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Preface to the First Edition

Hydrometallurgy is a specialized branch of extractive metallurgy
dealing with metal recovery from ores, concentrates, and other metal-
lurgical intermediate products by wet methods. The other branches
are pyrometallurgy (treatment by thermal methods) and electrometal-
lurgy (treatment by using an electric current). This book covers the
elementary theoretical basis of solution chemistry, the engineering
aspects, and the technical applications for a large variety of raw materi-
als, e.g., metals, oxides, sulfides, phosphates, silicates, and others. It
also covers the purification-concentration steps such as adsorption on
activated charcoal, ion exchange, and solvent extraction. Finally, the
general aspects of precipitation from aqueous solutions are covered
with numerous examples.

Volume Two of Principles of Extractive Metallurgy by the author
published in 1970 and reprinted in 1980 was devoted to hydrometal-
lurgy. Since then, hydrometallurgy has greatly advanced. Leaching of
gold ores has expanded, in-situ and dump leaching became wide
spread, pressure leaching was applied industrially to sulfides with ele-
mental sulfur recovery, treatment of the so-called refractory gold ores
was industrialized, activated charcoal became an important hydromet-
allurgical reagent, numerous new organic solvents became known and
new applications were found. Further, the literature on hydrometal-
lurgy increased greatly as a result of the numerous conferences held on
this topic, new journals, and many review articles. All this led to the
decision that a new edition of Hydrometallurgywas warranted.

The present volume is an expanded and completely revised version
of the original volume. It is composed of five parts as follows:

Part One: Introduction. This part covers the history and scope of
hydrometallurgy, and a chapter devoted to solution chemistry. In this
chapter, the structure of minerals and water, elementary concepts of
acids and bases, oxidation and reduction, complex formation and pre-
cipitation is introduced. It was found necessary to bring these con-
cepts because many metallurgy students do not have this chemistry
background.
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Part Two: Leaching— General. This part is devoted to the general
aspects of leaching of ores and concentrates, the reagents used, meth-
ods and equipment, the engineering aspects, and the role of microor-
ganisms.

Part Three: Leaching Processes.  In this part, a systematic description
of the different leaching processes is given. It follows the nature of the
material to be leached whether metals, oxides, sulfides, etc.

Part Four: Treatment 0f Leach Solution — Purification, Concentra-
tion. In this part, the methods used to purify and/or concentrate the
leach solutions are given. This includes adsorption on activated char-
coal, ion exchange, and solvent extraction.

Part Five: Treatment of Leach Solution Precipitation. In this part, the
methods of recovery of metal values from leach solution are outlined.
These are divided into physical and chemical methods. Physical meth-
ods are based on crystallization while chemical methods are based on
hydrolysis, ionic precipitation, and reduction. Electrolytic methods,
i.e., those based on the use of electric current, are only briefly outlined
since these are usually discussed in electrometallurgy books.

The characteristics of this book are the clear and simplified flow-
sheets, numerous chemical equations written mainly in ionic form,
many illustrations for equipment and plants, and finally a lucid style
presenting the facts point by point as concise as possible. To make the
book of a reasonable size, detailed theory of hydrometallurgical pro-
cesses is covered in the author’scompanion volume “Kinetics of Heter-
ogeneous Processes”, which is an enlarged and revised version of
Volume One of Principles of Extractive Metallurgy. Contrary to the pre-
vious edition, the present edition contains only key references to the
original literature to save space. Nevertheless, many of the references
cited earlier are still useful.

The present work forms the basis of lectures to first year students
at the Department of Mining and Metallurgy at Laval University. It is
hoped that it will be useful to other students of metallurgy, chemistry,
chemical engineering, mineral dressing, geology, as well as to the prac-
ticing engineer in industry.

The book has been partially subsidized by the Faculty of Science
and Engineering of Laval University. Special thanks are due to the
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Dean Louis Cloutier, the Vice-Dean Andrt Duval, and to Jacques
Giguere and Jean-Frangois Morin, of the Pedagogical Resources.

April 1993
Qutbec City

Fathi Habashi



Preface to the Second Edition

Hydrometallurgy is a rapidly expanding field. A second edition

was prepared after six years from the publication of the Textbook to
incorporate some new material and because the stock of the first edi-
tion was exhausted. The new edition has been revised along the fol-
lowing lines:

Titles of recent monographs and conference proceeding volumes
dealing with hydrometallurgy were updated in Chapter 2

Oxyhydrolysiswas added to Chapter 3

Ferric salts were put under oxidizing agents and not under leach-
ing agents (Chapter 4)

Expansion in pressure leaching technology since major advances
were made recently (Chapters 6 and 9)

More importance was given to pyrite and arsenopyrite. This
resulted in changing the title of Chapter 12 to Sulfidesand Disul-
fides

More details were added to the treatment of phosphate rock
(Chapter 15)

Minor additions were incorporated in the sections dealing with
nitric acid, zinc, gold, and nickel metallurgy and correcting minor
typographical errors

An appendix entitled “Laboratory Autoclaves for Hydrometallur-
gical Research” was added to help those interested in entering the
field of pressure hydrometallurgy

May 1999
Sainte-Foy

Fathi Habashi
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“Hydro” means water and “hydrometallurgy” is therefore the art
and science of aqueous methods of extracting metals from their ores. It
is a relatively recent subject when compared with pyrometallurgy —
the ancient art of metal production. Man has learned thousands of
years ago how to build furnaces and use fire to melt rocks and produce
metals but the use of water and agqueous solutions for ore processing
came much later, mainly at the time of the alchemists when acids and
alkalies became known and used. Modern hydrometallurgy, however,
can be traced back to the end of the Nineteenth Century when two
major operations were discovered: the cyanidation process for gold
and silver and the Bayer Process for bauxite. Later, in the 1940s, a
breakthrough came during the Manhattan Project in USA in connec-
tion with uranium extraction. Since then, it has been advancing pro-
gressively and even replacing some pyrometallurgical processes.

EARLY PERIOD

The roots of hydrometallurgy may be traced back to the period of
alchemists when the transmutation of base metals into gold was their
prime occupation. Some of these operations involved wet, i.e., hydro-
metallurgical methods. For example, when an alchemist dipped a
piece of iron into a solution of blue vitriol, i.e., copper sulfate, the iron
was immediately covered by a layer of metallic copper. This apparent
transmutation of i |ron into copper is represented in modern terms by
the equation: Cu?* + Fe — Cu + Fe?*, but it was not known at that
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time that blue vitriol contained copper. The major question, however,
that remained unanswered was: how can the transmutation of iron or
copper into gold be affected? Gold, the most noble of all metals dis-
solved in mercury forming an amalgam but was insoluble in all acids
or alkalies known at that time. The discovery of aqua regia by Jabir
Ibn Hayyan (720—813 A.D.), the Arab alchemist, may be considered
as a milestone marking the beginning of hydrometallurgy. Aqua regia,
i.e., royal water, is a mixture of HCI and HNOj that dissolves gold;
neither of the acids alone has any dissolving action. Aqua regia is still
used today for gold refining, and chlorine one of its active ingredients:
3HCI + HNO3; — Cl, + NOCI + 2H,O was utilized extensively for
extracting gold from its ores till the 1890s.

In the Middle Ages, certain soils containing putrefied organic mat-
ter were leached to extract saltpeter, a necessary ingredient for the
manufacture of gunpowder. The process was fully described by Van-
noccio Biringuccio (1480-1539) in his Pirotechnia published in 1540.

In the Sixteenth century, the extraction of copper by wet methods
received some attention. Heap leaching was practiced in the Harz
mountains area in Germany and in Rio Tinto mines in Spain. In these
operations, pyrite containing some copper sulfide minerals was piled
in the open air and left for months to the action of rain and air
whereby oxidation and dissolution of copper took place. A solution
containing copper sulfate was drained from the heap and collected in a
basin. Metallic copper was then precipitated from this solution by
scrap iron, a process that became known as “cementation process”,
which is apparently derived from the Spanish “cementacicin”meaning
precipitation. This is the same process that was already known to the
alchemists and is still in operation today to an appreciable extent.

In the Eighteenth century, one of the most important industries in
Quebec was the production of potash for export to France to satisfy
the needs of the soap and glass industries. Before the invention of Leb-
lanc Process for the manufacture of Na,COj5 from NaCl, the main
source of Na,CO5 was from ashes of seashore vegetation, and that of
potash was from ashes produced by burning wood in areas where the
clearing of forests was in progress on large scale. The importance of
this process to hydrometallurgy lies in the fact that leaching was exten-
sively practiced. During the period 1767-1867,wood ash was col-
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lected from domestic stoves and fireplaces, and from lime Kilns, then
agitated with water, filtered, then evaporated to dryness to yield pot-
ash. One ton potash required the burning of 400 tons of hardwood,
which is equivalent to the cutting of about 10 acres of forest.

THE MODERNERA

The birth of modern hydrometallurgy dates back to 1887 when
two important processes were invented. The first, the cyanidation pro-
cess for treating gold ores, and the second, the Bayer Process for the
production of alumina.

The cyanidation process

The dissolving action of cyanide solution on metallic gold was
known as early as 1783by the Swedish chemist Carl Wilhelm Scheele
(1742-1786). Elsner in Germany in 1846 studied this reaction and
noted that atmospheric oxygen played an important role during disso-
lution. The application of this knowledge to extract gold from its ores
was proposed and patented much later in England by John Stewart
MacArthur (1871-1908) (Figure 1.1), Robert Forrest, and William
Forrest in 1887 and became known as the cyanidation process.
Bodlander in 1896 made the important discovery that hydrogen per-
oxide was formed as an intermediate product during the dissolution of
gold. The cyanidation process had already been applied to each min-
ing district in the world and still its chemistry was very obscure. Its
impact on hydrometallurgy had been tremendous. Extremely large
reactors known as Dorr agitators in which the finely ground ore was
agitated with the cyanide leaching agent and equipped with com-
pressed air injection in the pulp have been designed and built by the
metallurgical engineer John Dorr. Huge filtration plants designed to
obtain clear leach solutions for metals recovery were similarly con-
structed. The ancient process known as cementation which was
applied only for precipitating copper from solution by scrap iron was
applied to gold solutions, iron being replaced by zinc. In spite of all
these advances in engineering and the wide application of the process,
the theory still remained lagging behind. As a result of introducing the
cyanidation process worldwide, gold production increased greatly dur-
ing the period 1900—1910 (Figure 1.2).



Figure 1.1: The founders of hydrometallurgy. Left: Karl Josef Bayer (1847-190Q) Right: John Stewart Mac-
Arthur (1871-1908).
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Figure 1.2:Increase in world gold and silver production between
1900 and 1910as a result of introducing the cyanidation process.

The Bayer Process

The second major hydrometallurgical process of this era was the
process invented by Karl Josef Bayer (1847—-1904) (Figure 1.1) for the
preparation of pure Al,O3 and known as the Bayer Process. This pro-
cess was concerned with leaching bauxite, discovered in 1821 in
France in a small village called Les Baux, near Marseille, with sodium
hydroxide solution above its boiling point in a pressure reactor. After
separating the insoluble material, the pure solution was then seeded to
precipitate pure crystalline aluminum hydroxide which was filtered,
washed, dried, and calcined to pure Al,O5 suitable for charging to the
electrolytic reduction cell invented two years earlier. Bayer was an Aus-
trian chemist working in Saint Petersburg, in Russia; his process is
used at present in its original version with practically no change. It is
interesting to point out the following:
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e The process was originally developed to satisfy the needs of the
textile industry and not for metallurgical application; Al,O5 was
used as a mordant in dyeing cotton. It was only after the invention
of the electrolytic aluminum process by Paul Héroult (1863—
1914) in France and Charles Martin Hall (1863-1914) in USA
that Bayer turned his attention to metallurgy.

* Bayer's first contribution was in 1887 when he discovered that
AI(OH); precipitated from alkaline solution was crystalline easy to
filter and wash free from impurities while that precipitated from
acid medium by neutralization was gelatinous difficult to filter
and wash.

* Few years earlier to Bayer's invention, Louis Le Chatelier (1815-
1873) in France described a method for making Al,O5 by heating
bauxite with Na,CO3 at 1200 °C, leaching the sodium aluminate
formed with water, then precipitating AI{OH); by CO, which
was then filtered, dried, and ignited to pure Al,Os. In spite of the
numerous improvements introduced to this process by later inves-
tigators, it was abandoned in favor of the Bayer Process.

Other processes

At the beginning of the Twentieth Century numerous leaching
and recovery processes were proposed, some of them were put into
practice, others had to wait for about half a century until they were
applied, while other never developed beyond a pilot plant. When
examining the patent literature at the beginning of this century it is
remarkable to see the large variety of leaching agents proposed. In
1903, M. Malzac in France proposed the use of ammonia solutions for
leaching sulfides of copper, nickel, and cobalt. At that time NH3 was
an expensive reagent obtained exclusively as a by-product of the coal
industry. It became a cheap commercial reagent only after its synthesis
ten years later by Fritz Haber in Germany. Nitric acid was proposed by
Kingsley in 1909 for leaching sulfide ores. Also, at that time HNO;
was an expensive reagent obtained exclusively from the sodium nitrate
deposits in Chile by treatment with concentrated H,SOy. It became
relatively cheap only after the invention of Haber's process since nitric
acid is made now exclusively by the oxidation of ammonia.



History 9

Friedrich August Henglein (1893—1968) in Germany proposed in
1927 the use of oxygen under pressure to dissolve ZnS with water:
ZnS *20y,5) = ZnSOy(,q)- This invention was made in the chemi-
cal and not in the metallurgical industry as a method for regenerating
ZnS formed during the absorption of H,S from coke oven gas by an
ammoniacal solution of ZnSO,. Here again oxygen was an expensive
gas since the air liquefaction process was not yet perfected. Vladimir
Ipatieff (1867—1952) and his son in Russia in 1904—1920 used hydro-
gen under pressure to precipitate metals from solution; hydrogen at
that time was an expensive gas; it became cheap only after the discov-
ery of reforming processes for petroleum gases. In the hydrometallurgy
of copper, instead of precipitating copper from leach solution by scrap
iron in the usual way, electrowinning was used in Chile in 1912.

The First World War (1914-1918) created a demand for the zinc
for the manufacture of cartridge brass. Zinc for this purpose used to be
obtained by the distillation of commercially available metal in Bel-
gium and Germany from ore supplied by Australia. This situation
inspired industry in North America to supply additional metal from
ores that were not amenable to standard methods. At Trail in British
Columbia and Anaconda in Montana, the processes for electrolytic
zinc and the leaching of a large tonnage of ZnO by H,SO4 was intro-
duced. The process is mainly based on a patent by L. Létrange in
France issued in 1881. Cadmium gradually emerged as an important
by-product of this process.

RECENT DEVELOPMENTS

In the 1940s, the technology of uranium production was intro-
duced in connection with the Manhattan Project — a US project
aimed at producing an atomic bomb. Numerous new techniques
became suddenly used on large scale. Some of these are, for example,
the use of Na,COj as a leaching agent, ion exchange, solvent extrac-
tion, and many processes for precipitation from aqueous solutions. A
large number of synthetic resins for use as ion exchangers and, simi-
larly, a large number of organic solvents were specially synthesized for
use as extractants for uranium. In the 1950s, pressure hydrometallurgy
was introduced for leaching sulfide concentrates, for laterites, for
tungsten ores, as well as for the direct precipitation of metals from
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solution. Also, during this period, the recovery of uranium as a by-
product of phosphate fertilizers was achieved. Although this process
was abandoned few years later when important uranium deposits were
discovered, now it has been revived in view of the expansion in nuclear
energy programs. In the 1960s, the role of bacteria in leaching became
known and the wide spread use of heap and in situ leaching for
extracting copper was practiced. The same technique was later
adopted for leaching low-grade uranium and gold ores. In the same
period the application of organic solvents mainly oximes for extracting
copper from solution was realized.

In the 1970s, the mechanism of dissolution of sulfides was well
established and the pressure leaching of zinc sulfide concentrates was
applied industrially in Canada. In the 1980s, the hydrometallurgy of
gold dominated the scene: Widespread application of activated char-
coal for gold adsorption and the aqueous oxidation of gold refractory
ores was industrialized. Table 1.1 gives a summary of the historical
development in hydrometallurgy.

Table 1.1: Summary of historical development in hydrometallurgy.

Early period

7th century The apparent transmutation of iron into copper by alchemists
(Cu* + Fe — Cu + Fe?")

8th century The discovery of aqua regia by the Arab alchemist Jabir Ibn Hayyan
(720-813A.D.). This was the only known solvent for gold. Still used
today in gold refining.

16th century Heap leaching of copper-containing pyrite in the Harz mountains in
Germany and in Rio Tinto in Spain, and the precipitation of copper
from the solutions by iron.

18th century Production of potash for soap and glass industries by leaching ashes
left after burning wood, e.g., in Québec, where the clearing of forests
was in progress on large scale.

Modern Era

1887 The invention of the cyanidation process, i.e., dissolution of gold
from ores by a dilute sodium cyanide solution and the precipitation
of gold from the solutions by zinc.

The invention of Bayer's Process: precipitation of crystalline AI{OH);
from sodium aluminate solution by seeding, followed in 1892 by his
invention of pressure leaching of bauxite by NaOH solution.

1912 Recovery of copper from leach solution in Chile by electrolysis.
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1916

The use of ammonium hydroxide for leaching native copper ore in
Lake Superior District, and for malachite—azuriteore in Alaska.
Development of the hydrometallurgical—electrowinning zinc process
at Trail and Anaconda.

The recovery of cadmium as a by-product of the zinc hydrometallur-
gical process.

Recent Development

1940s

1950s

1960s

1970s

1980s

Development of the uranium technology in connection with the US
Manhattan Project aimed at producing an atomic bomb. Introduc-
tion of sodium carbonate as a leaching agent for uranium, the wide-
spread use of ion exchange and solvent extraction for uranium
recovery, and the separation of the lanthanides by ion exchange.

The application of pressure hydrometallurgy for leaching nickel sul-
fide ores and the precipitation of pure nickel from solution by hydro-
gen under pressure.

Discovery of the role played by microorganisms in leaching processes
and the widespread use of heap and in-situ leaching for extracting
copper from low-grade material.

The application of pressure leaching to a variety of raw materials,
e.g., laterites, tungsten ores, uranium ores.

The application of solvent extraction for copper.

Discovery of galvanic action in leaching sulfide minerals.

Recovery of traces of uranium from waste leach solutions after copper
precipitation with scrap iron.

Pressure leaching of zinc sulfide concentrate in dilute H,SO at Trail
and Timmins in Canada.

The hydrometallurgy of gold greatly advanced: widespread applica-
tion of activated charcoal technology, and aqueous oxidation of gold
refractory ores.
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HYDROMETALLURGY
AS A BRANCH OF EXTRACTIVE METALLURGY

Extractive metallurgy is the art and science of extracting metals
from their ores by chemical methods. It is actually divided into three
sectors: hydrometallurgy, pyrometallurgy and electrometallurgy.
Hydrometallurgy is the technology of extracting metals from ores by
aqueous methods, pyrometallurgy by dry thermal methods, and elec-
trometallurgy by electrolytic methods.

