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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 Hydrometallurgy was 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: Intruductiun. 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: Treutment o f  Leach Solution - Purz$cation, 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: Zeatment ofLeach 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’s companion volume “Kinetics of Heter- 
ogeneous Processes”, which is an enlarged and revised version of 
Volume One of Principles ofExtractive 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 
Gigukre and Jean-Franqois 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 
Oxyhydrolysis was 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 Sulfides and 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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Chapter One 

History 

Early Period. ............................................ 3 
The Modern Era. ........................................ 5 
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The Bayer Process ..................................... 7 
Other processes ....................................... 8 

Recent Developments .................................... 9 

“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 aqueous 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 iron into copper is represented in modern terms by 
the equation: Cu2+ + Fe + Cu + Fe2+, 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 HNO, 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: 
3HCl + HNO, + C12 + NOCl + 2H2O 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 (1480-1 539) in his Pirotecbnia 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 No 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 Na2C03 from NaC1, the main 
source of Na2C03 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 MODERN ERA 

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 1783 by 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 (1 871-1 908) (Figure 1. l) ,  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). 
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Figure 1.2: Increase in world gold and silver production between 
1900 and 1910 as 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 (1 847-1904) (Figure 1.1) for the 
preparation of pure A13.03 and known as the Bayer Process. This pro- 
cess was concerned with leaching bauxite, discovered in 182 1 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 M2O3 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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The process was originally developed to satisfy the needs of the 
textile industry and not for metallurgical application; Al,O, was 
used as a mordant in dyeing cotton. It was only after the invention 
of the electrolytic aluminum process by Paul HCroult (1 863- 
19 14) in France and Charles Martin Hall (1 863-1 9 14) in USA 
that Bayer turned his attention to metallurgy. 

Bayer's first contribution was in 1887 when he discovered that 
Al(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 (18 15- 
1873) in France described a method for making N z 0 3  by heating 
bauxite with Na2C03 at 1200 "C, leaching the sodium aluminate 
formed with water, then precipitating Al(OH), by CO, which 
was then filtered, dried, and ignited to pure Al2O3. 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 NH, 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 H2S04. It became 
relatively cheap only after the invention of Haber's process since nitric 
acid is made now exclusively by the oxidation of ammonia. 
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Friedrich August Henglein (1 893-1 968) in Germany proposed in 
1927 the use of oxygen under pressure to dissolve ZnS with water: 
ZnS + 202(?q) + ZnSOq(aq). 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 ZnS04. 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 19 12. 

The First World War (1 9 14-1 9 18) 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 H2S04 was intro- 
duced. The process is mainly based on a patent by L. Letrange in 
France issued in 188 1. 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 Na2C03 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 197Os, 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 

(Cu2' + Fe + Cu + Fe2') 
8th century The discovery of aqua regia by the Arab alchemist Jabir Ibn Hayyan 

(720-813 A.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 FUo Tinto in Spain, and the precipitation of copper 
from the solutions by iron. 

left after burning wood, eg.,  in QuPbec, where the clearing of forests 
was in progress on large scale. 

18th century Production of potash for soap and glass industries by leaching ashes 

Modern Era 

1887 The invention of the cyanidation process, Le., 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. 
Recovery of copper from leach solution in Chile by electrolysis. 1912 
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1916 The use of ammonium hydroxide for leaching native copper ore in 
Lake Superior District, and for malachite-azurite ore 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 Drocess. 

. 

Recent Development 

1940s 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 H2S04 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. 

1950s 

1960s 

1970s 

1980s 
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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): 

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 aprecipitation 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 

J 1 
Leaching 

Solid-Liquid Valuable 
Separation residue 

Solution 

Regeneration 9 
J. 

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 Al(OH)3. Few years earlier, a pyrometallurgical method was 
invented in which bauxite was heated with Na2C03 at 1200 "C to 
form sodium aluminate which is then leached with water, then 
Al(OH), is precipitated by bubbling C02  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 2 S 0 4  and electrolyze 
the ZnS04 solution to get directly high-purity zinc instead of reduc- 
ing the Z n O  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 SO2 
formed is in high enough concentration, it must be used for making 
acid and nearby market for this acid must be found. If the SO2 con- 
centration is too low for making acid, disposal methods must be 
found. These are available but expensive. As a result, in many cases 
SO2 is simply emitted to the atmosphere. On  the other hand, sulfides 
can be treated by hydrometallurgical methods without generating 
SO2, 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. O n  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 symposia and 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 Separution 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 Ion Exchange is published by Marcel Dekker. 

SELECTED REFERENCES 

Monographs 

General Hydrometallurgy 
A. R. Burkin, The Chemistry of Hydrometallurgical Processes, Van Nostrand, Princeton 1966. 
G. N. Dobrokhotov, Metallurgical Processes and Apparatus (in Russian), Leningrad Mining 

B. V. Drosdov, The Hydrometallurgy of NonTfewous Metals (in Russian), United Scientific & 

M. Fouletier, J. B. Mathieu, I? Noual, Les applications de l2lectvochimie 11 l’hydrom6tallurgie, 

C. K. Gupta, T. K. Mukherjee, Hydrometallurgy in Extraction Processes, 2 volumes, CRC Press, 

E Habashi, Princ+les of Extractive Metallurgy, volume 2: “Hydrometallurgy”, Gordon & 

E Letowski, Principles of Hydrometallurgy (in Polish), Domu Ksiaski, Warsaw 1975. 
I. N. Plaskin, D. M. Yuktanov, Hydrometallurgy (in Russian), Metallurgizdat, Moscow 1949. 
G. D. Van Arsdale, Hydrometallurgy ofBae Metals, McGraw-Hill, New York 1953. 
C. Vasilev, Hydrometallurgy of Non-fewous Metah (in Bulgarian), Technica, Sofia 1980. 
S. Venkatachalam, Hydrometallurgy, Narosa, New Delhi, India 1998. 
G. M. Vol’dman, Principles of Extraction and Ion Exchange Processes of Hydrometallurg;y (in Rus- 

A. N. Zelikman, G. M. Vol’dman, L. V. Belyaevskaya, Theory of Hydrometallurgical Processes 

Institute, Leningrad (Sr. Petersburg) 1976. 

Technical Publishing Houses, Moscow 1938. 

McGraw-Hill, Paris 1980. 

Boca Raton, Florida 1990. 

Breach, New York 1970 (reprinted 1980). 

sian), Metallurgia, Moscow 1982. 

(in Russian), Metallurgia, Moscow 1975. 

Solution Chemistry 
W. Feitknecht, P. Schindler, Solubility Constants of Metal Oxides, Metal Hydroxides, and Metal 

R. M. Garrels, C. L. Christ, Solutions, Minerals, and Equilibria, Harper & Row, New York 
Hydroxide Salts in Aqueous Solutions, Butterworth, London 1963. 

1965. . -  

F. M. M. Morel, J. G. Hering, Principles and Applications ofAquatic Chemistry, Wiley, New 
York 1993. ... 

M. Pourbaix, Atla d’hquilibres Jlectrochirniques, Gauthier-Villars, Paris 1963. 
L. 6. Sillen, M. E. Martell, Stability Constants ofMetallic Complexes, Special Publ. No. 17, 

W. Stumm, J. J. Morgan, Aquatic Chemistry, Wiley, New York 1970. 
The Chemical Society, London 1964. 



Scope 21 

Ion Exchange and Solvent Extraction 
A. K. De, Separation of Heavy Metals, Pergamon, London 1961. 
A. K. De et al., Solvent Extraction ofMetak, Van Nostrand-Reinhold, New York 1970. 
D. Gagnaire et al., Extraction etpurifcation des esptkes chimiques, Masson, Paris 1969. 
T. C. Lo, M. H. I. Baird, C. Hanson (editors), Handbook of Solvent Extraction, Wiley, New 

G. H. Morrison, H. Freiser, Solvent Extraction in Analytical Chemistry, Wiley, New York 1957. 
C. Musikas, J. Rydberg, G. R. Choppin Principles and Practices of  Solvent Extraction, Marcel 

Dekker, New York 1992. 
G. M. Ritcey, A. W. Ashbrook, Solvent Extraction. Principles andApplications to Process Metal- 

lurgy, 2 volumes, Elsevier, Amsterdam 1979 and 1984. 
R. W. Rousseau (editor), Handbook of Separation Process Ethnology, Wiley, New York 1987. 
T. Sekine, Y. Hase awa, Solvent Extraction Chemistty, Marcek Dekker, New York 1977. 
M. Streat, Ion Excfangefor Industrj Wiley, New York 1988. 
M. Streat, D. Nader (editors), Ion Exchange and Sorption Processes in Hydrometallurgy, volume 

J. Szymanowski, Hydroximes and Copper Hydrometallurgy, CRC Press, Boca Raton, Florida 

Y. A. Zolotov, Extraction of Chelate Compounds, Ann Arbor-Humphrey, Ann Arbor, Michigan 

York 1983. 

19, Wiley, New York 1987. 

1993. 

1970, translated from Russian. 

Gold 
C. W. Ammen, Recovery and Refining of  Precious Metals, Van Nostrand-Reinhold, New York 

S. A. Cotton, The Chemistry ofPrecious Metals, Blackie, London 1997. 
G. Gajda, GoldRefning, PO. Box 1846, Santa Monica, California 1992. 
J. Marsden, I. House, The Chemistry of Gold Extraction, Printice Hall, Englewood Cliffs, New 

Jersey 1992. 
A. Smith, T Mudder, Chemisq and Treatment of Cyanidation Wates, Mining Journal Book, 

Eldenbridge, Kent, UK 1997. 
K. G. Thomas, Research, Engineering Design, and Operation of  a Pressure Hydrometallurgy 

Faciliyfor Gold Extraction, Canadian Mineral Processors Division, CANMET, Ottawa 
1994. 

J. T. Woodcock, K. J. Henley, K. J. Cathro, Metallurgy o Goldand Silver with Special Reference 

J. C. Yannopoulos, The Extractive Metallurgy of  Gold, Chapman & Hall, London 199 1. 

1988. 

to Other Precious Metals, Australian Mineral Foun d ation, Adelaide 1976. 

Other Topics 
R. W. Bartlett, Solution Mining, Gordon & Breach, Philadelphia 1992. 
T N. Maslenitsky et al., Autoclave Process in Hydrametallurgy (in Russian), Metallurgia, Mos- 

S. S. Nabochenko, V. 1. Smirnov, Hydrometallurgy of Copper (in Russian), Metallurgia, Mos- 

A. Yazawa, M. Eguchi, Hydrometallurgy and Wate Water Treatment (in Japanese), Kyoritsu 

cow 1969. 

cow 1974. 

Shuppan Press, Tokyo 1975. 

Conferences and Symposia 

General Hydrometallurgy 
Anonymous, HydrometaLurg, Society of Chemical Industry, London 1981. 



22 A Textbook of Hydrometallurgy 

Anonymous, Practice in Hydrometallurgy '83, Seventh Annual Symposium, Uranium and Pre- 
cious Metals, Society of Mining Engineers, AIME, Littleton, Colorado 1984. 

Anonymous, Symposium Hydrometallurgie, German Mining & Metallurgical Society, Claus- 
thal, German Federal Republic 1969. 

Anonymous, Projects '88: Proceedings of the 18th Hydrometallurgical Meeting, Canadian Insti- 
tute of Mining, Metallurgy & Petroleum, Montreal 1988. 

Anonymous, XLX International Mineral Processing Congress, Volumes 2 and 4, Society of Min- 
ing Engineers, Littleton, Colorado 1993. 

Anonymous, XVIII International Mineral Processing Congress, Volume 5 - Hydrometallurgy, 
Australasian Institute of Mining & Metallurgy, Parkville, Victoria 1993. 

Anonymous, Hydrometallurgy 94, Institution ofMining &Metallurgy, Chapman & Hall, Lon- 
don 1994. 

Anonymous, Proceedings Third International Symposium on Solvothermal & Hydrothermal Pro- 
cesses, Research lnstitute for Solvothermal Technology, Takamatsu, Kagawa, Japan 1997. 

V. M. Arshinsk, V. E. Nets, A. l? Nadol'sk, I. K. Skobeev, A. D. Mikhnev (editors), Physico- 
chemical Studies in the Hydrometallurgy o f  NonTerrozts Metals (in Russian), Polytechnic 
Institute, Irkutsk, USSR 1975. 

R. G. Bautista (editor), Hydrometallurgical Process Fundamentals, Plenum, New York 1984. 
A. Burkin (editor), Leaching and Reduction in Hydrometallzirgy, Institution of Mining EL Met- 

allurgy, London 1975. 
J. Cadek, T. Paces (editors), Proceedings International Symposium on Water-Rock Interaction, 

1974, Ustred. Ustav Geol., Prague, Czechoslovakia 1976. 
T. W. Chapman et al. (editors), Fundamental Aspects of  Hydrometallurgical Processes, American 

Institute of Chemical Engineers, New York 1978. 
W. C. Cooper, D. B. Dreisinger (editors), Hydrornetdura, Theory and Practice, 2 volumes, 

Elsevier, Amsterdam. 
W. C. Cooper, D. B. Dreisinger (editors), The Principles and Practice o f  Leaching, Canadian 

Institute of Mining, Metallurgy & Petroleum, Montreal 1995. 
G. A. Davies, J. B. Scuffham (editors), Symposium on Hydrometalha, Institution of Chemi- 

cal Engineers, London 1975. 
D. J. I. Evans, R. S. Shoemaker (editors), International Symposium on Hydrometallura, Amer- 

ican Institute of Mining, Metallurgical and Petroleum Engineers (AIME), New York 
1973. 

E Habashi, I. N. Beloglazov, A. A. Galnbek (editors), International Symposium. Problems on 
Complex Ores Utilization, Mineral Processing & Extractive Metallurgy, Special issue, 
Gordon & Breach, Langhorne, Pennsylvania 1995. 

L. F. Haughton (editor), Proceedings of MINTEKSO, International Conference on Mineral 
Science and Technology, 2 volumes, Council for Mineral Science, Randburg, South 
Africa 1985. 

T. Havlik, M. Havlik, E Petricko (editors), Quo vddis Hydrometallurgy? Technical University, 
KoSice, Slovak Republic 1995. 

J. B. Hiskey, G. W. Warren (editors), Hydrometallura. Fundamentals, Technology, and Innova- 
tions, Society for Mining, Metallurgy, and Exploration, AIME, Littleton, Colorado 
1993. 

H. Hoberg, H. von Blotnitz (editors), XXInternational Mineral Processing Conpess, Volume 4 
- Hydrometallurgy, GMDB Gesellschaft fur Bergbau, Metallurgie, Rohstoff- und 
Unwelttechnik, Clausthal-Zellerfeld, Germany 1997. 

M. C. Kuhn (editor), Process and Fundamental Considerations of  Selected Hydrometallurgical 
Systems, Society of Mining Engineers, AIME, New York 198 1. 

B. Laskorin (editor), Hydrometallurgy: Autoclave Leaching, Sorption, Extraction (in Russian), 
Proceedings First Ail-Union Conference on Hydrometallurgy (Moscow 1974), Nauka, 
Moscow 1976. 

M. Misra (editor), Separation Processes. Heavy Metals, Ions, and Minerals, TMS-AIME, War- 
rendale, Pennsylvania 1995. 

K. Osseo-Asare, J. D. Miller (editors), Hydrometallurgy. Research, Development, and Plant 
Practice, Metallurgical Society AIME, Warrendale, Pennsylvania 1982. 



Scope 23 

M. I. Pavlova (editor), Hydrometallurgy of Nonferrous and Rare Metals, translated from Rus- 
sian by Freund Publishing House, Tel Aviv, Israel 1978. Russian original published in 
1971 by the Uzbek Academy of Sciences. 

M. E. Wadsworth, E T. Davis (editors), Unit Processes in Hydrometallurfy, Gordon & Breach, - 
New York 1965. 

I. Wilkomirsky, M. Sanchez, C. Hecker (editors), Proceedings of the IVMeeting of the Southern 
Hemisohere on Mineral Technolom, Volume 3 - Chemical Metallurgy, University of -. 
Concipci6n, Concepci6n, Chile 5 9 4 .  

lurgy, International Academic Publishers, Beijing 1998. 

metallurgy, International Academic Publishers, Beijing 1988. 

Xianwan Yang et al. (editors), Proceedings of the Third International Conference on Hydrometal- 

Yuljan Zheng, Jiazhong Xu (editors), Proceedings of the First International Conference on Hydro- 

Mathematical Modelling 
V. G. Papangelakis, G. E Demoupoulos (editors), Modelling, Simuhtion and Control ofHydro- 

metallurgical Processes, Proceedings of the 23rd Annual Hydrometallurgical Meeting, 
Canadian Institute of Mining, Metallurgy & Petroleum, Montreal 1993. 

J. Szekely et al. (editors), Mathematical Models OfMaterials Processing Operations, TMS-AIME, 
Warrendale, Pennsylvania 1987. 

Impurity Control 
J. E. Dutrizac, G. B. Harris (editors), Iron Control and Disposal, Proceedings of the 26th 

Annual Hydrometallurgical Meeting, Canadian Institute of Mining, Metallurgy & 
Petroleum, Montreal 1996. 

B. Harris, E. Krause (editors), Impurity Control and Diqosal in Hydrometallur@cal Processes, 
Proceedings of the 24th Annual Hydrometallurgical Meeting, Canadian Institute of 
Mining, Metallurgy & Petroleum, Montreal 1994. 

Bacterial Leaching 
Anonymous, Proceedings of the International Conference on the Use of Microorganisms in Hydro- 

Anonymous, Proceedings of the International Conference on the Use of Microorganisms in Hydro- 

H. L. Erlich, C. L. Brierley (editors), Microbial Mineral Recovery, McGraw-Hill, New York 

G. I. Karavaiko, S. I. Kuznetsov, A. I. Golonizik, The BacterialLeaching ofMetalsfiom Ores, 

E. E. Malouf et al. (editors), Bioexpactive Metallurgy, Society of Mining Engineers AIME, Lit- 

L. E. Murr, A. E. Torma, J. A. Brierly (editors), MetallurgicdlApplications of Bacterial Leaching 

J. Salley, R. G. L. McCready, E L. Wichlacz (editors), Biohydrometallurgy. Proceedings of the 

W. Schwarz (editor), Conference on Bacterial Leaching, Verlag Chemie, Weinheim 1977. 
A. E. Torma, J. E. Wey, V. L. Lakshamanan (editors), Biohydrometallurgical Technologies, 2 vol- 

metallurgy, Hungarian Academy of Sciences, Budapest 1982. 

metallurgy, Hungarian Academy of Sciences, P~cs,  Hungary. 

