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SYNOPSIS

The research upon which this thesis is based is intended to 
show what the effects of different strengths, temperatures, and 
times of reaction, of K2S0Jj,H2S0 ,̂ and ammonia leaching solvents 
were upon two different oxide-copper ores. The research was 
also intended to develope a suitable method for carrying out' 
leaching experiments in the laboratory.

The experiments showed that each of the solvents used might 

be practical in a commercial leaching-in-place operation, though 

some difficulties were encountered with the ammonia leaches*
For H2?01i leaches an increase in temperature was shown to have a 
very considerable effect on the copper extraction obtained.
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INTRODUCTION

The leaching of ore deposits in place poses many problems 
upon which there is at present little or no information. The 
problems involved in a practical, leaching-in-place operation may 
be summarized as:

1* To find a suitable ore body.
2. To determine the quantity and quality of the minerals 

present in both the ore and the host rockj to determine 
the porosity and permeability of the ore body and the 
adjacent strata.

3* To develop a leaching solvent suitable for the particu

lar ore.
il. To .determine the best method of obtaining penetration of 

the ore body along the right channels and to find the 
correct hole spacing.

5. To find what are the effects of temperature and strength 
of solvent upon the extraction rate and the time requir
ed to obtain a given extraction.

s'
6. To determine what pressure should be applied at various 

stages of the leach.
7. To develop methods of reservoir engineering to control 

the flow of the solutions in the ore body.
8* To determine the extent to which washing of the leached 

ore body will be necessary.
9. To develop the most economical method for extracting 

the ore minerals from the pregnant solution*

10* To develop a method for rejuvenating the leaching sol-v
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vent*

The object of the research upon which this thesis is based 

was to find which of three possible solvents would be best for 
two different ores and what the effects of temperature, strength 
of solvent, and time of leach were upon the extraction of the 
copper from the ores.

A further object of the research was to develop suitable 
methods for carrying out similar tests in the future and to se
lect the eoulpifipnt which would be reouirp.d for such tests.

There are very large tonnages of low-grade sedimentary cop
per' ores in the United States, and the present -vorld shortage of. 

copper makes the extraction of these ore bodies an attractive 
prospect* The ore bodies, generally averaging below 1.0 percent 
copper, are too low-grade to be mined by conventional methods* 
Leaching—in-place offers a possible method of economic extrac

tion*
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A REVIEW OF PREVIOUS WORK

There has, at one tiros and another, been a very considera
ble amount of work done, both in the laboratory and in the field, 
on the leaching of copper ores,- i -

• ‘However, most of this work has been in connection with the

type of work are clearly very different from those involved in a 
leacMng-in-place operation* In addition, much of the work has 
been«on sulfide or roasted-sulfide ores, whereas the ores con
sidered in this research contained carbonate and native copper.-

per ores showed that a solution of 1 percent HjSO^ would give
over a 95 percent extraction of the copper from all types of 
copper—oxide ore except dioptase. In the case of dioptase a 95 
percent extraction was achieved with a 2 percent KjSO^ solution, 

Various commercial operations to recover oxide copper ores 
by an HgSOjj leach have been successful. At Chuquicamata, Chile 
(2), a mixed oxide-sulfid© ore was leached with H2S0|i, and 98 
percent of the oxide ore, consisting largely of malachite and 

azurite, was extracted. The ore was ground to minus 3-mesh.
At the Katanga mines (3) an oxide copper ore with malachite 

predominating was successfully leached with The extrac
tion was 97.ii percent.

These two examples will suffice to show that with a fine- 
ground oxide-copper ore the extraction by an leach is
likely to be very high.

Leaching of oxide ores by an F̂ SO-j solution has also been

leaching of mined ores in tanks.

Experiments conducted by Sullivan (1) on various oxide cop-
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tried commercially. Tests by the Fontana Ore Purchasing Company, 

Butte fU), gave a total yield of 90 percent of the copper* One 
difficulty experienced in an 902 leach at Coconino, Arizona (5), 
was that the copper in solution tended to be redeposited as the 
insoluble cupro-cupric sulphite.

The third type of solution which was tried in this research 
was an NH^ solution. There have been two outstanding examples 
of commercial NK^ leaching. The Kennecott Copper Corporation at 
Kennecott, Alaska (6), used NH^OH and (NH^^CO^ as the solvent. 
The ore was ground to minus 20-mesh and the extraction of car
bonate copper was about 82 percent. The extraction varied con
siderably with the size of feed.