In general, hydrometallurgy involves two distinct steps (Figure
2.1):
o Selective dissolution of the metal values from an ore — a process
known as Leaching.

*  Selective recovery of the metal values from the solution, an opera-
tion that involves a precipitation method.
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Figure 2.1: General outline of hydrometallurgical processes.

Sometimes a purification/concentration operation is conducted
prior to precipitation. These processes are aimed at obtaining a pure
and a concentrated solution from which the metal values can be pre-
cipitated effectively. The methods used are: adsorption on activated
charcoal, sorption on ion exchange resins, and extraction by organic
solvents. They are common in one respect, namely, the same scheme
of loading, washing, and elution is used in all three operations. In the
elution step, the material is simultaneously regenerated for another
cycle. While the first two materials (activated charcoal and ion
exchange resins) are solids, the third material is a liquid phase. That is
why it is sometimes referred to as liquid ion exchange.

Hydrometallurgical processing may be used for the following pur-
poses:

* Recovery of salts from their deposits. For example, common salt,
sodium carbonate, potash, borax, etc.
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Production of pure solutions from which high purity metals can
be produced by electrolysis, e.g., zinc, cadmium, nickel, copper,
gold, and silver.

Production of pure compounds which can be subsequently used
for producing the pure metals by other methods. For example,
pure compounds of aluminum, magnesium, uranium, and beryl-
lium are produced by hydrometallurgical methods but the metals
themselves are produced either by electrometallurgy (aluminum
and magnesium), or by pyrometallurgy (uranium and beryllium).

As a chemical beneficiating method. In this case, the undesirable
components of the raw material are leached away and the remain-
ing solids are the valuable product that has to be processed further
(Figure 2.2). For example, the treatment of ilmenite to produce
synthetic rutile, the desulfurization of coal, the purification of cas-
siterite concentrates, etc.

Leaching Ore
agent 1
Leaching

h J

SoIid-Liq_uid » VaI_uabIe
Separation residue

Solution

A

Regeneration

|

To disposal

Figure 2.2: Hydrometallurgy as a chemical beneficiation method.

Direct production of pure metals suitable for the market after a
subsequent minor treatment, e.g., the precipitation of cobalt,
nickel, and copper from solution by hydrogen under pressure.

The raw material for leaching is usually crushed and ground and

sometimes beneficiated by physical methods before leaching. In some
cases the raw or the beneficiated material is treated by thermal meth-
ods, e.g., oxidation, reduction, etc., before being leached — the idea is
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to render the material either more amenable to leaching, or to exclude
an undesirable component. Leaching is usually followed by filtration,
washing, and solution purification steps. In few cases the ore is
crushed but not ground and the leach solution is allowed to percolate
through thus combining leaching and filtration in a single step. In spe-
cial cases the ore is leached in place.

In any hydrometallurgical plant, large amounts of water are
needed, and a water balance must be maintained. Surface or subsur-
face water must be especially treated to remove any suspended matter
as well as soluble salts; this topic is discussed in chapter 7.

HYDRO- VERSUS PYROMETALLURGY

In the past fifty years, hydrometallurgy has been vigorously com-
peting with pyrometallurgy. Pyrometallurgy was most successful when
high-grade massive sulfide ores were treated in a blast furnace, because
such furnace has maximum heat economy being itself a heat
exchanger: the cold charge descending from the top is preheated by
the hot gases ascending in the furnace. Dust problems were also mini-
mum because the ore was in form of large lumps. With the exhaustion
of such raw material, metallurgists turned their attention towards the
treatment of low-grade ores. This necessitated extensive grinding and
flotation of the sulfides which resulted in a finely divided concentrates
as raw material. These, naturally, could not be charged to a blast fur-
nace because if charged, they would block the movement of the
ascending gases — hence the birth of the fossil-fired horizontal rever-
beratory furnace. This was a turning point to the worst with respect to
pollution of the environment, high energy consumption, and excessive
dust formation.

Probably the first success for hydrometallurgy was at the begin-
ning of this century when the hydrometallurgical process for the pro-
duction of alumina from bauxite was invented. In this process, bauxite
was leached with NaOH at high temperature and pressure to form
sodium aluminate, which was then filtered and used for precipitation
of pure AI(OH);. Few years earlier, a pyrometallurgical method was
invented in which bauxite was heated with Na,CO3 at 1200°C to
form sodium aluminate which is then leached with water, then
Al(OH)j; is precipitated by bubbling CO, in the solution. In spite of
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the numerous improvements introduced to this process by later inves-
tigators, it was abandoned in favor of the hydrometallurgical process.
Another success for hydrometallurgy was the hydrometallurgical route
for the production of zinc in favor to pyrometallurgical reduction. It
was found more economical to leach ZnO by H,SO4 and electrolyze
the ZnSOy solution to get directly high-purity zinc instead of reduc-
ing the ZnO by carbon to get raw metallic zinc which has to be
refined.

Although extensive research has been conducted to find a hydro-
metallurgical process for copper, yet it seems that no satisfactory solu-
tion has been found. The situation in the copper industry is no doubt
more difficult than in the zinc industry because a typical raw material
for the copper industry is 30% Cu, 30% Fe, and 30% S while for a
zinc industry it is 60% Zn, 30% S; the remaining 10% in both cases
is usually silicate gangue minerals. That is, a zinc raw material contain-
ing usually twice as much metal value as a copper concentrate.

The advantages and disadvantages of hydrometallurgy can be out-
lined as follows.

Sulfur dioxide generation

During the pyrometallurgical treatment of sulfide ores, if SO,
formed is in high enough concentration, it must be used for making
acid and nearby market for this acid must be found. If the SO, con-
centration is too low for making acid, disposal methods must be
found. These are available but expensive. As a result, in many cases
SO, is simply emitted to the atmosphere. On the other hand, sulfides
can be treated by hydrometallurgical methods without generating
SO,, thus the independence of sulfuric acid manufacture. The sulfide
sulfur can be recovered in elemental form which can be easily stock-
piled, or transported at low cost.

Material handling

In pyrometallurgical processes, the metallurgist is forced to trans-
fer molten slags and matte from one furnace to the other in large,
heavy, refractory-lined ladles. Beside the inconvenience and the cost of
handling these materials, there is also the inevitable gas emission from
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them because they are usually saturated with SO, and during transfer
they cool down a little resulting in decreased gas solubility hence the
inconvenient working conditions. In hydrometallurgical plants, solu-
tions and slurries are transferred by pipelines without any problem.

Energy consumption

Because of the high temperatures involved in pyrometallurgical
processes, which is usually around 1200 °C, the reaction rates are high
but much fuel will be needed. TO make a process economical, heat
recovery systems are essential. Heat can be readily recovered from hot
gases, but rarely from molten material like slag or metal. Thus, a great
deal of energy is lost. Further, the equipment needed for heat econ-
omy are bulky and expensive. Further, in a reverberatory furnace heat
is mainly transferred from the ceiling of the furnace by radiation and
has to penetrate a thick layer of slag which has a low thermal conduc-
tivity; that is why it is inefficient. In hydrometallurgical processes, on
the other hand, less fuel is needed because of the low temperatures
involved (usually below 100 °C). Heat economy is usually no prob-
lem, but reaction rates are iisually low.

Dust formation

Combustion of fossil fuels in reverberatory furnaces results in the
formation of large volume of gases that carry over large amounts of
fine dust. This must be recovered to abate pollution and because the
dust itself is also a valuable material. The technology of dust recovery
is well established but the equipment are bulky and expensive. In
hydrometallurgical processes, this is no problem because wet material
is usually handled.

Treatment of complex ores

Treatment of complex ores by pyrometallurgical method is unsuit-
able because separation is difficult; this is, however suitable by hydro-
metallurgy.
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Treatment of low-grade ores

Treatment of low-grade ores by pyrometallurgy is unsuitable
because of the large amount of energy required to melt the gangue
minerals. On the other hand it is especially suitable by hydrometal-
lurgy if a selective leaching agent is used.

Waste disposal

Many residues of pyrometallurgical processes are coarse and harm-
less. For example, slags, which are a silicate phase, can be stored in
piles exposed to air and rain without the danger of dissolution and
contaminating the streams. They are just unacceptable from the
zsthetic point of view. On the other hand most residues of hydromet-
allurgical processes are finely divided solids. If they are dry, they create
dust problems when the wind blows and when wet they will gradually
release metal ions in solution which will contaminate the environ-
ment. However, disposal of waste solution in hydrometallurgical oper-
ations is less troublesome than disposal of gases in pyrometallurgy.
Even in a pyrometallurgical process water-scrubbing of a gas before
disposal will eventually have a disposal problem with that water.

Economics

The economics of a pyrometallurgical process is usually suitable
for large scale operations and this requires a large capital investment.
On the other hand, hydrometallurgical processes are suitable for small
scale operations and therefore low capital investment. Hydrometal-
lurgy may also fit a special need that cannot otherwise be met.

SOURCES OF INFORMATION

Monographs on general hydrometallurgy as well as on special top-
ics have been published. Numerous symposiaand conferences on cer-
tain areas of hydrometallurgy were held. Conferences on extractive
metallurgy include many papers of interest to hydrometallurgists.
Annual reviews on hydrometallurgy now appear regularly in Journal of
Metals (March issue), International Metals Reviews, London (Septem-
ber issue), and other journals. Conferences on solvent extraction, ion
exchange, and other separation technologies appear in the series Recent
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Developments in Separation Science published by CRC Press in Florida.
Papers on the treatment of bauxite are published annually in the series
Light Metals by the American Institute of Mining, Metallurgical, and
Petroleum Engineers. Numerous review articles on hydrometallurgy
are also available. A periodical entitled Hydrometallurgy is being pub-
lished by Elsevier Publishing House, and another entitled Solvent
Extraction and lon Exchange is published by Marcel Dekker.
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Reacting minerals with aqueous solutions requires a knowledge of
the structure of the solid as well as the aqueous phase.
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STRUCTURE OF MINERALS

From the structural point of view, minerals may be classified as
metallic, ionic, and covalent. While these are idealized cases, in reality,
overlapping between these types are common (Figure 3.1). Further,
deviations from perfect crystal occur through the presence of disloca-
tions, defects, and impurities. These may influence the electrical prop-
erties of the crystal since electrons associated with such regions may be
readily removed thus influencing reactivity. Nonstoichiometry, i.c.,
slight variation of the proportions of the constituent elements of a
compound, may also significantly alter the electrical properties of a
solid. Many sulfide and oxide minerals are nonstoichiometric com-
pounds, e.g., FeS, Zn§, UO,, and MnO,.

lonic —»  (Covalent
bond bond
-~

Metallic
bond

Figure 3.1: Major types of bonds in minerals and their interrelation.

Metallic

In metals, the atoms are as closely packed as possible; this results in
the densest possible arrangement. There is overlapping of orbitals
between neighboring atoms in the whole crystal. Thus it is possible for
an electron to move from an orbital in the valence shell of one atom
into a similar orbital of another atom with relative ease, and the
valence electrons may be considered to be delocalized, i.e., they no
longer belong to individual atoms but to the crystal as a whole. This
accounts for the high electrical conductivity of metallic crystals.
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lonic

Minerals of this type contain ions which owe their stability to the
tendency of certain atoms to lose electrons and others to gain them.
They are held together by electrostatic forces. For example, in the
NaCl crystal, every Na+ion is surrounded by six Cl™ ions, and simi-
larly every CI™ ion is surrounded by six Na+ ions. lonic bonding links
each ion to all its neighbors throughout the crystal. The entire crystal
is one giant ionically bonded unit. As a result, they are relatively hard,
rigid, and melt as fairly high temperatures. They are not good conduc-
tors of electricity since electrons are strongly held within the ions.
When, however, these solids are dissolved in water or melted, the ions
become able to move about independently, and the solution or the
molten substance is a conductor of electricity. lonic crystals fracture
with some difficulty because of the relatively strong forces of attrac-
tion, and when they do, fracture occurs along a plane of ions in the
crystal and the same geometrical features are reestablished.

Covalent

Minerals belonging to this group are held together by shared elec-
tron bond or covalent bond. They are of two types: minerals formed
of discrete units and the network structure.

Discrete inits. In this type of minerals, the atoms are arranged in
small units; no chemical bonding forces extend beyond these single
units. Consequently intermolecular forces in these minerals are weak;
they are soft, low-melting and have low heats of vaporization. For
example, in solid elemental sulfur, each sulfur atom is bonded to two
neighbors to form eight-membered rings: sulfur is fragile and has a
low melting point (about 120°C).

Network structure. In these minerals the bonds extend throughout
the whole solid. They are consequently hard, stable, generally insolu-
ble, and cannot easily be broken into smaller units. For example, in sil-
ica, SiO,, the silicon atom occupies the center of a tetrahedron sharing
electrons with four oxygen atoms each situated at the apex of this tet-
rahedron and all four atoms in the tetrahedron are shared with other
similar tetrahedra resulting in a three dimensional structure. Any frac-
ture requires that many of these chemical bonds be broken. Feldspars
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is a group of silicate minerals that result from the substitution of alu-
minum for some of the silicon.

Mixed bonds

There are many systems which appear to be of types intermediate
between true metallic and true covalent bonds and between true
metallic and true ionic bonds.

Metallic—ionic. Many of the familiar minerals like galena, sphalerite,
and chalcopyrite, exhibit the properties characteristic of metals: lustre,
opacity, electrical conductivity. The electrical conductivity, however, is
much less than that in metals — that iswhy it is called semiconductiv-
ity. It is the result of a restrictive movement of electrons in the lattice
due to structural defect.

Covalent—ionic. An ionic bond may be partially covalent and vice
versa a covalent bond may be partially ionic. For example, silver chlo-
ride is a predominantly ionic crystal but the electrons of the chloride
ions are not all localized about the chlorine nucleus and may spend a
small part of the time about the silver nucleus. Since these electrons
are shared to some extent between the two ions, the bond between the
two ions is partially covalent and as a result it will be stronger than the
simple ionic bond as, for example, in sodium chloride. This explains
its insolubility in water. There are also minerals which are bond
together both ionically and covalently. Thus in carbonates, the bond
between carbon and oxygen is covalent while that between carbon and
the metal ion is ionic. Enstatite, Mg,(5i,Og), consists of a silicate
chain in which the silicon is covalently bonded to oxygen (silicon in
the center of a tetrahedron) while magnesium is present in the crystal
as ions. Such a crystal is held together simultaneously by the covalent
bond within the (Si206)2‘ anions and the electrostatic attraction of
the negative charge on these anions for the positive charge on the cat-
ions.

Metallic—covalent. ~ Pyrite, FeS,, may be considered to be a metallic—
covalent bond mineral. It has a metallic luster, a cubic structure like
NaCl with Fe2* ions occupying the positions of Na*, and with S5~
groups occupying the position of CI™. The disulfide ion is covalent in
nature.
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WATER

Structure

In the water molecule, the hydrogen nuclei do not lie on a straight
line but are at the corners of a triangle (Figure 3.2). Beside the cova-
lent bonds, between the oxygen and hydrogen nuclei, there are two
lone pairs of electrons in the outer shell of the oxygen atom. An
important consequence of the arrangement of electrons in the water
molecule is that the molecule is]mld?’, i.e., the center of positive and
negative charges do not coincide. One positive charge resides in each
hydrogen nucleus, and eight in the oxygen nucleus; the center of posi-
tive charge is thus somewhat below the oxygen nucleus. The center of
negative charge is higher for two reasons:

« The negative charge carried by the lone pair of electrons is local-
ized largely above the oxygen nucleus.

* There is a displacement of electrons in the bonds towards the
more electronegative oxygen atom.

As a result of the high polarity of the water molecules, hydrogen
bonding takes place between the dipoles of the water molecules them-
selves (Figure 3.2). Each water molecule forms four hydrogen bonds
with the other surrounding molecules. Hydrogen bonds are weak; on
heating, increased molecular vibrations are enough to break them at
the boiling point. On cooling, water freezes to form ice crystals which
have hexagonal structure.

lonization

Pure water is a poor conductor of electricity. The feeble conduc-
tance is the result of the polarity of water and the association of the
H,O molecules through hydrogen bridges. If a water molecule is split
into H* and OH-, the H ion is so small, is unprotected by an elec-
tron shell, and therefore cannot exist alone; it will be attached to other
H,O molecule at the lone pair of electrons to form H3;O* — a hydro-
nium ion:
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Figure 3.2: The polarity of water and the formation of hydrogen bond.
H H *
N
O:+H > O—-H
/
H H

The bond between O and H represented by an arrow is called a
dative or coordinate bond since it is furnished by the lone pair of elec-
trons on the oxygen atom. The number of H* and OH- ions are very
small and the equilibrium constant for the reaction:

Hzo = H+ + OH'

at room temperature is given by:

K=[H*][OH] =10



Solution Chemistry 37

It increases with increasing temperature as shown in Table 3.1. The
reverse reaction is the neutralization of an acid with a base; it is a very
fast reaction.

Table 3.1: lonization constant of water at different temperatures.

Temperature [°C] K, x 10"
0 0.1139
10 0.2920
20 0.6809
25 1.008
30 1.469
37 257
40 2919
50 5474
60 9.614
70 15.1
80 234
90 355
100 513
300 400

Dielectric constant

Water has a high dielectric constant. The dielectric constant of a
substance is a measure of the ability of that substance to neutralize an
applied electric field. An electric field can be neutralized by orienting
the molecules of a substance so that their positively charged ends face
the negative pole of the electric field (which means that their nega-
tively charged ends face the positive pole of the field). The degree to
which the electric field is neutralized is related directly to the polarity
of the substance (Figure 3.3). Polar substances thus have relatively
high dielectric constants. The dielectric constant of avacuum is 1, and
the dielectric constant of air is close to 1. The dielectric constant of
water has a high value — about 80. The polarity of water and the for-
mation of hydrogen bonds are responsible for this high value. This
plays an important role in explaining the solubility of ionic salts in
water, the behavior of ion exchange resins, and extraction by organic
solvents as explained later.
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H>O Molecules

Figure 3.3: Orientation of polar molecules in an electric field.

SOLUBILITY

Solubility of any substance in water is related to the polarity of
water and the association of water molecules together by forming
hydrogen bonds.

General rules

Aqueous solutions are produced by dispersal of a substance in
water to give a homogeneous mixture without chemical reaction, i.e.,
without breaking of bonds or transfer of electrons. The general rules
of solubility are the following:

Guases.  Small molecules like oxygen, O,, or hydrogen, H,, dissolve in
water by fitting into the holes or gaps in the water structure. Solubility
of these molecules is small and decreases with increased temperature
because of the weak forces holding these molecules.

