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! INTRODUCTION

The present article is one of a series which is being prepared by the
Southwest Experiment Station of the -United States Bureaw of Mines in cooperation
with the Department of Mining and Metallursy, "niversity of Arizona, Tucson,
Ariz., of papers dealing with factors involved in the leaching of copper ores.

A lmowledege of the time required'to dissolve the various copper wminerals
present in ores, as well as of the consumption of leachings reagents is very
desirable, because with the decrease of the Jdtion's total tonnage of sulphide
ores increasing attuntion is being given to the recovery of copper by leaching
nethods from low-grade disseminated ore containing both oxidized and sulphide
minerals. As leaching has already been applied with success and profit, this

‘ study was underteken to determine certain fundamental characterisgtics tha.t are
applicable to all ores suitable for leaching.

Precedlnb articles hava dealt with the 1ngress of leaching solut1ons
into rocksd and the removal of soluble copper from leached ores.® 1In this paper
the dissolution of certain oxidized copper minerals will be discussed.
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MINERALS INVESTIGATED

Tests on one sample of azurite, one of maléchite, one of tencrite, and
five of chrysocolla are here reported. ce

The azurite was from the Calumet and Arizona mine, Bisbee, Ariz.; the
malachite was from the Mammoth mine, Mammoth,. Uteh; the tenorite from the Cld
Dominion ming, GIlobe, Ariz.; and the five samples of chrysocolla were from
Miami, Ariz., Globe, Ariz., Iudwig mine, Yerington, Nev., Silverbell, Ariz.,
and from an unknown gource.

Chemical Composition of Minerals

The chemical composition of the minerals used 1s given in Table.l.

Table 1.~ Analyels ovaineréls

Total| Zoid |70, | S Insol-| §i0,, | C20, | Mo,
o Cu, |Soluble |-per [ per..{tdble, " |per per per
Minerals per .| .Cu, cent| cent | per ' | cent cent cent
o cent | per- g .| cent |
- | cent . - I
Azurite..... Ve “..| 556.3b! 55.34 ! 0.23]| 0.02 0.46 | "< [0.32 | 0.17
Malachite........... +.| 55.43| 55.34 | 0.49 0.045| 0.42 - 10.56 | 0.24
Tenorite..... Veraeeens 29.86|.-29,56 | 4.35) - tr. | 26,88 | - - 5.0
Chrysocolla, liami....| 29.14| 29.04 | 0.63|" ' = | 46,04 | - -
Do. Globe....| 26.36| 26.36 0.46. - 49,32 [ 47.10| - -
Do. Nevada...| 34.64|. 34.44 | 3.82| 0.38 29.52°29.14 | - -
Do. Silverbell| 67.10| 17. 89 | 1.62|15.71 4.24 - - ~
Do, Unkmown. .| 47.76| 41.92 1.66 - 15.72 - - -

Wote: Dashes indicate that no analysis was made.

The pure minerals azurite (Cuz(OH),(COz)z), malachite (Cup(QH)2COz), and
tenorite (Cu0) contain 55.32, 57.46, and 79.89 per cent oopper, respectlvely
True chnysocplla,ICuSiOS.EHBO contains 36.14 per cent coppér.

All minerals were crushsd and sized to mimus 100 plug 200 mesh with
Tyler standard screens

EXPERIMENTAL WORK

Egperimantal Procedure

Samples of from 2 to 10 grams were welghed put into’ 5—p1nt acid bottles
_ and 5C0 cubic centimeters of the leaching reagent was added.  The Bottles and,
contents were then put on revolving rolls. The temperature was 35°C. in all
tests; the bottles and solutions were brought to the required tempe rature before
the teste wore started.. Unless specifically stated tc thé contrary,’ all bottles
were open (not stoppered) to the air.
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R.I1.N0.2934. .

In.thig report .a 5 per cent. solution.of ferric sulphate indicates a
solution containing BO'grams of ‘iron per liter as ferric sulphate. A 5 per
cent solution of sulphiiric ac¢id indicates & solution containing 50 grams of
HpS04 per liter: The author is aware that défining a solution containing 50
grams per liter as 5-ps8r cent, neglects the fact .that the specific gravity of
the solution is slightly. higher thah water, but for ease in. ‘reporting results
it is so termed in this article. This system of nomenclature is common with
copper hydrometallurgists, . S e e : :

~ Table 2 gives a, cumugry of the treatment to whidh qach of the mineral
specimensg was aubjected TR f i