1990. 

Translated from Russian, Technicopy, Stonehouse, England 1977. 

tleton, Colorado 1978. 

and Related Microbiological Phenomena, Academic, New York 1978. 

International Symposium held at Jackson Hole, Wyoming, CANMET, Ottawa 1989. 

umes, TMS-AIME, Warrendale, Pennsylvania 1993. 

Bauxite 
Anonymous, Proceedings of the Third Bauxite Symposium, Kingston, Jamaica 1975. 



24 A Textbook of Hydrometallurgy 

Anonymous, Symposium on Advances in Geology, Geochimestry, and Tveatment of Bauxite, 
Dubrovnik 1975, Published by Yougoslavia Academy of Sciences & Arts, Zagreb 1976. 

Ion Exchange and Solvent Extraction 
Anonymous, Symposium on Solvent Ion Exchange, Arizona Section, American Institute of 

Anonymous, Interaction Between Solvent Extraction and Electrochemical Ethnology, London 

Anonymous, The Agueous/Organic Interace and Its Role in Solvent Extraction, London 1 976. 
Anonymous, Proceedings of Symposium on Solvent Extraction in Metallura, Shizuoka Univer- 

sity, Department of Applied Chemistry, Hamamatsu, Japan 198 1. 
Anonymous, Proceedings of the International Conference on Ion Exchange, Churchill College, 

University of Cambridge, England 1984. 
J. A. Grieg (editor), Ion Exchange Developments andilpplications, Special Publication No. 1 H2, 

Royal Society of Chemistry, London 1996. 
C. Hanson (editor), Recent Advances in Liquid-Liquid Extraction, Pergamon Press 1971. 

Translated in German by Sauerlander AG, Aarau, Switzerland 1974. 
J. E Urstad, G. Borgen (editors), Ion Exchange and Solvent Extraction (Oslo Symposium), 

Society of Chemical Industry, London 1982. 
E? A. Williams, M. J. Hudson (editors), Recent Development in Ion Exchange, Proceedings of an 

International Conference, Elsevier, London 1987. 
P. A. Williams, A. Doyer, M. J. Hudson (editors), Progress in Ion Exchange: Advances and 

Applications, Special Publication No. 196, Royal Society of Chemistry, London 1997. 

Chemical Engineers, Tucson, Arizona 1973. 

1975. 

Uranium 
Anonymous, Processing of  Low-Grade Uranium Ores, International Atomic Energy Agency, 

Vienna 1967. 
Anonymous, The Recovery of  Uraniumpom Its Ores and Other Sources, International Atomic 

Anonymous, Uranium Ore Processing, International Atomic Energy Agency, Vienna 1976. 
Anonymous, Recent Advances in Mining and Processing of Low-Grade and Submarginal Mineral 

Deposits, Center for Natural Resources, Energy and Transport, United Nations, New 
York. Published by Pergamon 1976. 

Anonymous, Advances in Uranium Ore Processing and Recovery from Nonconventional Resources, 
International Atomic Energy Agency, Vienna 1983. 

B. Mishra, W. A. Averill (editors), Actinide Processing Methods and Materials, TMS-AIME, 
Warrendale, Pennsylvania 1995. 

W. J. Schlitt, D. A. Shock (editors), In-Situ Uranium Mining and Ground Water Restoration, 
Society of Mining Engineers AIME, Littleton, Colorado 1979. 

Energy Agency, Vienna 1970. 

Copper, Nickel, and Cobalt 
W. C. Cooper et al. (editors), Copper 9YCobre 95, Proceedings of an International Conference 

held in Santiago, Chile, Volume 3: Electrorefining and Hydrometallurgy of Copper, 
Canadian Institute of Mining, Metallurgy & Petroleum, Montreal 1995. 

W. C. Cooper et al. (editors), Hydrometallurgy and Elertrometallurgy of  Copper, Proceedings of 
the Copper 91-Cobre 9 1 International Symposium, Pergamon, New York-Oxford 
1991. 

W C. Cooper, I. Mihaylov (editors), Nickel-Cobalt '37, Volume I - Hydrometallurgy and 
Refining of Nickel and Cobalt, Canadian Institute of Mining, Metallurgy & Petroleum, 
Montreal 1997. 



Scope 25 

L. A. Haas, R. D. Weir (editors), Hydrometallurgy of  Copper, Its By-products and Rarer Metals, 

R. G. Reddy, R. Weizenbach (editors), Extractive Metallurgy o f  Copper, Nickel, and Cobalt, 

W. J. Schlitt (editor), Leaching and Recovering Copperfiom As-Mined Materials, Society of 

J. C. Yannopoulos, J. C. Agarwal (editors), Extractive Metallurgy o f  Co per, Volume 2: 

Society of Mining Engineers AIME, Littleton, Colorado 1983. 

Volume 1 : Fundamental Aspects, TMS-AIME, Warrendale, Pennsylvania 1993. 

Mining Engineers AIME, Littleton, Colorado 1982. 

“Hydro- and Electrometallurgy”, Metallurgical Society AIME, Warren B ale, Pennsylvania 
1976. 

Publications by ALTA Metallurgical Services, Blackburn South, 
Victoria, Australia 
Ni/Co Pressure Leaching & Hydrometallurgy Forum 1998 
Ni/Co Pressure Leaching & Hydrometallurgy Forum Proceedings 1997 
Ni/Co Laterite Project Development Seminar Manual 1997 
Ni/Co Pressure Leaching & Hydrometallurgy Forum Proceedings 1996 
NilCo SWEW Seminar Manual 1996 
Nickel/Cobalt Laterites, Seminar Manual 1995 
Copper Hydrometallurgy Forum Proceedings 1997 
The A-2 of Copper Ore Leaching Seminar: Volumes 1 & 2 
Copper SXlEW Seminar Manual Basic Principles, Alternatives, Plant Design 
Copper Hydrometallurgy Forum Proceedings 1996 
Copper Hydrometallurgy Forum Proceedings 1995 
Copper Leach Project Development & SX/EW Seminar 1994 

Lead and Zinc 
J. M. Cigan, T. S. Mackey, T. J. O’Keefe (editors), Led-Zinc-En ’80, TMS-AIME, Warren- 

J. E. Dutizac et al. (editors), Zinc and Lead Processing, Canadian Institute of Mining, Metal- 

T. S. Mackey, R. D. Prengamon (editors), Lead-Zinc 90, TMS-AIME, Warrendale, Pennsyl- 

1. G. Matthew (editor), Proceedings o f  the International Symposium: World Zinc 93, Australa- 

dale, Pennsylvania 1980. 

lurgy, and Petroleum, Montreal 1998. 

vania 1990. 

sian Institute of Mining & Metallurgy, Parkville, Victoria 1993. 

Gold 
N. Arbiter, K. N. Han (editors), Advances in Precious Metals Recovery, Gordon & Breach, New 

C. E. Fivaz, R I? King (editors), Gold 100. Proceedings International Conference on Gold, 2 vol- 

D. M. Hausen et ai. (editors), Gold 90 Symposium, Society for Mining, Metallurgy, and 

D. M. Hausen, R. D. Hagni, W. Petruk (editors), Global Exploitation of  Heap Leaching Goh! 

W. C. Lenahan, R de L. Murray-Smith (editors), Assay andAnalytical Practice in South Afiican 

R S .  Salter et al. (editors), International Symposium on GoldMetallurgy, Pergamon 1987. 
G. G. Stanley (editor), The Extractive Metallurgy of Gold in South AJiica, 2 volumes, South 

York 1990. 

umes, S. African Institute of Mining & Metallurgy, Johannesburg 1986. 

Exploration, Littleton, Colorado 1990. 

Deposits, TMS-AIME, Warrendale, Pennsylvania 1997. 

Mining Indumy, South African Institute of Mining & Metallurgy, Johannesburg 199 1. 

African Institute of Mining & Metallurgy, Johannesburg 1991. 



26 A Textbook of Hydrometuhgy 

Publications of the International Precious Metals Institute, 
Allentown, Pennsylvania 
Conference Proceedings, 1981-1938. 

Other Topics 
Anonymous, International Solution Mining Symposium, Society of Mining Engineers, Little- 

ton, Colorado 138 1. 
Anonymous, Impurity Control and Disposal, Canadian Institute of Mining & Metallurgy, 

Montreal 1985. 
E E Aplan et al. (editors), Solution Mining, Proceedings Symposium Ameriral Institute ofMin- 

ing, Metallurgical & Petroleum Engineers AIME, New York 1974 (published 1975). 
G. G. Dolby, S.  R. Rao (editors), Processing of Complex Ores, Canadian Institute of Mining, 

Metallurgy & Petroleum, Montreal 1989. 
J. E. Dutrizac, A. J. Monhemius (editors), Iron Control in Hydrometallurgy, Halsted Press, 

London 1986. 
S. A. Newman et al. (editors), Thermodynamics ofAqueous Systems with IndustrialApplications, 

ACS Symposium Series 133, American Chemical Society, Washington, DC 1980. 
C. A. Pickles, I? Hancock, J. R. Wynnyckyi (Editors), Challenges in Process Intensijcation, 

Canadian Institute of Mining, Metallurgy & Petroleum, Montreal 1996. 
S. Sominya, Proceedings of the First International Symposium on Hydrothermal Reactions, 

Gakujutsu Bunkan Fukyu-Kai, Tokyo 1982. 
G. L. Strathdee, M. 0. Klein, L. A. Melis, Crystallization and Precipitation, Pengamon, 

Oxford 1987. 
R. Winand (editor), International Symposium on Chloride Hydrometallurgy, Benelux Metal- 

lurgie, Brussels 1377. 

Journal Articles 

General Hydrometallurgy 
Anonymous, “Carving a Career in Hydrometallurgy”, Can. Chem. Processing, September 

Anonymous, “The Rise ofchemical Metallurgy”, Eng &Min./. 158 (6a) 118-121, 1957. 
J. C. Agarwal et al., “Comparative Analyses of Hydrometallurgical Process”, paper presented 

at the Canadian Institute of Mining & Metallurgy 7th Annual Hydrometallurgy Meeting, 
Vancouver, BC 1977. 

J. C. Agarwal, H. W. Flood, N. Beecher, “Preliminary Economic Analysis for Hydrometallur- 
gical Processes”,/. Metals 26 (l) ,  26-33, 1974. 

R D. Agrawall, “Leaching of Metal Sulfides”, Metal & Minerals Review 15 (50) 1-9, 1977. 
A. W. Allen, “Hydrometallurgy”, Eng. &Min. /. 119, 112-114, 1925. 
N. Arbiter, “What the Future Holds for Hydrometallurgy”, Eng. &Min./. 152 (7) 139-143, 

R G. Bautista, “Hydrometallurgy”, Advances in Chemical Engineering 9, 1-1 10, 1974. 
G. Bjorling, “Hydrometallurgy Today”, Tek. Tidskr. 97 (lo), 203-207, 1967. 
M. Brandela, “Hydromintralurgie”, Ind. Minkrale - Minkralurgie (Suppltment) 7-33, April 

1977. 
A. R. Burkin, “Review of Some Recent Developments in Hydrometallurgy”, pp. 821-830. In: 

Proceedings Symposium Advances Extractive Metallurgy, London 1967, Institution Min- 
ing & Metallurgy (published 1968). 

1964. 

1951. 



Scope 27 

W. H. Dresher, J. Dasher, E Brown, E T. Davis, “Decision Factors in Choosing Between 
Pyro- and Hydro- Processes”, Paper presented at the Society of  Mining Engineering ALME 
Meeting, Acapulco, Mexico 1974. 

E A. Forward, “Hydrometallurgy: Its Scope and Limitations”, Chem. Eng. Progr. 54 (4), 41- 
46, 1958. 

E Habashi, “Hydrometallurgy - Past, Present, and Future”, fians. Indian Inst. Metals 31 (4), 
231-238,279,1978. 

E Habashi, “Hydrometallurgical Applications of Sulfuric Acid”, Sulphur (London) 140, 37- 
42, 1979. 

E Habashi, “Recent Advances in Hydrometallurgy”, Proc. Intern. Mineral Processus Congress, 
Warsaw, pp. 609-635, 1979. 

E Habashi, “Hydrometallurgy”, Chem. & Eng. News 60, 46-58, 1982. Russian translation in 
Izvestia Vischich Uchelbrich, &et. Metal (3), 25-33, 1983. 

E Habashi, “Dissolution of Minerals and Hydrometallurgical Processes”, Die Naturwissen- 
schajZen 70,403-411, 1983. 

E Habashi, “Precipitation in Hydrometallurgy”, Proc. XVZII Intern. Mineral Processing Con- 
gress 5 ,  1323-1328 (1993). Reprinted with French summary in Zndustrie mine‘rale, les 
techniques 76, 108-1 13 (1994). Extended abstract in Proc. Canadian Chemical Engineer- 
ing Confprence, pp. 423-424, 1992, translated in Turkish in Bull. Chamber Min. Engi- 
neer? ofTurk9 34 (3) 45-58 (1995). 

E Habashi, “The Leaching of Sulfide Mineral in Chloride Media”, Hydrometallurgy 38, 219 
(1995). 

E Habashi, “The Sulfur Problem in the Metallurgical Industry”, pp. 825-842 in Extraction & 
Processing Division Congress 19915, edited by G. W. Warren, TMS-AIME, Warrendale, 
Pennsylvania 1996. 

E Habashi, “Hydrothermal Reactions of Sulfides and Disulfides”, p. 39-49 in Proceedings 
Third International Symposium on Solvothermal & Hydrotherma~Processes, Research Insti- 
tute for Solvothermal Technology, Takamatsu, Kagawa, Japan 1997. 

E Habashi, “How Can Hydrometallurgy Solve the Environmental Problems of Smelters”, pp. 
119-124 in Fourth Conference on Environment and Mineral Processing, Part I, edited by 
Peter Fecko et al., Ostrava, Czeck Republic 1998. 

E Habashi, “Modern Trends in Hydrometallurgical Unit Operations”, pp. 61-72 in CECH, 
Golden Jubilee Souvenir Book, Central Electrochemical Research Institute, Karaikudi, 
India 1998. 

J. Halpern, “Some Aspects of the Physical Chemistry of Hydrometallurgy”, J Metals 9, 280- 
289, 1957. 

I. Iwasaki, “Mineral Dressing and Chemical Metallurgy Combine to Process Diffucult-to- 
treat Ores”, Eng. &Min.J 177 (5), 108-123, 1976. 

J. B. Rosenbaum, “Minerals Extraction and Processing: New Developments”, Science 19 1 ,  

A. J. E. Welch, “Some General Chemical Principles in Extraction of Metals from Low-Grade 
Ores”, pp. 1-14. In: Extraction and Refining of the Rarer Metals, Institution of Mining & 
Metallurgy, London 1957. 

720-723,1976. 

Pressure Hydrometallurgy 
R. Derry, “Pressure Hydrometallurgy - A Bibliographical Review”, Mineral Processing In& 

R. Derry, “Pressure Hydrometallurgy: A Review”, Minerals Sci. & Eng. 4 (l),  3-24 1972. 
R. E. Doane, “Treatment of Metal Sulfide Concentrates by Pressure Hydrometallurgy”, Min- 

erallnd. Bull. (Golden, Colorado) 15 (6) ,  1-10, 1972. 
D. J. I. Evans, “Production of Metals by Gaseous Reduction from Solution - Processes and 

Chemistry”, Advances in Extractive Metallurg, Institution of Mining & Metallurgy, Lon- 
don 1968. 

mation Report No 7, Warren Sping Laboratory, Stevenage, England 1972. 



28 A Textbook of Hydrometallurgv 

W. M. Fassell, Jr., “Hyper-Atmospheric Extractive Metallurgy, Its Past, Present and Future’’, 

F. A. Forward, J. Halpern, “Hydrometallurgical Processes at High Pressures”, Trans. Inst, Min. 

I? M. J. Gray, “Pressure Hydrometallurgy”, Rev. Pure &Appl. Chem. (Austndia) 5 ,  194-216, 

J. Gerlach, “Metallherstellung durch Laugung und Fallung unter Druck, Metall. 16, 1171- 

Pure &Appl. Chem. 5 ,  683-699, 1962. 

&Met. 66, 191-218, 19561957. 

1955. 

1179, 1962; 17,32-35, 1963. 
E Habashi, “Pressure Hydrometallurgy Key to Better and Nonpolluting Processes”, Eng. & 

Min. b 172 (2). 96-100: 172 (5). 88-94. 1971. 
F. Habash: “Recent Advances in Pressure Hydrometallur ”, Proceedings International Con- 

frenceAdvances in ChemicalMetallurgy, Bombay, Vovl,  pa er No. 18, 1979. 
F. Habashi, “The Origins of Hydrothermal Reactions”, Rev. Higf Pressure Sci. Technol. 1401- 

1404 (1998). 
E Habashi, “Recent Advances in Pressure Leaching Technology”, pp. 129-139 in Volume 4, 

International Mineral Processing, Congress, edited by H. Hoberg and H.  von Blottnitz, 
GMDB Gesellschaft fur Berghau, Metallurgie, Kohstoff, und Umwelttechnik, Clausthal- 
Zellerfeld, Germany 1997. 

F. Habashi, “Industrial Autoclaves for Pressure Leaching Technolo ”, pp. 64-67 in Proceed- 
ings Second International Conference Solvothermal Reactions, Tagmatsu, Japan 1 996. 

F. Habashi, ‘X Hundred Years of the Bayer Process for Alumina Production”, Bull. Can. Inst. 
Min. &Met. 80 (909), 70-76 (1988). Also in LightMetals 1988, pp. 3-1 1, edited by L. 
G. Boxall, The Metallurgical Society, AIME, Warrendale, Pennsylvania. 

F. Habashi, “Pressure Hydrometallurgy. Past, Present and Future”, pp. 27-34 in Proceedings 
Third International Conference on Hydrometallurgy, edited by Yang Xianwan, Interna- 
tional Academic Publishers, Beijing 1998. 

E Habashi, “Flash Smelting Versus Aqueous Oxidation”, Paper No. 3 in ALTA 1998 Copper 
Sztlphies Symposium, ALTA Metallurgical Services, Victoria, Australia 1998. 

