerals and impurities. An opportunity may exist of ob-
taining the kind of eleotrolyte wanted for electrolytic precipitation and yet of saving on
the consumption of reagents by modifying the strength of ferric sulphate and of sulphuric
acid during the cycle to fit the time needed for dissolving the sulphide and oxidized
minerals present.

Former papers® have considered the rate of dissolution of azurite, malaohite,
tenorite, chrysocolla, cuprite, chalcocite, bornite, and covellite in common leaching sol-
vents. A paper zoon to be written will consider some of the less important copper minerals.
The present paper considers the rate of dissolution of copper from ores of the Southwest in
sulphuric acid of varying strength and the ratio of sulphuric acid consumed to copper dis-
solved. 1In this study two ores containing the copper principally in an oxidized condition
were used. A study of other ores, especially tlose containing high peroentages of sulphide
copper minerals, would be desirable, but since oonsumption of acid has paramount interest,

1 The Bursau of Mines will welcome reprinting of this article, provided the following footnote acknowledgment is made:
"Reprinted from U. S. Bureau of Mines Report of Investigations 3106."

2 Assocolate metallurgical chemist, U. S. Bureau of Mines.

3 Supervising nonferrous metallurgist, U. S. Bureau of Mines.

4 Sullivan, J. D., Disscolution of Variocus Oxidized Copper Minerals: Rept. of Investigations 2934, Bureau of Mines,
1929, 9 pp.

Sullivan, J. D.. aod Oldright, G. L., The Dissolution of Cuprite in Sulphuric acid and in Farric Sulphate nlutions:
Rept. of Investigations 2967, Bureau of Mines, 1930, 9 pp.

Sullivan, John D., Chemistry of Leaching Chalcocite: Tech. Paper 473, Bureau of Mines, 1930, 24 pp.

Sullivan, John D., Chemistry of reaohing Bornite: [lech. Paper 486, Bureau of Mines, 1331, 20 pp.

Sullivan, Jobn D., Cnemistry of Leaching Covellite: Tech. Paper 487, Bureau of Mines, 1930, 18 pp.
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especially in leaching ores of the Southwest, the first experiments were limited to oxidized
ores and to sulphurio acid as the leaching sclvent. Continuation of this work was inter-
rupted owing to exigencies and lack of personnel. The data ocolleoted were thought suffi-
cient, however, to justify this publication.
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ORE USED
The Ajo ore was typical of that used in leaching operations at that place. The

Silverbell Imperial ore was a coarse-grained, highly silioified and sericitized porphyry.
The screen analyses are given in Table 1 and the chemical analyses in Table 2.

Table l.- Screen analyses of ore
Per cent
Size Ajo ore |_dilverbell Imperial ore
~% inch +10-mesh ... 59.4 65.8
-10 +28 mesh ... 19.9 19.9
~28 +100 mesh ... ; 10.5 8.3
=100 +200 mesh ... . 3.6 2.0
~200-mesh ... S 6.6 4.0
Table 2.— Chemigal an res
Per cent
Material Ajo or lverbell Im i 'y

Copper

TOLBE .iimudsvamaismuenss 1.17 1.05

Aoid-soluble! .. . .985 .88
Alumina

Total ..o 14.90 11.84

Acid-soluble® ... .67 1,60
R (5375 1 R 2.61 4.85
Sulphur ... ... .18 17
{07V o LR —— .70 1.65
MEQ: r ot nricisimloriripratsmies: - 3.33
Manganese ...........c... : .24 - -

1 Copper soluble in 24 hours at room temperature in a
solution containing § per cent, by weight, of sulphuric
aoid and saturated with sulpbur dioxide.

2 Alunina soluble in 24 hours at room temperature in a
solution containing 10 per oent, by weight, of sulphuric
aoid.
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EXPERIMENTAL WORK

In all tests 11 pounds of ore was leached in & circular lead vat 7 inches in
diameter, In flood-percolation tests the vats were 8 inchcs deep; in trickle open—drainage
tests, 42 inohes desp. A lead pipe burned into the bottom of each vat was used for draining
the solutions from the ore. Cocoa-fiber matting was used as a filter bottom. The usual
procedure oonsisted of adding 300 c.c. of leaching solution to 11 pounds of dry ore, and
wixing the mass thoroughly to insure complete wetting. The wet ore was charged into the
leaching vat. Whun flood-percolation leaching was used the procedure was as follows: So-
lution was added by downward percolation to flood the ore about one-half inch. After a defi=-
nite time solution was drained from the ore through the exit pipe at the bottom of the vat;
draining was continued one-half hour. The time the leaching solvent was allowed to remain on
the ore before draining and replenishing with fresh solution varied with the strength of acid
in the solvent. The volume of fresh leaching solution added during each cycle was oonstant
and was approximitely the same volume as that of the effluent solution coming from the ore.
At the end of the leaching period the residue was washed with tap water. The washing was

also a flooding operation.