The Calumet and Hecla Company (7) have leached the tailings 
from a dump by an ammonia process. The copper in the tailings 
was native copper, and the solvent used was CuCO^CNH^)^. This .s 
process will be discussed further in the consideration of NH^ 
leaching.

Besides H28O3, and NH^ leaching, various sulphate*
sulphite, carbonate, and chloride solutions have been used to 
leach copper ores; however these solvents do not offer such good 
chances of being an economic success in a leaching-in-place op
eration as the B^SO^, B^SOg, and NH^ solutions.

The only work that the writer has seen, dealing specifical
ly with the problem of leaching copper ores in place, is a the
sis for the degree of Master of Science submitted by Parke 0. 
Yingst (8). Yingst experimented with a ground copper ore, rece
mented with artificial'cement to simulate the natural rock,
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through which solutions of f^SO^, NHĵ OH, and I'^CO^ were passed. 

The resuits were not satisfactory, and, in the opinion of the 

writer, the method of conducting the experiments, though a good 
idea, proved a failure.

For the present plan of research it was decided not to at
tempt to simulate the conditions of ore-in-place but rather to 
leach a crushed ore and to theorize on the probable difference 
in leaching characteristics between tho ore in place and the 
crushed ore.
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THE EXPERIMENTAL WORK

The two ores used for the experiments were both obtained
from the Cash-In Mine, Montrose County, Colorado, and were dona-

*ted by Professor Livingston. Throughout this work the two ores 
are identified by the numbers I and II.

Ore.I consisted of a number of hand-picked specimens* From 
its appearance it was obviously of a high grade. The ore con
tained azurite and malachite in roughly equal proportions and 
also some native copper.

Ore II consisted of specimens which had been deliberately 
selected because they did not contain any of the obvious high- 
grade portions seen in Ore I. The ore was contained in a buff 
quartzose sandstone and consisted of malachite and azurite, with 
malachite predominating. There was no trace of native copper. 
The sandstone was finer grained than that in Ore I.

General.
All the experiments conducted for this research followed a 

generally similar pattern. For each individual experiment two 
samples of ore were taken. The larger of these two samples, 
called the rilot-sample, weighed either about UO g, if it was to 
be immersed in 1000 ml of solution, or 20 g, if it was to be im
mersed in 500 ml of solution. The smaller sample, immersed in 
100 ml of solution, contained sufficient ore to give the same 
ore-to-splution ratio, i.e., I* g.

From the pilot-sample leach small quantities of solution 

were taken, at irregular intervals, to test the copper content



and solvent content of the pregnant solution* Because of the re
moval of sms 11 amounts of solution fro® the experiment, the re
sults obtained show a small cumulative error* As the purpose of 
these experiments was to find the general characteristics of & 
leach rather than the exact figures, this error was not considered 
to fee of great importance.

As a check to the pilot sample readings, the second sample, 
known as Hie end—point sample, was not analyzed until the j&lob 

sample readings were complete* This end-point sample was then 
alysed for both the percentage copper detraction and the copper in 
the tails. The results could then fee compared with those obtained 
from the pilot sample, as a check*

Apparatus and Equipment
The apparatus used in the experiments was of the very sim

plest M a d  normally used in chemistry laboratories.
The leaches were carried out 1b lOOCMsl beakers and in.500- J 

and 2$Q-ml Erleiuaeyer flasks. The strengths of the solvents used 
were measured by titration.

Besides the simple apparatus used in the leaching operations, 
the only other equipment used was ® Beckman Model BTJ spectrcphoto— 
meter. This piece of equipment was used as a colorimeter to meas
ure the concentration of copper in the pregnant solutions* A full 
description of this equipment and instructions for its use are giv
en in a bulletin published by the National Service Laboratories 

(10)*

In accordance with Beer^s and Lambert{s lairs the following 
relationship is found to holds



I = Ic x 10_kcd (1)
where I is the transmitted light intensity,

J0 is the incident light intensity, 
k is the constant for the wave length, 
e is the concentration of solution, 

and d is the light path of the solution cell*

Fquation (1) may be rewritten as:

kcd - - Log I (2)
10 T “o

from standard solutions, for which the value of c is known,
the, values of I can be plotted against values of c. The spec—

Io
trophbtometer reads the values of l/lo, or percentage transmission, 

directly*

Materials and Reagents

The solutions used for the experiments were HpSO^, H2SO3* an& 
a mixture of and The only other chemicals required
during the experiments were cone phenolphthalein, and

cu2(oh)2co3. 