D. G. E. Kerfoot, “The Development of the Sherritt Ammonia Pressure Leach Process”, CIM 
Bull. 82 (926), 136-140 (1989). 

D. Lowe, H.  Ufer, “Die Anwendung von Autoklaven-prozessen in der Hydrometallurgie”, 
Nezie Hiitte20 (3), 159-166, 1975. 

R. D. MacDonald, “High Temperature Hydrometallurgy”, Battelle Tech. Rev. 4, 143-147, 
1955. 

V. N. Mackiw, T. W. Benz, D. J. I. Evans, “Hydrometallurgie unter Anwendung von Druck”, 
Chem. Ing. Techn. 34,441444, 1962. 

V. N. Mackiw, R. M. Berezowsky, D. G. Kerfoot, “Recovery of Nonferrous Metals by Pressure 
Hydrometallurgy”, pp. 225-239 in Chemical Engineering in Canada. A Historical Per- 
spective, edited by L. M. Shemilt, Canadian Society for Chemical Engineers, Ottawa 
1991. 

V. N. Mackiw, H. Veltman, “Die genenwartige Stand der Hydrometallurgie under Druck, 
Erzmetall22, Beiheft Symposium Hydrometallurgie, pp. 43-60, 1969. 

G. D. Manning, “Pressure Hydrolysis - A Survey”, Warren Spring Laboratory, Stevenage, 
Report LP 134 (ME), 1970. 

G. D. Manning, J. Melling, “Eh-pH Diagrams at Elevated Temperatures -A Survey”, War- 
ren Springs Laboratory, Stevenage, Report LP 128 (ME), 1972. 

B. Meddings, D. J. I. Evans, “The Changing Role of Hydrometallurgy”, Bull. Can. Inst. Min. 
&Met. 48-57, February 1971. 

I? T. O’Kane, “Pressure Leach Autoclave Design”, paper presented at Chemical Institute of 
Canada Conference, Montrtal 1963. Sherritt-Gordon Mines, Fort Saskatchewan, 
Alberta. 

E Pawlek, “Research in Pressure Leaching”,JS. Apican Inst. Min. &Met. 69 (12), 632-654, 
1969. 

V. Veltman, “Pressure Hydrometallurgy”, paper presented at Symposium 77, The Indonesian 
Mining Indttstry: Its Present and Future, Jakarta, June 1977. Sherritt-Gordon Mines, Fort 
Saskatchewan, Alberta. 



Scope 29 

Gold 
Anonvmous. “TCcnicas emdeadas en metdurgia aurifera”, Mundo Minero, edition 177, Sep- 

;ember’15, 1997. 
v 

G. P. Demopoulos, V. G. Papangelakis, “Recent Advances in Refractory Gold Processing”, 

C. A. Fleming, “Hydrometallurgy of Precious Metals Recovery”, Hydrometallurgy 30, 127- 
CZMBull. 82 (931), 85-91 (1989). 

162 (19923. 
\ - -  , 

C. A. Fleming. “Thirty Years of Turbulant Change in the Gold Industry’’, CZM Bull. 91 
(1025), T5-67 (1998). 

- 
E Habashi, “One Hundred Years of Cyanidation”, CZMBuLl. 80 (905), 108-1 14 (1987). 
E Habashi. “The Adsormion of Gold on Activated Charcoal”, Ciencim Y Tkcnicus del Or0 (La 

Pa) 4,45-51 (1988) (in Spanish). 
K. G. Thomas, “Economics of Treating Gold Ores”, CIMBull. 84 (953), 33-37 (1991). 

Copper, nickel, cobalt 
E Habashi, “The Hydrometallur of Nickel Sulfides”, pp. 3-16 in Nickel-Cobalt 97, Vol- 

ume 1: Hydrometallurgy anfiYRefining, edited by W. C. Cooper and I. Mihaylov, Cana- 
dian Institute of Mining, Metallurgy and Petroleum, Montreal 1997. 

E Habashi, “Copper Metallurgy at the Crossroads”, pp. 493-510, volume 3, Copper ’95- 
Cobre ’95, edited by W. C. Cooper et al., Canadian Institute of Mining, Metallurgy, and 
Petroleum, Montreal 1995. 

Other Topics 
B. Benson, N. Colvin, “Plant Practice in the Production of Nickel by Hydrogen Reduction”, 

pp. 735-752. In: Unit Processes in Hydrometallurgy, edited by M. E. Wadsworth and E T. 
Davis, New York 1963. 

E C. M. Driessens, “Ionic Solid Solutions in Contact with Aqueous Solutions”, pp. 524560. 
In: Geochemical Processes at Mineral Suyfces, edited by J. A. Davis and K. E Hayes. ACS 
Symposium Series 323, American Chemical Society, Washington, DC 1986. 

E Habashi, “Trends in the Hydrometallurgical Treatment of Copper Oxide Ores”, Arab Min. 
J 3 (4), 46-52, 1983. 

M. L. Jansen, D. A. Milligan, “Developments in Sulfur Disposal Techniques in Hydrometal- 
lurgy”,J Metals27 (l) ,  13-23, 1975. 

G. Kumar, “Impact of Hydrometallurgy on the Production of Non-ferrous Metals”, Trans. 
SAEST11 (l), 207-236, 1976; 11 (2), 295-313, 1976. 

Kampje, “Instrumentation of a Hydrometallurgical Nickel Refinery”, Sherritt-Gordon Mines, 
Fort Saskatchewan, Alberta. 

R R. Kirby, J. A. Barclay, “Extraction Processes for Low-Grade Ores”, Tram. SOC. Min. Eng. 
AZME 4247,  June 1975. 

R. B. McIntosh, S. Romanchuk, “Corrosion Experiences in the Acid-Leaching of Cobalt- 
Nickel Sulfides”, Bull. Can. Znst. Min. & Met. 64, 239, 1961. 

K. A. Natarajan, I. Iwasaki, “Eh Measurements in Hydrometallurgical Systems”, Mineral Sci. 
&Eng. 6 (l),  35-44, 1974. 

R. E Plasket, C. M. G. Wortley, “Equipment Selection, Plant Design and Personnel Training 
at the Impala Nickel-Copper Refinery”, Sherritt-Gordon Mines, Fort Saskatchewan, 
Alberta. 

E. Rolla, “Theory and Practice of Precipitation and Copreci itation, with Particular Reference 
to Hydrometallurgical Processing”, Inform. Circuzr  3 12, Dept. Mines, Energy & 
Resources, Ottawa 1974. 

V. S. Sastri, D. J. MacKinnon, “Some Effects of Ultrasonics and Their Applications in Pro- 
cessing Metallic Ores”, Report MRP/MEL 76-71 (I976), Canada Energy, Mines & 
Resources, Ottawa. 



30 ii Textbook of Hydrometullqy 



Chapter Three 

Solution Chemistry 

Structure of Minerals .................................... 32 

Metallic .............................................. 32 
Ionic ................................................ 33 
Covalent ............................................. 33 
Mixed bonds .......................................... 34 

Water ................................................... 35 
Structure .............................................. 35 
Ionization ............................................ 35 
Dielectric constant ..................................... 37 

General rules .......................................... 38 

42 

Acids and Bases .......................................... 45 
Buffer Solutions ......................................... 46 

Oxidation and Reduction ................................. 47 
Electrode potential ..................................... 48 
Galvanic processes ..................................... 52 .. 

Oxyhydrolysis ........................................... 55 
Free Energy Change ...................................... 56 
Coordination Compounds ................................ 58 

Complexes ........................................... 58 

Precipitation ............................................ 62 

Solubility ............................................... 38 

Solubility product ..................................... 41 
Common ion effect and complex formation ................ 

Hydration and Hydrolysis ................................ 43 

Electrolytic processes ................................... 54 

Chelates .............................................. 59 

Reacting minerals with aqueous solutions requires a knowledge of 
the structure of the solid as well as the aqueous phase . 



32 A Textbook of Hydrometallzlrg 

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.e., 
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, ZnS, UO,, and MnO,. 

Ionic - Covalent 
bond 

~ 

bond 

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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Ionic 

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 C1- ions, and simi- 
larly every CP ion is surrounded by six Na+ ions. Ionic 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. Ionic 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 units. 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 a h -  
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 is why 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, Mgz(Si,Ob), 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 S z -  
groups occupying the position of C1-. 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 polar, 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. O n  cooling, water freezes to form ice crystals which 
have hexagonal structure. 

Ionization 

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 H30f - a hydro- 
nium ion: 
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H 
H & + /  @ + \ H 

0 
H 

/ \  

Figure 3.2: The polarity of water and the formation of hydrogen bond. 

The bond between 0 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: 

H2O H+ + OH- 

at room temperature is given by: 

K =  [H+][OH-] = 
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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: Ionization constant of water at different temperatures. 

Temperature ["C] GX 1014 
0 0.1139 

10 
20 
25 
30 
37 
40 
50 
60 
70 
80 
90 

100 
300 

0.2920 
0.6809 
1.008 
1.469 
2.57 
2.919 
5.474 
9.614 
15.1 
23.4 
35.5 
51.3 
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 a vacuum 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: 

Gases. 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 NH3 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 HC1, which is also a polar molecule, 
dissolves in water with interaction forming H30+ and C1-. Nonpolar 
molecules like carbon tetrachloride, CCl,, or benzene, C6H6, are 
insoluble in water because of the inability of water to form hydrogen 
bonds with these molecules. 

Ionic and non-ionic crystals. Ionic 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. 

O n  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. 

Acetone 

CI - H + O / H  
\H 

Hydrogen Chloride 

H d -  6+, /H 
H- N + H-0 

H/ 

Ammonia 

Methyl Alcohol 

Figure 3.4: Dissolution of polar molecules in water. 

H 

H 

Figure 3.5: Hydration of ions during the dissolution of ionic 
crystals in water. 

Efect oforganic 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 FeS04. nH,O because acetone has a lower 
dielectric constant than water. 

Efect ofinterionicforces. 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. 

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

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

Compound Soluble Slightly 
soluble Insoluble 

Nitrates 
Chlorides 

Sulfates 

Sulfides 

Hydroxides 

Carbonates 

Phosphates 

Fluorides 

Silicates 

- - All 

All with few exceptions PbCI, Ag Cl 
(in cold water) HgCl 

All with few exceptions Cas04  
Hg2S04 
Ag2s04 
PbSO4 

Alkali metals - 

Alkali metals except Li2C03 
Li2C03 
Alkali metals, - 

some acid phosphates 

Alkali metals except LiF LiF 
InF, TlF 
BeF,, CdF,,ZnF, 
Alkali metals - 

Ca(H2PO& 

CiCl 
TIC1 
Bas04 
SrS04 
&SO4 

All others, some hydro- 
lyze and precipitate as 
hydroxides, e.g., AI and 
Cr sulfides. 
All others 

All others 

All others 

All others 

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 
Vl is proportional to the concentration of AB while that of the reverse 
reaction V2 is proportional ro both A and B. This can be expressed as: 

VI = k,[AB] 

V, = k&41 [BI 

where k, and k2 are the velocity constants of the forward and reverse 
reactions, respectively. At equilibrium, the two rates are equal. There- 
fore, VI = V2, or: 

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: 

Since the amount of AB does not influence the degree of saturation, it 
can be considered constant. Hence: 

KSp = [A+I[B-l 

where Ksp = k[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 

The solubility of CuCl in water is 0.042 g/L at 20 "C, is. ,  the sat- 
urated solution contains 0.042/99 g ion1L Cu+ and an equal 
amount of C1- (atomic weight of CuCl = 99). Hence: 

are determinated from solubility data. For example: 

0.042 0.042 
99 99 

K =  [cu+][ci-] = - - = 1.8 x 10-7 

For PbC12, the solubility in water is 6.37 g/L at 0 "C, i.e., at equi- 
librium, 

PbC12(sl Pbi';P, + 2 C 1 ~ 4  

the saturated solution contains 6.371278 g ion1L Pb2+ and 2 x 6.371 
278 g ion/L C1-. Hence: 

6.37 x 2 x -  =4.8x1OV5 6.37 
- 278 ( 278) 

K =  [Pb2+] [C1-I2 = 

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 ICp = 8.9 X 10-l2. 

Mg(OH)2 Mg2' + 20H- 

K =  [Mg"] [0H-l2 = ~(2.)~ = 8.9 X 

x=1 .3X104mole=1 .3X10  -4 X58.3glL 
mole 3 

= 7.58 x 1 0 - ~  giL 

Common ion effect and complex formation 

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

It decreases as a result of the common ion effect. 
It 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 C1- ion as a common ion: 

- ~ t  Al+ + CI- K = [Ag+] [ C1-] 
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When [Cl-] 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 HCl concentration is due to the formation of a complex 
ion: 

Ag+ + 4C1- + [AgC14l3- 

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

40 x 10-5 

1 
-I 30 - . 
u) 
a, 

.- a 

0 1 2 
Concentration of HCI, M 

Figure 3.6: Solubility of AgCl in dilute hydrochloric acid. 

HYDRATION AND HYDROLYSIS 

Ions 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 H2O 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: 

[M(H20)nId+ * LM(H20)n-I OH]b-')+ + H+ 
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Table 3.3: Water of hydration in solution. 

Number of water of Number of water of Cation Anion hydration hydration 
Rb+ 2 
K+ 2-3 
Ag+ 3-4 ClO, 0 
H+ 4 1- 0- 1 
Na+ 4 Br- 2 
Pb2+ 5-7 NO, 2 
Li+ 6 Cl- 3 
Ba2+ 6-8 F- 5 
Ca2+ 8-10 
Mg2+ 9-13 
Cd2+ 10-12 
Zn2+ 11-13 
Fe2+ 11-13 

Al3' = 20 
C U 2 +  11-13 

or simply: 

Ma+ + H2O + M(OH)(a-')+ + H+ 

For example, ferric ion hydrolyses according to: 

Fe3+ + H 2 0  * Fe(OH)2+ + H+ 

Anions also undergo hydrolysis: 

[x(H~o>,I '- * D ( ( H ~ o ) ~ - ~ ( H ) I ( ~ - ~ ' -  + OH- 

or simply: 

X& + H 2 0  + XH(b-l)- + OH- 

For example, cyanide ion hydrolyses according to: 

CN- + H2O * HCN + OH- 

For cations having more than three positive char es, oxy- or 
hydroxy- ions are formed. For example, Ti4+, V5+, and U k+ exist only 
in aqueous solution as titanyl, vanadyl, and uranyl ions respectively: 

Ti4+ + H 2 0  + Ti02+ + 2H+ 

V5+ + H 2 0  * V03+ + 2 H i  
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U6+ + 2H2O * UO;+ + 4H+ 

An exception is thorium and uranium(1V) which can exist as Th4+ 
and U4+, respectively. These oxy-ions may react further with water, 
depending on the pH, to form hydroxy- ions. For example: 

Ti02+ + H20 * TiO(OH)+ + H+ 

V03+ + H20 * VO(OH)2+ + Hi 

UOz+ + H 2 0  * U02(OH)+ + H+ 

The tendency for an ion to hydrolyze depends on: 
The ratio of ionic charge to radius, Le., the charge density. The 
more dense the charge the more hydrolysis takes place and vice 
versa. Thus, while the hydrolysis of the alkali and alkaline earth 
ions is negligible, that of Ti4+ and V5+ is appreciable. 
The electronic structure. Ions with inert gas structure have a mini- 
mum tendency to hydrolyze. Thus Ag+ and Pb2+ hydrolyze easier 
than Ba2+ and Sr2+; and Fe3+, Co3+, and Cr3+ much easier than 
Al3'. 

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 p H  scale which is a highly convenient 
scale: 

pH = -log[H+] 

A pH 7 means that the hydrogen ion concentration in the solution = 

gram ion/liter. The pH of 0.1 M HCl (3.75 g/L or 0.44%) 
equals 1 and that of 0.1 M NaOH (4 g/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), + 3H+ -+ A13' + 3H20 

AI(OH), + OH- -+ AI(OH)Z 

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

% NaOH 
0.00 4.3 8.00 4.0 x lo-' 

0.36 1.8 10.00 4.0 x lo4 

2.00 0.036 12.00 0.040 
3.00 3.6 x 13.00 0.48 

5.00 3.6 x 10-5 13.90 3.8 
6.00 3.6 x low6 14.00 4.6 
7.00 pure water 

PH % HCI PH 

0.10 3.6 9.00 4.0 x 10-5 

1 .00 0.44 11.00 4.0 x 10-3 

4.00 3.6 x io4 13.60 2.0 

BUFFER SOLUTIONS 

In many hydrometallurgical processes it is important that the p H  
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 a weak 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: 

CH3COOH CH3COO- + H+ 

K =  
[CH,COO-][H+] 

[CH,COOH] 

[H+l = K[CI-I,CO*H1 
[ CH,COO-] 

[CH,COOH] 

[CH3COO-] 
pH = - logK- log 

When the ratio [CH3COOH]l[CH3C00-] = 1, then: 
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p~ = -iogK= -iog(i.s x 10-3) = 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 N a O H  to 100 ml of 0.5 M 
CH3COOH and 0.5 M CH3COONa. 

100 ml of the solution contains 0.05 mole CH3COOH 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 p H  is: 

p H  = -log(1.8 x -log* = 4.74 + 0.017 = 4.76 
0.5 1 

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 aqueous systems are: 

s2- + 20, + sei- 
Fe + Fe2+ + 2e- 

Fe2+ + Fe3+ + e- 

Typical reduction reactions are: 
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2H+ + 2e-+ H2 

cu2+  + 2e- -+ c u  

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: 

0 2  + 2H20 + 2e- -+ H202 + 20H- 

and in acid medium: 

1/202 + 2H+ + 2e- -+ H2O 

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

Ni2+ + H2 -+ 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 -+ Fe2+ + 2e- 

2H+ + 2e- -+ H2 

Electrode potential 

The tendency of a substance to be oxidized or reduced, Le., to lose 
or gain electrons, is measured in volts and is known as potentid. For 
example, when a strip of zinc is immersed in a 1 M ZnS04 solution 
and a strip of copper in a 1 M CuSO4 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 CuSO4 to the 
ZnS04 solution through the salt bridge to complete the electric cir- 
cuit. 
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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. 

Efect ofconcentrution. 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 
standurd electrode potentiul and is denoted by I?. The potential, E, 
measured at any other concentration, is related to the standard poten- 
tial by Nernst's equation: 

where R is the gas constant = 8.31441 joule/kelvin.mole, T in  degrees 
Kelvin, and  F i s  the  faraday cons tan t  (1 faraday = 96 500 
ampere-second ot 96 500 coulombs). For a hydrogen electrode at 
room temperature: 

R T  8.314 X 298 X 2.303 
1 x 96 500 

E=--  1 n F  dH+I = 

= 0.0592 pH 

since pH = -log[H+]. 
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E f e c t  ofpH. 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. 