When open-drainage leaching was employed the procedure was as follows: Solution
was trickled onto the ore from an overhead container. It gravitated through the ore and was
collected in a jar. After leaching the residue was washed with tep water by the trickle

principle,

Eleven tests were made on Ajo cre and four on Silverbell Imperial ore. All tests
were made ai room temperature, but the temperature varied with different tests. Temperature

date are given in Table 3.

Table 3.~ Temperature data

Silverbell

Alo ore —Imperial ore
Tests 12, 13,
JTests 1. 2, 3. 4 | Testa 5. 6. 7, 8 | Test O | Tests 10, 11 14,15
fam. l2m4pm. (8 am|l2pj40.0 (8 a.m|l2n LQJL.HJLAJIZJ 4o0.m |8 a.m (12 mj4p.m.

Mean temp. air .. °C 24 26 27 21 224 | 23% 21} | 23 24 21 | 23 244 23 254| 26
Maximum temp. do... °C 26 27 28 23 24 24 23 24 25 23 24 25 24 26 27
Minimum temp. do... °C 204 | 23 25 12 21 214 17 20 234 17 20 R34 22 23 24

24 25

Mean temp. solution °C| 24 25 26 21 214| 22 21 214| 23 20 21 224 234
Maximum temp. do. °C| 27 27 264 23 234 234 22 22 23% 214 | 224| 234 24 25 25¢
do. .°C| 20§ | 22 25 17 19 194 17 19 224 17 19 21 22f | 23 234

Minimum temp.

The leaching manipulations of all tests are given in Table 4.

Table 5 summarizes the results of the 1l tests of Ajo orsa., In Figures 1A und 1B
the percentage of copper extracted is plotted against time. The percentage of copper ex—
tracted is based upon the copper in the effluent solutions and does not account for the dis-
solved copper remaining in the ore and not removed by washing. Especially during the early
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part of the test the aotual percentage of total copper rendered soluble may be considerably
‘higher than that diesolved and recovered. In Figure 2 the ratio by weight of sulphurio acid
oonsumed per gram of copper extracted is plotted against the percentage of the total oopper
extracted, The oalculations were made as follows: The analyses of the effluent solutions
gave the amount of sulphurioc aoid and copper that came off the ore during each draining. The
concentration of aoid in the original leaching solution was known. The difference hotwe«n
the weight of zulphuric aoid in the effluent solution and in a like volume of heads solution
was taken as the aocid consumed. From this difference and the weight of copper in the
effluent solution the ratio of acid oonsumed to copper dissolved was calculated. All ratios
are based upon cumulative weights. These ratios are not strictly oorrect, because the
assumption is made that the entire solution on the ore before draining was homogeneous and
that the effluent solution drained from the ore had the same ooncentration of oopper and of
sulphurio aocld as the solution remalning on the ors after draining. However, all tests were
caloulated in the same manner, so results are oomparable. Such calculations were not made
in tests 5, 6, and 7, ginoce the conoentration of acid in the solution added to the ore varied
at different times.

The true ratio of acid consumed to ocopper dissolved during the entire test should
be taken from Table 5, which gives the over-all consumption, including the wash solutions.

In all figures, tables, and the discussion that follows solutions ocontaining
approximately 10, 25, 50, and 100 grams of sulphuric acid per liter have been designated as
1, 24, 5, and 10 per cent sulphurio acid, respeotively.

Data oorresponding to those for Ajo ore are given ror Silverbell lImperial ore in
Table 6 and in Figures 3 and 4.