Table 2.- Data on the 1eachipg treatment to which the oxidized
COpPET minarals ware subjectgd

i

~ Mineral s .. Leached with:
(4. . |1per -eent, sylphuric acid.
I SRR - S do.:
_ 4 |5 do.
Azurite......... J 10 .. 1 per oent neuiral ferric sulphate
210 70 |B. , ‘do.
: 10, Distilled water.
8 .. .|2per cent ferric sulphate plus 10 per cent -
o I sulphuaric acid.
A 8 5 per cent ferric sulphate plus 10 per cent
gnlphutric acid.
© 4 1 per cent sulphuric acid.
4 2 do.
4  |5° do.
10 11 per cent peutral ferric sulphate.
Malachite....... A-[ﬁ .10 15° do. .
R 10 , Dlstilled water.
8 . | 2 per cent ferric sulpbate plus 10 per cent
|.  sulphuric acid.
[ 8 & per cent ferric salphate plus 10 per cent
. _ sulplurlc acid., .
(7 1l per eent eulphurip aC1d.
. 7 |2 do. -

. . N I b . do. - e
Chrysocolla from 10 .. 2 per cent ferric sulphate plus 10 per cent
Miami, Arizoma.. |.§. , , . gulphuric acid.

10 5 per cent ferric sulphate plus 10 per cent -
sulphuric acid.
10 . 2 per cent neyutral ferric sulphate.
L 10. 5 do. . .
N 10 Distilled water.

1 Neutral ferric sulphate as used .in this repory means chemically pure ferrio.
sulphate without the addition of any. acid from cutside sources. The solutlon :
actually hag an acid reaction and usually contains some free acid.
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R.I.N0.2934., - - .

Table 2.- Data op the leaching treatment to which the oxidized
COppar minerals were subjected - Contimued

.

1ew

‘igeral . | Weient of Leached with:
o e sample, grams , -
( 2 2 per cent sulphuric acigd.
ST o 2 5 do.
Chrysocolla from 2 2 per cent'neutral ferric sulphate.
Globe, Arizona, ¢ 2 5] do.
in both open and 2 | 2 per cent ferric sulphate plus 2 per cent
closed bottles.. : sulphurlc acid.
{ 2 5 per cent ferric sulphate plus 2 per cent
sulphuric acid. ’
( 2 12 per cent sulphuric acid.
2 5 do.
’ 12 2 per cent neutral ferric sulphate.
Chrysocolla from - |: J 2 5 do.
Nevada P 2 per cent ferric sulphate plus 2 per cent
' ‘sulphuric acid.
5 per cent ferrlc-sulphats plus 2 per cent

sulphuric acid.
5 per cent sulphurlc acid. R
| 5 per cent ferric sulphate plus 2 per cent
' sulphuric acid.
5 per cent gsulphuric acid.
5 per cent ferric sulphate plus 2 per cent
sulpluric acid.

2 per cent sulphuric -acid.

5 "+ do.

2 per cent neutral ferric sulphate.

6 ., do.

2 per cent ferric sulphate plus 2 per cent

. sulphuric acid.

5 per cent ferric sulphate plus 2 per cent
sulphuric acid.

Chrysocolla from
Silverbell, Ariz.

Chrysocolla from an
unknoéwn' source

(YS!

ww| W

Tenorite,
in both opexn and
closed bottles

L8]

Tha proaedure in the closed bottle tests was as follows: The solution
was poured into the bottles and oxygen—free nitrogen was bubbled tarough the '
solutions to remove the air'in the solution and in the bottle above the solution.
The samples of mineral were then added, and the bottle was corked tightly with
a. rubber stopper, In this mdnrer the dissolution tests were carried out in the
absence of oxygen, whéreas in the open bottles there was free access to atmos-
pheric oxygen..

The mineral from Silverbeil, Ariz.; was & mixture of c¢hrysocolla and
chalcocite. ‘The purpose of the tests on this specimen was to study the solu-
bility of the silicate rather than the sulphide portion, as it has often been
sald that.the copper silicate from the Silverbell district is acid-insoluble.
The chemical analysis given in Table 1 shows that the mineral was largely the
sulphida.
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R.TI.No.2934.

The sample from an unknown source contained both chrysocolla and cuprite. The tenorite sample contained some malachite ag well as tenorite.