Electrudeputentialand~ee 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 n S 

Work,, = -AF = -nFE 

where AF is the free energy charge. At the standard states: 

A P  = -ny7? 

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

A P  = -RT 1nK 

it follows that: 

RTlnK= n!.Fl? 

n YEo 
2.303RT 

logK = 

The gas constant R = 1.987 calorie/degree. 

T h e  electrucbelnicalseries. It 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.e., oxidize, and the second metal deposits, i.e., 
reduced. For example, a strip of iron placed in a solution of CuSO4 
causes metallic copper to deposit as the iron goes into solution: 

Fe + Fe2+ + 2e- 

cu2+ +- 2e- + cu 
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The overall reaction: 

Fe + Cu2+ + Fe2+ + Cu 

- 0 . 8 4  
0 2 4 6 8 1 0 1 2  

Acidic Basic 
PH 

Figure 3.8: The solubility of iron as a function of p H  and the 
potential. 

Data for Figure 3.8: 
1 .  
2. 
3. 

4. 

5. 

6. 

7. 

Fe2+ + 2e- * Fe, I? = -0.44 V (independent of pH) 
Fe3+ + e- * Fe2+, l? = 0.77 V (independent of pH) 
Fe(OH)2 - Fe2' + 20H-, lo$= -14.8; at [Fe2+] = 1, p O H  = 7.4; pH = 6.6 
(independent of E )  
Fe(OH), * Fe3+ + 3 0 H - ;  logK= -37.4, at [Fe3'] = 1, p O H  = 12.5, p H  = 1.5 
(independent of E, 
Fe(OH)3 + 3H+ + e- * Fe2+ + 3 H 2 0 ,  at [Fe2'] = 1, from 1.5 < pH < 6.6, E = 

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

0.77 - 3 X 0.0591(pH - 1.5) 

Fe(OH)3 + H' + e- * Fe(OH), + H,O; at p H  > 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 AgNO, solution it will precipi- 
tate silver: 

Cu + 2Ag+ + Cu2+ + 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 FeS04 of low 
concentration is connected to a similar piece immersed in a solu- 
tion of FeS04 of high concentration, it will be observed that iron 
in the first solution will dissolve while Fe2+ 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 + Fe2+ + 2e- 

Cathode: Fe2+ + 2e- -+ 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 Eo [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 

Gold -1.50 
Platinum-group metals -0.8 to -1.2 

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 
F e S 0 4  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 0, concentration, iron will func- 
tion as an anode: 

Fe + Fe2' + 2e- 

while at high 0, concentration, iron will function as a cathode on 
which oxygen will be reduced: 

1/20, + H2O + 2e- + 20H- 

Iron 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 n f  + 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 mono- 
valent atoms or reduce the same number of monovalent ions is equal 
to one faraday which represents the flow of 6.02 X 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 NiC12 
solution when a current of 0.4 ampere flows for 2.5 hours: 

Ni2+ + 2e- + Ni 

2 X 6.02 x electrons 6.02 X atoms 
2F 58.7 g 

58.7 g 2 x 96 500 coulombs 
0.4 x 2.5 x 60 x 60 coulombs X 

= 1.094 g 58.8 x 0.4 x 2.5 x 60 x 60 
2 X 96 500 

X =  

OXYHYDROLYSIS 
Oxidation of a divalent metal ion in solution requires acid: 

M2+ -+ M3+ + e- 
1/202 + 2H+ + 2e- + H2O 

Overall reaction: 

2M2+ + 2H+ + 1/202 -+ 2M3+ + H 2 0  

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

M3+ + H2O + M(OH)2+ + H+ 

M(OH)2+ + H2O + M(OH)2+ + H+ 

M(OH)2+ + H20 -+ M(OH), + H+ 

Overall reaction: 

M3+ + 3H2O -+ M(OH), + 3HS 

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

2M2+ + ' /20, + 5H2O -+ 2M(OH)3 + 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 HC1 from FeC12 solutions: 

2FeC12 + 1/202 + 2H20 -+ Fe203 + 4HC1 

In the case of nonvolatile acids like H2S04 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: 

The equilibrium constant for the reaction: 

Cu2+ + Fe * Cu + Fe2+ 

can be calculated in two ways: 

1. StandardJiee energy change data: 

Aceaction = 'eroducts - 'ceactants 
= (0 - 20.3) - (15.5 + 0) = -35.8 kcal 

= 26.25 35 800 A P  - 
2.303RT - 2.303 X 1.987 X 298 logK = - 

K =  1.78 x 

2. Standard electrode potential data: 

Oxidation: Fe + Fe2+ + 2e- 

Reduction: Cu2+ + 2e- + Cu 

l? = 0.44 V 

I? = 0.34 V 
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eeact ion = '!%idation + eeduction 
= 0.44 + 0.34 = 0.78 V 

nFEO - 2 X 96 500 X 0.78 = 26-38 
2.303RT - 2.303 x 8.314 x 298 

logK = 

K= 2.4 x 
The equilibrium for the reaction: 

CuS + 2Fe3+ + Cu2+ + 2Fe2+ + S 

can be similarly calculated in two ways. 
1. Standardpee energy change data: 

Aeeaction = 'eroducts - @actants 
= [15.5 + (2 X -20.3) + 01 - [-11.7 + (2 X 2.52)] 
= -8.4 kcal 

= 6.176 AFo - 8400 
2.303RT - 2.303 X 1.987 X 298 logK = 

6 K= 1.5 X 10 

2. Standard electrode potential duta: 

The above reaction can be divided into the following steps: 

CUS(,) * cu2+ + S2- K~ = [cu2+] [s2-] = 8 x 10-36 

s2- + s + 2e- 

Fe3+ + e- + Fe2+ 

2Fe3+ + S2- 

I? = 0.48 V 

= 0.77 V 

2Fe2+ + S l? = 0.48 + 0.77 = 1.25 V 

2 x 96 500x 1.25 = 41.6 n YEo - 
logK2 = 2.303RT - 2.303 X 8.314 X 298 

K2 = 1.3 X 1041 = 
[ Fe2+] 
3+ 2 2- 

[Fe 1 [S 1 
For the reaction: 

CuS + 2Fe3+ + Cu2+ + 2Fe2+ + S 
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2+ 2 
= KIK2 [ Cu2+] [ Fe ] 

[ Fe3+] 
K= 

= 8 x x 1.3 x 1041 = 1.4 x 10' 

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: 

Cu2+ + nNH3 + [Cu(NH3)J2+ 

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 Cu2+ 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 NH, concentration. 

Donor species carrying negative charge, i.e., anions, are common. 
These include CN-, F-, C1-, SO&, NO?, C O P ,  OH-, POj-, and 
S2- (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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\ / I 

/ , /(NHsY2+ 

10-2 10-1 1 10 

“3, 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, AgCl precipitates when C1- ion is added to a solution of 
AgNO, but not from a solution containing [Ag(CN)2]- because the 
silver in the second case is complexed and not free to react with C1- 
ion. Also, AgCl precipitates when Ag+ ion is added to NaCl solution 
but not from a solution containing [PtC16I2- ion because the chlorine 
in this case is complexed and not free to react with Ag+ ion. 

Chelates 
1 Chelates are complexes with ring structure, usually 5 or 6 mem- 

Ethylenediamine tetraacetic acid (EDTA) reacts with Be2+ ion to 
form the five-membered water-soluble chelate: 

bered which may be soluble or insoluble in water. For example: 

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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-OOCH,C CHZCOO- 
\ 

NHZC-CHZN + Be2+ + 
-0OCHZC / ‘CHI,COO- 

oc-0’ - 0-co 

a-Nitroso-P-naphthol reacts with Co2+ ion to form an insoluble 
chelate: 

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 BI2. 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. 

e 



Table 3.6: Soluble complexes of importance in hydrometallurgy. 

CN- c1- F- OH- 52- sot- c0;- "3 
Ag("3)2+ Ag(CN)2 AgCli 

AIF2- A l ( 0 H ) i  
As3' Ass 3- 
As5+ Ass!- 

c03+ C~(NH,), C~(CN)$- 
Cu+ Cu(NH3)i+ Cu(CN); CUC12 
Cu2+ Cu(NH& c u c 1 3  

Au+ Au(NH3)2+ Au(CN)T 
Au3+ AuC14 
Be2+ BeFT Be(0H)T 
Co2+ Co(NH3)Z: C O ( C N ) ~ -  

Fe2' Fe( CN) *- 
Hg2+ Hg(NH3);+ Hg(CN)i- HgC& HgS:- 
Mn2+ Mn(CN):- 
Nb5' NbF+- 
Ni2+ Ni(NH3)t' Ni(CN)i- 

Fe3+ Fe(CN)$- Fe(S04)Z 

Pb2+ PbCl$I Pb(0H)T 

Sb3+ S b ( 0 H ) i  SbS3- 
Sb5+ Sb(0H); SbSf 

Pt4+ PtCl, 

si4+ S i F g  
Sn4+ SnCIi- Sn(0H)Z- SnSg- 
Ta5 + TaF+- 
uo:+ UO,(SO~)~~- UO,(CO~)~~-  
Zn2+ Zn(NH3)i+ Zn(CN)i- Zn(0H)g  
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PRECIPITATION 
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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 (1 8 18-1 897) 
in 1841 not only helps to identifjr 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 differences in solubility when 
dilute HC1 is added followed by HZS, then after expelling excess H2S 
from solution by boiling, excess NH40H is added at a later stage. The 
scheme is outlined in Figure 3.1 1 and Table 3.7. 

Group I includes metal chlorides insoluble in dilute HCI. Group 2 
includes metal sulfides insoluble in dilute HC1 and is characteristic by 
a variety of colors. After separating the sulfides of Group 2 and neu- 
tralizing the filtrate with ",OH, only few metal hydroxides precipi- 
tate (Group 3). 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, H2S 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 HCl. 
When these sulfides are filtered off, and the solution boiled to expel 
excess H2S, then cooled and saturated with ammonium carbonate 
(NH4)2C03, 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 Groups 2 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 
MnOz 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 

Ions 

Solution 
Containing 
Sulfides of 

Mo 

As, Sb, Sn, Sulfides of 
Bi, Hg(ll), Cd, Pb, Cu, 

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. 

Metal ion Reagent Group precipitated as: Precipitates Color 

1 Chloride 0.5MHCl AgCl white 
PbCI, (slightly soluble) white 
Hg2C12 (mercurous) white 

2a Sulfide H,S:A) As2s3 yellow 
Sb2S3 orange 
SnS brown 
SnS, yellow 
Bi2S3 dark brown 
HgS (mercuric) black 
M o S ~  black 
GeS, 

PbS black 
c u s  dark brown 
Re2s7 black 
PtS2 black 
ws3 black 

3b Hydroxide NH40H t AI(OH), white 
NH4CI Fe (0 I-I) 2 green 

WOW3 red-brown 
Cr(OH13 green 
Be(OH), white 
UO,(OH), white 
Th(OW4 white 
Ln(OH),' white 
NiS black 
cos black 
MnS pink 
ZnS white 

5 Carbonate ("4) 2CO3 MgCO3 white 
CaC03 white 
SrC03 white 
BaCO? white 

B) CdS yellow 

4 Sulfide H2S 

a. Group 2A sulfides soluble in ammoniacal, (NHg2S, while 2B are insoluble. MoS3.is.pre- 
cipitated but not MoS, which occurs in nature. eparation of Re from Mn by precipita- 
tion as sulfide is of historical interest; this method was used for the first time to isolate 
rhenium. 

b. NHfiCl is added to prevent the precipitation of Mn(OH), and Mg(0H) Fe(0H) is  
partially precipitated under these conditions. For effective precipitation, &e oriigina? solu- 
tion should be oxidized before adding "$OH to convert Fe2+ to Fe3+. 

c. Ln = Lanthanides. 
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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, Le., 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 (Table 4.1). 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 ",OH 
are more expensive than H2S04 but they are used because of the fol- 
lowing advantages: 

1. Negligible corrosion problems. 
2. 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 H2S04 with limestone leads to the forma- 
tion of insoluble Cas04 as well as foaming due to the evolution of 
CO,: 

CaCO, + H2S04 -+ Cas04 + C 0 2  + H2O 
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Table 4.1: Common leaching agents. 

Category Reagent 

Water H2O 
Acids H2S04,  HCI, HNO,, HF, H2S03, aqua 

regia, H2SiF6 
Bases NaOH, "*OH 
Aqueous salt solutions Na2C03, NaCN, Na2S, NaCI, (NH&S03, 

Na2S203 
Aqueous chlorine and hypochlorite C12(aq), HCIO, NaClO 

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

Fe203 + H2S04 + Fe2(S04)3 + H2O 

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: 

Re207 + H 2 0  + 2HRe04 

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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9 &@de 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: 

N'S(s) + '*,(a,) + NiSO4(aq) 

Table 4.2: Principal water-soluble minerals. 

Carbonates 

Borates 

Group Mineral Formula 
Chlorides Halite NaCl 

Sylvite KCI 
S ylvini te 
Carnallite KCI. MgC1,. 6 H 2 0  

KCI + NaCl 

Sulfates Langbeinite K2S04. 2MgS04 
Schonite K,S04.MgS04.6H,O 
Polyhalite K2S04. MgS04.2CaSO4. 2 H 2 0  
Thenardite Na2S04 
Glauberite Na2S04. Cas04 
Aphthitalite (Na, K),SO4 
Mirabilire Na2S04. 1 OH20 
Bloedite Na2S04. MgS04. 4 H 2 0  
Loewei te 2Na2S04 .2MgS04.5H20 
Natron Na2C03.  10H2O 
Trona Na2C03.  NaHCO, . 2 H 2 0  
Thermonatrite Na2C03. H2O 
Nahcolite NaHCO3 
Pirssonite Na2C03. CaCO, . 2 H 2 0  
Tincal Na2B407- 10H2O 
Tincalconite Na2B407. 5 H 2 0  
Kernite Na2B407. 4 H 2 0  
Colemanite Ca2B6Ol1.5H2O 
Ulexite (Na, Ca)B509.5H20 
Boracite Mg3B?0 13' 

Nitrates Soda niter NaNO, 
Niter K N 0 3  

Mixed Kainite KCI.MgS04.3H2O 
chlorides-sulfates Sulfohalite Na2S04. NaCl 
Notes: 
1. Borates containing calcium are insoluble in water; they are usually leached with 
Na2C03 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)3 t 3H+ + Fe3+ + 3H2O 

Or metallic iron dissolves in any dilute acid with liberation of hydro- 
gen (an oxidation-reduction process): 

Fe + Fe2+ t 2e- 

2H+ + 2e- + H2 

Overall reaction: 

Fe t 2Ht + Fe2' t H, 

Oxidizingaids. 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: 

4Ht + NO, t 3e-+ NO + 2 H 2 0  

2H+ + NO, t e-+ NO, t H20 

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

4Ht t Sol- + 2e- + SO, t 2 H 2 0  

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

Reducing acids. 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: 

H2S03 + H20 + SO& t 4Ht t 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 V203 catalyst at 400 "C 
then absorbing SO, in 96% H 2 S 0 4  to increase its concentration to 
98% (Figure 4.1). 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 S02-air mixture. 
Figure 4.2 shows a typical view of a sulfuric acid plant while Figure 4.3 
gives the boiling points of H,SO4 at different concentrations and 
Table 4.3 shows density data. 

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

SO2 + '/,02 + H 2 O  + H2S04 

v 
Filter Cooler Heat 

exchanger 
I I 

Cooler a 
Figure 4.1 : Sulfuric acid manufacture. 
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Figure 4.2: A view of a sulfuric acid plant (Lurgi). 

0 
0 20 40 60 80 100 

Percent H2S04 

Figure 4.3: Boiling points of sulfuric acid solutions. 
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Table 4.3: Data on sulfuric acid. 

Concentration 
H2S04 Density 

% g’L M 
1 .oooo ,000 0 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 

1.0068 
1.0135 
1.0202 
1.0269 
1.0336 
1.0404 
1.0472 
1.0540 
1.0609 
1.0679 
1.0750 
1.0821 
1.0893 
1.0966 
1.1039 
1.1113 
1.1188 
1.1263 
1.1339 
1.1416 
1.1570 
1.1725 
1.1883 
1.2043 
1.2205 
1.2370 
1.2536 
1.2705 
I .2877 
1.3052 
1.3230 
1.341 1 
1.3595 
1.3783 
1.3975 
1.4172 
1.4373 
1.4580 
I .4793 
1.5013 

0 
10.1 
20.2 
30.6 
41.0 
51.6 
62.3 
73.2 
84.2 
95.3 

106.6 
118.0 
129.6 
141.4 
153.3 
165.3 
177.5 
189.9 
202.4 
215.1 
227.9 
254.1 
280.9 
308.4 
336.6 
365.5 
395.1 
425.5 
456.6 
488.5 
521.2 
554.7 
589.0 
624.3 
660.4 
697.5 
735.6 
774.8 
815.1 
856.5 
899.2 

~ 102 
,206 
.311 
.418 
.526 
.635 
.746 
3 5 8  
3 7 2  

1.087 
1.204 
1.322 
1.441 
1.563 
1.685 
1.810 
1.936 
2.063 
2.193 
2.324 
2.591 
2.864 
3.145 
3.432 
3.727 
4.029 
4.338 
4.655 
4.980 
5.314 
5.655 
6.006 
6.365 
6.733 
7.112 
7.500 
7.900 
8.310 
8.733 
9.168 
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The reaction is slow although catalyzed by Fe2' and Mn2' 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 
H2S04 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 H2S04 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: 

3 0 y C  H2CXH2 + CI2 H2CXHCl + 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 HCI. 
If a solution of HCl 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% HCl, 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% HC1 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 until it con- 
tains 20.2% HC1, when the acid distils over unchanged at 110 "C. 
Hence 110 "C is the maximum boiling point of hydrochloric acid at 
atmospheric ressure, and an acid boiling at this temperature is called I' an azeotropic mixture. This is the acid concentration commonly used 
in practice. Figure 4.5 shows vapor pressure data of HC1 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 HC1 according to: 

20.2% HCI 

20 - 
I I I I I  I I 

0 10 20 30 40 50 60 70 80 90 100 

HCI % 

Figure 4.4: Boiling points of hydrochloric acid. Maximum boil- 
ing point 1 10°C at 20.2% HCI (= 6 N). 