9287 -4 -
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Test | Test
: Taat )| Test 2| Test 3| Test 4| Test 5| Test 6| Test 7| Tent 8| Test 9| 120° | 1°_
Sulphuric acid in leaching

solution ............. Per cent| 1 24 -] 10 {1 (2) (3) (4) S 1 24
Copper in heads,

total, ........c....... POr cent 1.17 1.17 1.17 1.17 : 1.17 1.17 1.17 1.17 1.A7 1.17 1.17
Copper in heads, aoid-

SOLUDLS .icpiicnisaisessiises Per cent .98% .985 . 985 .985 .98% .985 .985 .9885 . 985 .985 .985
Copper in tailings, l

RO iisssinniisiavesens Per cent .20 .13 .1686 115 .195 B4 .22 .18 .40 . 3456 . 295
Copper in tailings,

agid-soluble ......... Per cent .08 .08 055 .055 055 .08 .08 .08 l 278 .28 .18
Copper dissolved (from

solution analyses) ... Grams| 46.5 48.2 47.8 §0.1 47.8 46.6 46.8 45.7 41.4 | 41.6 41.9
Copper in heads, total.. Grams| 58.4 58.4 58.4 8.4 58.4 58.4 58.4 8.4 58.4 8.4 8.4
Copper dissolved (on heads

and solutions analyses),

total ... POC cent| 79.7 82.4 8l.9 85.8 81.8 79.9 80.1 78.2 71.0 T1.2 71.8
Iron dissolved ... Grams| 12.0 20.8 28.3 52.1 21.8 16.5 18.0 16.4 9.0 10.7 15.0
Alumina (Alg0j3) dis-

135" RN o .. Grams| 17.8 29.0 29.0 48.7 25,5 18.2 3.5 18.1 12.5 16.3 18.8
Sulphurio acid oonsumed.Grams|131.6 |211.4 (232,88 [383.4 [191.6 |[(160.7 [175.8 |168.4 [125.3 |138.9 |[165.2
Sulphuric acid consumed per

gram copper dissolved.. Grams| 2.83 4.38 4.87 7.65 4.01 3.45 3.76 3.69 3.03 3.34 3.94
Time of acld contact ... Days| 10 10 10 10 8 9 10 6 e 10 10
Time of washing ... —— Days| 3 3 3 3 3 3 3 3 3 2 2
1 10 per cent for 2 days; 1 per cent for 6 days.

2 5 per cent for 3 days; 1 per cent for 6 days.

3 1 per cent for 2 days; 24 per cent for 2 days; 5 per cent for & days.

4 10 per cent. Same solution on ore throughout; no fresh solution added.

5 The ore in tests 10 and ]l was leached by the trickle open-drainage prinoiple.
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Table 6.— Summary of results of tests of Silverbell Imperial ore
Test 5| _Test 6| Test 7| Test 8
Sulphurio acid in leaohing solution ; .. Per cent L 2% 5 10
Copper in heads, total . YT Per cent 1.08 1.05 1.05 1.0
Copper in heads, acid-soluble . g e Per cent .88 .88 .88 .88
Copper in tailings, total " e e Per oent .225 .16 .135 .12
Copper in tailings, acid-soluble .. R . Per ocent .08 .06 .045 ,045
Copper dissolved (from sclution analyses) viein.... Grams | 42.8 43.4 44.6 45.0
Copper in heads, total — U Grams | 52.4 52.4 52.4 52.4
Copper dissolved (on heads and solutions analyses)
total SR TSR e asmiiessasnens. POF oot | B1.,6 82.9 85.2 85.9
Iron dissolved ... .. . P, viiiiiiiveei.. Grams 24.1 46.6 78.4 109.7
Alumina (Alg03) dissolved - " sanessapens we.... Grams 39.7 57.4 92.7 119.8
Sulphuric acid consumed ... ... e Grams |233.6 |[3€3.5 |570.0 |825.1
Sulphuric acid oconsumed per gram copper dissolved ... Grams 5.46 8.37 12.77 18.33
Time of acid contaoct .. .. . . .. e . Days 14 14 14 14
Time of washing .. - S . Days 3 2 3 3
DISCUSSION

To make all results strictly comparable the strength of acid on the ore at all
times should be constant, or the solution on the ore should be drained off and replenished
with fresh solution at equel intervals. From a praoctical standpoint, however, one would not
‘drain solution from the ore and replenish it with new solution unless the strength of re-
agents in the solution were lowered to such an extent that a change was necessary or desir-
able. One would not change a solution containing 5 per cent of acid so frequently as one
containing only 1 per cént. In the triockle-leaohing experiments whére open drailnage was
used the condition of constant strength of acid on the ore was most nearly fulfilled. In
the flood-percolation tests the stronger the acidity the less frequently the solutions were
drained from the ore and replenished with fresh solution. Since the rate of dissolution of
minerals varies so much with changes in temperature the temperature differences between
various tests should be small to make results ocomparable.