The Fxperiments
1 ' The work involved in the three different leaches, i.e., HjSG^, 
RgSO^# and NH^, will be described in the order in which the erper- • 
imerrbs were carried out* Work which was common to all the experi

ments is described first.
The ores, as donated by Professor Livingston, were in lumps of 

up to 6 in. diameter. It was decided that both ores would be crushed
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to the same size, approximately, and that no attempt would be 

made to crush them finely. As the ore in the ground will not be 
crushed, the size of ore used in the experiments is of little in
terest in the final analysis, though there is no doubt that the 

size of ore will considerably affect the rate of extraction*
Both ores were first crushed in a jaw-mill crusher to about 

minus inch size, Fach ore was then passed through a cone crush
er* The size analyses for the ores as used in the experiments 
were as follows:

Ore I - % Ore II - %

Plus U-mesh 3.5 1*8
Plus 8- minus l*-mesfa 6,2 5*3
Plus 16- minus 8-mesh 19*6 7*5
Plus 32— minus 16-mesfa lU*5 25 *U
Plus U8- minus 32-mesh 9*6 22*1
Flus 100- minus li8~mesh 18*3 16* U
Minus 100-mesh 28*3 21.5

100.0 100.0

After crushing, both ores were analyzed to find the total, 
copper percentage in each. The analyses of the ores were carried 
out by colorimetric methods as these methods were to be used la
ter for the determination of the strength of copper in the preg
nant solutions.

In order to make these analyses it was first necessary to 
standardize the spectrophotometer with solutions of known copper 
percentage.

The Making of Standard Copper Solutions
The standard copper solutions were made from pure copper wire 

rather than copper sulfate because of the need for extreme accuracy
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in the Baking of standard solutions. The purity of copper sulfate 
is always open to question with regard to the number of H2O mole
cules present#

About l/3 of a gram of wire was weighed accurately and then 

dissolved in 10 ml of cone HNO^ snd 10 ml of cone The so
lution was heated very gently until copious white sulfur fumes 
were evolved and was then allowed to cool. When cooled the solu
tion was diluted with about J4O ml of distilled 1^0 and then alka*- 
lized with cone HK^OH, added drop by drop. When about 30 elL of 
NHĵ OH had been added, the solution turned a dark blue color, indi
cating the formation of the complex ammonia compound, CuOiH-^^SO^.

This solution was poured into a 100 ml Hask and sufficient 
dilute Nl^OH was added to make 100 ml. Parts of this solution, con
taining O.368O g Cu in 100 ml, were diluted accurately with dis
tilled F2O to form 12 standard solutions containing from 0.3680$
Cu to 0.00123$ Cu. These standard solutions were then used for 
calibrating the spectrophotometer.

Calibrating the fpectrorhotometer for CufKK^)) S0)t Solutions
In order to obtain the most accurate results from the colori

metric analysis of solutions with a spectrophotometer, it was nec
essary to find the most suitable wave length at which to conduct 
the analyses. To do this a series of experiments were run on a 
single Cu(NH^)j^S0^ solution at different wave lengths. The results 

are plotted in Figure 1.
The most suitable wave length, in theory, is that at which,

(1) a unit change in wave length gives a minimum change in adsorp
tion and, (2) the adsorbtion is a maximum. This will give maximum
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sensitivity^ and minimum variation for a slight change in wave length.

From the curve in Figure 1 it can be seen that these conditions 

are fulfilled at wave lengths of about 500 rap and 1200 rap. however, if 

either of these wave lengths were chosen, the stronger solutions likely 
to be met with in the experiments could not have been analyzed without 
diluting first, as the percentage transmission would have been less than 
1$. (The model PU spectrophotometer cannot measure percentage transmis
sions lower than one.) A wave length of 700 rap was chosen, but it would 
have been better if a shorter wave length such as U'aO or 500 rap, had 
b^en used and the stronger solutions diluted if necessary.

A graph similar to Figure 2, tbouei plotted on a larger scale, was 
used during the experiments to find the percentage of Gu present in a 
solution. The linos marked 10:10 dilution, 10:5 dilution, and 10:1 di
lution, were drawn so that the percentage of copper in the original so
lution could be read for diluted solutions. These dilutions (copper so

lution: dilutant) were necessary as the NK^OH was added to the CuSO]^ so
lution to obtain the complex solution.