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

Concentration 

M 
HC1 Density 

g'L % 

.oo 1 .oooo 
S O  

1 .oo 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
9.50 

10.00 
11.00 
12.00 
13.00 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
20.00 
22.00 
24.00 
26.00 
28.00 
30.00 
32.00 
34.00 
36.00 
38.00 
40.00 

1.0025 
1.0050 
1.0075 
1.0099 
1.0124 
1.0148 
1.0173 
1.0198 
1.0222 
1.0247 
1.0272 
1.0296 
1.032 1 
1.0346 
1.0370 
1.0395 
I .0420 
1.0445 
1.0469 
1.0488 
1.0540 
1.0592 
1.0643 
1.0695 
1.0746 
1.0798 
1.0849 
1.090 1 
1.0952 
1.1003 
1.1105 
1.1207 
1.1308 
1.1409 
1.1510 
1.1610 
1.1710 
1.1809 
1.1908 
I .2006 

0 
5.0 

10.0 
15.1 
20.2 
25.3 
30.4 
35.5 
40.7 
45.9 
51.1 
56.4 
61.7 
67.0 
72.3 
77.6 
83.0 
88.4 
93.8 
99.3 

104.7 
115.7 
126.9 
138.1 
149.5 
160.9 
172.5 
184.1 
195.9 
207.7 
219.7 
243.9 
268.5 
293.5 
318.9 
344.7 
370.9 
397.4 
424.4 
451.7 
479.4 

.ooo 

.137 

.275 

.414 

.553 

.693 
2 3 3  
.975 

1.116 
1.259 
1.401 
1.546 
1.69 1 
1.836 
1.982 
2.129 
2.276 
2.424 
2.573 
2.722 
2.871 
3.173 
3.479 
3.787 
4.098 
4.412 
4.729 
5.048 
5.371 
5.696 
6.023 
6.687 
7.362 
8.048 
8.744 
9.45 1 

10.169 
10.898 
1 1 A36 
12.385 
13.145 
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which also shows that the acid can be regenerated. The process is 
known as oxybydrolysis. Hydrochloric acid is a corrosive acid and is 
usually handled in rubber-lined equipment. 

Nitric 

Nitric acid is prepared industrially by the oxidation of NH3 by air 
over platinum catalyst at 900 "C (Figure 4.6). The nitric oxide formed 
is oxidized further to NO2 which is then absorbed in water to give 
nitric acid: 

2NH3 + 5/20, -+ 2N0 + 3H2O 

NO + ' / 20 ,  -+ NO2 
3N0, + H20  -+ 2HNO, + NO 

0.01 0.1 1 10 100 1000 
Partial pressure HCI, mm Hg 

Figure 4.5: Vapor pressure of aqueous solutions of hydrochloric acid. 

Figure 4.7 gives the boiling point curve of HNO, 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 
HN03. Thus, it is possible to recover the acid waste solutions. 

Air NH3 

Oxidation ii 
Waste heat 

boiler 

Air ;L & 
Secondaly 
oxidation u 

Cooler Absorption 

Air 

Figure 4.6: Nitric acid manufacture. 

Percent HNOB 

Figure 4.7: Boiling points of aqueous solutions of nitric acid. 
Maximum boiling point 122 "C at 68% HN03. 
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Table 4.5: Data on nitric acid. 

Concentration 
Density HNO, 

% d L  M 
.oo 
.50 

1 .oo 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
9.50 

10.00 
1 1 .oo 
12.00 
13.00 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
20.00 
22.00 
24.00 
26.00 
28.00 
30.00 
32.00 
34.00 
36.00 
38.00 
40.00 

1 .oooo 
1.0027 
1.0054 
1.0081 
1.0109 
1.0136 
1.0164 
1.0191 
1.0219 
1.0247 
1.0274 
1.0302 
1.0329 
1.0358 
1.0387 
1.0416 
1.0446 
1.0475 
1.0504 
1.0533 
1.0563 
1.0622 
1.068 1 
1.0740 
1.0800 
1.086 1 
1.092 1 
1.0983 
1.1044 
1.1106 
1.1169 
1.1296 
1.1425 
1.1555 
1.1688 
1.1822 
1.1956 
1.209 1 
1.2225 
1.2357 
1.2486 

0 
5.0 

10.0 
15.1 
20.2 
25.3 
30.4 
35.6 
40.8 
46.0 
51.3 
56.6 
61.9 
67.2 
72.6 
78.0 
83.4 
88.9 
94.4 
99.9 

105.4 
116.6 
127.9 
139.4 
150.9 
162.6 
174.4 
186.4 
198.4 
210.6 
223.0 
248.1 
273.7 
299.9 
326.7 
354.0 
381.9 
410.4 
439.3 
468.7 
498.6 

.079 

.159 

.240 

.320 

.40 1 

.483 

.565 

.647 

.730 

.814 
3 9 8  
.982 

1.066 
1.152 
1.237 
1.324 
1.410 
1.497 
1.585 
1.673 
1.851 
2.030 
2.212 
2.395 
2.580 
2.768 
2.957 
3.149 
3.343 
3.538 
3.936 
4.343 
4.759 
5.184 
5.618 
6.060 
6.512 
6.971 
7.438 
7.91 1 
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The use of nitric acid in hydrometallurgy is limited, but it has a 
potential in displacing H2S04 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 -+ M2+ t S t 2e- 

4H' t NO, t 3e-+ NO + 2 H 2 0  

2H+ t NOT t e-+ NO2 t H20 

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

2 N 0  t 'f202 + H,O --+ 2 H N 0 3  

2 N 0 2  t 1/202 t H 2 0  + 2 H N 0 3  

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 NO2 because the consumption of HNO, in 
the first case is much less than in the second case as shown by the 
above equations. The HNO, concentration is another factor in deter- 
minating whether NO or NO, is evolved. Below about 20% HNO, 
nearly pure NO is produced, at 40% HNO, about 50% NO and 
50% NO2, while at 70% HNO, the gases analyze 90% NO2 (Figure 
4.8). When concentrated acid is used, there is excessive decomposition 
as follows: 

2 H N 0 3  + 2 N 0 2  t 1/202 t H20 

When used as oxidizing acid, e,g., during leaching of sulfides, it 
was also found that about 0.5% N2O is always produced. This repre- 
sents a loss in the regeneration system because it cannot be converted 
to HNO,, and a pollution hazard because it cannot be emitted in the 
atmosphere. 

The consumption of HNO, can be decreased when concentrated 
H$04 is added during leaching to convert the nitrates into sulfates: 
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M(NO,), t H2S04 + 2HN0,  + MS04 

Beside the economy in acid, the recovery of metal values will be facili- 
tated since standard methods will be used, i.e., recovery from sulfate 
medium. 

0 10 20 30 40 50 60 70 

"03 concentration, % 

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

Hydrofluoric 

Hydrofluoric acid is prepared by the action of concentrated 
H2S04 on the mineral fluorspar: 

H2S04 t CaF2 + Cas04 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 H2S04, sil- 
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ica present in the rock is partially volatilized as SiF, which is scrubbed 
with water to form the acid: 

3SiFq + 2 H 2 0  + 2H2SiF6 + Si02 

The other part remains in the phosphoric acid product and can be 
precipitated by adding a sodium salt: 

2Na+ t SiFi- + Na2SiF6 

This salt is also a source of the acid. Fluorosilicic acid is used to pre- 
pare AlF3 from clays and other sources. 

HF, % 

Figure 4.9: Boiling points of hydrochloric acid solutions. Azeo- 
tropic mixture boils at 1 12 "C. 

Sulfurous 

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

SO2 + H2O * H$03 Hf + HSOS 2H+ + SO:- 

The solubility of SO2 in water at 0 "C is 228 g/L and at 25 "C it is 
about 90 g/L (Figure 4.10). Figure 4.1 1 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 t 2H+ + Cu2+ t H20 

or as a reducing acid, e.g., dissolution of MnO,: 

H2S03 t H 2 0  + SO:-+ 4H+ t 2e- 

M n 0 2  t 4H' t 2e--+ Mn2+ t 2 H 2 0  

With acid-soluble sulfides it reacts at 120-150 "C forming ele- 
mental sulfur because of the formation of H,S: 

MS + 2H+ + M2+ t H2S 
2H2S t SO2 + 3s + 2H2O 

Overall reaction: 

2MS t 4H' t SO2 + 2M2' t 3s + 2H20 

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

3SO;- t 2H+ + 2S042- t S t H2O 

161 

" 
0 20 40 60 80 100 

Temperature "C 

Figure 4.10: Solubility of SO, in water. 
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100 

20 

0 
0 2 4 6 8 1 0 1 2 1 4  

PH 

Figure 4.11: Species present in solution as a function of p H  when 
SO2 is dissolved in water. 

As a result, on adding these last two reactions, and taking into consid- 
eration the ionization equilibrium of SO2 in water the following reac- 
tion is obtained: 

MS + 2 S 0 2  + MS04 + 2s 

Aqua regia 

Aqua regia, also known as royal water or eau rkgale 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, + 3HCI -+ CI2 + NOCl + 2H20 

At 109 "C, a mixture of HNO, and HC1 distills over unchanged. 
Aqua regia is handled in glass or fused silica containers. 

I. The reaction is oxidation-reduction: 
2CI- + CI + 2e- 
4H' + NO; + 3e- -+ NO + 2 H 2 0  
followed by formation of nitrosyl chloride: 
2 N 0  + Cf, + 2NOC1 
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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: 

Electrolysis of NaCl solutions using a mercury cathode: 

Na+ + e- + xHg -+ NaHg, 

2C1- -+ Ci2 + 2e- 

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

NaHg, t H20 -+ NaOH t '12H2 + xHg 

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

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

2 H 2 0  + 2e-+ 2 0 H - +  H, 

2C1- -+ C1, + 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 Na2C03 by reaction with Ca(OH)2: 
Na2C03 + Ca(OH)2 -+ NaOH + CaCO3 

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 

M 
NaoH Density 

g’L YO 
.oo 1.0000 .ooo 
S O  

1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
9.50 

10.00 
11.00 
12.00 
13.00 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
20.00 
22.00 
24.00 
26.00 
28.00 
30.00 
32.00 
34.00 
36.00 
38.00 
40.00 

1.0056 
1.0112 
1.0167 
1.0223 
1.0279 
1.0334 
1.0390 
1.0445 
1.0501 
1.05 56 
1.0612 
1.0667 
1.0722 
1.0778 
1.0833 
1.0888 
1.0944 
1.0999 
1.1054 
1.1110 
1.1220 
1.1331 
1.1441 
1.1551 
1.1662 
1.1772 
1.1882 
1.1993 
1.2103 
1.2213 
1.2432 
1.265 1 
1.2869 
1.3086 
1.330 1 
1.3513 
1.3722 
1.3928 
1.4128 
I .4322 

0 
5.0 

10.1 
15.2 
20.4 
25.7 
30.9 
36.3 
41.7 
47.2 
52.7 
58.3 
63.9 
69.6 
75.3 
81.1 
87.0 
92.9 
98.8 

104.8 
110.9 
123.2 
135.7 
148.5 
161.4 
174.6 
188.0 
201.6 
215.5 
229.5 
243.8 
273.0 
303.1 
334.0 
365.8 
398.3 
431.7 
465.7 
500.5 
535.9 
571.9 

.125 

.252 

.381 
5 1 0  
.641 
.773 
.907 

1.042 
1.179 
1.317 
1.456 
1.597 
1.739 
1.882 
2.027 
2.173 
2.321 
2.470 
2.620 
2.772 
3.079 
3.392 
3.71 1 
4.035 
4.364 
4.699 
5.040 
5.386 
5.737 
6.094 
6.824 
7.576 
8.348 
9.142 
9.956 

10.789 
11.641 
12.510 
13.394 
14.293 
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0' I I 
I I I I 

0 20 40 60 
NaOH concentration, % 

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]2t. Ammonium hydroxide is prepared by dis- 
solving gaseous ammonia in water: 

NH3 + H,O r+ NHi t OH- 

The solubility of NH3 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 shifi the above equilibrium to the left, thus favoring the for- 
mation of NH3 the active complex species. Figure 4.14 shows the con- 
centration of NHi and NH, 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: 

N2 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. 

Figure 4.14: Concentration of ammonium ion (NHJ) and 
molecular ammonia (NH3) in aqueous solution. 
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Table 4.7: Data on ammonium hydroxide. 

Density 

1 .oooo .ooo 

Concentration NH40H NH, 
% YO g/L M 

.oo 0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 

.49 

.97 
1.46 
1.94 
2.43 
2.92 
3.40 
3.89 
4.37 
4.86 
5.34 
5.83 
6.32 
6.80 
7.29 
7.77 
8.26 
8.75 
9.23 
9.72 

10.69 
11.66 
12.63 
13.60 
14.58 
15.55 
16.52 
17.49 
18.46 
19.44 
20.41 
21.38 
22.35 
23.32 
24.29 
25.27 
26.24 
27.21 
28.18 
29.15 

.9979 

.9957 
,9936 
.9915 
.9894 
.9874 
.9853 
.9833 
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Figure 4.15: Vapor pressure of aqueous ammonia solutions. 

AQUEOUS SALT SOLUTIONS 

Alkali carbonates 

Sodium carbonate occurs in nature as the mineral trona, Na2C03. 
NaHCO,. 2 H 2 0  can be prepared industrially from sodium chloride 
and limestone by the Solvay Process using ammonia as an intermedi- 
ate (Figure 4.16): 

NH3 t C02 t H2O + NH4HCO3 

NH4HC03 + NaCl + NH&1+ NaHC03 

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

2NaHC03 + Na2C03 + H 2 0  t C 0 2  
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NaCl 
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v 
CaCI2 

Calcination 

Figure 4.16: Flowsheet for the production of sodium carbonate 
by the Solvay Process. 

Ammonia is recovered from "&I by heating with CaO: 

CaO + 2NHqCl- CaC1, + 2NH3 + H,O 

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 

K V ~ V O G  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 + H20 

Hydrogen cyanide itself is prepared from NH3 by the following reac- 
tions: 

M O  
CO + NH3 -% HCN + H20 

NH, + CH4 + ' / 2 0 2 <  HCN + 3H2O 

Alkali cyanides and hydrogen cyanide are highly poisonous and 
must be oxidized to the harmless cyanate or nitrogen and C02 before 
disposal, e.g., by chlorine: 

C12 + 2e- + 2C1- 

CN- + 2 0 H -  + CNO- + H20 + 2e- 

2CNO-+ 40H-+ 2 C 0 2  t N2 t 2H20 t be- 

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.,: 

Sb2S3 + 3S2- + 2[SbS3I3- 

Sodium chloride 

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

PbS04 + 4C1- + [PbC14I2- + SOP 

PbC12 + 2C1- + [PbC14I2- 

Solubility data for PbS04 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] d L  

0.0 0.04 
0.1 0.17 
0.2 0.27 
0.3 0.38 
0.4 0.50 

0 thers 

Ammonium sulfite is prepared by absorbing SO1 in ammonium 
hydroxide: 

SO2 + 2NH4OH -+ (NH4)aS03 + H2O 

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

CUO + (NH&S03 + H,O + CUSO~ t 2NH40H 

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

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 
14.6 g/L and at 25 "C to the extent of 9.1 g/L (Figure 4.17). The sol- 
ubility decreases in presence of electrolytes in solution but increases in 
presence of HC1 (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,, HClO, and HC1, 
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while in the pH range 4-6 only HClO and HCl due to the hydrolytic 
reaction: 

C12 t H2O + HClO t HC1 

In basic medium the hypochlorite and chloride ions are formed: 

C12 + 20H- CIO- t C1- t H2O 

LU 

18 

16 

14 

u- 
10 20 40 60 80 100 

Temperature, "C 

Figure 4.17: Solubility of chlorine in water. 
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Figure 4.18: Solubility of chlorine in solutions containing HCI, 
NaC1, KCI, and H2S04. 
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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 deJavel 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: 

C1, + 2e- + ZC1- 

C10- + H20 t 2e- -+ 20H- t C1- 

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

Au + Au3’ + 3e- 

Au3+ + 4CI- + [AuCl*]- 

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 

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

1/202 + 2H+ +2e- + H20 

0, + 2H20 + 2e-+ H 2 0 2  + 20H- 

1/202 + H 2 0  + 2e-+ 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, 0 3 ,  is a gas with 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 

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

2HS04 + S20 i -  + 2H+ + 2e- 

S20i-  + 2H20 + 2HS04 t H202 

The  commercial product is obtained by distillation and contains 
about 30% H 2 0 2  in the aqueous solution. Hydrogen peroxide 
decomposes readily to liberate oxygen: 

H202 + H2O + ' / 2 0 2  

Ferric ion 

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

MS -+ M ~ +  + s + 2e- 

Fe3+ + e- -+ Fe2+ 

Overall reaction: 

MS + 2Fe3+ + M2' + 2Fe2' + 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: 

Fe3+ + H 2 0  + FeOH2+ + H+ 

FeOH2' + H 2 0  + Fe(OH)2+ + H+ 
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Further hydrolysis leads to precipitation: 

Fe(OH)2+ + H2O + Fe(OH), + H+ 

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: 

2Fe2+ + 2H+ + Il2O2 + 2Fe3+ + H20 

FeC12 + '/2C12 + FeCl3 

Ferric sulfate is also prepared industrially by the aqueous oxidation 
of pyrite: 

2FeS2 + 15/202 + H20 -+ Fe2(S04)3 + H2S04 

Solid oxidants 

The action of a solid oxidant during leaching may be due to: 
Decomposition and liberation o f  oxygen. For example, sodium 
nitrate and sodium chlorate are water soluble and decompose on 
heating as follows: 

NaN03 + NaN02  + '1202 

NaClO, + NaCl + 3/202 
Generation of an oxidizing species in solution. For example, 
M n 0 2  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: 

M n 0 2  + 4H+ + 2e-+ Mn2+ + 2H2O 

Fe2+ + Fe3+ t e- 

Overall reaction: 

M n 0 2  + 4H' + 2Fe2+ + Mn2+ + Fe3+ + 2H2O 

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 H2S04 (dil.) Copper oxide ores, zinc oxide, phosphate 

rock 

Sulfide concentrates, laterites, monazite, 
titanium slag 

H2S04 (dil.) t oxidant Uranium ores, sulfides 
H2S04 (conc.) 