Polar and nonpolar molecules. Polar molecules like acetone or alco-
hol, and bases like NHj dissolve in water by forming hydrogen bonds
as shown in Figure 3.4. Solubility also decreases with increased tem-
perature because of the weakness of such bond with respect to thermal
vibrations. Anhydrous acid like HCI, which is also a polar molecule,
dissolves in water with interaction forming H;O" and CI™. Nonpolar
molecules like carbon tetrachloride, CCly, or benzene, CgHg, are
insoluble in water because of the inability of water to form hydrogen
bonds with these molecules.

lonic and non-ionic crystals.  lonic crystals dissolve in water for two
reasons (Figure 3.5):
« The weakening of the electrostatic forces of attraction in an ionic

crystal (the lattice energy) as a result of the presence of the highly
polar water molecules. The high dielectric constant of water
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means that the attractive forces between the anions and cations in
a salt are reduced by a factor of SO when water is the medium
between them.

* The tendency of ions in the crystal to hydrate.
On the other hand, non-ionic crystals such as metals (metallic
bond) or covalent crystals like quartz, SiO,, are insoluble because of

the inability of water molecules to weaken the strong metallic or cova-
lent bonds holding the atoms together in the crystal.
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Figure 3.4: Dissolution of polar molecules in water.
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Figure 3.5: Hydration of ions during the dissolution of ionic

crystals in water.

Effect of organic solvents. The addition of an organic solvent to an
aqueous solution of an electrolyte usually lowers the solubility of the
solutes, because the dielectric constant of the medium is decreased and
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this strengthens the forces between the ions. For example, the addition
of acetone (dielectric constant = 20) to ferrous sulfate solution results
in the precipitation of FeSO,-#H,O because acetone has a lower
dielectric constant than water.

Effect of interionic forces. ~ Slightly soluble electrolytes are more solu-
ble in solutions of foreign salts than in pure water. In dilute solutions
the ions are free apart and are not influenced by one another. In con-
centrated solutions, however:

* Any ion is surrounded more closely by ions of opposite sign.

e The electrostatic interactions are stronger because the ions are
close together.

Table 3.2: Solubility data of simple metallic compounds in water.

Slightly
Compound Soluble soluble Insoluble
Nitrates All — —
Chlorides All with few exceptions PbCl AgCl
(in cdld water) HgCt
CuCl
TICI
Sulfates All with few exceptions CaSOy BaSOy
Hg2804 SI‘SO4
AngO4 RHSO4
PbSOy
Sulfides Alkali metals — All others, some hydro-
lyze and precipitate as
hydroxides, e.g., Al and
Cr sulfides.
Hydroxides Alkali metals Ca(OH), All others
Ba(OH),
Carbonates  Alkali metals except Li,CO;5 All others
Li,CO3
Phosphates Alkali metals, _ All others
some acid phosphates
Fluorides Alkali metals except LiF LiF All others
InF, TIF

BCFz, Csz, ZnF2
Silicates Alkali metals — All others
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Table 3.2 gives the general rules for the solubility of solids:
nitrates, chlorides, sulfides, hydroxides, etc.

Solubility product

Dissolution processes are heterogeneous and its difference from
homogeneous processes may be emphasized from the following exam-
ple. In the homogeneous process AB * A + B, the decomposition of
ammonia to nitrogen and hydrogen, the rate of the forward reaction
V; is proportional to the concentration of AB while that of the reverse
reaction V, is proportional ro both A and B. This can be expressed as:

Vi = k,[AB]
V = ky[A][B]

where £, and &, are the velocity constants of the forward and reverse
reactions, respectively. At equilibrium, the two rates are equal. There-
fore, V; = V5, or:

[Al[B] _ &1 _
[AB] ~ &,

where Kis known as the equilibrium constant.

Consider now the dissolution of a finely divided sparingly soluble
salt AB in water which dissociates into ions A* and B~. The rate of dis-
solution (forward reaction) will depend on the surface area of the salt
which is related to its amount. Once the solution becomes saturated,
dissolution stops because the rate of recrystallization equals that of dis-
solution. At equilibrium, one can write:

[AB] _ kA _
AB CF "

Since the amount of AB does not influence the degree of saturation, it
can be considered constant. Hence:
K, = [A*][B]

where Ksp = F[AB] = the solubility product. The subscript may be also
ignored and still signifies the solubility product.
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Tables of solubility products of compounds are available and these
are determinated from solubility data. For example:

* The solubility of CuCl in water is 0.042 g/L at 20 "C, i.e., the sat-
urated solution contains 0.042/99 g ion/L Cu® and an equal
amount of CI~ (atomic weight of CuCl = 99). Hence:

K=[Cuicr] = 1942, 0042, o107

99 99

* For PbCl,, the solubility in water is 6.37 g/L at 0 "C, i.e., at equi-
librium,

2 -
PbClz(S) 2 Pb (;q) + 2C1(aq)

the saturated solution contains 6.371278 g ion/L Pb%* and 2 x 6.371
278 gion/L CI". Hence:

K= b2 = 837 (2
278

2
637

, =4.8%107
278)

And vice versa, knowing the solubility product of a substance, its
solubility can be determined. For example, the solubility product of
Mg(OH), in water is given by K, = 8.9 107!,

Mg(OH), = Mg?* + 20H"~

K = [MgZ][OH™]? = x(2x)% = 8.9 x 1072 mole3
x=13%10"% mole = 1.3 x 104 X 58.3 g/L

=7.58x 102 g/L

Common ion effect and complex formation

The solubility changes as a result of the presence of other ions in
solution:

» It decreases as a result of the common ion effect.
* |t increases as a result of complex formation.
This is illustrated for the case of the solubility of AgCl (Figure

3.6). The slight decrease of solubility at low HCI concentration is due
to the presence of ClI™ ion as a common ion:

AgClyy = Al* +CI” K = [Ag*][CI]
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When [ClT] is increased, then [Ag"] must decrease to keep the value of
Kconstant; hence the reaction shifts to the left. The increased solubil-
ity at high HCI concentration is due to the formation of a complex
ion:

Agt +4CI = [AgCl %~

In this case, the concentration of the uncomplexed silverion, [Ag*], is
decreased. To keep the value of Kconstant, the equilibrium shifts to
the right favoring more dissolution of AgCl to take place.

40x 1078
0
=
2
[=]
=
So0 Complex —
= formation
a
3
10— ) —
Common ion
/ effect
O |
0 1 2

Concentrationof HCI, M

Figure 3.6: Solubility of AgCl in dilute hydrochloric acid.

HYDRATIONAND HYDROLYSIS

lons in aqueous solutions are hydrated, i.e., they are surrounded
by water molecules because of the polarity of water. Cations usually
are more hydrated than anions because of their small size and hence a
more concentrated charge that can attract more H,O molecules

(Table 3.3). Hydration of ions is determined electrolytically by mea-
suring the transference number.

Hydrated ions have the tendency to lose H* or OH-ions — a
process called hydrolysis, which may be represented by the general
equation:

[IM(H,0),]% = [M(Hzo)n—loH] (@=D+ o g+
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Table 3.3: Water of hydration in solution.

. Number of water of . Number of water of

Cation hydration Anion hydration
Rb* 2
K* 2-3
Ag 34 Clog 0
H* 4 - 0-1
Na+ 4 Br~ 2
Ph2* 57 NOj3; 2
Li* 6 ClI- 3
BaZ* 6-8 E~ 5
Ca®t 8-10
ng 913
Cd** 10-12
Zn?* 11-13
Fe?* 11-13
Cu?* 11-13
AP ~ 20
or simply:

M# + H,0 = M(OH)“ D+ + H*
For example, ferric ion hydrolyses according to:
Fe’* + HyO = Fe(OH)?* + H*
Anions also und(lergo hydrolysis:
X(H0),,] =* [X(H,0),,_(H)]~1- + OH-
or simply:
X4~ + H,0 = XH~1- + OH-
For example, cyanide ion hydrolyses according to:
CN™ +H,0 = HCN + OH-

For cations having more than three_4posigive charges, oxy- or
hydroxy- ions are formed. For example, Ti**, V°*, and U+ exist only

in aqueous solution as titanyl, vanadyl, and uranyl ions respectively:
Ti** + H,O = TiO?* + 2H*

Vo* + H,0 = VO3* + 2H*
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U® +2H,0 = UOZ* + 4H*

An exceptlon is thorium and uranium(IV) which can exist as Th#*
and U , respectively. These oxy-ions may react further with water,
dependlng on the pH, to form hydroxy- ions. For example:

TiO?* + H,0 = TiO(OH)* + H*
VO** + H,0 = VO(OH)?* + H"
UO73* + H,O = UO,(OH)* + H*

The tendency for an ion to hydrolyze depends on:

* The ratio of ionic charge to radius, i.e., the charge density. The
more dense the charge the more hydrolysis takes place and vice
versa. Thus, while the hydroly5|s of the alkali and alkaline earth
ions is negligible, that of Ti** and V>* is appreciable.

* The electronic structure. lons with inert gas structure have a mini-
mum tendency to hydrolyze Thus Ag and Pb hydrolyze easier
than Ba®* and Sr**; and Fe3*, Co3*, and Cr3* much easier than
A,

ACIDS AND BASES

Acids and bases are common reagents in hydrometallurgy. An acid
is a substance that dissociates in water to produce hydrogen ions. A
base is a substance that dissociates in aqueous solution to form the
hydroxyl ion. In more general terms an acid is a substance that can
give up a proton, and base is a proton acceptor. The acidity or basicity
of a solution is defined by the pH scale which is a highly convenient
scale:

pH =-log[H"]

A pH 7 means that the hydrogen ion concentration in the solution =
1077 gram ion/liter. The pH of 0.1 M HCI (3.75 g/L or 0.44%)
equals 1and that of 0.1 M NaOH (4g/L or 0.48%) equals 13 (Table
3.4).

An amphoteric substance is a substance that dissolves in both acid
and base. For example, aluminum hydroxide:
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Al(OH)3 +3H* = AP+ + 3H,0
Al(OH)3 + OH-— AI(OH);

Table 3.4: pH values of hydrochloric acid and sodium hydroxide solutions.

pH % HCI pH % NaOH
0.00 43 8.00 40x 107°
0.10 3.6 9.00 40x107
0.36 18 10.00 40 x 1074
100 044 11.00 4.0x1073
2.00 0.036 12.00 0.040
3.00 36x 1073 13.00 0.48
4.00 36x 1074 13.60 2.0
5.00 36x107 13.90 38
6.00 36x10°° 14.00 46
7.00 pure water

BUFFER SOLUTIONS

In many hydrometallurgical processes it is important that the pH
not deviate very much from a certain value. This is normally achieved
by adding a buffer solution to the system so that when an acid or a
base is added, the pH does not change considerably. The buffer solu-
tion is a mixture of aweak acid and any of its salts, e.g., acetic acid and
sodium acetate. The reason for this is the following. The ionization of
acetic acid is given by:

CH;COOH = CH;COO™ + H*
_ [CH;COO™J[H]
[CH,COOH]
(LCH;COOH]
[CH;CO0 ]

[H'] =

[CH,COOH]
[CH,COO |

pH = —logK—log

When the ratio [CH;COOH]/[CH3COOT] = 1, then:
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pH = —logK = —log(1.8 x 1073) = 4.74

If a small amount of a strong acid is added to such a solution,
some of the acetate ion is converted to acetic acid; if a base is added,
some of the acetic acid is converted to acetate ion. In either case, the
ratio [CH3COOH]/[CH3COO™] changes slightly from unity and the
pH changes even less. For example, let us calculate the pH of a solu-
tion made by adding 0.001 mole of NaOH to 100 ml of 0.5 M
CH3COOH and 0.5 M CH3COONa.

100 ml of the solution contains 0.05 mole CH3;COOH and 0.05
mole CH3COONa. When 0.001 mole of NaOH is added to this
solution, it will convert an equivalent amount of acetic acid into
sodium acetate. This gives 0.049 mole of acid and 0.051 mole of ace-
tate ion in the final solution. The respective concentrations will be
0.49 M and 0.51 M, and the pH is:

pH = —log(1.8 x 1073) - log%é—i _ 47440017 = 476

Thus, the pH changed from 4.74 to 4.76. In contrast, when 0.001
mole of NaOH is added to 100 ml of water, the pH becomes 10.

OXIDATION AND REDUCTION

Oxygen is a readily available gas that is responsible for many reac-
tions in everyday life. The addition of oxygen to an atom, ion, or mol-
ecule is known as oxidation reaction, and reduction as the reverse
reaction, i.e., the removal of oxygen from a system. For example, a
metal heated in air is oxidized. When the oxide is heated with carbon,
it is reduced because the oxygen is removed from the oxide. In more
general terms, oxidation is the removal of electrons from an atom or
group of atoms, and reduction is the addition of electrons to an atom
or group of atoms. Typical oxidation reactions in agueous systems are:

$%-+20, - Sel-
Fe +Fe?* +2¢~
Fe2t — Fe3* + ¢~

Typical reduction reactions are:
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2H"+2¢” — H,
Cu?t +2¢— Cu

The reduction of oxygen in solution is of particular importance in
hydrometallurgy since it plays a dominant role in many reactions. In
alkaline medium, the following reaction takes place:

Oz + 2H20 + 26— — H202 + 20H~—
and in acid medium:
1/202 + 2H+ + 26‘ — Hzo

Hydrogen at high temperature and pressure is a powerful reducing
agent and is used to precipitate metals from aqueous solutions, e.g.,
nickel:

Ni2* + H, — Ni +2H*

Oxidation and reduction reactions take place simultaneously.
Thus in the dissolution of iron in acid, iron is oxidized and the hydro-
gen ions are reduced:

Fe — Fe?t + 2e-

2H" +2e-— H,

Electrode potential

The tendency of a substance to be oxidized or reduced, i.e., to lose
or gain electrons, is measured in volts and is known aspotentid. For
example, when a strip of zinc is immersed in a 1 M ZnSOy solution
and a strip of copper in a1 M CuSOy solution and the two strips are
connected by a wire and the solutions by a salt bridge to avoid mixing
as shown in Figure 3.7, it will be seen that the voltmeter will indicate
0.78 volt. Zinc will dissolve in the zinc sulfate compartment and cop-
per will deposit in the copper sulfate compartment. Electrons liberated
from the zinc electrode are transferred through the wire to the copper
electrode, and sulfate ions diffuse slowly from the CuSOy to the
ZnSQOy solution through the salt bridge to complete the electric cir-
cuit.
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Voltmeter
Salt bridge

Zinc
electrode

Copper
electrode

Figure 3.7: Flow of electrons between two different metals
immersed in an electrolyte and connected by a wire.

By convention, the standard electrode potential for the reaction of
hydrogen ion is taken as zero, i.e., the tendency of H* ion to gain an
electron at ambient conditions for a normal solution is taken as a basis
of reference for other reactions. Any reaction involving transfer of elec-
trons can be conducted in an electrochemical cell and its potential
measured.

Effect of concentration.  The electrode potential varies with concentra-
tions. The standard state is taken at one-molar solutions at ambient
conditions and in this case, the potential measured is known as the
standard electrode potential and is denoted by E9 The potential, E,
measured at any other concentration, is related to the standard poten-
tial by Nernst's equation:

E=F'_ RT In[M”*]
n¥

where R is the gas constant = 8.31441 joule/kelvin- mole, Tin degrees
Kelvin, and ¥ is the faraday constant (1 faraday = 96 500
ampere-second ot 96 500 coulombs). For a hydrogen electrode at
room temperature:

RT 8.314 X 298 X 2.303
R _ +
E = InlH+] - 1x 96 500 In[H"]
- 0.0592 pH

since pH = —log[H*].
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Effect of pH.  For reactions involving hydrogen ions, the electrode
potential will be dependent on the pH. This can be illustrated by the
Pourbaix Diagrams (after their inventor). Figure 3.8 shows, for exam-
ple, the stability of iron in different environment. In acid medium and
in a reducing atmosphere, ferrous ion is formed. At high oxidizing
atmosphere, Fe3* ion is formed. In basic medium and in a reducing
atmosphere, Fe(OH), is formed. Ferric hydroxide forms in highly oxi-
dizing conditions even at a pH as low as 1.8. Similar diagrams are
available for a variety of metals and compounds.

Electrode potential and free energy.  For reactions involving a loss or
gain of electrons, the electrode potential represents the maximum
work done by an electrochemical cell. The quantity of electricity sup-
plied per equivalent of substance reacting is one faraday and for n
equivalents reacting, the quantity of electricity is 7%

Work, =-AF = —n9E

where AF is the free energy charge. At the standard states:
AR = —nfﬁo

Since the standard free energy change is related to the equilibrium
constant K, by the relation:

AR = —RTInk
it follows that:
RT InK = n g0
n FEO
K —_
logh = 23037

The gas constant R = 1.987 calorie/degree.

The electrochemical series. 1t is found further that if a piece of one
metal is put into a solution containing ions of another metal, the first
metal may dissolve, i.c., oxidize, and the second metal deposits, i.¢.,
reduced. For example, a strip of iron placed in a solution of CuSOy
causes metallic copper to deposit as the iron goes into solution:

Fe — Fe?t 4 2¢”

Cu?t + 2¢ — Cu



Solution Chemistry 51

The overall reaction:

Fe + Cu?* — Fe?t + Cu
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Figure 3.8: The solubility of iron as a function of pH and the
potential.

Data for Figure 3.8:

1.
2.
3.

Fe?* +2¢ = Fe, 2 =-0.44V (independent of pH)

Fe?* +¢ = Fe?*, E® = 0.77 V (independent of pH)

Fe(OH), = Fe?* + 20H™, logK = -14.8; at [Fe**] = 1, pOH = 7.4;pH = 6.6
(independent of £)

Fe(OH); = Fe?* + 30H7; logK = -37.4, at [Fe**] = 1,pOH = 12.5, pH = 15
(independent of E)

Fe(OH)3 + 3H* + ¢~ = Fe?* + 3H,0, at [Fe**] = 1, from 1.5< pH < 6.6, E =
0.77 - 3% 0.0591(pH - 1.5)

Fe(OH), + 2H" + 2e- = Fe + 2H,0; at pH > 6.6, E = -0.44 - 0.0591(pH -
6.6)

Fe(OH); + H* ¢~ = Fe(OH), + H,0; at pH > 6.6, E = -0.0134 - 0.0591(pH
- 6.6)
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On the other hand, a strip of metallic copper in a ferrous sulfate solu-
tion will not precipitate iron but in a AgNOj3 solution it will precipi-
tate silver:

Cu +2Ag* — Cu?* + 2Ag

Metals can therefore be arranged according to their ability to reduce
ions of other metals (Table 3.5). The metal with the greatest reducing
power is at the top of the list; it is able to reduce the ions of all the
other metals below. The standard reference point in this table is the
reduction of hydrogen ions taken as zero.

Galvanic processes

The electric potential that develops between two different metals
and results in one metal being dissolved and the other being precipi-
tated as mentioned above is called a galvanic process after Luigi Gal-
vani, the Italian scientist who discovered electric current. A similar
situation will exist when two pieces of the same metal are immersed in
a solution of its ions — an electric current will flow under the follow-
ing conditions:

* When each solution has a different ionic concentration. For exam-
ple, when a piece of iron immersed in a solution of FeSO4 of low
concentration is connected to a similar piece immersed in a solu-
tion of FeSOy4 of high concentration, it will be observed that iron
in the first solution will dissolve while Fe%* ion in the second solu-
tion will precipitate (Figure 3.9). Iron in the first solution acted as
an anode while that in the second solution acted as a cathode:

Anode: Fe — Fe?* + 2e-
Cathode: Fe?* +2¢~ — Fe

The process will continue until the two solutions become of equal
concentration. The reason is that the electrode potential in each com-
partment is different (Nernst's equation), hence an electric current will
flow.
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Table 3.5: Electrochemical series of metals.