Analysis of the Ores
Ores I and II were analyzed in the same manner. About 100 g of 

each ore was taken and ground as fine as possible with a pestle ana mor

tar.
The preparation of the solutions for analysis followed the sugges

tions by Yoe (9)- A sample of about 3 g was taken for each analysis and 
weighed accurately. This s-mple was placed in a casserole end about 15 
ml of cone FNO^ and 5 nil of cone HgSO^ added. The casserole was heated 
gently until the contents became a pasty mass. The CuSO^ was dissolved 
in distilled HgO ^nd cone NH^OH added until the complex ammonium solution
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w**s formed. The solution was then filtered and the residue washed with 
dilute the filtrate was made up to 2^0 ml in a graduated flask,
and then analyzed in the spectrophotometer.

Pecause of the extremely spotty nature of Ore I, it was necessary, 
in spite of the fine grinding, to make six analyses to get an accurate 
result. The average of these analyses gave 9.08$ Cu in Ore I. The in
dividual analyses varied from 10.1$ to 8.1$ Cu.

The values obtained from six analyses of Ore II showed a greater 
constancy than those for Ore I. The average value was 0.268$ Cu.

Sulfuric Acid Leach
Dilute reacts with malachite and azurite as shown below:

Malachite: C^COH^CO^ + 2K2SO^ = 2CuS0^ + CO2 +
Azurite: Cu^fOH^fCO-̂ )2 + 31^50^ - OCuSO^ + 2CO2 + UH2O
Native copper, the other copper constituent of the ore, is not at

tacked by dilute P^SO^. A 100 percent extraction with Ore I should not 
be possible with an P^SO^ leach.

For'either malachite or azurite one acid molecule is required to 
form one CuSO^ molecule. The stoichimetric calculation for the pure cop
per-acid reactions shows that for 1 part of Cu dissolved, 1.5U2 parts of 

H^SO^ ar*3 consumed. This may be restated in another way more easily used 
in the evaluation of the experimental data: an addition of 1.0 percent
Cu to the pregnant solutions requires a drop of l.oU2/U.Q03, or 0.3l3i?> 
in normality of the acid solution.

The acid used for these experiments was obtained by diluting com
mercial cone F^SO^, normality 36.62̂  Throughout this paper a 1 percent 
80̂  solution is defined as that which contains 1 part* per 100 of cone
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The .experiments with H -50, were conducted at three temperatures:2 U
room temperature (20 C), 30°C, and KO^C. The 30°C and 50°C experiments 
were conducted in a small electric Fisher oven. The pilot samples were 
placed in 1000-ml beakers, and the end-point samples in 23'0-ml beakers.

Readings were taken from the pregnant solutions at irregular inter
vals. Two separate reaaings were taken from each experiment at a time. 
The first reading was taken on the spectrophotometer for the Cu content 
of the solution. The samples analyzed in the spectrophotometer were ob
tained by taking £ ml of solution from the pilot-sample and adding to 
this = measured volume of NH^OK to form the dark blue cuprammoniuap sul
phate. The second reading was a titration of 10 ml of solution to de- 

\

termine the acidity of the remaining solution. A dilute solution of 

NH^OK was used 'or the titration wit> phrnolpbthalein as indicator. Ow
ing to the formation of the cuprarr.nionium salt during the titration, the 
end-point was not as sharp as might have been desired. Fowever, with 
experience a consistent end-point could he determined.

It would have been better if a standard solution of, say, NapCO^ 
had been used for the titrations instead of the NHi OK. The best method4
of determination of acidity, which was not available to the writer at 
th^t time, would have been by using a pH meter.

The readings were continued until the copper extraction rate.became 
negligible. The pilot solution was then thrown away and the end-point 
solution analyzed. The tails from the end-point solution were washed 
carefully, and then the copper was dissolved in the same manner as when 
the ores Y/ere originally analyzed.

Sulfurous flcid Leach
A solution of SOp in water dissolves all oxide copper minerals with
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the exception of Cu^O.
The reactions with malachite and aznrite are shown below:

Malachite: Cu^OH^CO^ + 2I?2S0o - 2 CuTO, + C02 + 3H20
Azurite: C u ^ O F ^ f C O ^  + 9 ?CuS03 + 2C02+UF20
The CuPO^ formed in the above reactions is an unstable salt which 

is slowly changed into a mixture of cupro-cupric sulfite ~-nd cupric sul
fate. The cupro-cupric sulfite is stated by Jennings (3) to be insoluble. 