When Ajo ore was leached with solutions containing 1, 24, 5, and 10 per cent of
sulphuric acid, respectively, the rate of dissoclution increased with increasing strength of
acid, although the percentage extractions resulting from the 24 and 5 per cent solutions
were approximately the same. The probable explanation of the rates being nearly the same for
the two intermediate strengths of acid is that the solution was ohanged more frequently for
the 24 per oent than for the 5 per oent solution. Actual analyses showed that in some in-
stances the effluent solutions from the test employing 24 per cent acid were higher in acid-
ity than those from the test employing 5 per cent acid.

In test 3 the leaching solution added contained 5 per cent sulphuric acid through-
out the entire test; and in test 4, 10 per cent sulphuric acid. In test 5 the solution con-
tained 10 per cent sulphuric acid for the first 48 hours; in test 6, 5 per cent sulphurio
aoid for the first 72 hours. All other conditions being equal, cne might expect the percent-
age extractions in tests 4 and 5§ to be identical for the first 48 hours and in tests 3 and 6
for the first 72 hours. Figures 1A and 1B show that this not truc. At the end of 24 hourz
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the percentages of copper extracted and recovered in the effluent solutions were 28.4, 22.7,
38.2, and 37.1 for tests 3, 6, 4, and 5, respectively. 1In 48 hours the percentage extrac-
tions were 50.2, 40.3, 60.2, and 58.7 respectively. The differences were greater for the &
per cent than for the 10 per cent solutions. The probable explanation for the variations of
parallel tests is found in the fact that in tests 1 to 4, inclusive, the mean solution
temperature during the first day was about 27°C. and during the second day about 25°C. 1In
tests 5 to 8, inclusive, the temperature was approximately 19°C. during the first 48 hours.

In the trickle~leaching experiments with Ajo ore the rate of dissolution in 1 and
in 2} per cent sulphuric acid was virtually the same. However, 3.94 grams of sulphuric acid
was oconsumed per gram copper extracted when 24 per cent acid was used, whereas only 3.34
grams was oonsumed when 1 per cent acid was employed.

The data in Figure 2 show the over-all consumption of acid per unit of copper ex-
tracted. In the flood-percolation tests after about €60 per cent of the copper was extracted
the oonsumption of acid increased markedly. This can be illustrated best if one takes the
ratio of acid consumed per unit copper extracted from one sampling to the next. The ratio
from the period of the previous sampling to the 72-hour sampling was 2.51, 3.95, 3.73, and
6.64 in tests 1, 2, 3, and 4, respectively. The time from the previous sampling was 16, 16,
24, and 24 hours, respectively. From the previous sampling to the 240-hour sampling the
ratios were 10.2, 21.7, 19.5, and 39.2, respectively. When 10 per cent sulphuric acid was
used only 1,38 grams copper was dissolved and 54.15 grams sulphuric acid was consumed from
the 144 to the 240 hour period.

In the trickle-leaching tests the consumption of acid per gram copper extracted
during the entire test was slightly higher than in the flood-percolation test, when 1 per
cent acid was used, but the ratio was lower for the 24 per cent acid. However, during the
later stages of the extractlon the ratios from one sampling to the next were lower when
trickle leaching was followed. In the 216 to 240 hour period the ratios were 3.97 and 6.35
in the trickle-leaching tests employing 1 and 2} per cent acid, respeotively. The percentage
extractions, however, were lower in the trickle-leaching than in the {lood tests. The tem—
perature was also lower. Since the consumption of acid did not vary greatly with acidity up
to an extraction of 50 or 60 per cent of tha total copper, since stronger acidity increased
the rate of dissolution of the copper minerals, and since in trickling the solutions through
the ore the consumption of acid did not increase so rapidly near the end of the test as it
did in flood leaching, in leaching an ore such as that from Ajo one might use flood-percola-
tion methods and strong acid to dissolve rapidly a large percentage of the copper and then
finish the extraction with weaker solutions added by the trickle principle. This would in-
crease the complexity of the leaching operation, but savings in cost of acid might justify a
more complicated leaohing cycle, especially in places where acid is expensive.