Group Metals EY [volts]
Reactive metals Lithium +3.045
Potassium +2.925
Calcium +2.870
Sodium +2.715
Lanthanum +2.52
Cerium +2.48
Magnesium +2.37
Yttrium +2.37
Scandium +2.08
Thorium +1.90
Beryllium +1.85
Uranium +1.80
Hafnium +1.70
Aluminum +1.66
Titanium +1.63
Zirconium +1.53
Manganese +1.19
Vanadium +1.18
Chromium +0.86
Less reactive metals Zinc +0.763
Gallium +0.53
Iron +0.440
Cadmium +0.403
Indium +0.335
Thallium +0.335
Cobalt +0.277
Nickel +0.250
Tin +0.140
Lead +0.126
Hydrogen 0.00
Least reactive metals Copper -0.337
(noble) Mercury -0.789
Silver -0.799
Platinum-group metals —-081t0 -1.2
Gold -1.50

e When each solution has the same ionic concentration but differ-
ent oxygen concentration. A galvanic current will also flow
between the two pieces of iron if they are immersed in solutions of
FeSO, of the same concentration but in one nitrogen gas was bub-
bled through while in the other, oxygen was bubbled. The oxygen
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concentration in each solution is different, hence the following
reactions will take place: At low O, concentration, iron will func-
tion as an anode:

Fe — Fe?t + 2e-

while at high O, concentration, iron will function as a cathode on
which oxygen will be reduced:

1,0, + HyO +2¢~ — 20H"

i

s
r—
Voltmeter
Salt bridge

Iron

High Low
concentration concentration

Figure 3.9: Flow of electrons between two strips of the same
metal due to different concentration of electrolytes.

Electrolytic processes

Oxidation and reduction may be conducted by imposing an EMF
from a direct current source. For example, a metal can be oxidized
when made anode in a circuit:

M — M™ + ne-

and the reverse takes place, i.e., a metal ion in solution can be reduced
at an inert cathode. In both cases Faraday's laws apply, i.e., the quan-
tity of electricity theoretically required to oxidize 6.02 X 10 23 mono-
valent atoms or reduce the same number of monovalent ions is equal
to one faraday which represents the flow of 6.02 X 1023 electrons. For
higher valency atoms or ions a corresponding multiple of faradays will
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be required. One faraday equals 96 500 coulombs, or 96 500 ampere
second'.

Example: To calculate the weight of nickel deposited from a NiCl,
solution when a current of 0.4 ampere flows for 2.5 hours:

Ni2+ + 2e- N Ni

2 % 6.02 x 1023 electrons 6.02 X 1023 atoms

2F 58.7g
2 x 96 500 coulombs 58.7¢g
0.4 x 2.5 X 60 X 60 coulombs X
58.8 X 0.4 X 2.5 X 60 X 60
= =1.094
* 2 % 96 500 &
OXYHYDROLYSIS

Oxidation of a divalent metal ion in solution requires acid:
M2+ — M3* +e-
1/202 + 2H+ +2e +H2O
Overall reaction:
M +2H +1/,0, — 2M3* + H,0

On the other hand, hydrolysis of a trivalent metal ion in solution
regenerates acid:

M3+ + H,0 = M(OH)?* + H*
M(OH)?* + H,0 = M(OH)§ + H*
M(OH)} + H,0 — M(OH); + H*

Overall reaction:
M3+ +3H,0 — M(OH); + 3H*

1. Quantity of electrons = Rate of flowx Time
1 coulomb =1 ampere x 1 second
6.02 x 1023/96 500 electrons = 6.23 x 10'® electrons/second ¥ 1 second
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Oxyhydrolysis is oxidation accompanied by hydrolysis. By com-
bining the above two overall reactions:

2M2* + 11,0, +5H,0 — 2M(OH); + 4H"

it can be seen that the process generates acid. For volatile acids like
HCI, the process can be made to go to completion by distilling off the
acid, thus shifting equilibrium to the right. This is the basis of recover-
ing HCI from FeCl, solutions:

ZFCCIZ + 1/202 + 2H20 —> F€203 + 4HCI

In the case of nonvolatile acids like H,SO4 this is only possible at high
temperature which renders the process uneconomical.

FREE ENERGY CHANGE

Free energy data and standard electrode potentials are available in
Tables from which it is possible to calculate the free energy change and
hence the equilibrium constant for reactions. Free energy of the ele-
ments at their standard states is taken as zero by convention, and simi-
larly that for H* ions. Examples of calculations:

e The equilibrium constant for the reaction:
Cu?* + Fe = Cu + Fe?*

can be calculated in two ways:
1. Standard free energy change data:

A‘E?eaction = A‘E([))roducts - Af(geactants
=(0 -20.3) — (15.5+ 0) = -35.8 kcal
_ AFO 35 800 _
logK = = 03RT ~ 2303 x 1.987x 298 ~ 2020
K=1.78x10%°
2. Standard electrodepotential data:
Oxidation: Fe — Fe?* + 2e— F'=044V

Reduction: Cu®* +2¢~ — Cu F-034V
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reaction — * oxidation * ©reduction

=0.44+0.34=0.78V
nFE® _  2x96500x0.78
2.303RT  2.303 x 8.314 x 298
K=2.4x10%
e The equilibrium for the reaction:
CuS + 2Fe3* — Cu®* +2Fe** +5

logK = = 26.38

can be similarly calculated in two ways.
1. Standard free energy change data:
AP = AF) AFO

reaction roducts ~ reactants
={15.5+(2x-20.3) + 0] - [-11.7+ (2 X 2.52)]
= —8.4 kcal

AF° — 8400

2.303RT ~ 2.303 X 1.987 X298

logK = = 6.176

K=15x 10°
2. Standard electrodepotential daza:

The above reaction can be divided into the following steps:

CuS(S) = Cu2+ + Sz— Kl _ [Cu2+] [SZ—] - 8X 10._36

§—S+2e B -048V

Fe3* + e — Fe?* E-077V

2Fe3* + 52~ = 2Fe?* + S F9-048+0.77=1.25V
_ _agES_ _ _2X96500x1.25

logK; = 5 303RT = 2.303x 8.314 % 208 = 41.6

242
K= 13x10% = [ff—z]z_
[Fe” 17[S" 1
For the reaction:

CuS + 2Fe3* — Cu?* + 2Fe?* + S
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] [Cu2+] [Fe2+]2
[F63+]2
-8x1072°x 1.3x 104! = 14 x 106

K = KK,

COORDINATION COMPOUNDS

Coordination compounds result from a donor—acceptor mecha-
nism. A donor is any nonmetallic atom or ion, whether free or con-
tained in a neutral molecule or in an ionic compound which can
donate an electron pair. The acceptor is frequently a metallic ion
which accepts a share in the pair of electrons. The difference between a
coordinate bond and a covalent bond is that in the first case the shared
electron pair is provided by one atom, while in the second case each
atom contributes one electron. Coordination compounds of interest
in hydrometallurgy are two types: Complexes and chelates.

Complexes

Complexes are water-soluble compounds or ions having distinct
chemical properties when compared to the uncomplexed ion. For
example, when ammonia is added to copper sulfate solution which is
light blue, it turns dark blue due to the formation of copper ammine
complex:

Cu®* + nNH; — [Cu(NH3),)**

instead of forming an insoluble copper hydroxide. Thus, the copper
ion shares the electron pair of the nitrogen atom in ammonia. Ammo-
nia is the donor and Cu?* is the acceptor. In this case the donor is an
uncharged species. Figure 3.10 shows the concentration of the species
formed as a function of NHj3 concentration.

Donor species carrying negative charge, i.e., anions, are common.
These include CN—, F-, CI-, SOZ-, NO3, CO%~, OH-, PO, and
§2- (Table 3.6). Complex ions can be identified by many physical and
physicochemical methods including color change, infrared and ultra-
violet measurements, conductivity, ion exchange, solvent extraction,
and many others.
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[CuNHsP*  [Cu(NHa)a*  [Cu(NHa)sl*

1 00 ] 1 ) T T

75t .
5
g 50 cu?* [Cu(NHa)a** {
=

251 .

[Cu(NH3)sI**
1

1 1 1
105 10° 10%* 10 102 1077 1 10
NH3, M/L

Figure 3.10: Copper ammine complexes as a function of ammo-
nia concentration (Bjerrum, 1941).

A complexed ion behaves differently from an uncomplexed ion.
For example, AgClI precipitates when CI™ ion is added to a solution of
AgNOj but not from a solution containing [Ag(CN),]™ because the
silver in the second case is complexed and not free to react with CI™
ion. Also, AgClI precipitates when Ag* ion is added to NaCl solution
but not from a solution containing [PtCl6]2‘ ion because the chlorine
in this case is complexed and not free to react with Ag+ion.

Chelates

Chelates? are complexes with ring structure, usually 5 or 6 mem-
bered which may be soluble or insoluble in water. For example:

¢ Ethylenediamine tetraacetic acid (EDTA) reacts with Be?* ion to
form the five-membered water-soluble chelate:

1. From Greek meaning claw because of the way the metal is held in the complex.
Also known as “inner complexes”because the metal is entrapped inside the
organic structure.
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‘OOCHZC\ y CH,COO~
NH,C-CH N, + Bt >
“OOCH,C/ CH,CO0O~
CH,~H,C
H,C CH,CO0"~
CH,C CH,C
oc-0’ ‘0-co

*  o-Nitroso-B-naphthol reacts with Co?* ion to form an insoluble
chelate:

z NO 4 Co** — NO ON +2H+
o - -

OH -0

The solubility of chelates in water depends on:

The size of the hydrocarbon grouping. The greater the size of the
hydrocarbon groupings the lower will be the solubility in water
and the higher the solubility in less polar solvents.

* The presence of highly hydrated groups such as sulfonic, carboxy-
lic, amino, and phenolic groups in the organic residue. The pres-
ence of these groups renders the chelate soluble in water and
insoluble in polar solvents.

Chelates play an important role in many life processes, e.g., hemo-
globin, chlorophyll, and vitamin B;,. These are chelates containing
iron, magnesium, and cobalt, respectively. In chelates electron donor is
usually nitrogen, oxygen, or sulfur atom. When the metal is directly
bonded to carbon, the product is known as organometallic com-
pounds and these have completely different properties from coordina-
tion compounds.



Table 3.6: Soluble complexes of importance in hydrometallurgy.

- - CN™ crr F~ OH- S SO~ CO3z~

A%+ Ag(NH3); Ag(CN); AgCly
A AlF~  AlOH)g
As>* AsSF

Aul Au(NH3)3 Au(CN);

Au”* AuCly

Be22+ , ) BeF;  Be(OH)3

Co?* Co(NHz)§*  Co(CN)g~

Co®  Co(NH;)7*  Co(CN)Z~

Cu* Cu(NH3)3 Cu(CN); CuCly

Cu®*  Cu(NHyZ? CuCly

FeZ* Fe(CN)¢™ .

Fe3* Fe(CN)¢- Fe(SOy);

Hg22+ Hg(NH;)3*  Hg(CN)F HgClz~ HgS3~

MnS: Mn(CN)~

Ni Ni(NH3)§ Ni(CN);

Pp2 PbClZ~ Pb(OH)3

Pt Rl 2-

Sb3+ Sb(OH); SbS3-

Sho* ., Sb(OH);  SbSi~

514 SiFg

Sn** SnClG“ Sn(OH)G‘ SHS3'

T’ +2+ TaF5~ “ .
(§/e5; U0,(S04); U0,(CO3)3
Zn®*  Za(NH3)}*  Za(CN)Z~ Zn(OH)3
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PRECIPITATION

Precipitation is an important step in hydrometallurgy. It is essen-
tial to remember some facts about soluble and insoluble compounds
in different media since this facilitates process design. The scheme of
qualitative analysis devised by Carl Remigius Fresenius (1818—1897)
in 1841 not only helps to idenrify the metal ions in solution but also
to remember solubility data that are important in hydrometallurgy. It
is based mainly on the solubility data of chlorides, sulfides, hydroxides
and carbonates and makes use of certain differencesin solubility when
dilute HCl is added followed by H,S, then after expelling excess H,S
from solution by boiling, excess NH,OH is added at a later stage. The
scheme is outlined in Figure 3.1 1 and Table 3.7.

Group | includes metal chlorides insoluble in dilute HCI. Group 2
includes metal sulfides insoluble in dilute HCI and is characteristic by
a variety of colors. After separating the sulfides of Group 2 and neu-
tralizing the filtrate with NH4OH, only few metal hydroxides precipi-
tate (Group3).The reason is that the hydroxides of cobalt, nickel, and
manganese are soluble in ammonia, and a great part of metal ions that
form insoluble hydroxides have been precipitated in the previous
groups. After filtering the hydroxides, H,S is passed again in the fil-
trate to precipitate Group 4 metal sulfides. These are distinguished
from Group 2 sulfides by the fact that they are soluble in dilute HCI.
When these sulfides are filtered off, and the solution boiled to expel
excess HZS, then cooled and saturated with ammonium carbonate
(NH,4),COg3, Group 5 metal ions precipitate as carbonates. What
remains in solution will be alkali metal ions.

The scheme of qualitative analysis involves also the separation of
the individual metals in each group for identification purposes. For
example, the sulfides of arsenic, antimony, tin, and mercury are sepa-
rated from the other sulfides of Group 2 by boiling with ammonium
sulfide, a fact that is also made use of occasionally in hydrometallurgy.
These sulfides are soluble due to the formation of thiosalts, while the
remaining sulfides are not. The reader is referred to textbooks on
Qualitative Chemical Analysis for further details.

It is significant to observe that metals of Groups2 and 4 which are
precipitated as sulfides in the scheme of analysis occur in nature
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mainly as sulfides with the exception of manganese which occurs as
MnO,. Metals of Group 3 which are precipitated as hydroxides occur
in nature mainly as oxides and hydroxides, while metals of Group 5
which are precipitated as carbonates occur in nature also as carbonates.

Solution
Containing

lons

¢ v HC
Precipitation/

Filtration HoS

¢ Precipitation/ NH,4OH
Chlorides Filtration +NH,CI

of Ag, Hg(l), Pb
9. Ho(l) Precipitation/ H.S
Filtration 2
Sulfides ¢ Precipitation/
of As, Sb, Sn, ) Filt’r)ation (NH,),CO3
Cd, Pb, Cu, Re, Hydroxides
Pt W of Al, Fe, Cr, Be, —Y
’ U, Th, Lanthanides Precipitation/
Sulfides Filtration
of Ni, Co, Mn,
r NH,S Zn Alkali
+ Carbonates m?;als
Boiling/ of Mg, Ca, .
; Filtration Sr, Ba solution
Solution

Containing
Sulfides of

As, Sb, Sn, Sulfides of
Bi, Hg(ll), Cd, Pb, Cu,
Mo Re, Pt, W

Figure 3.11: Scheme for separating metal ions in solution.
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Table 3.7: Scheme of identification of metal ions in solution.

Group prel\c/:gtl?;tlgg as  Reagent Precipitates Color
1 Chloride 0.5M HCl AgCl white
PbCl, (slightlysoluble) — white
Hg,Cl, (mercurous) white
22 Sulfide H,S:A) AsyS3 yellow
Sb,S; orange
SnS brown
SaS, yellow
BiyS; dark brown
HgS (mercuric) black
MoS; black
GGSZ
B) Cds yellow
PbS black
Cus dark brown
Re,S; black
PtS black
52 black
3b Hydroxide NHOH t« Al(OH); white
NH,CI Fe(OH), green
Fe(OH); red-brown
Cr(OH); green
Be(OH), white
UOQ(OH)Z white
Th(OH), white
Ln(OH);5" white
4 Sulfide H,S NiS black
CoS black
MnS pink
ZnS white
5 Carbonate (NH,CO; MgCO; white
CaCOsy4 white
SrCO;5 white
BaCOx white
a. Group 2A sulfides soluble in ammoniacal, (NH,),S, while 2B are insoluble. MoS; is pre-

cipitated but not MoS, which occurs in nature. eparatlon of Re from Mn by preC|p|ta—
tion as sulfide is of historical interest; this method was used for the first time to isolate

rhenium.

NH,Cl is added o prevent the precipitation of Mn(OH), and Mg(OH),,. Fe(OH); is
pamally precipitated under these conditions. For effectlvepreupltatlon the original soly-
tion should be oxidized before adding NH,OH to convert Fe** to Fe>*

Ln = Lanthanides.
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Leaching — General
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Chapter Four

Leaching Agents
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INTRODUCTION

Leaching is the process Of extracting a soluble constituent from a
solid by means of a solvent. In this respect. either one of two purposes
can be achieved:
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Opening of ores, concentrates, or metallurgical products to solubi-
lize the metal values.

Leaching easily soluble constituents (usually gangue minerals) of
an ore or a concentrate to have it in a more concentrated pure
form, i.e., a chemical beneficiation method.

The choice of a leaching agent depends on the following factors:

Solubility. Large and rapid solubility of the material to be leached
in the leaching agent.

Cost. An expensive reagent is undesirable because any traces lost
during handling will represent a large economic loss.

Materials of construction. If the leaching agent is corrosive and has
to be handled in tanks made of stainless steel, titanium, or Hastal-
loy, the capital cost will be high, and therefore its use will be less
desirable.

Selectivity. An ideal reagent will extract only the desired compo-
nent.

Regeneration. Ability of regenerating the reagent for recycle is also
an important criteria.

Water is an ideal leaching agent because it is cheap and noncorro-

sive, but its action is only limited to few minerals. Leaching agents
commonly used other than water fall into the following categories:
Acids, bases, and aqueous salt solutions; chlorine water is used to a
minor extent (Table4.1). Leaching agents may be used either alone or
in combination with oxidizing agents. In few cases they are used in
combination with reducing agents. Bases such as NaOH or NH,OH
are more expensive than H,SO, but they are used because of the fol-
lowing advantages:

1.

2.

Negligible corrosion problems.

More selective, i.e., suitable for ores containing much gangue
which reacts with acids but not with the bases. Examples of such
gangue minerals are limestone, dolomite, iron oxide, iron carbon-
ate, etc. The reaction of H,SO,4 with limestone leads to the forma-
tion of insoluble CaSO, as well as foaming due to the evolution of
COzl

CaCOj3 + H,504 — CaSOy + CO, + Hy,O
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Table 4.1: Common leaching agents.