6CuS03 + Cu 2(0 H )2C03 x  2 -(CUgFO^ Cu503 ) + 2CufO^ + HgO + C02

The acid used, for these experiments was made by collecting the S02 
given off when Na^SC^ reacts with HC1:

Na2S03 + HC1 * 2NaCl + H20 + S02
The ?02 was passed through HgO until a strong solution was obtained.
This solution was 0.2[?9 N. As a 1.0 N solution would contain Ul g in
1000 ml, a 0.25° N solution contained 10.6 g in 1000 ml, or 1.06^ H2S03« 

The F2?03 leaches were conducted in a similar manner to the H^O^ 
leaches except that the pilot samples were leached in 900-ml ^rlenmeyer 
flasks. The object in changing from beakers to flasks was to minimize 
evaporation losses. Tith an HgSO, leach it was especially important to
prevent an excessive loss of 002* An F2?03 solution tends to oxidize to
ILfO, and also to lose ?CL. In order to reduce the oxidation a smalld. l\. 6
quantity of glycerin was added, which acts as a negative catalyst or in

hibitor.

Ammonia Leach
An ammonia leach has two advantages over all acid leaches. An am

monia solution do^s not attack the cementing materials in the host rock 
and will extract the native copper.

The reactions between malachite end NHĵ OH or solutions
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are:
C u 2 f O K ) 2C O ^  +  ii(NH^)2C 0 3 -  2C u r K H 3 ) ^C0 3 +  3C 0 2 -f £ K 2 0  

Cu2r0H)2C03 + SNH^OH * C02 * 2Cu(NH3)^C03 + 9H20 
From those- two equations it car, be seen that if 6 parts of NK^OH 

and 1 part of (NH^)2C03 form the solvent* there will be an over-all C02 
balance, ^ho final equation will then be:

Cu^OF^CC^ + fFH^)2CC53 + 6FFĵ 0F = 2Cu'N!l3)i,C03 +• 8F2O 
To obtain  ̂ solvent in the above proportions, a i*.liO N solution of 

NH^OF was mixed to an equal Quantity ^f solution containing

7.^ g per 100 ml. This solvent contained 10.0 percent NK3.
^efore the l^achin? experirents could be started, it was necessary 

to have a new set of standard CufFH^jjCO^ solutions. These standard so
lutions were prepared by dissolving 1.0 g of artificial, basic copper 
carbonate, Cu2 0̂F)2C03, in NH^OK solution.

Once again a series of tests were made, similar to those with the 
Cu^NH3)^F0)A solutions, to establish the best wave length at which to 
make the copper estimations. The results obtained from these tests are 
shown on rlgure 1. The curve shows the same general form as that for 

Cu^NH3)^°0^. Once again a wave length of 700 mp was chosen.
The curve obtained from the standard solutions is shown in Figure 3. 

For the purpose of obtaining clear readings during the experiments, the 
curve was originally plotted to twice the scale shown in ^igure 3.

The leaching experiments were carried out in the same manner as 
those for the F2>c0^ and Hp503 leaches. The ore samples were all leached 
in ^rlenmeyer flasks, ^nd the flasks were tightly corked to prevent the 
escape of the NK^ from the solution.

As the cupro'Tm>oniurn salt is formed directly from the leaching re-
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action, it was not necessary to tre*t the samples in any way before anal
ysis. For the NH^ leach no attempt was made to check the NK3 consumption 
as the only' NH^ loss is that arising from the NH3 which escapes. Any NHj 
which combines with other minerals in the ground will be regained when 
the pregnant solution is heated to extract the copper.
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~~THF~R^SULfS

In order to present all the results in a form in which they can 
easily and quickly be noted, they are riven in the form of a series of 
graphs.

Figure U shows the extraction obtained from Ore I with four differ- 
ent-strength HpSO^ leaches at 20°C. From these curves it can be seen 
that there is a very sharp difference in extraction between the 0.1 per
cent F^SO^ and the 0.5 percent F^SO^.