HCI Chemical beneficiation of ilmenite 
HNO, Uranium concentrates 
HF Niobium and tantalum ores 
Aqua regia 

H2S03 Manganese ores 
H2SiF6 Clay (for alumina recovery) 

",OH t air 

Refining of gold bullion and platinum 
metals 

Bases NaOH Bauxite 
Laterites after reduction, nickel sulfide 
concentrates 

Aqueous salt Na2C03 Tungsten ores (scheelite) 
Na2C03 + oxidant Uranium ores 
NaCN t air Gold and silver ores 

Chlorine C12 (aqueous) 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'CI-i,) t (n  + m)H,O + Na(H20)+,(aq) t Cl(H20)>(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 AgCl the bond between the silver ion and the chloride ion is 
partially ionic and partially covalent. Thus, the force of attraction 
between Ag' and el- is stronger than the force of hydration. Similarly, 
the case with CaF2. 

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- 
quently 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. 

Ionic-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: 

K = [M2'] [X2-] 



Theoy, 103 

The value of the equilibrium constant is so small. Equilibrium is dis- 
rupted when the concentration of any of the ions M2+ or X2- is 
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- 
tona t ion .  T h e  rate of dissolut ion increases wi th  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: 

Kl = [AI~+][OH-]~ = 1.9 x 

In presence of an acid, the OH- ions are neutralized: 

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

Al(OH), t 3H+ + AI3+ t 3H20 

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: 

NOH),(,) + A w w Z ( a q )  t H+ 

K1 = [AlO(OH)F][H'] = 4 X 

In presence of an alkali, the H+ ions are neutralized: 
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H+ + OH- + H 2 0  

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

Al(OH),(,) + OH--+AlO(OH)Z[,,) + H20 

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

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

Pb2' + 4C1- + [PbC14]2- 

thus decreasing considerabl the concentration of Pb2+ ion. This dis- 
rupts the equilibrium of Pb'+ in contact with the solid phase, PbS04, 
thus more solid goes into solution. The overall reaction can be repre- 
sented by the equation: 

PbSO4 + 4Cl- + + SO$- 

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

H&S) -+ Hg2+ + s?;q, 

Hg2+ + 2S2- -+ [HgS2I2- 

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 CuSO4 solution: 
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This reaction can be considered to take place in the following steps: 

ZnS(,) + Zn2+ + s&) Kl = [Zn2+][S2-] 

1 
K2 = 

[ CU'+] [ s2-I 
where Kl is the solubility product of ZnS and K2 is the inverse of the 
solubility product of CuS. It is obvious that K =  KlK2. Since Kl = 1 x 
loe2' and K, = 0.125 x therefore, the value of Kwill 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: 

FeS(s) + Fe& S&) 

s2- t 20, + sot- 
The overall reaction: 

FeS(,) t 202(,,) + Fe2+ + SO& 

In this reaction, oxygen shares electrons with sulfide ion which is dif- 
ferent from oxidation-reduction processes where transfer of elecr-rons 
takes place (page 47). 
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 CaCO, in acids: 

CaCO,(s) + C a k )  + C 0 k q )  

CO$ t H+ + HCOS 

HCOS t H+ + H2C03 

H2CO3 + H,O + CO, 
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The overall reaction: 

CaCO, + 2Ht + Ca2+ + C 0 2  t H 2 0  

If H 2 S 0 4  is used then Cas04 forms as a precipitate. 

The decomposition of CaF, by concentrated H2S04: 

CaF2(,) + Ca2' t 2F- 

F - t H t + H F  
The dissolution of ferrous sulfide in hydrochloric acid: 

S2- + Ht + HS- 

HS- t Ht + H2S 

The overall reaction: 

FeS t 2Ht + Fe2+ + H2S 

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 + Fe2+ + S2- Kl = [Fe2'][S2-] = 5 x 

= 0.91 X 
W,SI S2- t 2Ht + HZS K2 = 

[ S2-] [ ,+I2 
If X is the molar concentration of FeS that dissolves, then X = 

[Fe2'] = [H2SJ: 
Table 5.1: Solubility product Kof sulfides: MS M2' + S2-, K =  [M2'] [S2-]. 

Acid-insoluble sulfides K Acid-soluble sulfides K 
HgS 1.6 x 1 O-'L ZnS 7.0 x 
c u s  8.0 x 10-36 cos 5.0 x 
CdS 5.0 x NiS 1.0 x 
PbS 1.3 x 1 0-28 FeS 5.0 x 
SnS 1.3 x MnS 2.5 x 10-l3 
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= 5 x 10-l' x 0.91 x x;! 
( 1 - 2 4 2  

Therefore X= 0.5 molar or 0.5 x 88 = 44 g/L. If the same proce- 
dure is conducted for CuS (K= it will be found that X= 9.5 x 

g/L, hence CuS in insoluble. If, however, the reaction were con- 
ducted in an open vessel to permit the removal of H2S 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. 

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 Si04 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 Si0,f 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 Si4+ ions are substi- 
tuted by A13+ ions. 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-0 bond 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,SiFG. Alumino silicates are attacked 
slowly by boiling with concentrated acids because the H+ ions can 

4- 
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attack the A-0 bond thus replacing A13' by Hf which will become 
attached to the oxygen and form Si(OH)* 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 Al-0 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 S i 0 8  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 CuFeS,. 
There is a transfer of electrons from the solid phase or from solu- 
tion to the reacting species, i.e., 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. 
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. 



109 

Si04 tetrahedra 

Si207 group 

Chains 

Sheets 

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): 

1/202 + H 2 0  + 2e-+ 2 0 H -  

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

M + Mn+ + 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 Fe2+ 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),, 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 afier some time a white 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 FeS04 solution while 
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the other immersed in a concentrated FeS04 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: 

2Hf t 2e-+ H2 

M + Mnt 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, M2' ion remains in solu- 
tion, i x . ,  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 t CuSO4 + Cu t FeS04 

This reaction takes place according to: 

Cathodic reaction: Cu2' t 2e- + Cu 

Anodic reaction: Fe + Fe2+ 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 H202 stage (which was 
confirmed experimentally): 

0, t 2 H 2 0  + 2e- + 20H-  + H202 

The oxidation of the metal leads to Aut ion which is then complexed 
by the cyanide ion: 

Au -+Aut t e- 

Aut + 2CN- + [Au(CN)~]- 

The overall reaction: 

~ A u  + 4CN-+ 0 2  t 2H2O + 2[Au(CN)2]- t 2 0 H - +  H202 

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. 

< 

< 

< 

4 

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 following way: 

Anodic reaction: U 0 2  + UO? t 2e- 

Cathodic reaction: ' / ,02 t 2H+ t 2e- -+ H2O 

Overall reaction: UO, + '/202 t 2H+ -+ UO? t H20 

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: U 0 2  -+ UO? + 2e- 

UO;+ + 3CO$+ [U02(C03)3]4 

Cathodic reaction: 1/202 t H20 t 2e- + 2 0 H -  

Overall reaction: 

U 0 2  t 3CO;- t ' / 2 0 2  + H2O + [U02(C0,)3]4- t 2 0 H -  

Manganese dioxide is insoluble in dilute H2S04 and insoluble in a 
solution of FeS04 but is soluble in a mixture of the two according 
to: 

MnO, t 2Fe2+ t 4H+ -+ Mn2+ + 2Fe3+ t 2 H 2 0  

Oxidation: Fe2+ + Fe3+ + e- 
Reduction: M n 0 2  t 4H+ t 2e- + Mn2+ + 2 H 2 0  

[c204l2- +- 2 ~ 0 ,  + 2e- 

SO2 + 2H2O + H-903 t H2O + SOi- t 4H+ t 2e- 

This is an oxidation-reduction process that takes place as follows: 

Oxalate ion or sulfurous acid can also be used as reducing agents: 
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In the reduction step it is observed that tetravalent manganese ion 
in MnO, is reduced to a divalent ion: 

Mn4+ + 2e- + 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 H20.  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(,) -+ Fe2+ + S2- 

s2- t 20,  + so;- 
It was also shown that sulfides can be acid-soluble or acid-insolu- 

ble. Those soluble follow a chemical mechanism, e.g.: 

FeS(,) + Fe2+ t S2- 

S2- + 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. 

'/,02 + 2H+ + 2e-+ H20  
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At the same time, the solid gives electrons as follows: 

c~s(,) + CU&) + 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. M e r  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 Cu2+ ions go into solution. 

Figure 5.3: A piece of pyrite embedded in a el containing phe- 

illustration of the formation of  cathodic zone during leaching o f  
sulfides (after Thornber, 1975). 

nolphthalein showed red color at the sulfi d" e-air interface; an 

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 H2S 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+ + 2e- 

Cathodic reaction: 2CuFeS2 + 2e- + Cu2S + 2Fe2+ + 3S2- 

The sulfide ion liberated forms H2S with the H+ ions in solution: 

S2- + 2H+ + H2S 
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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 Cu2S (Baur et al., 1974). 

The overall reaction: 

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 contact, 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. 

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: 
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112 O2 + H20 + 2e-+ 2 OH- 

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

For a semiconducting divalent sulfide: 

MS -+ M ~ +  + s + 2e- 

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 liq- 
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 
d t  
- = k(C,-C) 
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where C is the concentration of the solute at time t, C, is the solubility 
of the compound in water at the experimental temperature, and k 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 
dt  
- = +Zs-c) 

where n is the number of species diffusing in unit time, D is the diffu- 
sion coefficient, A is the surface area of the solid, and 6 is the thickness 
of the saturated layer adhering to the surface of the solid, i.e., the 
boundary layer. Since: 

n c =  - 
V 

where Vis the volume of solution, the above equation becomes: 

dC ZIA 
d t  6V 
- = -(Cs-C) = k ( C s - C )  

Thus, the rate constant k was identified by DW6K 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: 

where k is the rate constant, C is the concentration in the bulk of the 
solution, and Ci 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 
2. Adsorption at the interface 
3. Reaction at the interface 
4 .  Desorption of the products 
5.  Diffusion of the products from the interface 

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

Dz~sion-controlle~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 = gA(C-  Ci) = k,AC 6 

These processes are characterized by: 
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 contToZZedprocesses. 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 = kzACi 

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 = klA(C- Ci) = k#Ci 

Therefore, 
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AC = k A C  Rate = - k, k2 
k, + k2 

where k = k,k2/(kl t k2). 
This represents the general case of leaching processes. If kl (( k2, 

then k = k, 7 9/d, i.e., the process is diffusion-controlled. If k2 (( k,, 
then k = k2, i.e., 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. 

Characteristic Examples Trpe 
Physical 

Chemical a) Partially ionic and covalent bond sol- Neutralization 

Ionic solids, dissolution is based on 
hydration. 

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

NaCI(,) -+ Naiq)  + CITaq) 

AL(OH), + 3H' -+ AI3+ + 3 H 2 0  
d(OH),(,, + OH- -+ [AO(OH),]T~~) + H 2 0  

Complex formation 
PbS04(,, + 4NaC1(,,) -+ Na2[PbC141(aq) + NazS04(aq) 

Oxidation 
ZnSI,, + 202(aq) -+ ZnSO4(aq) 

Protonation 
FeS + 2H' -+ Fe2' + H2S 
CaCO, + 2H' -+ Ca2+ + C 0 2  + H2O 

6) Mainly covalent solids, like silica and Insoluble 
silicates. 

ZnS + 2" + 1 / 2 0 2  -+ Zn2' + S + H2O 
based on electron transfer from solid to 2Au + 4CN- + 0, + 2 H 2 0  -+ ~ [ A u ( C N ) ~ ] -  + 2 0 H -  + H202 
liquid, Le., oxidation-reduction process. UO, + 3~0, : -  + 1/202 + H20 -+ [ ~ ~ 2 ( ~ ~ , ) 3 ] 4 -  + 20H- 
High-valency oxides, based on electron MnO, + 2Fe2' + 4H+ -+ Mn2' + 2Fe3' + 2H2O 
transfer from liquid to solid. 

ducting solids. 

Electrochemical Conducting or semiconducting solids, 

Electrolytic Imposed EMF, conducting or semicon- Metals 
Ni -+ Ni2+ + 2e- 
Sulfides 
Ni3S2 -+ 3Ni2+ + 2s  + 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: 

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. 

0 

Table 6.1: Leaching in place. 

Deposit Plant location, 
examples Grade Leaching agent 

Copper IOW H2S04 Ar’ izona 
high H 2 S 0 4  Nevada 

Uranium low H 2 S 0 4  + NaCIO, Wyoming 
low (NH,),CO, + H202 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: 

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

I 

I Solution tank, A 

ORE BODY 

Figure 6.1: Methods of in-situ leaching. Top: 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 [ Id  
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 % H2S04. 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. 

Injection technique 

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; (1 1) 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 10-15 m high (Figure 6.8). The leaching agent is then sprayed 
at the top of the dump (Figures 6.9 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). 

Production wells 

Monitor 
well 

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 Leaching agent Plant location, examples 
Pyrite containing Cu, high water + air Rio Tinto, Spain 
Zn, and Pb 
Copper oxide low dilute H2S04 Utah, Montana 

Uranium low dilute H2S04 + air Arizona 
Gold low NaCN+air  Nevada 

high dilute H2S04 



Figure 6.7: Preparation of site for dump leaching. 
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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 6.1 1 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 6.1 1: 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 MineraliCodelco 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 
% YO 

c u  1.25 0.4 c u  1 
Pb 1.50 I .28 Pb 0 
Zn 2.0 0.9 Zn 1 
As 0.5 0.3 As 0.1 
Bi 0.05 0.01 Bi 0.001 
Fe 42.0 41.75 Fe(I1) 8 
S 47.5 48.0 Fe (111) 1 
SiO, 5.0 3.75 H2S04 10 
H2O - = 3.0 - - 



Methods and Equipment 137 

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% U308 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- 
minate a leaching cycle. Finely ground gold ores are also leached by 
this method; however, agglomeration prior to leaching is essential to 
permit percolation of the solution during leaching. For this purpose, 
the ore is mixed with a certain amount of cement then water is added 
to form a paste which is the allowed to agglomerate in a standard 
rotating disc or rotating drum. After few days the pellets formed are 
strong enough to be handled for leaching. Naturally, this agglomera- 
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tion method applies only to alkaline leaching agents such as the cya- 
nide solution since cement is attacked by acids. 

PERCOLATION OR VAT LEACHING 

This process is suited to cases where the material is porous and 
sandy, and is inapplicable to material which tends to pack into imper- 
vious masses. Regularity in the size of the particles rather than their 
actual size is the chief factor governing good percolation. The idea is 
that where the particles are of unequal size, the small ones pack in the 
openings between the larger ones, thereby clogging the channels. 
Extraction becomes slow, and channelling of solutions through the 
bed takes place. The method is therefore unsatisfactory if much slime 
is present. 

The material to be leached is placed in a tank equipped with a 
false bottom covered with a filtering medium (Figure 6.13). The leach 
solution is added at the top of the tank and is allowed to percolate 
through the material. These tanks are usually arranged so that a coun- 
tercurrent system is employed and thus a continuous operation is 
achieved; the new solids being added to the last tank and the weak liq- 
uid to the first and pumped successively from one tank to another till 
it reaches the last tank. Tanks having a capacity of 12 000 tons of ore 
are in common use (Figure 6.14). When leaching is finished, the tanks 
are emptied by mechanical shovels, and a new batch is introduced. 
Leaching time varies from 2 to 4 days. The method is used for leach- 
ing gold, copper, and uranium ores. Its advantages are minimum 
reagent consumption, the production of high-grade pregnant solution, 
and elimination of the use of expensive thickeners or filters. 

False bottom, board 

Outlet 

Figure 6.13: Percolation tank. 



Methods and Equipment 139 

Figure 6.14: Vat leaching plant at Chuquicamata, Chile. 

Thin layer leaching 

Vat-leaching of copper oxide ore was improved by adopting the 
so-called “Thin Layer Leaching”. In this method, the finely crushed 
moistened ore is sprayed with a limited amount of concentrated 
H2S04 in a rotating drum to permit agglomeration. The agglomer- 
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ated material is then charged in the vat and left to cure for some time. 
This is then followed by normal heap-leaching by spraying dilute acid 
on the top. 

AGITATION OR PULP LEACHING 

In this method, the leaching agent is added to the finely ground 
raw material such that the mixture forms a pulp that has to be agitated 
continuously to prevent the solids from settling, and to terminate the 
leaching process in the shortest possible time. It is generally used 
under the following conditions: 

Raw material is of moderate or high grade. 
The metal values are of fine grain size and disseminated in the host 
rock therefore extensive crushing and grinding are necessary before 
leaching to expose the maximum surface of the solids to the solu- 
tion. 
The metal values are difficult to dissolve and that is why intensive 
agitation is needed to increase the rate. 

The equipment used are numerous and expensive, and high recov- 
eries are mandatory. Leaching conditions may be mild using dilute 
solutions at ambient conditions or it may be severe using concentrated 
solutions (either acidic or basic) and at high temperature and pressure. 

e 

Methods of agitation 

Agitation may be accomplished in two ways: 
Mechanical. In this case motor-driven impellers are used. Equip- 
ment are expensive and require high maintenance cost. 
Pneumatic. In this case compressed air or high-pressure steam is 
used. This has the advantage of low initial cost and low mainte- 
nance cost because there are no moving parts. Steam is used 
instead of air when heating is desired. 

Ambient pressure 

Leaching at ambient pressure may be conducted in the following 

In open or closed vessels at ambient or moderate temperature. 
ways: 
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0 At a temperature near the boiling point of the solution with a 
reflux condenser installed on the reactor lid to prevent the loss of 
vapors. Agitation in this case is usually conducted mechanically. 

Mechanically agitated tanks should be cylindrical with vertical 
axis, the bottom may be flat, dished out, or a shallow cone. They vary 
in size from small to large tanks, 10 m diameter x 10 m high (Figures 
6.15-6.16). Square or rectangular tanks are not used because it is 
often difficult to secure adequate fluid motion in the corners. The 
tanks may be equipped with a jacket for heating or cooling (Figure 
6.17) may be made of mild steel or alloy steel, titanium, or other cor- 
rosion-resistant material such as fiber glass. Steel tanks may also be 
rubber-, glass-, or brick-lined (Figure 6. IS). 

Figure 6.16: Closed vessel, mechanically agitated leaching tanks. 
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Figure 6.1 i ': Mechanically agitated leaching reactor with heating jacket. 
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Figure 6.18: Acid-proof brick lining with impervious lead inter- 
liner for a leaching tank. 

Pneumatically agitated tanks are known as Pachuca tanks which 
are named after a small mining town in Mexico where it was first used. 
Pachuca tanks (Figure 6.19) consist of a cylindrical tank of about 3.5 
m in diameter and 14 m high, with a 60" conical bottom and are 
made of wood or rubber-lined steel. A central vertical tube open at 
both ends is provided through which compressed air is introduced 
when the tank is charged with the pulp, causing circulation of the 
materials up the central tube and down the annular space so that the 
solids are kept in suspension. 