The results obtained in these tests are given in Table 3.
Table 3.- Dissolution of Oxidized Copper Minerals

Mineral

Extraction of copver, ner cent

1 per cent
Ho50Y

2 per cent

\HQSOM

5 per cent
HESOu

1 per cent
'Feg(SOu)z

2 per cent
FBQ(SOQ)}

5 per cent

2 per cent

Feg(sou)j
+10 per cent

HoS0y,

5 per cent

Fe,(S0y)

+10 per cen
HgsOu

2 per cent

Fee(SOu)
+2 per -cen

Ho50y

5 pef‘eent

17‘(52(801_");?t |

+2 mer ce
HESOM

Azurite

61
72
gh
100

100

Chrysocolla

Miami

e
58
60

89
77

~
66
&5

99
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Table 3%.- Dissolution of 0xidized Copper Minerals - Contimaed

Extraction of copper, per cent

) } . . 2 per cent 5 per cent 2 per cent | 5 per cent
1 per cent|2 per cent| 5 per cent | 1 per cent | 2 per cent | 5 per cent Fee(SOM) 'Fee(sou) Feg(sou) Feg<50u>3 HEO
H,50) H,5S0y, H,50y Feg(SOg)B ‘FeE(SOu)S #FéE(SOM)B +10 per cefit [ +10 per cen% +2 per cené +2 per cent
- f H,S0y HpSOY H,S0y, HoS0)
Closed bottles , ' ' '
’ 1 hour........ - 100 100 - I} 100 - - 100 100 -
3 hours....... - - - - 68 - - = - - -
8 hours....... - - - - &1 - - - - - -
24 hours....... - - - - 97. - - - - - -
48 nours....... - - - - 99 - - - - - -
Nevada :
1 hour........ - 100 100 - = 72 80 - - 100 100 -
3 hours....... - - - - 7 97 - - - . - -
& hours....... - - ~ - 93 99 - - - - -
30 hours....... - - - - 99 100 | - - - - -
" With Chalcocite i o . SEER o - L LI -
1 hour........ - - 23 - - - - - - 61 -
3 hours....... - - 29 - - ~ - - - 66 -
. 24 hours....... - - 35 - - - - - - 20 -
With Cuprite k )
I hour........ - - 94 - - - - - - 100 -
3 hours....... - - 98-~ -~ s - 2 e = - - -
24 hours....... - 2 100 - - - -~ - - - -
Tenorite
Open bottles: ; :
1 hour........ - 98 98 - 51 96 - - 97 99 -
2 hours....... - 99 99 - - - - - - - —~
3 hours....... - 99 - = 87 98 - - 99- - 99. .. -
8 hours....... - - - - 9k 100 - - - - -
o4 hours....... - 100 - - - - - Y - - - -
20+hours....... - - ~ - 99 - - i - - -
5% hours....... - - 99 - - - - - - . -~
Closed bottles:
1 hour........ - 99 99 - g1 - 100 - - 100 100 -
3 hours....... - - - - 92 - - - - - -
-8 hours........ - - 100 - 98 - - - —- - -
24 hours....... - i - -~ 100 : - - ~ ~ - -

5819



R.I1.No0.2934.

Reaent consumption

Table 4 contains data oh the consumptioﬁ“bf reagehté in dissolmihg.tﬁé

minarals.
Table 4.- Consumption of reégents in dissolﬁtion tests oﬁ.
o¥Xidized copper minerals
- ' 'Ratio of acid |Ratio of ferric
Mineral Leaching solutlon consumed to 1ron oonsumed
: ' copper extract-|to copper pro-
- : ) ed, by weight |duced, by weilght
[1 per cent sulphuric acid [1.59 -
Agurite . do. 1.60 . .-
»--Ls do. 11.69 -
[l per cent sulphuric-acid |1.62 -
Malachite re do. 1.67 -
l5 do. -1e 71 - -
Chrysocolla from [é per cent sulphiric acid |1.77 -
Miemi, Artz. |2 gg- 2'88 -
(5 per cent sulphuric acid |[1.13 (1 -hour) -
do. 1.28 (3 hours) -
do. 1.55 (24 hours) ~
Chrysocolla from o per cent ferric sulphate - L
2 ; ‘ . ] Wry h .
Silverbell, Ariz. | +2 per cent sulphuric acid|0.95 (thouI) Q 46 (1 hour)
3 per cent ferric sulphate S - )
+2 per cent sulphuric acid|0.8l (3 hours) |1.43 (3 hours)
||6 per cent ferric sulphate| '
"~+2 per cent sulphuric acid|0.78 (24 hours)|1.40 (24 hours)
(5 per cent sulphuric acia 1.11 (I hour) -
Chrysocolla from - do. 1.41 (3 hours) -
uniiown source I - do. | 1,52 (24 hours) -
|5 per cent ferric sulphate . _
42 per cent sulphiric acid 1.99 (1 hour) |0.70
Tenorite,open bottlesfz per cent sulphuric acid |[1.13 (1 hour) -
do. 1.15 (2 hours) -
REACTIONS

The chemical reactlons 1n the dissolution of the oxidized copper minerals

by sulphuric acid are:

Azurite:- Cug(OH),(00z)g + BHpSO4 = 3CuSO + 2C0g + 4HO.