The O.f percent leach gave an 80.0 percent Cu extraction after about 
eight days. The 1.0 percent extraction gave a ^6 percent extraction af
ter five days. It was apparent that a 1.0 percent, or stronger, F^SO^ 

leach could obtain a very high extraction rate under the conditions of 
the experiments, and therefore no futher test were made with Î SO]̂  

leaches stronger than 0.5 percent.
Figure 5 shows the effect of varying the temperature in 0.1 percent 

F^SOj^ leaches. From the curves it can r e seen thnt after five days a 
leach at 2Q°C extracted o percent of the copper, that at 30°C extracted 
111 percent, and that at 50°C extracted 26 percent. These results show 
that though there was a considerable increase in extraction with a rise 

in temperature, a 0.1 percent F^SO^ leach was not efficient for Ore I.
Figure 6 shows the effect of varying the temperature in 0.5 percent 

FT2?0^ leaches.. The curves show that there was an appreciable increase 
in Cu extraction as the temperature rose and that with a 0.5 percent 
leach at 50°C a <?£ percent Cu extraction was obtained after eight days. 
This was a highly satisfactory leach.

Figure 7 shows the Cu extraction obtained by various strengths of 

H 2̂ 0^ solution. The highest • extraction obtained was about 59 percent, 

and the results were generally disappointing. In view of the later ex-
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perirrents with HpcO^ leaches*upon Ore II, it was not easy to understand 

why the results with Ore I should have been so poor.
Figure 8 shows the effects of leaching with the solvent. From 

a first glance it can be seen ttnt the curves do not follow the regular 
pattern sh^wn b; those in the previous grarhs. Vith the exception of the 
curves ^ nnd both drawn for experiments with 0.5 percent NK3, all the 
other curves show a general tendency for the reaction to slo?/ down, ac
celerate, and finally slow down again. One possible reason for the mid
way acceleration is that any native copper in the samples would not be 

dissolved until sufficient CufNH^^CO^ was in the solution. The reaction 
between Cu and CufNH^^CO^ is to form Cu2/,NH^)|4C0 .̂ The 
formed is rapidly oxidized by the oxygen in the air to CufNH^ )[lC0 .̂

With the exception of the leach ^ , the leaches all gave approxi
mately the same percentage Cu extraction regardless of the strength of 
the solution. The leach was made with a sample of Ore I which 
had been ground as finely as possible in a pestle and mortar. A compari
son between the curve for and that for ̂  * gives an indication of the 
effect that size particle, or exposed surface area, may have on the Cu 
extraction.

Figure 9 shows the effect of gn ie^c^ on ^re From the
curves it can be seen that both a 0.5 percent and a 0.1 percent J^CO^ 
leacb achieved a 100 percent extraction and also that the time required 
for the 0.1 percent leach indicated that a 0.05 percent leach would not 
have been very efficient.

A comparison between the curves for Ore I and Ore II with the same 

strength of leach will show that in every case the percentage Cu extrac
tion achieved was higher and also that the reaction was very much more 
rapid.
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Figure 10 shows the effect of varying the temperature v/ith SO
leaches on Ore II. ^xperirents 0 and Q, both with 0.5 percent H^O^

at 30°C and BO^C respectively, show no difference in the rate of extrac
tion of Cu. . The 0.1 percent leaches show an increase in rate of extrac
tion with increased temperature.

Figure 11 shows the extraction obtained from FpSO^ leaches on Ore II. 
A 100 percent extraction was achieved in each case and within a short 
period of time. A comparison between the results on Figure 11 and those 
on figures F and 10 show that for Ore II the H^O^ leach compares favor
ably with the leach.

Figure 12 shows the extraction achieved by the NK^ leaches on Ore
II. It can be seen from the.curves that the strength of solution made
little or no difference to he rate of Cu extraction. In fact, the 1.0 
percent solution achieved a slightly higher apparent extraction.

This was probably due to the 1.0 percent leaching sample containing a 
higher grade than the 2.5 percent sample. Approximately the same total 
Cu percentage extraction was achieved with Ore II as with Ore I. In 
both cases the results were disappointing.

The curves for Figure 12 show none of the irregularities that ap

pear in those in figure 8. This would support tie theory already advanced 
th^t the F-sh&pe of the curves in Figure 8 was due to a delayed extrac
tion of the native copper. There was no native copper present in Ore II.

Figure 13 shows the r-xcess H £C0^ consumed in experiments A, B, C, 
and D. The curves have been plotted in the form of the excess acid con
sumed, expressed as a percentage of that theoretically required, against 
the percentage Cu extraction.