Category Reagent
Water H,O
Acids H,S0,, HCI, HNOj3, HF, H,503, aqua
regia, H,SiF
Bases NaOH, NH,OH
Aqueous salt solutions Na,COj3, NaCN, Na,S, NaCl, (NH,),S0s3,
N325203

Aqueous chlorine and hypochlorite Cly,5, HCIO, NaClO

On the other hand the reaction with iron oxide leads to the forma-
tion of soluble iron sulfate:

F€203 + H2804 - F€2(804)3 + Hzo

Thus, not only the acid is consumed but the leach solution will be
contaminated with Fe3* iron whose separation will be necessary.

WATER

Water is an ideal solvent since it is the cheapest and noncorrosive
reagent, but it is effective only on few minerals, flue dusts, and cal-
cines. It is used in treating the following raw materials.

» Naturally occurring salts. Naturally occurring sodium and potas-
sium salts such as borates, carbonates, chlorides, nitrates, and sul-
fates are readily soluble in water (Table 4.2). They are leached,
filtered to separate clays, the solutions concentrated by evapora-
tion, and the pure salts recovered by crystallization (see chapter
23).

* Flue dusts. Some flue dusts contain water-soluble components,
e.g., those produced during the oxidation of molybdene, MoS,,
are enriched in rhenium oxide. This is soluble in water to form
perrhenic acid:

R6207 + Hzo - 2HRCO4

* Calcines. Calcines produced by sulfating or chloridizing roasting
usually contain water-soluble ingredients that can be extracted
with water. For example, recovery of cobalt sulfate and other non-
ferrous metals from pyrite cinder (see chapter 17).
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Sulfide concentrates. Water in the presence of air or oxygen under

pressure and at about 200 °C dissolves sulfides, converting them
to sulfates (see chapter 12). For example:

NiS(s) . ZOz(aq) — NiSO4(aq)

Table 4.2: Principal water-soluble minerals.

Group Mineral Formula
Chlorides Halite NaCl
Sylvite KCI
Sylvinite KCI + NaCl
Carnallite KCI-MgCl,-6H,0
Sulfates Langbeinite K,50,4-2MgSOy
Schonite K;S804-MgSOy4-6H,0
Polyhalite K,80,4-MgSO,-2CaSO,4-2H,0
Thenardite Na, 50
Glauberite Na,50,-CaSOy
Aphthitalite (Na, K),SOy4
Mirabilire Na,5O4- 10H,0
Bloedite Na,5O4-MgSO,-4H,0
Loeweite 2NaySO,4-2MgSQO,4-5H,0
Carbonates Natron Na,CO3-10H,0
Trona Na,CO3-NaHCO3-2H,0
Thermonatrite  Na,CO3-H,0
Nahcolite NaHCO;
Pirssonite Na,CO;-CaCO3.2H,0
Borates Tincal Na,B,05-10H,0
Tincalconite Na,B40,-5H,0
Kernite Na,B,40,-4H,0
Colemanite Ca,Bs04;-5H,0
Ulexite (Na, Ca)BsOq9-5H,0
Boracite Mg3B7013Cl
Nitrates Soda niter NaNOj4
Niter KNOj4
Mixed Kainite KCI-MgSO4-3H,0
chlorides—sulfates Sulfohalite Na,5O,-NaCl

Notes:

1. Borates containing calcium are insoluble in water; they are usually leached with

Na,COj solution.

2. All potassium salts are known by the collective term potash.
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ACIDS

Acids are the most commonly used leaching agents, they may be
non-oxidizing, oxidizing, or reducing. An acid may react in more than
one way depending on the conditions.

Non-oxidizing acids. An acid is considered a non-oxidizing acid
when its reactions involve only its hydrogen ion. For example,
Fe(OH); dissolves in any acid forming ferric ion:

Fe(OH); t 3H* — Fe’* + 3H,0
Or metallic iron dissolves in any dilute acid with liberation of hydro-
gen (an oxidation—reduction process):

Fe — Fe®* ¢ 2e-

2H + 2e-— H,

Overall reaction:
Fet 2H' — Fe?* ¢ H,

Oxidizing acids.  An acid is considered oxidizing when both the
hydrogen ion and the anion participate in the reaction. For example,
nitric acid is an oxidizing acid when both the H* and NO, ions par-
ticipate in the reaction:

4H" + NO3 t 3¢ —> NO + 2H,0
2H* + NO, te~ = NO, tH,0

Concentrated sulfuric acid, contrary to the dilute acid, is an oxidizing
acid because when it reacts both the H* ion and the SOZ~ ion partici-
pate in the reaction:

4H* + SO + 2e-— SO, t 2H,0

Gases evolved during these reactions have to be collected and used to
regenerate the respective acid for recycle.

Reducingacids. An acid is a reducing acid when itself undergoes oxi-
dation during reaction. For example, sulfurous acid in many reactions
is oxidized to sulfuric acid:

H,S05 + HyO — SOZ™ t 4H" « 2e-
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Sulfuric

Sulfuric acid is the most common leaching agent. It is manufac-
tured by the oxidation of SO, to SO, on V,05 catalyst at 400 °C
then absorbing SO, in 96% H,SOy to increase its concentration to
98% (Figure4.1). Water cannot be used because the reaction is highly
exothermic and the water would evaporate. Sulfur dioxide is obtained
either by the oxidation of brimstone (sulfur), pyrite, or as a by-prod-
uct of the oxidation of nonferrous metal sulfides. Sulfur dioxide and
air must be cleaned from dust, dried, and preheated before entering
the catalyst chamber. The reaction is highly exothermic and therefore
the gases leaving the catalyst are used to preheat the SO,—air mixture.
Figure 4.2 shows a typical view of a sulfuric acid plant while Figure 4.3
gives the boiling points of H,SOy at different concentrations and
Table 4.3 shows density data.

Sulfuric acid may also be produced by the aqueous oxidation of
sulfur dioxide:

SO, + 11,0, + H,0 — H,50;

SO:
Heat “
exchanger Filter _ | Cooler l‘——
Dryer f—AlR
HzO it
96% 96% H2S0
Dilution |>—>| Absorption I< AL S
HoS04
98% H2S0.
4 v > o M2 4

98% H2S04

Figure 4.1 : Sulfuric acid manufacture.
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Figure 4.2: A view of a sulfuric acid plant (Lurgi).
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Figure 4.3: Boiling points of sulfuric acid solutions.
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Table 4.3: Data on sulfuric acid.

Concentration

H,504 Density
% gL M
0 1.0000 0 .000
| 1.0068 10.1 .102
2 1.0135 20.2 206
3 1.0202 306 311
4 1.0269 41.0 418
5 1.0336 51.6 526
6 1.0404 62.3 635
7 1.0472 73.2 746
8 1.0540 84.2 858
9 1.0609 95.3 972
10 1.0679 106.6 1.087
11 1.0750 118.0 1.204
12 1.0821 129.6 1.322
13 1.0893 141.4 1.441
14 1.0966 153.3 1.563
15 1.1039 165.3 1.685
16 1.1113 1775 1.810
17 1.1188 189.9 1.936
18 1.1263 202.4 2.063
19 1.1339 215.1 2.193
20 1.1416 227.9 2.324
22 1.1570 254.1 2.591
24 1.1725 280.9 2.864
26 1.1883 308.4 3.145
28 1.2043 336.6 3.432
30 1.2205 365.5 3.727
32 1.2370 395.1 4.029
34 1.2536 4255 4.338
36 1.2705 456.6 4.655
38 1.2877 488.5 4.980
40 1.3052 521.2 5.314
42 1.3230 554.7 5.655
44 1.3411 589.0 6.006
46 1.3595 624.3 6.365
48 1.3783 660.4 6.733
50 1.3975 697.5 7.112
52 1.4172 735.6 7.500
54 1.4373 774.8 7.900
56 1.4580 815.1 8.310
58 1.4793 856.5 8.733
60 15013 899.2 9.168
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The reaction is slow although catalyzed by Fe2* and Mn?* ions, and
the acid produced cannot exceed 40%; to produce a stronger acid,

concentration by evaporation would be necessary, which is usually not
economical.

Sulfuric acid is usually handled in lead-lined equipment; the lead
lining forms a protective layer of lead sulfate. Dilute sulfuric acid is
widely used for leaching copper oxide ores, zinc oxide, phosphate
rock, and a variety of other ores. In combination with an oxidizing
agent it is used for leaching uranium ores and sulfides. Concentrated
H,SOy is used for treating more resistant minerals such as sulfide con-
centrates, laterites, monazite, and titanium slag. Although sulfuric acid
is the cheapest acid, yet it is facing competition with hydrochloric and
nitric acids because of two problems:

« When the raw material contains appreciable amounts of iron, the
formation of ferrous sulfate creates a disposal problem because it
cannot be discharged in streams and therefore must be either pre-
cipitated or crystallized and decomposed; both are costly opera-
tions. Decomposition of ferrous sulfate is expensive because a high
temperature is needed, and the gases have to be transformed back
to H,SO4 for recycle with is an added cost.

* When the raw material contains radium, e.g., in the leaching of
uranium ores, the residue represents a radioactive health hazard
because of its radium sulfate content, which disintegrates to radio-
active radon gas.

Hydrochloric

Hydrogen chloride is formed by the reaction of chlorine with
hydrogen, then absorbing the gas in water. It is also produced as waste
product during the manufacture of polyvinyl chloride and other
organic intermediates, for example, during the chlorination of ethyl-
ene:

H,C=CH, + Cl, °%%’° H,C=CHCI + HCI

which is a step in the production of polyvinyl chloride. As a result,
hydrochloric acid sometimes finds metallurgical application within
polyvinyl chloride plants.
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Figure 4.4 shows the boiling points of aqueous solutions of HCL.
If a solution of HCI containing more than 20.2% HCl is heated, HCI
with little water is given off; the solution becomes less concentrated.
This continues until the solution contains nearly 20.2% HCI, when
its boiling point attains the maximum 110 °C; any further boiling
does not affect the concentration of the aqueous phase because dilute
acid containing 20.2% HCI distils unchanged. Again, if an acid con-
taining less than 20.2% HCI is boiled, water accompanied by a little
HCI passes off; the boiling point of the solution gradually rises; and
the solution at the same time becomes more concentrated untl it con-
tains 20.2% HCI, when the acid distils over unchanged at 110 °C.
Hence 110 °C is the maximum boiling point of hydrochloric acid at
atmospheric pressure, and an acid boiling at this temperature is called
an azeotropic mixture. This is the acid concentration commonly used
in practice. Figure 4.5 shows vapor pressure data of HCI solutions at
different temeratures, and Table 4.4 gives density data.

Hydrochloric acid has replaced sulfuric acid in many reactions
involving iron oxide, e.g., pickling of steel and leaching of ilmenite.
This is because ferrous chloride produced in these reactions can be
decomposed to ferric oxide and HCl according to:

2FeCl, + 2H,0 + 1/,0, — Fe,05 + 4HCI

O 20.2% HCI
3
Q.
o
£
3
m
N RN SN N B | L
0 10 20 30 40 50 60 70 80 90 100
HCI %

Figure 4.4: Boiling points of hydrochloric acid. Maximum boil-
ing point 110°C at 20.2% HCl (= 6 N).

1. From Greek words meaning to boil without change.
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Table 4.4: Data on hydrochloric acid.

HCl

Concentration

% Density oL )
.00 10000 0 .000
.50 1.0025 5.0 137

100 1.0050 10.0 275

1.50 1.0075 15.1 414

2.00 1.0099 20.2 553

2.50 1.0124 25.3 .693

3.00 1.0148 30.4 833

3.50 1.0173 35.5 975

4.00 1.0198 40.7 1.116

4.50 1.0222 45.9 1.259

5.00 1.0247 51.1 1.401

5.50 1.0272 56.4 1.546

6.00 1.0296 61.7 1.691

6.50 1.0321 67.0 1.836

7.00 1.0346 72.3 1.982

7.50 1.0370 77.6 2.129

8.00 1.0395 83.0 2.276

8.50 1.0420 88.4 2.424

9.00 1.0445 93.8 2.573

9.50 1.0469 99.3 2.722

10.00 1.0488 104.7 2.871
11.00 1.0540 115.7 3.173
12.00 1.0592 126.9 3.479
13.00 1.0643 138.1 3.787
14.00 1.0695 149.5 4.098
15.00 1.0746 160.9 4.412
16.00 1.0798 172.5 4.729
17.00 1.0849 184.1 5.048
18.00 1.0901 195.9 5.371
19.00 1.0952 207.7 5.696
20.00 1.1003 219.7 6.023
22.00 1.1105 243.9 6.687
24.00 1.1207 268.5 7.362
26.00 1.1308 293.5 8.048
28.00 1.1409 318.9 8.744
30.00 1.1510 344.7 9.451
32.00 1.1610 370.9 10.169
34.00 1.1710 397.4 10.898
36.00 1.1809 424.4 11.636
38.00 1.1908 451.7 12.385
40.00 1.2006 479.4 13.145

77



78 A Texthook of Hydrometallurgy

which also shows that the acid can be regenerated. The process is
known as oxyhydrolysis. Hydrochloric acid is a corrosive acid and is
usually handled in rubber-lined equipment.

Nitric
Nitric acid is prepared industrially by the oxidation of NHj by air
over platinum catalyst at 900 °C (Figure 4.6). The nitric oxide formed

is oxidized further to NO, which is then absorbed in water to give
nitric acid:

2NHj; +°/,0, — 2N 0 + 3H,0
NO + 1,0, — NO,
3NOZ + HzO —> 2HNO3 + NO
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Figure 4.5: Vapor pressure of aqueous solutions of hydrochloric acid.

Figure 4.7 gives the boiling point curve of HNOj from which it
can be seen that the maximum boiling point is 122°C at 68%. Table
4.5 shows density data. Nitric acid is an expensive acid and any small
loss will influence the economics of the process. It can be readily han-
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dled in stainless steel equipment — but these are also expensive. It has
the advantage, however, that its salts decompose readily at low temper-
ature to give nitric oxides which can be absorbed in water to yield
HNOj. Thus, it is possible to recover the acid waste solutions.

Air NH3

Waste heat
boiler

Air j

Secondary
oxidation

T A

r Cooler J | Absorption
A

NO,

A

Decolorizer

Air

70% HNO3

Figure 4.6: Nitric acid manufacture.
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Figure 4.7: Boiling points of aqueous solutions of nitric acid.
Maximum boiling point 122 °C at 68 % HNOj.
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Table 4.5: Data on nitric acid.

Concentration

HNO; Density

% g/l M
.00 1.0000 0 000
50 1.0027 5.0 079
1.00 1.0054 10.0 159
1.50 1.0081 15.1 240
2.00 1.0109 20.2 320
2.50 1.0136 25.3 401
3.00 1.0164 30.4 483
3.50 1.0191 35.6 565
4.00 1.0219 40.8 647
4.50 1.0247 46.0 730
5.00 1.0274 51.3 814
5.50 1.0302 56.6 898
6.00 1.0329 61.9 982
6.50 1.0358 67.2 1.066
7.00 1.0387 72.6 1.152
7.50 1.0416 78.0 1.237
8.00 1.0446 83.4 1.324
8.50 1.0475 88.9 1.410
9.00 1.0504 94.4 1.497
9.50 1.0533 99.9 1.585
10.00 1.0563 105.4 1.673
11.00 1.0622 116.6 1.851
12.00 1.0681 127.9 2.030
13.00 1.0740 139.4 2.212
14.00 1.0800 150.9 2.395
15.00 1.0861 162.6 2.580
16.00 1.0921 174.4 2.768
17.00 1.0983 186.4 2.957
18.00 1.1044 198.4 3.149
19.00 1.1106 210.6 3.343
20.00 1.1169 223.0 3.538
22.00 1.1296 248.1 3.936
24.00 1.1425 273.7 4.343
26.00 1.1555 299.9 4.759
28.00 1.1688 326.7 5.184
30.00 1.1822 354.0 5.618
32.00 1.1956 381.9 6.060
34.00 1.2091 410.4 6.512
36.00 1.2225 439.3 6.971
38.00 1.2357 468.7 7.438
40.00 1.2486 498.6 7.911
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The use of nitric acid in hydrometallurgy is limited, but it has a
potential in displacing H,SO, in some uranium extraction operations
because when used radium gases go into solution together with ura-
nium and can be disposed of in a controlled way. Thus the residues
from leach operation do not represent a health hazard. Nitric acid is an
oxidizing acid and therefore can be used to solubilize sulfide minerals
by an oxidation—reduction process:

MS - M%* ¢S t2e
4H* + NOj 3¢ — NO +2H,0
2H' ¢ NO3 te” = NO, +t H,O

Nitrogen oxide gases formed during leaching are collected and
used for making HNOj for recycle:

2N 0t 3,0, + H,O — 2HNO;
2N02 t 1/202 Tt HzO — ZHN03

It is also possible to leach and regenerate the acid in the same ves-
sel by injecting oxygen. In this way the acid consumption would be
decreased. It is preferable, however, to conduct the leaching such that
N O is produced and not NO, because the consumption of HNOj in
the first case is much less than in the second case as shown by the
above equations. The HNOj3 concentration is another factor in deter-
minating whether NO or NO, is evolved. Below about 20% HNO;
nearly pure NO is produced, at 40% HNO3 about 50% NO and
50% NO,, while at 70% HNOj the gases analyze 90% NO, (Figure
4.8).When concentrated acid is used, there is excessive decomposition
as follows:

2HNO; — 2NO, t 1,0, + H,0

When used as oxidizing acid, e.g., during leaching of sulfides, it
was also found that about 0.5% N,O is always produced. This repre-
sents a loss in the regeneration system because it cannot be converted
to HNO3, and a pollution hazard because it cannot be emitted in the
atmosphere.

The consumption of HNOj can be decreased when concentrated
H,S80y is added during leaching to convert the nitrates into sulfates:
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Beside the economy in acid, the recovery of metal values will be facili-
tated since standard methods will be used, i.c., recovery from sulfate
medium.

100
NO

60~

40—

Gas concentration, %

201

NO,

0 ] | ] I | 1
0 10 20 30 40 50 60 70

HNO3 concentration, %

Figure 4.8: Composition of gases formed during leaching chal-
copyrite with HNOj3 at 95 °C (Prater et al., 1973).

Hydrofluoric

Hydrofluoric acid is prepared by the action of concentrated
H,SO, on the mineral fluorspar:

H,S50, t CaF, — CaSOy4 t 2HF

This acid is used in special cases when the ore is insoluble in all the
previous acids, e.g., for the treatment of niobium and tantalum ores.
Figure 4.9 shows the boiling point curve of hydrofluoric acid; the
azeotropic mixture is at 38.26% HF and the constant boiling point is
112 °C. Hydrofluoric acid is handled in mild steel containers.

Fluorosilicic

Also known as hexafluorosilicic acid and hydrofluosilicic acid,
H,SiFg is obtained as a waste product of the phosphatic fertilizer
industry (see chapter 15). In treating phosphate rock with H,SOy, sil-
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ica present in the rock is partially volatilized as SiF4 which is scrubbed
with water to form the acid:

3SiF, + 2H,0 — 2H,SiF; + SiO,

The other part remains in the phosphoric acid product and can be
precipitated by adding a sodium salt:
2Na* t SiFZ~ — Na,SiF

This salt is also a source of the acid. Fluorosilicic acid is used to pre-
pare AlF; from clays and other sources.