The rate of extraction of copper from Silverbell Imperial ore did not vary so much
with strength of acid, although it did increase to a certain extent with increases in
strength of acld. The consumption of acid was very high, and it increased markedly with in-
crease in strength of acidity. As shown in Table 6, the consumption of sulphuric acid per
gram copper extracted during the entire test was 5.46, 8,37, 12.77, and 18.33 grams, for
soltions containing 1, 24, 5, and 10 per cent H:S0,, respectively. The consumption of acid
inoreased enormously as the percentage of copper extracted increased. When 1 per cent acid
was used 5.13 grams of copper was extracted and 13.17 grams of sulphuric acid was consumed
from the 12 to the 24 hour period. The consumption of acid was 2.56 grams per gram copper
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extracted, In the 288 to 316 hour period 0.32 gram copper was extracted and 10.07 grams
sulphuric acid was consumed, giving a ratio of 31.4. When 10 per cent acid was used 10.31
grams copper was extracted in the 24 to 48 hour period, and 90.43 grams acid was consumed;
the ratio was 8.77. From the 288 to 336 hour period 0.61 gram copper was dissolved and 95.26
grams sulphuric acid was consumed, giving a ratio of 156.3. This last ratio is so high that
one could not economically leach the last of the copper from such an ore by the use of
strongly acidic solutions. Silverbell Imperial ore is not suitable for leaching with acidio
solvents. The high acid consumption is due to the large amount of iron and alumina dissolved
from the ore and to the large amount o. acid-soluble magnesia present. It is possible that
a preliminary heat treatment might render the iron and alumina less acid soluble. This was
not studied experimentally.

The authors believe that this work has shown quantitatively that using a leaohablse
ore such as the Ajo ore employed in these experiments a large percentage of the copper can
be extracted rapidly from the ore by a strongly acidic solution without undue consumption of
acid. After about 60 per cent of the ocopper is dissolved (about 84 per ocent of the copper
is nonsulphide and 16 per cent sulphide) the rate of dissolution does not change markedly
with changes in acidity, whereas the consumption of acid does. Weaker solutions should be
used in the later part of the leaching oycle. Trickling solution over the ore near the end
of the cyocle would also decrease the consumption of aoid.

The rate of dissolution of the various oxidized and sulphide minerals of copper and
the requirements of solutions to give high ourrent efficienoy in the electrodeposition of
copper from solutions obtained in leaching lead to the following speculation as to leaching
mixed oxidized and sulphide ores. In electrolytic precipitation to obtain high efficiency
of current one needs clean solutions low in ferric salts. The efficiency of current is so
low when solutions are high in ferric iron that from the economical standpoint one has little
to ohoose between eleotrolytic and scrap-iron precipitation. Strongly acidio solutions
attack the gangue more vigorously than weak ones, but a large percentage of the oxidized
copper can be extracted from the ore before the attack om the gangue becomes appreciable.
Earlier work has shown that the rate of dissolution of ohalcocite and of bornite is virtually
independent of the strength of ferric iron in the leaohing solution over a wide range of
concentration. An ore therefore might be leached for a short time with a relatively strongly
acidic solution oontaining little or no ferric iron. A large percentage of the oxidized and
some of the sulphide copper would be dissolved. The pregnant solution containing very littie
impurities then oould be brought to the tankhouse, the copper deposited eleotrically, and a
high current efficiency realized. The residue remaining in the vats then could be treated
with a solution containing enough ferric iron to dissolve the sulphide copper minerals and
enough free acid to dissolve the remaining oxidized copper, but low enough in acidity to pre-
vent much attack on the gangue. The solutions from this operation could be brought to iron-
precipitation launders and the copper recovered as cement copper. If it was necessary to re-
generate a certain amount of ferric sulphate, it might be done by some suitable method such
as the bureau's ferric sulphate-sulphuric aoid process, or electrolytically in a separate
section of the tankhouse. Such a scheme might add to the number of leaching vats necessary,
but the added cost of construction might easily be offset by decrease in cost of aocid and
precipitation, the two major costs in the hydrometallurgy of coppser.

It would also be possible to dissolve the oxidized copper minerals with sulphurio
acid and after washing to regrind the residue containing the sulphide copper and recover the
latter by flotation. This procedurs would yield solutions highly desirable for eleotro-
deposition of the copper and a oonoentrator feedl containing the oopper largely as sulphide.
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Since the water of the Southwest usually is slightly alkaline it would not be particularly
difficult to reduce the acidity of the residue in the leaohing vats. Unless the operator
slightly acidio solutions are not undesir-

wishes to drop pyrite in the flotution process,
tried on a mixed oxide-

able. The double process of leaching followed by flotation way
chalcocite ore some years ago and not used beoause another process was slightly cheaper,
although it saved less oopper. The great improvewents in flotatlon reagents during the last
10 years make 1t seem lik«ly that the ocombined process would now be suocessful economically

as well as metallurgically.