The data presented in these graphs is discussed in the following 

pages.
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r’î î L'uri

;;’i 4HPm■•"   i'

y+r|-̂bnt:-7-;rft
r4— I!Hj -ten:

<mr
iHEF-y

tixrccîrtrc
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A DISCUSSION OF TFF DATA

Anomalies
The data presented in the preceding chapter raises several impor

tant points for discussion.
The first question that arises from a study of the data is, "Why 

do so many of the experiments, especially with Ore I, never achieve a 

high Cu extraction?” There; are several possible reasons to account for 
this observed fact: if the Strength of the solvent became reduced to the 
point at which it was no longer effective, then the leaching, action 
would stop; if the pregnant solution became saturated, or near-saturated, 
with Cu ions, then no further leaching would be possible; if some secon
dary reaction occurred during the leach that formed an insoluble compound 
which "blanketed” the ore..

In experiments A, C, F, and H the amount of acid remaining in the so
lution was very small, and a further extraction of Cu was scarcely pos
sible. In no other experiments, however, was there a shortage of solvent.

. In the leaching experiments in which CuSQ^ was produced in the preg
nant solution, saturation of +:he solution with Cu ions could not possib
ly account for the halting of the leaching action. Figure 1h shows the 

solubility of CuSOj^in B>0* The mild acidity of the leaching solutions 
will not greatly affect this solubility. From Figure 1U it can be seen

that 8.F g of Cu per 2 00 ml, or 21 g of CuSO^, form a saturated solution
at 20°C. In the leaching experiments there were only h g of Cu in 1000 
ml of solution.

An examination of th* tailings at the end of each experiment showed 
no signs of any blanketing action taking place. ■-Yhere an incomplete Cu 
extraction had been obtained, grains of malachite and azurite could be
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observed auite clearly.
however, the poor results shown in Figure ? for the leaches

on Ore I might be accounted for on the grounds of partial saturation of 
the solution. Jennings (5) states that 1.0 percent Cu is the maximum 

which can be held in solution by an eycess of SC^- In leaches I, J, and
. i

K there were approximately 2 g of Cu present and >00 ml of solvent. If 
all the copper had been dissolved, there would have been O.U g Cu in 100 
ml of solution, or a U0 percent saturated solution according to Jennings. 
*lso, as previously remarked, Jennings states that cupro-cupric sulfite 
is insoluble in F^SOy

The chemical equations given in the discussion of the sulfurous ac
id leach show that, if all the cupric sulfite was changed to cupro-cupric 
sulfite and copper sulfate, the maximum extraction of copper, represented 
by the soluble CufO^, would be 2> percent.

There are no figures directly available regarding the solubility of 
Cu^ffi^)^C0^ in solutions; but, from the standard solutions prepared, 
it was clear that a far greater amount of Cu could be contained in the 
pregnant solutions than is shown in experiments V, W, and 7 in Figure 12.

A slight smell of the solutions was entirely sufficient to assure 
the writer that there was still plenty of NH^ in the solution!

The Shost unexpected of all the results are shown in Figure 13« It 
was expected that the stronger acid solutions, though extracting a high
er percentage of the Cu, would also be more inefficient in the consump
tion of the acid. It was assumed that the strong acids would attack the 
other minerals' in the host rock more strongly than the weak acids. This 
was the result found in a series experiments on oxidized copper ores 

by Fullivan f1).
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However, in the present series of experiments the opposite effect 

was observed. Figure 13 shows that a 1.0 percent solution used on

ly 6.8 percent excess acid over that required for the copper extracted, 
whereas a 0o05 percent solution used 100.3 percent excess acid.
The inference is that the minerals other than copper which reacted with 
the acid solution were attacked preferentially over the copper. With a 
weak acid solution this would result in a reduction in acid strength to 
a degree at which there was insufficient acid remaining to leach the cop
per. If fresh acid solution had been passing through the ore the results 

might have appeared rather different. This shows that apparently a strong 
acid solution will give a more favorable ratio for acid-consumption-per- 
unit-of—copper-extraction than will a weak acid solution. This fact, if 
verified in practice, would be of considerable economic importance.

Errors
There were several possible sources of error in the experiments, 

but none of these appeared likely to be serious in view of the fact that 

great accuracy was not the most important objective.
Owing to the fact that the ores, especially Ore I, contained much 

of the Cu minerals in the larger fragments, it was inevitable that there 
would be son® inaccuracy in sampling the ores for the experiments. The 
Cu extraction given in Figures U to 12 is based on the average amount of 
Cu contained in the original ore analyses, i.e., 9.08 percent and 0.268 
percent Cu.