Azeotrope
1001 38.26% HF

Temperature, °C

25"

1 I i 1 I ! 1 I I
0O 10 20 30 40 50 60 70 80 90 100

HF, %

Figure 4.9: Boiling points of hydrochloric acid solutions. Azeo-
tropic mixture boils at 112 °C.

Sulfurous

Sulfurous acid has a limited use in hydrometallurgy. It is prepared
by dissolving sulfur dioxide in water:

SO, + HyO = H,S805 = H* + HSO3 = 2H* + SO~

The solubility of SO, in water at 0 °C is 228 g/L and at 25 °C it is
about 90 g/L (Figure 4.10). Figure 4.11 gives the species present in
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solution as a function of pH. Sulfurous acid reacts as a non-oxidizing
acid, e.g., dissolution of CuO:

CuO « 2H* = Cu** + H,0

or as a reducing acid, e.g., dissolution of MnO,:
H,S0; t H,O — SOF™ + 4H* « 2¢”
MnO, t 4H* t 2¢™ — Mn?* « 2H,0
With acid-soluble sulfides it reacts at 120—150 °C forming ele-
mental sulfur because of the formation of H,S:
MS + 2H* — M?* « H,S
2H,S £ SO, — 38 + 2H,0

Overall reaction:
2MS + 4H* t SO, — 2M?* ¢ 3S + 2H,0

This reaction may be accompanied by disproportionation of sulfite
ion to sulfate ion and elemental sulfur:

3503 ¢ 2H" — 2807 + St H,0
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Figure 4.10: Solubility of SO, in water.
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Figure 4.11: Species present in solution as a function of pH when
SO, is dissolved in water.

As a result, on adding these last two reactions, and taking into consid-

eration the ionization equilibrium of SO, in water the following reac-
tion is obtained:

MS + 280, — MSOy + 25

Aqua regia

Aqua regia, also known as royal water or eau régale because it can
solubilize gold the most noble metal, is a mixture of one part concen-
trated nitric acid and three parts concentrated hydrochloric acid. It is
used mainly to dissolve gold alloys for refining. The dissolving action
is due to the formation of chlorine and nitrosyl chloride':

HNO; + 3HCl — Cl, + NOCI + 2H,0

At 109°C, a mixture of HNOj and HCI distills over unchanged.
Aqua regia is handled in glass or fused silica containers.

I. The reaction is oxidation—reduction:
2CI" — Cl + 2¢7
4H* + NO3 *+ 3¢ — NO + 2H,0
followed by formation of nitrosyl chloride:
2NO0 +Cly, = 2NOCI
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BASES

Sodium hydroxide

Sodium hydroxide is used chiefly for dissolving aluminum from
bauxite, for decomposing monazite sand, and for leaching wolframite
and scheelite ores. It is manufactured by the following methods:

o Electrolysis of NaCl solutions using a mercury cathode:

Na++ ¢ + xHg — NaHg,
2CIT - Cly 1 2e-

By decomposing the amalgam with water, NaOH and hydrogen are
formed:

NaHg, t H,0O — NaOH t !/,H, + xHg

This process produces a pure and concentrated product but suffers
from pollution problems due to mercury.

o Electrolysis of NaCl solutions in a diaphragm cell: NaOH forms at
the cathode and chlorine at the anode:

2H20 t2e > 2OH_ + Hz
2CI" — Cl, + 2e-

The product is less pure because of contamination with NaCl and less
concentrated. Therefore evaporation is necessary to concentrate the
solution and remove NaCl which crystallizes out during heating.

* From Na,COj by reaction with Ca(OH),:
Na2C03 + Ca(OH)2 — NaOH + C3C03

Calcium carbonate is filtered off and the solution is concentrated by
evaporation. This process is less used because of low purity and low
concentration. However this reaction is sometimes made use of in
some leaching processes where NaOH is generated in situ. Figure 4.12
shows the boiling point diagram of NaOH and Table 4.6 shows the
density data.
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Table 4.6: Data on sodium hydroxide.

Concentration

NaOH Density

O g/L M
.00 1.0000 0 .000
50 1.0056 5.0 125
1.00 1.0112 10.1 252
1.50 1.0167 15.2 381
2.00 1.0223 20.4 510
2.50 1.0279 25.7 .641
3.00 1.0334 30.9 773
3.50 1.0390 36.3 907
4.00 1.0445 417 1.042
4.50 1.0501 47.2 1.179
5.00 1.0556 52.7 1.317
5.50 1.0612 58.3 1.456
6.00 1.0667 63.9 1.597
6.50 1.0722 69.6 1.739
7.00 1.0778 75.3 1.882
7.50 1.0833 81.1 2.027
8.00 1.0888 87.0 2.173
8.50 1.0944 92.9 2.321
9.00 1.0999 98.8 2.470
9.50 1.1054 104.8 2.620
10.00 1.1110 110.9 2.772
11.00 1.1220 123.2 3.079
12.00 1.1331 135.7 3.392
13.00 1.1441 148.5 3711
14.00 1.1551 161.4 4.035
15.00 1.1662 174.6 4.364
16.00 1.1772 188.0 4.699
17.00 1.1882 201.6 5.040
18.00 1.1993 215.5 5.386
19.00 1.2103 229.5 5.737
20.00 1.2213 243.8 6.094
22.00 1.2432 273.0 6.824
24.00 1.2651 303.1 7.576
26.00 1.2869 334.0 8.348
28.00 1.3086 365.8 9.142
30.00 1.3301 398.3 9.956
32.00 1.3513 431.7 10.789
34.00 1.3722 465.7 11.641
36.00 1.3928 500.5 12.510
38.00 1.4128 535.9 13.394
40.00 1.4322 571.9 14.293
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Figure 4.12: Boiling point diagram of sodium hydroxide solutions.

Ammonium hydroxide

Ammonium hydroxide is used for extracting metals such as cop-
per, cobalt, and nickel from their ores by forming soluble ammine
complexes, [M(NH3)n]2+. Ammonium hydroxide is prepared by dis-
solving gaseous ammonia in water:

NH3 + H20 = NHZ t OH—

The solubility of NHj3 in water is shown in Figure 4.13. To minimize
the ionization of the hydroxide a mixture of ammonium hydroxide
and ammonium carbonate is usually used; the ammonium salt is
added to shift the above equilibrium to the left, thus favoring the for-
mation of NHj the active complex species. Figure 4.14 shows the con-
centration of NH and NHj as a function of pH, Figure 4.15 shows
the vapor pressure of aqueous ammonia solutions as a function of tem-
perature, and Table 4.7 gives density data.

Ammonia is prepared industrially by the reaction of hydrogen and
nitrogen at about 500 °C and under pressure of 50 000 kPa in pres-
ence of iron as a catalyst:

Nz t 3H2 - 2NH3

It is transported as a liquid in specially designed ships for overseas, or
in specially refrigerated trucks or in pipelines over long distances on
land.
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Figure 4.13: Solubility diagram of ammonia in water.
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Figure 4.14: Concentration of ammonium ion (NH}) and
molecular ammonia (NH3) in aqueous solution.
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Table 4.7: Data on ammonium hydroxide.

NH,OH NH, . Concentration
Density

% % g/l M
0 .00 1.0000 0 .000
1 49 9979 10.0 284
2 97 9957 19.9 567
3 1.46 9936 29.8 .849
4 1.94 9915 39.6 1.130
5 2.43 9894 49.4 1.409
6 2.92 9874 59.1 1.687
7 3.40 9853 68.9 1.964
8 3.89 9833 78.5 2.240
9 4.37 9813 88.2 2.515
10 4.86 9793 97.8 2.789
11 5.34 9773 107.3 3.062
12 5.83 9754 116.8 3.333
13 6.32 9734 126.3 3.604
14 6.80 9715 135.8 3.874
15 7.29 9696 145.2 4,142
16 7.77 9677 154.6 4.410
17 8.26 9658 163.9 4,676
18 8.75 9639 173.2 4.942
19 9.23 9621 182.5 5.206
20 9.72 9603 191.7 5.470
22 10.69 9567 210.1 5.994
24 11.66 9531 228.3 6.515
26 12.63 9496 246.5 7.031
28 13.60 9461 264.4 7.545
30 14.58 9427 282.3 8.055
32 15.55 9393 300.1 8.561
34 16.52 9360 317.7 9.064
36 17.49 9328 335.2 9.563
38 18.46 9295 352.6 10.060
40 19.44 9263 369.9 10.553
42 20.41 9232 387.0 11.043
44 21.38 .9200 404.1 11.529
46 22.35 9170 421.1 12.013
48 23.32 9139 437.9 12.493
50 24.29 9109 454.6 12.971
52 25.27 9079 471.3 13.445
54 26.24 9049 487.8 13.917
56 2121 9019 504.2 14.385
58 28.18 -8990 520.5 14.850

60 29.15 .8961 536.7 15.313
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Figure 4.15-Vapor pressure of agueous ammonia solutions.

AQUEOUS SALT SOLUTIONS

Alkali carbonates

Sodium carbonate occurs in nature as the mineral trona, Na,COs5.
NaHCOj3-2H,O can be prepared industrially from sodium chloride
and limestone by the Solvay Process using ammonia as an intermedi-
ate (Figure 4.16):

NH; t CO, t H,0 — NH4HCO;
NH/HCO, + NaCl — NH,CI + NaHCOy

Sodium bicarbonate is crystallized and decomposed by heating to
sodium carbonate:

2NaHCO3 — N32CO3 + HzO t C02
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Figure 4.16: Flowsheet for the production of sodium carbonate
by the Solvay Process.

Ammonia is recovered from NH4CI by heating with CaO:

Solutions of sodium carbonate are basic and therefore they are
suitable for treating ores containing acid-consuming gangue. It is
mainly used for leaching uranium and some tungsten ores. Ammo-
nium carbonate is sometimes used instead of sodium carbonate
because it is less reactive towards silicate gangue minerals.

Cyanides

Kvovog is a Greek word meaning blue, and at one time hydro-
cyanic acid was known as the blue acid because it was first obtained by
decomposing Prussian Blue — a blue pigment. Alkali cyanides are
used mainly for leaching gold and silver from their ores; the process is
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called yunidation process. They are prepared industrially by absorbing
HCN in alkali hydroxide, e.g.,:

HCN + NaOH — NaCN + H,O

Hydrogen cyanide itself is prepared from NHj by the following reac-
tions:

CO + NH; '%5° HCN + H,0

NH; + CH4 + 11,0, 33 HCN + 3H,0

Alkali cyanides and hydrogen cyanide are highly poisonous and
must be oxidized to the harmless cyanate or nitrogen and CO, before
disposal, e.g., by chlorine:

Clz +2e” — 2CI
CN™+20H™ — CNO™ + H,O *+ 2¢~
2CNO™ + 40H™ = 2CO; t N, £ 2H,0 t 6¢~

Sodium sulfide

Sodium sulfide is produced by reducing the naturally occurring
sodium sulfate with carbon at high temperature. It is used for leaching
sulfide minerals that form soluble sulfide complexes such as those of
arsenic, antimony, tin, and mercury, e.g.,:

Sb,S5 + 35~ — 2[SbS;)°~

Sodium chloride

Saturated solutions of sodium chloride are mainly used for dissolv-
ing lead sulfate and lead chloride:

PbSO, + 4CI~ — [PbCl,J% + SO}~
PbCl, + 2CI~ — [PbCl )%

Solubility data for PbSO, in NaCl solutions is given in Table 4.8.
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Table 4.8: Solubility of PbSO in NaCl solution at 18°C.

NaCl Solubility
[molarity] g/L
0.0 0.04
0.1 0.17
0.2 0.27
0.3 0.38
0.4 0.50

Others

Ammonium sulfite is prepared by absorbing SO, in ammonium
hydroxide:

It has nearly a neutral pH and has been suggested for leaching copper
oxide minerals, e.g.,:

Sodium thiosulfate was used for leaching silver chloride produced
by salt roasting of silver ores:

2AgCl + 35,03~ — [Agy(S,03)31% + 2CI”

The process is now obsolete.

In the southern provinces of China, there are many large deposits
of rare-earth-containing clays from which the metals are recovered by
leaching with a sodium chloride solution. The leaching process is an
ion exchange system in which Na+ions displace the rare earth ions.

CHLORINE WATER AND HYPOCHLORITE

Chlorine is produced as a co-product during the electrolytic pro-
duction of NaOH (p. 86). It dissolves in water at 0 °C to the extent of
146 g/L and at 25 °C to the extent of 9.1 g/L (Figure 4.17). The sol-
ubility decreases in presence of electrolytesin solution but increases in
presence of HCl (Figure 4.18). Aqueous chlorine solutions are known
as chlorine water and can be used in acidic or basic media (Figure
4.19). Below pH 2 chlorine is present predominantly in the elemental
form, between pH 2 and 3 there is a mixture of Cl,, HCIO, and HCI,
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while in the pH range 4-6 only HCIO and HCl due to the hydrolytic
reaction:

C12 t HzO - HCIO t HCl

In basic medium the hypochlorite and chloride ions are formed:
Cl, + 20H™ = ClO” « CI" t H,O
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Figure 4.17: Solubility of chlorine in water.
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Figure 4.18: Solubility of chlorine in solutions containing HCI,
NaCl, KCI, and H,SOy.
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Figure 4.19: Species present in solution when chlorine is dis-
solved in water.

That is why when electrolysis of NaCl is carried out in the absence of a
diaphragm, a solution of sodium hypochlorite, NaCIO, is obtained as
a result of the dissolution of chlorine in NaOH. The solution is
known as eau de Javel and is used as an oxidizing agent. Hypochlorite
may be formed in situ during leaching by a method known as “electro-
oxidation process”. Chlorine can be absorbed by calcium hydroxide to
form chloride of lime, Ca(CI)CIO, known as bleaching powder. this is
a mean for transporting chlorine in form of a solid; it dissolves in
water forming chloride and hypochlorite ions.

The oxidizing action of chlorine and hypochlorite can be repre-
sented by the reactions:

C12 t2e7 — ZCI—
ClO™ +H,0O t 2e- = 20H ¢ CI”

Aqueous chlorine solutions were once used for leaching gold from its
ores before the discovery of the cyanidation process:

Au — Aud* + 3e-

Au?t + 4C17 — [AuCly ]~

The process, however, was abandoned because chlorine was incapable
of solubilizing silver commonly present in gold ores.
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Sodium hypochlorite finds application in the oxidation of organic
matter present in some gold ores, which should be removed prior to
cyanidation.

OXIDIZING AND REDUCING AGENTS'

An oxidizing or a reducing agent is sometimes needed during
leaching to solubilize certain minerals which do not dissolve other-
wise. For example, during leaching of gold, sulfide minerals, uranium
ores, etc. Commonly used oxidizing agents are: oxygen (or air), ozone,
hydrogen peroxide, ferric ion, manganese dioxide, sodium nitrate, and
sodium chlorate, while commonly used reducing agents are ferrous
ion, and sulfur dioxide.

Oxygen

Oxygen (or air) is an ideal oxidant since it does not need regenera-
tion. It is used in acidic or alkaline medium:

1/202 + 2H+ +2¢ = H2O
02 + 2H20 +2e = H202 + ZOH_
17,0, + HyO + 2¢” — 20H"

Oxygen is prepared on large scale by liquefaction of air and its
subsequent fractional distillation. Nitrogen boils at a lower tempera-
ture and hence tends to leave the oxygen behind when the mixture is
warmed. After separation, the latter is vaporized and compressed into
steel cylinders for distribution, or holding tanks for storage. Some
industrial oxygen is also obtained by electrolysis of water when electric
energy is available at low cost.

Ozone

Ozone, Og, is a gaswith a sharp odor and its name is derived from
the Greek verb to smell. It is much more soluble in water than oxygen,
and decomposes readily to form oxygen. It is prepared on industrial

I. Reducing agents used in the treatment of leach solutions are discussed in chapter
25.
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scale by passing a low-temperature electrical discharge through air or
oxygen. The silent electrical discharge obtained by connecting two
metallic plates through an induction coil with a source of current is
suited for this purpose. Ozone has been proposed for destroying cya-
nide ion before disposal.

Hydrogen peroxide

Hydrogen peroxide is prepared commercially by the electrolysis of
a cold concentrated solution of sulfuric acid:

2HSOZ — S,0F + 2H" + 2¢”
$,08 + 2H,0 — 2HSOj + H,0,
The commercial product is obtained by distillation and contains

about 30% H,O, in the aqueous solution. Hydrogen peroxide
decomposes readily to liberate oxygen:

H,0, — H,0 + 1/,0,

Ferric ion

Ferric sulfate or ferric chloride are prepared by dissolving Fe,O3 in
the corresponding acid and are mainly used as an oxidant in leaching
sulfide minerals:

MS — M2 + S+ 2¢”
Fe* + ¢ — Fe?*
Overall reaction:
MS + 2Fe3* — M2* + 2Fe? + S

The disadvantage of this oxidant as compared to oxygen (or air) is the
necessacity of its regeneration.

Ferric ion undergoes hydrolysis at ambient conditions to form less
effective leaching species:

Fe?* + H,O — FeOH?* + H*
FeOH?* + H,0 — Fe(OH); + H*
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Further hydrolysis leads to precipitation:
Fe(OH); + H,O — Fe(OH); + HY

Therefore the pH of the solution must be below 3 to prevent the
precipitation of hydroxy ferric salts if leaching is conducted at ambient
temperature, and below 1.5 if leaching is conducted at higher temper-
ature because of the accelerated hydrolysis of ferric ion with increased
temperature. The ferrous ion formed during leaching can be regener-
ated by oxidation with air (or oxygen) or chlorine:

2Fe?* + 2H* + 1/,0, — 2Fe** + H,0
FeCl, + 1/,Cl, — FeCls
Ferric sulfate is also prepared industrially by the aqueous oxidation
of pyrite:
2FeS, + 11,0, + HyO — Fe,(SOy);5 + H,80,

Solid oxidants

The action of a solid oxidant during leaching may be due to:

« Decomposition and liberation of oxygen. For example, sodium
nitrate and sodium chlorate are water soluble and decompose on
heating as follows:

NaNO; — NaNO, + 1/,0,
NaClO3 — NaCl + %/,0,

e Generation of an oxidizing species in solution. For example,
MnO, is insoluble in dilute acid but in the presence of a reducing
species such as ferrous ion an oxidation-reduction couple immedi-
ately sets in:

MnO, + 4H* + 2¢” — Mn?* + 2H,0
Fe* — Fe3* t e

Overall reaction:
MnO, + 4H* + 2Fe?* — Mn?* + Fe3* + 2H,0

The ferric ion then acts further as an oxidizing agent.
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SUMMARY

Table 4.9 gives a summary of commonly used leaching agents and
their applications.