High pressure 

High-pressure leaching necessitates the use of pressure reactors (or 
autoclaves). One should distinguish between two types of pressure 
leaching: 

0 In absence ofair or oxygen. In this case the rate of leaching at ambi- 
ent or moderate temperature is low and a temperature higher than 
the boiling point of the solution must be used. Consequently the 
reaction must be conducted in a closed vessel to prevent the escape 
of vapors. The pressure generated is the result of the vapor pres- 
sure of the solution. Table 6.4 shows the vapor pressure of water as 
a function of temperature. This method is mainly used for leach- 
ing bauxite, scheelite, ilmenite, and laterites. 
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Figure 6.19: Pachuca tank. 

Table 6.4: Vapor pressure and boiling points of water. 

Pressure Temperature 
atm kPa "C 

1 98.1 100.0 
6 588.6 159.2 

10 98 1 180.3 
16 1,580 201.9 
20 1,962 213.0 

In presence of air or oxygen. In this case leaching at ambient or 
moderate temperature is not possible unless air or oxygen is 
present as oxidizing agent. In both cases, it is the oxygen partial 
pressure that has the controlling factor on the rate of leaching. At a 
certain temperature the rate increases with increasing oxygen par- 
tial pressure. The use of oxygen instead of air is more advanta- 
geous because for the same oxygen requirement the total pressure 
in the autoclave is low, and as a result the autoclave design will be 
less demanding, or decreased in size. When ammonium hydroxide 
is used as a leaching agent, the vapor pressure due to the volatility 
of NH3 should be taken into consideration (see chapter 4).  This 
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method is mainly used for leaching sulfides, selenides, and tellu- 
rides. 

Autoclaves 

According to their shape, autoclaves may be in form of cylinders 
vertically mounted or horizontally laid, spherical, or in form of a long 
horizontal tube. Method of agitation in an autoclave may be effected 
by injecting high-pressure steam, mechanically, or by rotating the 
whole autoclave. Vertical autoclaves are usually steam-agitated, some- 
times mechanically agitated, the horizontal are agitated mechanically 
by impellers and sometimes rotating, while the spherical are agitated 
by rotating the whole autoclave slowly around its horizontal axis. 
Some horizontal autoclaves are also agitated by rotation. Steam-agi- 
tated and rotating autoclaves have minimum maintenance costs while 
autoclaves agitated by mechanical impellers are usually expensive to 
maintain because of the rotating shafts. Industrial autoclaves have vol- 
umes of 10 to 70 m3 and operate at 2500-5000 kPa. When the oper- 
ating media are corrosive, the parts of the equipment are constructed 
of special steel alloys, titanium, and other high-grade materials. In 
some instances the interior surface of the autoclaves are lined with 
rubber or ceramic material. Autoclaves are usually connected in series 
to achieve continuous operation. When laid horizontally they are usu- 
ally mounted on a slope of about 8" to provide flow by gravity from 
one to the next. 

Nozzles for autoclaves are expensive and difficulties are encoun- 
tered in their design, particularly with a lead and brick lined vessel. It 
is therefore advisable to minimize their number even to the extent of 
multiple services per nozzle. It is also desirable to locate as many of the 
nozzles as possible in the vapor phase; liquid-phase nozzles are subject 
to plugging. Dip-pipes extending into the liquid phase from vapor 
phase nozzles are used. Where liquid-phase nozzles are necessary, it is 
advantageous to provide means of back-flushing while in operation. In 
rotating autoclaves, solutions or slurries are introduced through a pipe 
in a hollow trunion. 
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Figure 6.20: A 30 cubic meter vertical autoclave for leaching 
bauxites (Maslenitsky et al., 1969; Habashi, 1971). 

Steam-agitatedautoclrzves. This is the simplest type and is used for 
leaching a material that requires no aeration, e.g. bauxite. An auto- 
clave for this purpose is simply an insulated vessel capable of with- 
standing the operating pressure and is supplied with the necessary 
openings for introducing and discharging the pulp. These are usually 
fabricated from welded steel cylinders with spherical ends. Diameters 
vary from 1.5 to 2 m and heights from 6 to 12 m. In the upper part 
are located apertures for admission of pulp, a manometer, safety valve, 
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and a discharging pipe. Steam is fed through the bottom for heating 
and mixing. O n  their outside surface, the autoclaves have a layer of 
insulation. Such equipment is used mainly for leaching bauxite by 
NaOH usually at 140-150 "C and 2500-3500 kPa. A typical design is 
shown in Figure 6.20. 

Steam 

8 Pulp 
discharge 

Figure 6.21: A 70 cubic meter vertical autoclave for leaching lat- 
erites at 250 "C and 4000 kPa (Maslenitsky et al., 1969; Habashi, 
1971). 
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Autoclaves of similar design but with acid-resistant brick lining are 
used for leaching oxidized ores, e.g., laterites, by concentrated H2S04 
at 250 "C and 4000 kPa. In the Moa plant, Cuba, the steel shell is first 
lined in the inside with 6 mm lead (Figure 6.21). Protective brick lin- 
ing consists of acid-proof brick and of carbon brick. Under the usual 
operating conditions, the acid-resistant brick is subject to cracking. 
Carbon brick, on the other hand, does not. In this way, the carbon 
brick protects the acid-resistant brick from corrosion and erosion. All 
interior parts of the autoclave and also the connecting pipes are made 
of titanium. Stainless steel is used only in areas where the temperature 
is lower than 100 "C. 

Wrtical, mechanically agitated autochves. 
are used, e.g., in leaching uranium ores (Figure 6.22). 

Horizontal autoclaves. When oxygen is essential for conducting a 
reaction in an autoclave, it is necessary that a high rate of gas-liquid 
interaction is achieved. This is met in mechanically agitated auto- 
claves. These autoclaves are cylindrical vessels, horizontally laid, that 
are divided in the inside by partitions. In each chamber is an electri- 
cally driven turbine mixer from the top. The body of the autoclave can 
be lined with lead, with alloy steel, or with rubber. Feed slurry is 
pumped into one end of the autoclave and cascades from one com- 
partment to the next. The average degree of filling is 65-70% static to 
allow sufficient disengagement space for the exhaust gases and to 
reduce the possibility of plugging the relief valve nozzle. The maxi- 
mum diameter in Canada is about 3.3 m to enable shipment of the 
finished vessel by rail (Figure 6.23). Larger diameter vessels may be 
employed but they have to be fabricated on the plant site. Compart- 
ment length is usually equal to four times the diameter; thus the 
length of a four-compartment 3.3 m diameter autoclave would be 
13.2 m. At 65% filling, such an autoclave has a static operating vol- 
ume of 77.3 m3. Horizontal autoclaves are usually designed with four 
compartments, since too much volume will be lost in providing the 
static head required for the flow of slurry from one compartment to 
the next. 

Sometimes these autoclaves 

A major advance took place recently in the design and construc- 
tion of the horizontal autoclaves. Some of these reactors are 4.6 meters 
diameter and 30 meters long, divided into 5 partitions each equipped 
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with an agitator. The autoclave is constructed of a 5 cm thick carbon 
steel shell lined with a 6 mm lead sheet, and two layers of acid resisting 
brick having a total thickness of 17 cm (Figures 6.24 and 6.25). 

Oxygen or air for leaching is always injected at a point under the 
bottom impeller to utilize the impeller for dispersion. Ammonia and 
other reagents are injected into the liquid phase. Slurry is discharged 
from the autoclave through a dip-pipe or by overflow through a nozzle 
located at the desired operating level. 

Overflow 

Inlet 
'-* 
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-3 
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Figure 6.22: Vertical, mechanically agitated autoclave, 3 m diam- 
eter and 6 m high. Unmarked openings are for instruments. 
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Figure 6.25: Autoclave interior lining, 15 ft. diameter x 82 ft. length, five-agitator, 2-inch thick carbon-steel 
shell, 0.25-inch lead membrane, 2 layers of acid-resistant brick, 9 inches total thickness, capacity 415 cubic 
meters (courtesy Barrick). 
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Figure 6.26: A 10 cubic meter rotating autoclave for leaching 
tungsten and molybdenum concentrates (Maslenitsky et  ai., 
1969; Habashi, 1971). 

Rotating uutoclaves. These may be cylindrical or spherical in shape, 
constructed of steel with the proper lining. They turn on heavy pivots 
at a speed of 8-1 5 rpm. Through one of these pivots the loading and 
unloading of the pulp and the admission of steam are carried out. 
Through the other, the driving and turning of the autoclave is accom- 
plished. These autoclaves are usually partially filled with steel balls; 
this type is used in cases where an insoluble reaction product is formed 
on the surface of mineral particles that impedes the penetration of the 
leaching agent. The rotation and the impact of the balls result in 
breaking the impervious crust thus accelerating the leaching. Figures 
6.26 and 6.27 show rotating cylindrical autoclave used for leaching 
tungsten and molybdenum concentrates at 225 "C and 2500 kPa pres- 
sure, while Figure 6.28 shows a rotating spherical autoclave used for 
treating titanium ores. 

Z b e  autoclaves. In tube autoclaves, the slurry is pumped through 
one end and is discharged through the other. The system has been 
applied in Germany and in Czechoslovakia in the 1960s for the con- 
tinuous leaching of bauxite. The slurry is pumped into an externally 
heated thick-walled tube about 30 cm in diameter and 30 to 50 m 
long (Figures 6.29-6.30). The major part of the heat is supplied by 
the slurry leaving the tube. Only at the extreme end of the tube, steam 
from an outside source is used for heating. The development of dia- 
phragm-piston pumps that are able to reach 10 000-20 000 kPa made 
possible the application of this reactor. The system is characterized by 
extremely short residence time 2-3 minutes, high thermal efficiency, 
and low capital investment. 



Figure 6.27: Rotating horizontal autoclaves for leaching scheelite concentrate with Na2C0, solution at Bergla, 
Austria (Lurgi). 



Figure 6.28: Spherical rotating autoclaves installed in plant (United McGill). 
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Figure 6.29: Tube autoclave unit (Lurgi) 

BAKING PROCESS 

This process is supplied when agitation leaching becomes impossi- 
ble because the ore slurry solidifies to a thick mass in the early stages of 
leaching. Consequently the solidified mixture is allowed to react with- 
out agitation at a temperature around 200 "C hence the term baking is 
used. The reaction may be conducted in digesters, in rotary kilns, or 
in pugmills. 

Digesters 

These are large tanks about 10 m high and 4 m in diameter with a 
15 cm discharge opening at the bottom and a similar opening at the 
top. They are made of mild steel with acid-resisting brick lining, or 
concrete with lead lining and acid-resisting brick. They are used, for 
example, in leaching ilmenite or titanium slag with concentrated 
H2S04. The finely divided solid (about 18 tons) is mixed with the 
acid (about 23 tons) and the mixture heated with high pressure steam 
to about 180 "C to start the reaction. Once this temperature is 
reached, the material reacts vigorously since the reaction is exothermic 
but after few moments it solidifies and agitation becomes impossible. 
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As a result, it is left in the reactor for about 13 hours until the reaction 
is complete by its own heat. After cooling, dilute H2S04 or water is 
added to dissolve and discharge the cake. 

Rotary kilns 

These are long horizontal brick-lined cylinders slightly inclined to 
the horizontal to permit the gradual descent of solids at the upper end 
(Figure 6.31). They are heated by burning a carbonaceous fuel at the 
lower end. They are used, for example, in the treatment of monazite 
sand with concentrated H2S04. The raw material is made into a paste 
with the acid then charged to a kiln fired to about 200 "C. The solid 
product discharged from the other end of rhe kiln is then leached with 
water. 

Pugmills 

These are horizontal shallow tanks equipped with numerous rotat- 
ing blades that are capable to move a thick paste or cut their way 
through a solidified cake (Figure 6.32). This method was suggested for 
the treatment of sulfide concentrates with concentrated H,SO*. The 
pugmills may be heated by a steam jacket. 

SUMMARY 

Table 6.5 gives a summary of the different methods of leaching 
and the equipment used. 



c 
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Figure 6.31: A rotary kiln. 
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Figure 6.32: A pug mill. 



Table 6.5: Leaching methods and equipment. 

Examples Pressure Temperature Ore  Time of Equipment 
kPa "C *gitation size leaching Method 

- 
Leaching in Ambient Ambient None Lumps Years . "  None Copper, uranium 
place" 
Heap or dump 
leaching 
Percolation or 
vat leaching 
Agitation or 
pulp leaching 

Baking 

Ambient Ambient None Lumps Months 

Ambient Ambient None Sandy Days 

Ambient c 100 Mechanical, Fine Hours 
compressed air 

1,000-1,200 110-200 Mechanical, Fine Hours 
high-pressure 
steam, rotation 

Ambient ~ 2 0 0  None Fine Hours 

None 

Vats with false 
bottom 
Pachuca tanks, 
Dorr agitators, 
tanks 
Autoclaves 

Copper, uranium, 
gold 
Copper, uranium, 
gold 
Copper, gold, 
ZnO, phosphates 

Bauxite, laterites, 
nickel sulfide, 
scheelite 

Digesters, rotary Anodic slimes, 
kilns, pugmills monazite sand, 

ilmenite 

a. Also known as leaching in-situ or solution mining. 
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GENERAL PRINCIPLES 

In conducting a leaching process certain factors must be consid- 
ered since they directly influence the cost of operation . 

Recovery 

For any leaching process. the percent recovery is a major concern . 
It is determined from a material balance based on the analysis of solids 
and solutions . For example. on leaching 2000 tons of an ore contain- 
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ing 0.8% Cu with dilute H,SO,, the solution obtained was 7200 
cubic meters and contained 5 g/L Cu. From these data, it would be 
possible to make a material balance and calculate the recovery of cop- 
per (90%) as shown in Table 7.1 e 

Table 7.1: Typical material balance in a leaching process, eg., copper ore. 

Total Cu Distribution 
YO Cu content Weight or 

volume tons 
Feed 2,000 tons 0.8% 2000 X 0.8/100% = 16 100 
Solution 7,200 m3 2 g/L 7200 x 2 x = 14.4 90 

tl 

Rate = 
slope 

Time 

Figure 7.1: Recovery and rate of leaching. 

Rate 

The rate of a leaching process is followed by knowing the percent 
recovery as a function of time (Figure 7.1). The rate at any moment is 
the quantity of metal recovered per unit time. It is the slope of the 
curve at that moment. It can be seen that at the beginning of the pro- 
cess the rate is high and then it decreases gradually with time. There- 
fore, a compromise should be made between the percent recovery and 
the residence time in the reactor to achieve maximum productivity. 
The rate of leaching depends on the following factors: 

Particle size. The rate increases with decreased particle size of solids, 
i.e., increased grinding since the smaller the particles, the larger is the 
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surface area per unit weight. However, increased grinding is not only a 
costly item, but also may cause a filtration problem. Extremely fine 
particles are sometimes difficult to settle and to filter. 

Concentration ofleaching agent. Increased concentration of leaching 
agent increases the rate of leaching. But, it may also cause the dissolu- 
tion of undesirable minerals thus leading to increased reagent con- 
sumption and increased impurities in solution. 

Agitation. Increased agitation usually increases the rate of leaching. 
But, this again may be a costly item due to increased capital cost of the 
agitator and operating cost due to the power consumed to effect agita- 
tion. 

Pulp densiy. Rate of leaching increases with decreasing pulp density, 
i s . ,  when a large volume of leaching agent is added to a small weight 
of solids. But this will result in dilute solutions that will make han- 
dling and recovery more difficult. High pulp density results in concen- 
trated solutions, but, on the other hand, is usually associated with 
high erosion of equipment, e.g., pumps, agitators, etc. 

Temperature. Rate of leaching increases with increased temperature 
(Figure 7.2). However, increased temperature may result in increased 
dissolution of other minerals thus causing increased reagent consump- 
tion and increased impurities in solution. 

Temperature 

Figure 7.2: Increased rate of leaching with increased temperature. 
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Therefore, a compromise is always made between the increased 
rate of leaching and the negative effect of any of the factors influenc- 
ing this increase. 

Batch and continuous processes 

A leaching process may be conducted batchwise or continuously 
(Figure 7.3). In a batch process, the solids and the solution are charged 
in a reactor and agitated for a certain time until reaction is complete. 
The slurry is then discharged for filtration and washing, and the pro- 
cess is repeated, i.e., charging, agitation, and discharging. In a contin- 
uous system (Figure 7.4), a number of reactors must be available 
through which the solids and the solutions flow from one to the other 
continuously. The number of the leaching tanks is such that in the last 
reactor the reaction should be complete. In a batch process the capital 
investment is therefore low but the operating cost is high while in a 
continuous process the reverse is usually true. In general, for large 
plants, continuous processes are usually more economical because the 
reactors are effectively utilized: no time is lost in charging and dis- 
charging, the possibility of fully automating the circuit, and a mini- 
mum of manpower will be required. 

Leaching Leaching 

Discharge I 

Batch 
process 

Discharge 
Continuous 

process 

Figure 7.3: Batch and continuous leaching. 
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Materials of construction 

Corrosive and erosive conditions are u ually encoi ntered in leach- 
ing processes and consequently, the proper selection of materials of 
construction is an important factor in the design. Table 7.2 gives some 
data on this problem. Besides, many other corrosion-resistant materi- 
als are finding application, for example, Teflon, reinforced epoxy res- 
ins, Haveg, Ni-Hard, polypropylene, Dur-Iron, Stellite, and many of 
the ceramic materials. It should be noted, however, that impurities in 
leach solution may drastically change the corrosion-resistant proper- 
ties. For example, stainless steel is well-suited to boiling nitric acid but 
deteriorates rapidly when the acid contains small amounts of chlorides 
or fluorides. 

Table 7.2: Materials of construction in hydrometallurgical plants. 

Medium Material of construction 
Ammonia leaching 

Ammonia + ammonium sulfate 
Dilute sulfuric acid in oxidizing 
atmosphere 

Strong sulfuric acid in oxidizing 
atmosphere. 

Hydrochloric acid Titanium, brick-lined vessels. 
Nitric acid Stainless steel. 

Stainless steel clad vessel, mild steel or stain- 
less steel agitators. 
Stainless steel clad, stainless steel agitators. 
Stainless steel clad, or butyl rubber and brick- 
lined vessels depending on temperature: 
stainless steel agitators. 
Buvl rubber or lead and brick-lined vessels, 
stainless steel, titanium, or Hastalloy agita- 
tors. 