Malachite:- Cuz(OH)3COz + 2Hg§04 = 20uSO4 + COg + 3H0.

Chryaocolla:- (u§ils.ZHpO + Hpd0y =

Tonorite:— Cul -+ HESO4F

5819
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R.I.No.2934.

In each case 1 Cu==1 HpSO4, or 1.54 parts HoSO4 by weight _are
theoretically required to'extract 1 part Cu by weight. S

In the experiments the acid consumption was a little higher than the
theoretical amount. It was also noted that the stronger the acid uwsed ths
greater was the consumption.

AlthOugh the formation of basic sﬁiphates of iron in the décompogition.
of oxidized copper minerals. by ferric sulphate has made difficult the determilna-
tion of the reacticas 1nvolved the following equations probably represent what
occurs: .

Azurite:- ms(ox)z('dos)é + Fep(S04)s w 3CuSO, + Feglz + Hp0 + 2005
Malachite: - 3@2(03)§c63 + 2]@2(804;)3 = 6CuSOy + 2Fey0n +':';co2 + 30
Chrysocolla ~ 3CuS105.2Hp0 + EBB(SO4)3 SCuSO4‘+ Fo,0z + 35105 + 6H20
Tenorite:- 3Cul + 1&32(504)3 = 3CuS0y + Fe,0z. '

In each inetance 3 Cu require 1 Fe (SO )3 to . furnish gufficient S04 =-
to convert the copper into the soluble su% %

When the oxidized mlnerals in the quantities used in these experiments
woere leached with.l ¢r 2 per cent neutral ferric sulphate, the golutions
became cloudy in about one hour. In two hours there was considerable -evidence
of ferric oxide (or hydroxide) suspended in the solution, .and upon standing
several hours this precipitated. In 21 hours the precipitate was very heavy
and, after standing for a few mimutes without agitation, the solution became
perfectly clear while. the solid setfled to the bottom. There was no evidence -
of precipitation with 5 per cent feérric in dny case. This may have been due to
the fact that inasmuch a8 a 1arge excess of solution was used, .the acldity was
not reduced sufficlently to cause precipitation. Also 1t is well known ‘that
basic sulphates of iron are easily formed and may remain in solution without
precipitation..

When the oxidized minerale are dlssolved in acidified ferric sulphate
solutions, the ultimate reactions are probably the same as those represented
when the minerals dissolve in sulphuric acid, because evan though the minerals
may be attacked by the ferric sulphate, the ferric oxide or hydroxide formed
probably is reconverted into the ‘sulphate by the acid présent.

CONCLUSIONS

Experiments have shown that the oxidized minerals of copper-azurite,
malachite, chrysocolla, and ténorite are soluble in sulphuric acid and ferric
sulphate solutions. Approximately 100 per cent of the copper is soluble in
one hour in sulphuric acid or .acidified ferric sulphhte solutions. In 1 or 2
per cent neutral ferric sulphate the dissolution is somswhat slower, but in
nearly every instance the minerals are complately decompOsed n ‘84 hours or less.
The rate of dissolution in 5 per cent neutral ferric sulphate is about the same
8s in sulphuric arid or acidified ferric sulphate.
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Chrysocolla is aoften said to be insoluble in sulphuric acid or in
golutions containling ferric iron, but such insoluble silicates of copper are
probably diomtase and not chrirsocolla. The eilicate portion of the mineral
from Silverbell, was found to be acid soluble.

The dissolution of chrysocolla and tenorite was practically the same
in open bottles as in bottles from which the oxygen had been removed by
oxysen—free nitrogen.

The consumption of acid in dissolviny the minerals is a little higher
than theoretical. This is due to impurities in the minerals, which consums
the acid.

Siace nearly all ~f these oxidized minerals are dlssolved in one hour
in the two reagents which would be uzed in practice - namely, sulphuric acid

and acldified ferric sulphate - it seemed useleas to treat particles of various
sizeg at different temperatures.
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