The analysis of the solutions by colorimetric methods was very ac

curate as long as the operation was performed carefully. The percentage 
transmission can be read on the spectrophotometer correctly to the near

est 0.2 percent. For the CufNH^kSO^ curve this gives an accuracy of



from' 2 ppm to 12 ppm, and for the Cu(M^)^CO^ curve an accuracy of 1 

ppm to 6 ppm depending upon which part of the logarithmic scale the 
reading is taken.

Suggestions for Further Study
In view of the fact that this program of research was in relation 

to the possibility of leaching copper deposits in place, it would be most 
useful if a method were devised for carrying laboratory leaching experi
ments under conditions similar to those that will pertain in practice.

I believe that some work on these lines has been undertaken at the 

Colorado School of Mines, but no details have been published.
One of the most obvious weaknesses of this program of research was 

that the leaching solutions are steadily undergoing a weakening of sol- 
vent-power as the Cu extraction rises. For laboratory purposes it would 
be more satisfactory if the strength of the solvent remained constant* 
This requires the passing of the solution through the ore sample. The 
other obvious weakness of the experimental method was that the ore being 
leached was previously crushed. An examination of any of the sedimenta

ry copper ores will show that the greatest concentration of ore minerals 
lies on the bedding planes or planes of fracture. These planes are those 

along which the original depository solutions have flowed. They are al

so the planes along which a pressure leaching solution will tend to flow, 

and therefore the richer parts of the ore will tend to be leached selec
tively. An examination of this could be done by pressure leaching large 
blocks or large drill cores of the orebody.

The writer feels that each of the leaching solutions experimented 
with has definite possibilities as a solvent for a commercial leaching- 

in-place operation. Further experiments incorporating batch leaching,
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pressure leaching of blocks or cores of ore and variations of solutions, 
solution strengths and solution temperatures would solve many of the 
problems still outstanding*

For an SO2 leach experiments might be conducted to observe the effect 
of pumping gaseous SO2 in the ground, to be followed later by an H2SQ3 
solution or H2O* Experiments have shown (11 and 12) that the rate of en- 
t*y of solutions into rocks is governed primarily by the solubility of 
gas within the voids and the rate at which ifche solutions wet the rock* 
Sullivan (l) remarks that

Hthe two factors are probably -interdependent, since the replace
ment of air in voids hy a more soluble gas also permits more 
rapid wetting of the solid by the liquid if the air film adher
ing to the solid is .also replaced by a more soluble gas,M

For a 2 in, cube of rock containing air, Sullivan found that 86 
percent of the voids were filled after 366 hrs of immersion in H 0.
When the rock was evacuated, and the air replaced with SO , 86 percent
of the voids were filled in i/2 hr*



CONCLUSIONS

1. The method of experimental work used in this research is simple 

and gives useful results to a limited extent.

2m For a more detailed analysis of the problems of leaching-in- 
place it will be advisable to devise a method of experimenting that con
forms more nearly with an underground leach.

3.. Use of the spectrophotometer for the rapid analysis of Cu-bear- 
ing solutions was fully justified. With the very large number of anal
yses made, over 300, analysis by titration would havp been most tedious.

U. Each of the solvents used, H^SO^H^SO^ , and NH^ showed promise
of being possible commercial propositions.

5>. A solution of 1.0 percent, or stronger, H^SO^ will leach the 
highest grade of oxidized copper ;ore.

6. The efficiency of leaching is decreased very sharply if the

strength of H;S0^ drops below 0.5 percent.
7. The effect of temperature upon the leaching action of Ĥ SÔ . is 

considerable. It appears likely that any waste heat would be well util

ized if cooling pipes were run through the solvent storage tanks and
that probably special heaters would be economical.

8. Low-grade ores can be leached by much weaker solvents than can 
high-grade ores. This is probably due to the fact that high-grade ores 
contain much of the Cu in crystals which tend to resist the entry of so

lutions.
9. As much of the high-grade ore will lie along the solution paths, 

it may be best to apply a strong solution at low pressure at first, and

later to apply a weaker solution at higher pressure to leach the less
permeable low-grade ore.

10. The consumption of reagents is not excessive so long as, in
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the cases of S0Z and NH^ leaches, the gases do not escape from the solu

tion in too large a quantity. Field experiments only can give a true an
swer to this problem.

11. The consumption of H^SO^ , over at least a short period of time* 
and under the conditions of the tests, is lower per gram of Cu extracted 
with a strong acid solution than with a weak one. (N.B. Further tests 
must be conducted to confirm or disprove this point.)
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