Table 4.9: Summary of commonly used or potential leaching agents and their appli-

cations.
Group Reagent Examples
Water Sulfates, chlorides, borates
Acids H,S0O; (dil.) Copper oxide ores, zinc oxide, phosphate
rock
H,S0, (dil.) £ oxidant Uranium ores, sulfides
H,S80y (conc.) Sulfide concentrates, laterites, monazite,
titanium slag
HCI Chemical beneficiation of ilmenite
HNO; Uranium concentrates
HF Niobium and tantalum ores
Aqua regia Refining of gold bullion and platinum
metals
H,50; Manganese ores
H,SiF; Clay (for alumina recovery)
Bases NaOH Bauxite
NH,OH t air Laterites after reduction, nickel sulfide
concentrates
Agqueous salt  Na,COs Tungsten ores (scheelite)
solutions Na,COj3 + oxidant Uranium ores
NaCN t air Gold and silver ores
Chlorine Cl, (agueous) Gold ores
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The leaching of a solid in an aqueous phase depends primarily on
the nature of the solid whether it is ionic, covalent, or metallic. Since
bonding in solids is intermediate between these three extreme cases as
shown earlier, a variety of leaching processes may be identified. These
may be physical, chemical, electrochemical, reduction, or electrolytic.

PHYSICAL PROCESSES

In this case the aqueous phase is water and there is no chemical
transformation. This is the simplest case and applies mainly for ionic
solids for example, sodium chloride. The dissolution of NaCl in water
can be represented by the equation:

Na+Cle) t (n+ m)HZO —> Na(Hzo);(aq) t CI(HZO);n(aq)

Being highly polar, the water molecules when approach the surface of
the crystal exert a force on the ions in the crystal lattice: the negative
side of the dipole attracts the positive ion and the positive side of the
dipole attracts the negative ion to form hydrates. If the force of
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hydrating the positive and the negative ions exceeds the force holding
the two ions together in the crystal, then the solid will go into solu-
tion. While sodium chloride and calcium chloride are soluble in water,
silver chloride and calcium fluoride are insoluble. The reason is in the
case of AgCI the bond between the silver ion and the chloride ion is
partially ionic and partially covalent. Thus, the force of attraction
between Ag* and CI~ is stronger than the force of hydration. Similarly,
the case with CaF,.

The variation in solubilities between the different ionic crystals is a
function of the size of the ions composing the crystal since this factor
governs the force of attraction in the solid. If there is a great disparity
in the size of the ions, the stability of the crystal decreases because the
small-sized ions are not big enough to keep the large ions separated. As
the large ions approach one amother more and more closely, mutual
repulsion increases and the crystal becomes more unstable and conse-
guently more soluble. Also cations that are small and highly charged
exert the strongest attraction on water molecules.

Physical processes are strongly influenced by the speed of agita-
tion: the higher the speed the faster is the rate, but less influenced by
temperature.

CHEMICAL PROCESSES

In these cases the crystalline solid may be partly ionic and partly
covalent or mainly covalent. The first type of solids covers a variety of
compounds: oxides, hydroxides, sulfides, sulfates, some halides and
carbonates while the second type covers mainly silica and the silicates.
These are insoluble in water but may be solubilized in the presence of
a certain reagent in solution.

lonic—covalent solids

Because of their slightly ionic character these solids form minor
amounts of ions when they are added to water. Thus, when a crystal-
line solid MX ,where M is a divalent metal, is in contact with water
the following equilibrium will be set up:

MXig = Mz + Xiog K= IM*1X*]



Theory 103

The value of the equilibrium constant is so small. Equnlbrlum |s dIS-
rupted when the concentration of any of the ions M?* or X2~
decreased, thus more solid will go into solution to keep the value of K
constant. Decreasing any of these ions may be the result of a neutral-
ization reaction, complex formation, displacement, oxidation, or pro-
tonation. The rate of dissolution increases with increased
concentration of the reagent and with increased temperature.

1. Neutralization. Oxides and hydroxides are insoluble in water but
soluble in acids. For example, aluminum hydroxide has a low solu-
bility in water:

Al(OH)3( — Al%;q) + 30H{q)
Ky = [AB*J[OH]? = 1.9x 10

In presence of an acid, the OH- ions are neutralized:
H++OH_‘:‘H20 K2= —_—l_l—'—_— =1.0X1014
[H ][OH ]

This shifts the equilibrium to the right and more hydroxide goes into
solution:

Al(OH)3 t 3H* — AP* « 3H,0

3+
%A-t—]g_lq K3 =1.9x10°
H

K=

Most hydroxides are soluble in acids because the ionic product of
water when raised to the proper power (depending on the hydroxide)
is smaller than the solubility product of the hydroxide.

Aluminum hydroxide is an amphoteric hydroxide, i.e., it may
behave as an acid:

AI(OH)3(S) — AIO(OH)E(aq) + H*
K, = [AIO(OH);][H*] =4 x 10712

In presence of an alkali, the H* ions are neutralized:
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H* + OH-— H,0 K L _ix10H

27 (H0H ]

The equilibrium is shifted to the right and more hydroxide dissolves:

AI(OH)3() + OH™ —> AIO(OH)3(,) + H20

r. [AIO(OH),

— 2 - KK, =40
[OH ]

Thus, aluminum hydroxide is soluble in both an acid and an
alkali. Not all hydroxides, however, are soluble in alkalies. Most oxides
behave similar to hydroxides; in water they form a hydroxide surface.

2. Complex formation. The dissolution of lead sulfate in sodium chlo-
ride solution is an exemple of complex formation. Lead sulfate has
a low solubility in water:

PbSO4(S) - Pb%;q) + Soizaq)

In presence of chloride ions, the chloroplumbate ion is formed:

Pb%* + 4CI" — [PbCl,)%

thus decreasing considerably the concentration of Pb?* ion. This dis-
rupts the equilibrium of Pb** in contact with the solid phase, PbSOy,
thus more solid goes into solution. The overall reaction can be repre-
sented by the equation:

PbSO, + 4CI™ — [PbCly]% + SOZ~

The dissolution of HgS in a solution of sodium sulfide can be rep-
resented similarly:

HgS(S) - Hg2+ + S%;q)

Hg2+ +28% [HgSZJZ_
3. Displacement. The dissolution of a sulfide in a solution containing

a metal ion that forms a less soluble sulfide is a displacement reac-
tion. For example, the dissolution of ZnS in CuSOy solution:
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[Zn"']
[Cu’*]

7ZaS + Cu?t — Zn?* + CuS K=

This reaction can be considered to take place in the following steps:
ZnS(S) — 7Zn*t + S(a K= [Zn2+] [52—]

1
S7— + Cu?y — CuS Ky=———
(aq) (aq) (s) [ Cu2+] [ Sz—]

9

where K is the solubility product of ZnS and X, is the inverse of the
solublllty product of CuS. It |s obvious that K = K;K,. Since Ky = 1X
1020 and K, = 0.125 x 10%, therefore, the value of X will be a large
number and the reaction will proceed.

4. Oxidation. The dissolution of sulfides in oxygenated water is a
typical example. Ferrous sulfide dissolves as a result of the oxida-
tion of sulfide ion to sulfate:

FCS(S) e Fe%;q) + S%;q)
$ 20, - SO~

The overall reaction:
F‘CS(S) t ZOz(aq) e F62+ + 8042—

In this reaction, oxygen shares electrons with sulfide ion which is dif-
ferent from oxidation—reduction processes where transfer of electrons
takes place (page47).

5. Protonation. Protonation reactions involve the dissolution of com-
pounds of weak acids in strong acids, or formation of volatile
acids. For example:

¢ The dissolution of CaCO3 in acids:
CaCO3(s) —> Ca%;'q) . CO%zaq)

COZ™ « H* — HCOj3
HCOj3 « H* — H,CO;
H,CO; — H,0 + CO,
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The overall reaction:
CaCOj + 2H* — Ca?* + CO, t H,0
If H,SOy is used then CaSOy4 forms as a precipitate.
* The decomposition of CaF, by concentrated HySOy:
CaFy( — Ca®* t 2F~
F + H* - HF
* The dissolution of ferrous sulfide in hydrochloric acid:
FeS() = Feliy) + Sta
ST+ H* — HS™
HS™ ¢t H' — H,S
The overall reaction:
FeS t 2H* — Fe?* + H,S

Not all sulfides, however, are soluble in dilute acid; this can be
determined from solubility product of the sulfide (Table 5.1). For
example, to calculate the amount of FeS that can be solubilized in 1
liter of 1 M HCI:

FeS — Fe?t + §%~ Ky = [Fe*[$?>] =5 x 10718
[(H,S]

K - ————— =0.91x 10%
27 ST

§* ¢ 2H* — H,S

If X is the molar concentration of FeS that dissolves, then X =
[Fe?*] = [H,S]:

Table 5.1: Solubility product Kof sulfides: MS = M?* + §2-, K= [M?*][$*7].

Acid-insoluble sulfides K Acid-soluble sulfides K
HgS 1.6x 1074 ZnS 7.0x107%°
cus 8.0 x 10730 cos 5.0 x 10722
CdS 5.0x 10728 NiS 1.0x 10722
PbS 1.3x 10728 FeS 5.0x 10718

Sn$ 1.3 x107% Mn$ 25x 10713
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2+
Fe” 1[H,S]
FeS+2H+ﬁF62++HZS K:E—-————2—=](1[(2

X X X X [H+]2
X
(1-2X)?

Therefore X = 0.5 molar or 0.5 X 88 = 44 g/L. If the same proce-
dure is conducted for CuS (K:10‘36), it will be found that X = 9.5 x
1077 g/L, hence CuS in insoluble. If, however, the reaction were con-
ducted in an open vessel to permit the removal of H,S as soon as it is
formed then the equilibrium would be shifted continuously to the
right. The amount of FeS that can be dissolved approaches the stoichi-
ometric amount according to the overall equation, i.e., 88 g.

=5x10718 x 0.91 x 10%2

Covalent solids

Covalent bond, e.g., that between silicon and oxygen in silica and
the silicates, is a strong bond that cannot be broken easily by aqueous
solutions: An understanding of the structure of these solids is essential
for understanding their dissolution behavior. The basic building block
of the silicates is the SiOé‘ tetrahedron, i.e., a silicon atom in the cen-
ter of the tetrahedron sharing electrons with four oxygen atoms each
situated in the apex of the tetrahedron. In silica, all four oxygen atoms
in the tetrahedron are shared with other tetrahedra in a three-dimen-
sional network. This results in a very stable and hard structure. In sili-
cates, the SiO44‘ tetrahedra may be sharing corners to form rings,
chains, sheets, or a framework structure similar to silica as shown in
Figure 5.1. In the framework silicates some of the Si** ions are substi-
tuted by AP* jons. To compensate for the charge deficit that arises,
alkali or alkaline earth ions are incorporated in the holes between the
tetrahedra. These ions are labile, i.e., they are easily removed from the
solid by exchange with other ions in solution, by acids, or even by
water, but the silicate network is not.

As a result of the strong Si—0bond silica is not solubilized by boil-
ing with concentrated acids except hydrofluoric acid because of the
formation of SiF4 which is a gas that may volatilize or react with water
to form fluorosilicic acid, H,SiFs. Alumino silicates are attacked
slowly by boiling with concentrated acids because the H* ions can
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attack the Al-O bond thus replacing Al>* by H* which will become
attached to the oxygen and form Si(OH)4 groups which are free to
move. However, they are not stable in the hot acid solutions and they
will polymerize and precipitate as silica gel. Sometimes the action of
the acid stops because the ABHO bonds are deeply buried in the struc-
ture and are shielded by the Si— 0 groups that the H* ions cannot
reach. Silicates in form of rings, chains, and sheets are easier to attack
because the metal ion, e.g., lithium in spodumene, beryllium in beryl,
copper in chrysocolla, magnesium in serpentine, etc., are not incorpo-
rated in the SiOf‘ tetrahedra. They can be solubilized leaving behind
a silica network. In many cases, however, a preliminary thermal treat-
ment is necessary before leaching to breakdown the silicate network
(see chapter 16).

ELECTROCHEMICAL PROCESSES

These processes differ from the previous ones in the following
aspects:

* The solid is a conductor, e.g., a metal, or a solid with partially
ionic and partially covalent bonds that possesses semiconducting
properties, e.g., UO,, ZnS, and CukFeS,.

* There is a transfer of electrons from the solid phase or from solu-
tion to the reacting species, i.¢., the process involves an oxidation—
reduction couple. The ions or molecules in solution simply diffuse
through the boundary layer to meet the solid surface to pick up or
give away electrons.

* The solid dissolves at certain localized points while the electron
transfer takes place at other points usually much further.

* The oxidation and the reduction reactions proceed simulta-
neously.

* The kinetics of these reactions are influenced by the presence of
lattice defects in the solid and/or the presence of trace impurity
which may increase or decrease the electrical conductivity of the
solid, and hence the availability of the electrons.

e The rate of dissolution increases with increased reagent concentra-
tion and with increased temperature. When two reagents are
present, the rate depends only on one at a time.



Figure 5.1: Covalent bond in silicates.
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Metals in oxygenated water

When oxygen is bubbled in water containing a piece of metal, it
will be observed that oxygen will be reduced on certain localized
regions of the metal (the cathodic zone):

1,0, + H)O +2¢” — 20H"

while the metal passes into solution at another region (the anodic
zone):

M — M™ + ne-

This reaction was demonstrated in a number of ways. For exam-
ple, when an iron nail was immersed in a salt gel containing few drops
of phenolphthalein and potassium ferrocyanide, it was found that
after some time, the region surrounding the head of the nail became
blue because the Fe** ions liberated at the anodic region reacted with
ferrocyanide ion to form Prussian blue, while the region surrounding
the tip of the nail became red because of the OH- liberated at the
cathodic region reacted with the phenolphthalein to form the red
color. If the iron is freely suspended in the oxygenated water then fer-
rous ion liberated will react with OH- ions forming Fe(OH), which
oxidizes further forming Fe(OH)3, the red brown precipitate known
as rust. Other metals behave similarly, e.g., when zinc is suspended in
water and oxygen is bubbled through the slurry it will be observed
that after some time awhite precipitate of Zn(OH), forms.

When two pieces of iron are immersed in a sodium chloride solu-
tion and are separated by a porous diaphragm but connected together
with a wire, and nitrogen is bubbled in one compartment and oxygen
in the other, it will be observed that the piece in the oxygen-deficient
compartment dissolves and precipitate forms due to the hydrolysis of
ferrous ion liberated while in the other compartment (oxygen-satu-
rated), the solution remains clear because no dissolution takes place.
In this case one piece acted as anode (oxygen-deficient compartment)
while the other (oxygen-saturated compartment) acted as cathode.
This electrochemical nature of dissolution can be confirmed by insert-
ing a voltmeter in the connecting wire and observing the potential dif-
ference generated. Also, a similar potential difference can be observed
when one piece of iron is immersed in a dilute FeSOy solution while
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the other immersed in a concentrated FeSO,4 solution. Here again one
piece acts as anode (low-ion concentration compartment) while the
other acts as a cathode. Such cells are called concentration cells.

Metals in dilute acid

In this case, when oxygen is absent but an acid is added, the H*
ions pick up electrons at certain regions of the metal and the metal
goes into solution:

2H' t2¢ - H,
M — M™ t ne-

Usually, in reactions of this type, the hydrogen evolved can be seen
taking place on localized spots, and the metal also dissolves at localized
spots forming pits. Due to the acid medium, M?* jon remains in solu-
tion, i.e., no precipitation takes place, and the rate will be propor-
tional to the acid concentration.

Metals by displacement

Another type of these oxidation—reduction processes is the dissolu-
tion of a metal in the aqueous solution of a salt of another more noble
metal, e.g., iron in copper sulfate solution:

Fe £ CuSO4 — Cu t FeSOy
This reaction takes place according to:
Cathodic reaction: Cu®* t 2¢” — Cu

Anodic reaction: Fe — Fe?* t 2e-

While iron can displace copper from solution, copper can displace
silver. In the first case copper is a noble metal as compared to iron, in
the second case it is a base metal as compared to silver. Hydrogen can
displace copper but at a high temperature and pressure.

Metal with complex formation

In this case the cation liberated from the solid phase is kept into
solution by a complexing agent. The dissolution of gold in cyanide
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solution may be cited as an example. Here oxygen is adsorbed at the
surface of the metal picking up electrons as in the previous case with
the difference that the reduction proceeds to H,O, stage (which was
confirmed experimentally):

02 t 2H20 + 26— — 2OH_ + H202
The oxidation of the metal leads to Au* ion which is then complexed
by the cyanide ion:

Au — Au' t e

Au* + 2CN~ + [Au(CN),]-

The overall reaction:

2Au + 4CN— + 02 t 2H20 — Z[AU(CN)z]_ t 20H™ + HzOz

The electrochemical nature of this process has been demonstrated
by embedding a small gold sphere in a KCN gel to which air was
introduced from one direction. It was found that the gold corroded at
the surface far away from the air flow, i.e., an oxygen concentration
cell was formed around the sphere (Figure 5.2): the surface less
exposed to oxygen acted as anode while the surface in direct contact
with oxygen acted as cathode.

AIR

Figure 5.2: A gold bead embedded in potassium cyanide gel cor-
roded at the surface less exposed to the air: an illustration of the
electrochemical phenomenon during the dissolution of metals
(after Thompson, 1947).
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Oxides

Most oxides dissolve in acids or bases by a chemical process as
described earlier. However, there are few that are insoluble and require
either an oxidizing or a reducing agent for their dissolution. Such pro-
cesses follow an electrochemical mechanism.

« Uranium dioxide is a semiconductor that is insoluble in dilute sul-
furic acid but dissolves in presence of oxygen in the followingway:

Anodic reaction: UO, — UO#* « 2¢”
Cathodic reaction: }/,0, t 2H* t 2¢” — H,0
Overall reaction: UO, + 1/,0, « 2H* — UO#* + H,0

The function of the acid is to neutralize the OH- ions liberated
thus preventing the precipitation of uranyl hydroxide. In a similar
way, the dissolution of uranium dioxide in sodium carbonate solu-
tion takes place through the steps:

Anodic reaction: UO, — UO#* + 2¢”
UO3* +3CO3~ — [UO,(CO5)51*
Cathodic reaction: 1/,0, t H,O t 2¢~ — 20H"~
Overall reaction:
UO, £ 3C03 « 11,0, + H,0 — [UO,(CO5);]* + 20H"

* Manganese dioxide is insoluble in dilute H,SO,4 and insoluble in a
solution of FeSO4 but is soluble in a mixture of the two according
to:

MnOj, t 2Fe?* + 4H* — Mn?* + 2Fe%* + 2H,0

This is an oxidation—reduction process that takes place as follows:
Oxidation: Fe?* — Fe3* + e-
Reduction: MnO, t 4H* + 2¢~ +Mn?* + 2H,0

Oxalate ion or sulfurous acid can also be used as reducing agents:
[C,04]% = 2C0O, + 2¢~
SO, + 2H,0 — H,505 t H,0 — SOZ~ t 4H* « 2¢~
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In the reduction step it is observed that tetravalent manganese ion
in MnQ; is reduced to a divalent ion:

Mn?* + 26 — Mn2*

Once this takes place, the electrostatic forces of attraction in the
crystalline solid becomes weak and H* ions in solution can remove
the oxide ions from the solid phase as H,O. This oxidation—
reduction process is different from other electrochemical processes
in two respects:

— Electrons are furnished to the solid in the reduction process
while they are given away by the solid in other electrochemical
processes.

— Both oxidation and reduction processes occur at the same spot
in the reduction process and not at two different locations as
in other electrochemical processes, i.e., there are no anodic
and cathodic zones.

Sulfides

Most sulfides are insoluble in water but it has been shown that
they can be solubilized by a chemical mechanism when oxygen is
present, e.g.:

FeS() — Fe** + %
$7 ¢ 20, — SOF
It was also shown that sulfides can be acid-soluble or acid-insolu-
ble. Those soluble follow a chemical mechanism, e.g.:
FeS() — Fe*" ¢ $*
§%~+ 2H* = H,S

Acid-insoluble sulfides, however, can be solubilized by an electro-
chemical mechanism when an oxidizing agent is present. For example,
copper sulfide, which is acid-insoluble, can be solubilized in a dilute
acid in presence of oxygen. Oxygen is adsorbed on the surface of the
solid whereby electron transfer takes place.

1/202 + 2H+ t+2¢ > Hzo
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At the same time, the solid gives electrons as follows:
2
CuS(s) - CU(;q) + S(s) +2e_

The electrochemical nature of these types of reactions has been
demonstrated by embedding a piece of massive sulfide, e.g., pyrite in a
salt gel containing few drops of phenolphthalein. After few days a red
color formed at the sulfide—air interface thus indicating the liberation
of OH- ions where oxygen is reduced cathodically on the surface (Fig-
ure 5.3). To accelerate such process, OH- ions formed at the cathodic
region must be neutralized as soon as formed so that more oxygen can
be reduced and more Cu?* ions go into solution.

Pyrite

Air
Red color

Agar gel
containing
phenolphthalein

Figure 5.3: A piece of pyrite embedded in a gel containing phe-
nolphthalein showed red color at the sulfide—air interface; an
illustration of the formation of cathodic zone during leaching of
sulfides (after Thornber, 1975).

A metal in contact with a sulfide mineral may promote the forma-
tion of a galvanic cell. Thus, chalcopyrite is quite stable in dilute acid
at room temperature, but when a small amount of iron powder is
added to it, an immediate generation of H,S takes place (Figure 5.4).
The chalcopyrite is attacked leaving behind a phase rich in copper sul-
fide, and the iron goes into solution according to the scheme:

Anodic reaction: Fe — Fe2* + 2¢~
Cathodic reaction: 2CuFeS, + 2e- — Cu,S + 2Fe?* + 382~

The sulfide ion liberated forms H,S with the H* ions in solution:
$?~+2H* — H,S
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Figure 5.4: Formation of a galvanic cell when chalcopyrite is in
contact with metallic iron; Fe accelerates the decomposition of

chalcopyrite to Cu,S (Baur et al., 1974).
The overall reaction:

2CuFeS, + Fe + GH* — Cu,S + 3Fe?* + 3H,S

A similar reaction takes place if copper powder was used instead of
iron powder. It has been shown further that when two sulfide minerals
are in conract, the one having higher electrode potential will act as a
cathode while the other will act as the anode. Thus, zinc sulfide when
in contact with copper sulfide will dissolve more rapidly than when
copper sulfide is absent. Similarly pyrite was found to enhance the
aqueous oxidation of PbS, ZnS, and CuS minerals as shown in Figure
5.5, while the same minerals retard the dissolution of pyrite. This
explains in part why ores from different localities may behave differ-
ently on leaching because of their different mineralogical composition.

ELECTROLYTIC PROCESSES

In electrolytic processes, an outside potential (EMF) is imposed on
the solid which is made as anode in an electrolytic cell to cause its dis-
solution. For a metal, the reaction would be:

M - M™ + ne”
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1/2 0, + HyQ + 26 =» 2 OH-

ZnS— Zn"* + S 42¢”

Figure 5.5: Formation of galvanic cells when two sulfides are in
contact; FeS, accelerates the dissolution of ZaS in acid medium
(Mizoguchi and Habashi, 1983).

For a semiconducting divalent sulfide:

MS — M%* 4+ S+ 2¢

Both processes are used industrially; in the first case as a metal refining
process, in the second as a metal and elemental sulfur recovery. The
rate of dissolution increases with increased current density.

THE BOUNDARY LAYER

A solid in contact with a liquid is covered by a stagnant film of lig-
uid about 0.03 mm in thickness called the Nernst boundary layer after
its discoverer Walther Nernst. Its existence is manifested in a stream
line flow where the velocity of a liquid in a pipe is maximum at the
center and gradually decreases to zero at the inside walls. This concept
was applied to explain the dissolution of a solid in water. When a solid
was agitated in water and the solution analyzed at intervals, it was
found that the rate of increase of the solute concentration followed by
the equation:

dc
2t = -
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where C'is the concentration of the solute at time t, CS is the solubility
of the compound in water at the experimental temperature, and 4 is
the velocity constant.

It was suggested that a saturated layer is rapidly formed at the
interface and that the observed velocity is the rate at which the sol-
vated molecules diffuse from this layer into the bulk of the solution.
On applying Fick's law of diffusion to this process, then at a constant
volume:

dn _ DA

— = ——(C —

dt o (€=

where # is the number of species diffusing in unit time, D is the diffu-
sion coefficient, A is the surface area of the solid, and & is the thickness
of the saturated layer adhering to the surface of the solid, i.e., the
boundary layer. Since:

_n
vV
where Vis the volume of solution, the above equation becomes:
dC _ DA _
i —ST/(CS—C) = /e(CS—C)

Thus, the rate constant £ was identified by DA/SV. This explained
why the rate of dissolution increased with increased agitation because
under these conditions, the thickness of the boundary layer decreases
hence the increased rate of dissolution.

The rate equation for physical processes was later extended to
chemical processes. It has been supposed that the reacting species must
diffuse through the boundary layer before reacting. The rate equation
would then be:

_ac

&= KC-C)

where £ is the rate constant, C is the concentration in the bulk of the
solution, and C; is the concentration of the reactant at the interface;
the negative sign indicates a decrease in concentration. The interac-
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tion between a solid and a leaching agent therefore takes place through
the following steps:

1. Diffusion of reacting species to the interface
Adsorption at the interface

Reaction at the interface

Desorption of the products

Diffusion of the products from the interface

SHESESN

Any of these may be rate-controlling depending on its relative speed
with respect to the others.

Diffusion-controlled processes.  This is the case when the rate of chem-
ical reaction at the interface is much faster than the rate of diffusion of
reactants to the interface, resulting in Ci =0:

Rate = 2A(C=C) = kAC

These processes are characterized by:

e A strong dependence on the speed of agitation since agitation
decreases the thickness of the boundary layer.

¢ Slight dependence on temperature since the rate of diffusion is
only slightly influenced by temperature.

Chemically controlled processes.  This is the case when the rate of
chemical reaction is much slower than the rate of diffusion hence it
determines the observed rate:

Rate = £,AC;

These processes are characterized by independence on the speed of
agitation because diffusion does not play an important role, and
strongly dependent on temperature since the rate of chemical reaction
increases exponentially with temperature.

Intermediate-controlprocesses.  This is the case when both rates are of
the same magnitude, i.e., when a concentration gradient is formed
across the boundary layer, but C; # 0:

Rate = ,A(C— C) = k,AC,

Therefore,
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ky

/e1+/e2C

Ci =
kyk,
Rate = ,——AC = £AC
kl +k2
where K = k £,/ (£, t ky).

This represents the general case of leaching processes. If £; « k,,
then K = &; = D/d, i.e., the process is diffusion-controlled. If £, « &y,
then K = k, i.c., the process is chemically-controlled.

SUMMARY

Table 5.2 gives a summary of the different leaching processes.



Table 5.2: Summary of dissolution reactions in aqueous solutions.

Type Characteristic Examples
Physical lonic solids, dissolution is based on NaCl,y — Na*. \ + ClI7
hydration. © (a9 *(aq)
Chemical a) Partially ionic and covalent bond sol- ¢ Neutralization

Electrochemical

Electrolytic

ids, based on neutralization, complex
formation, oxidation, or protonation.

6) Mainly covalent solids, like silicaand
silicates.

Conducting or semiconducting solids,
based on electron transfer from solid to
liquid, i.e., oxidation—reduction process.

High-valency oxides, based on electron
transfer from liquid to solid.

Imposed EMF, conducting or semicon-
ducting solids.

Al(OH); +3H* — AP* + 3H,0
Al(OH);(, + OH™ — [AIO(OH),]
e Complex formation

PbSO4(S‘ + 4N3C1(aq) — Na2 [PbCl4] (aq) + NaZSO4(aq)
¢ Oxidation

ZnS(S) . 202(aq) — ZnSO4(aq)

* Protonation

FeS +2H* — Fe* + H,S

CaCOj +2H* — Ca®* + CO, +H,0

Insoluble

Zaq) +H,0

ZnS +2H* +1/,0, = Zo** + S+ H,0

2Au +4CN™ + O, +2H,0 — 2[Au(CN),]~ +20H™ + H,0,
U0, +3COZ + 17,0, + H,0 — [UO,(CO3);1* +20H"
MnO, +2Fe?* +4H" — Mn?* + 2Fe?* + 2H,0

Metals

Ni — Ni%* +2¢”

Sulfides

NisS, — 3Ni?* +28 +6e”
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The method used for leaching an ore depends on the grade of the
ore and the ease with which the mineral values are dissolved in a par-
ticular reagent. The most common methods of leaching are the fol-
lowing.

LEACHING IN PLACE

This method is also known as leaching in situ or solution mining.
The ore is simply shattered and leached in place over long periods of
time because it is usually too low in grade to justify mining and trans-
portation expenses. Recently. however. because of its success. the
method has been used for high-grade ores as well. It is applied for
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extracting soluble salt deposits from the underground, for example,
potash, sodium chloride, sodium sulfate, and sodium carbonate
(trona) as well as for leaching of uranium and copper ores (Table 6.1).
The following solvents are generally used:

o Water for leaching potash and trona and other water-soluble salts.

« Dilute sulfuric acid for leaching copper ores. When copper sulfide
minerals are also present, these are solubilized by the combined
action of air and water. The presence of pyrite enhances the leach-
ing because of its oxidation and the formation of sulfuric acid and
ferric sulfate. The oxidation reactions are exothermic and the heat
generated facilitates continued oxidation.

¢ Dilute sulfuric acid and sodium chlorate, or ammoniacal ammo-
nium carbonate and hydrogen peroxide are used for leaching ura-
nium deposits.

Table 6.1: Leaching in place.

Plant location,

Deposit Grade Leaching agent examples

Copper low  H,S04 Arizona

high  H,SOy4 Nevada
Uranium low H,SO,+NaClO;  Wyoming

low  (NH,),CO;z;+H,O, Texas
Potash high  water Saskatchewan
Sodium sulfate high  water Alberta
Trona (sodium carbonate) high  water Wyoming

The use of nuclear explosives as a cheap mean for fracturing the
rocks has been suggested to be used in conjunction with this method
of leaching. Leaching in place involves dissolving selectively the min-
eral values by spraying or injecting the leaching agent in the deposit,
then collecting the pregnant solution. The basic criteria required for
an underground deposit to be considered suitable for leaching in place
are:

e The ore body must be enclosed between impermeable strata that
will prevent the loss of solution.

e It must be permeable to the leaching solution.

Two techniques are used: spraying when the ore body is exposed,
and injection when it is buried (Figure 6.1).
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Processing Barren
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Figure 6.1: Methods of in-situ leaching. 7op: Spraying technique
when the ore body is exposed. Bottom: Injection technique when
the ore body is buried.

Spraying technique

Figure 6.2 shows a general scheme of such technique as applied for
the leaching of an exhausted copper mine in Arizona, U.S.A. In this
case, the mine was exploited for many years by conventional methods
until the grade of the ore became too low to justify mining. The mine
was then reopened when the leaching in place method was proposed.
Dilute sulfuric acid is sprayed at the top and allowed to penetrate
through the whole mine to dissolve the copper minerals. The pregnant
solution is then collected in an underground reservoir then pumped to
the surface for copper recovery and recycling the acid.
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Figure 6.2: Leaching in-situ at Miami Mine, Arizona (25 t/d
cement copper).

A slightly modified technique has also been applied in leaching a
relatively high-grade copper oxide ore containing about 2% Cu. This
takes place, for example, at the Big Mike Mine in Nevada (Figure 6.3).
The walls of the open pit and a part of the bottom of the pit as blasted
and the shattered ore and rock are leveled and leached by sprinkling
1% H,SOy. The solution percolates through the crushed ore leaching
out the copper. The copper-bearing solution is then drawn from the
bottom of the pit by a pump in a pipe-encased hole sunk at the bot-
tom. The leach solution drains in the hole through a perforated casing
and is pumped to the ground level. Another operation is the in-situ
leaching of copper from Old Reliable Mine in Mammoth, Arizona
(Figure 6.4).In this case the leaching agent is pumped to the top of
the deposit and the pregnant solution recovered at the bottom.
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Figure 6.3: In-situ leaching operation at Big Mike Copper Mine, Nevada.
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In this method the leaching agent is injected in the ore deposit by
means of vertical perforated pipes arranged in a regular pattern (Figure
6.5). For a group of injection pipes there is a recovery well with an
underground pump to collect and pump the pregnant solution to the
surface. In mining water-soluble salts from underground (Figure 6.6),
the temperature in the mine may be above 50 °C; the dissolution pro-
cess is, however, endothermic and as a result the brine brought to sur-
face may be at a temperature between that of the injected water and

that of the mine.
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Figure 6.4: A typical in-situ leaching of copper ore (Old Reliable
Mine, Mammoth, Arizona). (1) Pumps; (2) Barren solution
pond; (3)Make-up water; (4)Precipitation tanks; (5) Shredded
and de-tinned cans; (6) Fresh water; (7) Acid tanks; (8) By-pass;
(9) Pregnant solution pond; (10) Acid pipeline; (11) Pregnant
solution.

HEAP OR DUMP LEACHING

In this method an area is first cleared from all vegetation then lev-
eled at a slight inclination, compacted, and covered with an asphalt
layer or a flexible plastic sheet (Figure 6.7). The crushed ore is then
transported from the mine to the prepared site by dump trucks to a
level of 10—15m high (Figure 6.8).The leaching agent is then sprayed
at the top of the dump (Figures6.9 and 6.10) through which it perco-
lates and the leach solution is collected in streams at the bottom.
When the material is fully leached, the dump is either abandoned or
loaded on trucks for disposal and the site re-used for leaching another
batch.

Main problems in operating a heap are the plugging with fine
clays, ferric hydroxide or basic sulfate, evaporation losses, leakage of
solution at the bottom of the heap, and channelling. The behavior of
leach solution in the heap can be studied using a neutron source and a
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detector. Fast neutrons undergo elastic collisions with most atoms
except hydrogen atoms since these have a mass essentially the same as a
neutron, and as a result the neutrons lose much of their energy during
collision. Therefore, neutron flux variation at the detector can be
attributed to variations in the water content of the material surround-
ing the drill hole. Studies based on tritiated water, HTO (tritium is a
beta emitter having half-life of 12.26 years) injected into the leach
solution gave also valuable information. Typical examples of heap or
dump leaching are the following (Table 6.2).

Productionwells

Production line

Cement

bearing
aquifer

Figure 6.5: In-situ leaching by injection.
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Figure 6.6: Mining of water-soluble salts from underground.

Table 6.2: Summary of heap leaching processes.

Deposit Grade  Leachingagent Plant location, examples
Pyrite containing Cu,  high  water +air Rio Tinto, Spain
Zn, and Pb
Copper oxide low dilute H,SOy4 Utah, Montana
high  dilute H,SO4
Uranium low dilute H,SO, tair Arizona

Gold low  NaCN + air Nevada




Figure 6.7: Preparation of site for dump leaching.



Figure 6.8: Transportation of ore for Qumg leaching.



Figure 6.9: A dump leaching operation.



he top of the dump

g agent on t

ing of leach

-10: Spray

igure 6

F



Methods and Equipment 135

Heap leaching was first limited to warm climates. Recently, it was
adapted to cold regions by heating the leach solutions and insulating
the piping system. Material handling and ore stock-piling became an
enormous engineering operation as shown in Figures 6.11 and 6.12.

Pyrite

Heap leaching is used on a large scale for leaching copper and zinc
from pyrite ores. The heap is sprayed with water and left for long peri-
ods of time to undergo action by air, water, and ferric salts, till most of
the copper is converted to copper sulfate. Table 6.3 gives some data for
the process. When the pyrite is fully leached, it is loaded on trucks and
shipped to sulfuric acid manufacturers.

Figure 6.11: Stockpiling crushed ore on the leach pad at New-
mont’s Zaragshan operation in Uzbekistan.
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Figure 6.12: The Rahco mobile conveyor installed at the Cyprus
Amax Mineral/Codelco El Abra mine stacks leachable ore to a
depth of 6 m at a rate of 8600 st/hr. The conveyor’s position is
established and controlled by Global Positioning Satellite data to

an accuracy of +4 cm.
Table 6.3: Heap leaching of pyrite ore.
Analysis of ore

Analysis of leach solution

Before leaching After leaching

% % g/t
cu 1.25 0.4 cu 1
Pb 1.50 .28 Pb 0
Zn 2.0 0.9 Zn 1
As 05 0.3 As 0.1
Bi 0.05 0.01 Bi 0.001
Fe 42.0 41.75 Fe(IT) 8
S 47.5 48.0 Fe(11T) 1
Si0, 5.0 375, H,504 10

H,0 —
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Copper ores

The process was applied for leaching stock piled waste rock con-
taining small smounts of copper too small to be recovered by any
other means. It was so economical that many heaps of low-grade cop-
per ores were constructed and leaching applied. Later, even high-grade
copper oxide ores were treated in the same way provided however that
the acid-consuming gangue is not excessive, e.g., at Miami, Arizona.
Leaching copper oxides ores in heaps is different from that of sulfides.
In the former case, air is not necessary for leaching and the tempera-
ture of the heap does not rise appreciably, while in the latter case air is
essential for leaching and the temperature rises due to the oxidation
reactions involved.

Uranium ores

In a typical dump leaching of uranium ores, a low-grade ore con-
taining 0.05% U3Og is leached with dilute sulfuric acid (35%). In
about 8 days uranium is solubilized by the combined action of air and
acid; water is then sprayed at the top of the heap to leach the uranium
out of the bed. Uranium in solution is about 0.2-0.6 g/L, and the
recovery is about 88%.

Gold ores

The Cortez Gold Mines in Nevada has been leaching successfully
low-grade limestone gold ore by this method. About 0.7 million tons
of ore containing less than one ppm gold is treated in this way every
year. The leaching agent, 0.03% NaCN solution at pH 10.5, is sprin-
kled at the top of the heaps, and the pregnant solution is collected at
the bottom in rubber-lined canals. It takes about three months to ter-
min