Pumping 

Transferring of solutions and slurries may be conducted by gravity 
flow when possible, but in most cases pumps are used. High-pressure 
membrane piston pumps (Figure 7.5) are used for introducing pulps 
into autoclaves. The pump is equipped with a flexible rubber mem- 
brane, a piston, and two ball valves. The space between the piston and 
the membrane is filled with oil (Figure 7.6). When the piston is in its 
downward stroke, the membrane expands ourwards closing the lower 
valve and at the same time opening the upper valve, rhus forcing the 
slurry to move out, and vice versa, when the piston is into upward 
stroke, the membrane moves inwards, opening the lower valve and 
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closing the upper valve thus sucking the slurry in. The advantage of 
this pump is that the piston does not come in contact with the slurry 
which can be abrasive. 

Figure 7.5: Typical installation of a high-pressure membrane pis- 
ton pump for pumping ore slurry into autoclaves. 

AGITATION AND MIXING 

Agitation and mixing of solids in a solution may be conducted 
mechanically or pneumatically. In the first case an impeller causes the 
fluid motion while in the second case compressed air or high-pressure 
steam is used. Impellers are usually made to be about '/* to 1/2 the 
tank diameter, and if only one is on a shaft, it is placed no more than 
one impeller diameter from the bottom. When the impeller is in the 
center of the tank the motion is rotary and there is vortex formation. 
The liquid and solids are not forced sideways or vertically and as a 
result there is little mixing. This is especially the case for low pulp den- 
sity slurries. To eliminate the formation of vortex two methods are 
commonly used: 
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Figure 7.6: Membrane piston pump (section). 

Off center mounting of impeller either in axial or angular posi- 
tion. 
Introducing baffles at the wall of the vessel. This produces an axial 
flow which is also necessary to oppose the settling of the particles. 
Baffles usually extend I/,, the tank diameter from the wall. 

HEAT ?hANSFER AND ECONOMY 

Most leaching processes are conducted at ambient temperature. 
Heat transfer and economy is important only for pressure leaching 
processes where temperature as high as 250 "C may be used. 

Heating and cooling 

For endothermic reactions, e.g., leaching of bauxite, heat is sup- 
plied to the autoclave during the whole leaching period. On  the other 
hand, for exothermic reactions, e.g., leaching of sulfides, hear is usu- 
ally supplied only to initiate the reaction, and once this is accom- 
plished, cooling will be necessary. The initial heating stage is usually 
done by direct steam injection. Cooling, however, is conducted by sev- 
eral methods: 
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Jackets. An external jacket has the advantage that no nozzles in the 
pressure vessel are required, but this system suffers from the low heat 
transfer efficiency, insufficient heat transfer area, and formation of 
scales on the water side due to high surface temperature. For these rea- 
sons, cooling jackets are no longer used for pressure reactors. 

Internal coils. This method is extensively used. The main disadvan- 
tage is the scaling on the cooling water side and treated water is usually 
used to overcome this difficulty. 

External beat excbanger. This system has an improved overall heat 
transfer efficienty but suffers from excessive erosion when slurries are 
handled. It is especially effective when large amounts of heat have to 
be supplied or removed. 

Shell inlet\ 

Figure 7.7: Heat exchanger. 

Heat exchangers 

These are equipment used for heating or cooling solutions or slur- 
ries and at the same time recovering a certain amount of heat which 
would be otherwise lost (Figure 7.7). In these systems the following 
rules are usually followed: 

The hot fluid should be inside the tubes so that the heat losses 
would be minimum. 
The fluid susceptible to form a scale should be inside the tubes so 
that cleaning could be done easily. 
Counter-current flow is more effective than parallel flow for two 
reasons: 
- Rate of heat transfer is a function of temperature difference: In 

parallel flow, the temperature difference at one end is high and 
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at the other end is low. In counter-current, the temperature 
difference is practically constant. 
In a counter-current flow, the hot fluid can be cooled to a 
lower temperature and the cold fluid heated to a higher tem- 
perature than in a parallel flow. 

- 

Solution 

Condensate 

Concentrated 
solution outlet 

Figure 7.8: Single-effect evaporator. 

Vacuum evaporators 

Sometimes it is necessary to concentrate a solution by evaporation, 
e.g., phosphoric acid obtained by leaching phosphate rock, or solu- 
tions that will be subjected to crystallization, or recycled leach solu- 
tions as in the aluminum industry. For this purpose, single or multiple 
effect evaporators are used (Figures 7.8-7.9). In this system, steam 
generated in the first evaporator is used to heat the charge in the sec- 
ond evaporator, and that from the second is used to heat the charge in 
the third. To decrease the boiling point of the solution and thus econ- 
omize in the heat requirement, evaporation is conducted under vac- 
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uum. Vacuum is usually generated by condensing steam from the last 
evaporator, and is maintained by a column of water 10 meters high. A 
water-jet venturi for evacuation is shown in Figure 7.10. 

Air exit 

Solution 
intlet 

Figure 7.9: Multiple-effect evaporator. 

4 Discharge of water 
and condensate 

Figure 7.10: A water jet venturi in the barometric condenser for 
creating vacuum. 
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Flash evaporators 

These are large vertical tanks usually installed after an autoclave. 
Figure 7.11 shows two designs. In one, the hot slurry is introduced 
through a tube directed towards the bottom of the tank where protec- 
tive baffles are installed to minimize the erosion of the tank due to 
impact. In the other design, the hot slurry is introduced tangentially at 
the bottom of the tank to form a vortex which enhances the disen- 
gagement of steam. This equipment serves three purposes: 

Q Decreasing the pressure and temperature of the slurry. 

Recovery of heat in form of low-pressure steam. 

* Concentration of the solution as a result of the flash evaporation 
of water. 

Figure 7.12 shows industrial installations for flash evaporators. 

-c baffles 
Slu'rry 
outlet 

Steam 

t 

t 
Hot slurw 

Figure 7.1 1: Flash evaporators (Maslenitsky et d.). 
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Figure 7.12: Flash evaporator (Lurgi). 

Slurry preheater 

Slurries to be introduced in an autoclave are usually preheated by 
the steam generated in the flash evaporator. A typical design is shown 
in Figure 7.13. 
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Figure 7.13: Slurry preheating by direct contact with steam. 

FILTRATION AND WAsHING 

Slurries obtained after leaching are usually filtered to recover the 
leach solution then washed to remove entrained solution. Very clear 
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solutions can only be obtained if sophisticated and expensive solid- 
liquid separation plant is installed. The finer the grind required either 
to liberate the metal values or to increase the rate of leaching the more 
expensive is the filtration plant. In a conventional gold or uranium ore 
leaching plant, for example, the clarification and filtration steps 
account for a significant proportion of the overall operating cost. The 
following procedures are usually practiced: 

When the undissolved material is small as that obtained in leach- 
ing concentrates, it is usually washed directly on the filter (Figure 
7.14). Intensive washing increases the recovery of soluble metal 
values but decreases their concentration and also results in large 
volumes of solutions to be handled. Therefore a compromise must 
be made between the metal recovered and the cost of washing. 

When the undissolved material is moderate in volume, the slurry 
is filtered, the filter cake is repulped in water, and the solids sepa- 
rated while washing counter-currently in thickeners. This is usu- 
ally the case of leaching zinc oxide calcines (Figure 7.15). 

When the undissolved material is voluminous as that obtained in 
leaching low-grade ores, extensive washing is necessary. This is 
usually conducted in the following ways: 

- Counter-current washing in thickeners followed by filtration. 
This is usually the case of gold, copper oxide, and oranium 
ores (Figures 7.16-7.17). 

Concentrate 
Reagent I 
1 

Leaching el 
Water 

Filtration & 
washin Residue Disposal site 

C 
Solution 

Figure 7.14: Leaching, filtration, and washing of concentrates. 
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Concentrate 
or calcine 

Solution 

Water 

Thick 
slurry 

Disposal pond 

Figure 7.15: Leaching, filmation, and washing of high-grade raw 
material with repulping. 

Low grade 
ore 

Disposal pond 

Solution 

Sand filter 

Solution 

Figure 7.16: Filtration and washing of low-grade ores. 
- Separation of the slurry by means of a hydrocyclone into two 

fractions: sand and slimes. This is done because washing of 
sand is faster and cheaper than washing slimes. Sand is washed 
in rake classifiers while the slimes in thickeners. In both cases 
counter-current washing is used (Figure 7.18). 
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Low grade 
ore 

Counter-current 

Disposal pond Classifiers solution 

Figure 7.18: Filtration and washing of low-grade ores containing slimes. 

Thickening 

The thickener consists of a flat-bottomed tank of large diameter as 
compared with the depth (Figure 7.19). It has a central shaft on which 
slowly revolving arms with plow scrapers are fixed. The slurry from 
agitators is fed to a central well at the top of the shaft. Clear liquid 
containing the soluble matter overflows into a channel around the cir- 
cumference of the tank. The solids separate at the bottom of the tank 
and are gradually removed by the scrapers to the center, where they are 
withdrawn. Organic coagulating agents such as glue are sometimes 
added to facilitate the settling of fine slimes. 

Thickeners are usually installed at graded elevation so that the 
overflow moves by gravity from one thickener to the other (Figure 
7.20) while the underflow is pumped by a slurry pump and moves 
from one thickener to the other in a counter-current direction until 
finally discharged in disposal ponds. Slurry pumps are generally 
mounted on the edge of the thickener. Overflow from the thickeners 
may contain about 500 ppm solids; these are removed in sand filters to 
obtain a clear solution suitable for further processing, for example, 
when ion exchange, solvent extraction, or precipitation are used. 
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with blades 

Underflow 
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Figure 7.19: A thickener. 

Filtration 

Filtration is the process of removing solids from solutions; there 
are many types available. The simplest type is the sand filters shown in 
Figure 7.21. These are cheap equipment used for removing small 
amounts of suspended matter from leach solutions. The turbid solu- 
tion is passed over a bed of granular sand where the suspended matter 
is retained. When the rate of percolation decreases, the bed is regener- 
ated by back-washing with water to expel the suspended matter out. 

The  bulk of industrial filtration is accomplished by means of 
woven fabric, either of cloth, metal, or glass, supported on a rigid sur- 
face. The suspension is forced through the membrane either by posi- 
tive pressures greater than atmospheric or under vacuum. 



Figure 7.20: Thickeners operating in a counter-current decantation system. 
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Figure 7.21: A sand filter. 

Pressztrejlten. A typical unit of this type is the filter press shown in 
Figure 7.22. It is intermittent in operation. A filter press is essentially a 
series of shallow compartments whose vertical walls are lined with fab- 
ric. The suspension is pumped into these compartments under pres- 
sure; the solids are either retained on the walls as a thin layer or 
constitute a cake filling the whole compartment; and the filtrate runs 
down the solid walls behind the fabric and escapes through openings 
at the bottom of the press. These compartments are made up either by 
covering a number of recessed plates with cloth and pressing them 
together or more commonly by employing cloth-covered flat plates 
and interposing between them frames of the same area, pressing the 
whole firmly between a fixed and a movable head. The cloths serve as 
packing material to prevent leakage. The plates and frames are sup- 
ported and aligned by projections resting on side rails. 
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LI1 outlet 

Figure 7.22: A filter press. 

Sectionalized 

Filtrate drains here 

Figure 7.23: Belt filter. 

Vdcuum Jilters. These filters operate continuously. The simplest type 
is the belt filter shown in Figure 7.23. A moving belt covered with a 
filter medium rests on a perforated vacuum compartment. The filtrate 
drains through and the cake remains on top and is discharged when 
the belt ends its turn. 

In the rotary d r u m j l t e r  (Figures 7.24-7.25) the entire surface of a 
horizontal drum, except each end, is perforated and covered with 
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cloth reinforced by spirally wound wire, or is made of heavy and 
fairly closely woven wire screen. Beneath this perforated surface 
are several separate parallel compartments, each connected to a 
cored shaft. A circular tank equipped with agitators holds the sus- 
pension, and in this the filter drum is partly immersed. The cycle 
of filtering, washing, drying, reversal of air current to loosen the 
cake, and discharge by scrapers characterizes this type of filter. 

I r II 7 

Figure 7.24: Rotary drum vacuum fill :er; elevation and side view. 

Figure 7.25: Rotary drum vacuum filter in operation. 
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Figure 7.26: Rotary leaf filter. 

Figure 7.27: Rotary leaf filter in operation. 

In the rotary leuf filter (Figures 7.26-7.27) several fan-shaped 
leaves make up continuous disks, but each leaf is separately con- 
nected to the proper channels in a hollow shaft and functions indi- 
vidually. The disks turn in a tank of special shape containing the 
suspension. Suction is applied to those that are below the surface, 
and this is continued as the leaves rise from the tank. Water is 
sprayed on the cake, the channel now being connected to a sepa- 
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rate opening in a disk valve at the end of the cored shaft. Air is 
drawn through the cake, and, as the leaves approach the surface of 
the suspension, a reverse current loosens the adhering solids and 
they are scraped off and discharged. 

In the dipping leaf filter also known as MooreJilter, a leaf is made 
up of a cloth bag stretched over a frame of perforated pipe and 
reinforced by separating strips. A number of leaves in a single 
frame and connected by hose with a vacuum pump are dipped 
into a tank containing the suspension. Atmospheric pressure 
drives the liquid through the cloth, and the solids accumulate in a 
cake on the outside. When a sufficient thickness has been attained, 
the unit is lifted out and placed in a second tank of water for wash- 
ing. The leaves are finally swung out over a discharge hopper, air is 
drawn through to bring about partial drying, and the current is 
then reversed to cause the cake to drop off. 

A tiltingpun vucuumjlter is shown in Figure 7.28. In this system 
multistage washing is possible before the cake is discharged. 

Residue disposal 

Solid residue, usually wet, is transported by conveyer belts or 
trucks to disposal site. Thick slurry from the last thickener underflow 
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is pumped to large disposal ponds where long-term settling takes 
place. Clarified water is pumped back to the washing circuit. 

REGENERATION AND RECYCLE OF LEACH SOLUTION 

In many leaching operations, it is desirable and is usually possible 
to regenerate the leaching agent after the metal recovery step. The fol- 
lowing examples may be cited: 

After leaching a copper oxide ore with dilute sulfuric acid, copper 
is usually recovered from the solution by electrolysis. During this 
process, dilute acid is formed according to: 

Cathodic reaction: Cu2+ + 2e- -+ Cu 

Anodic reaction: H2O -+ 2H+ + 1/202 + 2e- 

This acid is usually recycled to the leaching step. Since only copper 
was precipitated at the cathode, other metal ions remain in solu- 
tion. Therefore, when the leaching agent is recycled, impurities 
will accumulate in the circuit and may contaminate the product. 
To keep a certain safe limit of impurities in the recycled solution, a 
part of the solution is usually discharged to waste; it  is known as 
bleed solution (Figure 7.29). A similar situation exists in the treat- 
ment of gold ores by cyanide solution. Measures should be taken 
to prevent polluting the environment by this solution. 

Leaching 
agent 

a, - Y e=+ Filtration Residue 

Recovery + Bleed 

Metal 

Figure 7.29: Maintaining the impurity level in a leaching circuit 
by bleeding. 
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In some cases, the solution must be concentrated by evaporation 
before recycling. This is usually the case when the metal values are 
precipitated by hydrolysis, e.g., in treatment of bauxite by NaOH. 
In leaching ilmenite by hydrochloric acid, the acid is regenerated 
from the ferrous chloride solution by oxyhydrolysis (see p. 76). 

WATER TREATMENT 

Hydrometallurgical processes require large volumes of water for 
leaching and washing. Natural waters contain dissolved salts and must 
be treated prior to utilization to remove these salts to avoid contami- 
nation of the circuit. 

Impurities in water 

Impurities in water vary widely depending on its origin. This is 
due to the geologic formations the water came in contact with and the 
amount of atmospheric C02  that dissolved in it. As a result, natural 
waters usually contain appreciable amounts of Ca2+ and Mg2+ in form 
of bicarbonates and sulfates as well as suspended matter, and other 
impurities depending on the locality, e.g., Fe2+, Mn2+, and Cl-. 

Removal of impurities 

Removal of impurities from water is usually achieved in three 

Lime-soh addition. The purpose of this treatment is to remove 
the major amounts of calcium bicarbonate, calcium sulfate, and 
magnesium bicarbonate. Slacked lime removes the bicarbonates 
but not the sulfate. Consequently, a dosed mixture of Ca(OH), 
and Na2C03 is added to precipitate Ca2+: 

steps: 

Ca(HC03)2 + Ca(OH), + 2CaC03 + 2 H 2 0  

Ca(HC03)2 + Na2C03 + CaC03 + 2NaHC03 

Cas04 + Na2C03 + CaCO, + Na2S04 

Mg(HC03), + Na2C03 + MgCO, + 2NaHC03 

Filtration. The finely divided precipitate is allowed to settle then 
filtered in a sand filter. To facilitate the settling, a small amount of 
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aluminum sulfate is added which precipitates to form a gelatinous 
hydroxide: 

A13' + 30H- + Al(OH), 
9 Ian exchange. The clear and purified water is then passed over a 

bed of natural or artificial zeolite which are hydrated sodium alu- 
minum silicates with characteristic properties to remove traces of 
Ca2+, Mg2+, and other ions by exchanging them for Na+. When 
the bed is nearly saturated with the sorbed ions it is regenerated by 
passing a solution of NaCl then washing with water. This is dis- 
cussed in chapter 20; Figure 7.30 shows an ion exchange water 
treatment plant. 

If the water is colored due to organic compounds, it is purified by 
passing on a bed of activated charcoal. 

Figure 7.30: Base-exchange water-softeners for treating an indus- 
trial water supply. 

PLANT LAYOUT 

Hydrometallurgical plants are usually located in remote areas 
where the ore deposit is found, for example, gold and copper oxide 
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leaching operations. In some cases, however, the ore or the concentrate 
are shipped long distances to the treatment plant, for example, bauxite 
and sulfide concentrates. Plant design should follow some prearrange- 
ment plan based upon requirement, selection of equipment according 
to processing flows, plant location, and future expansion. 

Both building and equipment should be designed to give the most 
efficient production with a minimum of handling of material in pro- 
cess. Provision should be made for storage, for expansion to fit in with 
the original arrangement without disturbing the flow of work, and for 
the most favorable and economical conditions of operation of each 
piece of equipment with respect to all variables. Design is centered 
about problems of rates of mass and energy transfer and of chemical 
change. Other factors that should be considered in the design of build- 
ing and equipment arrangement include possible hazards of fire, 
explosion, chemical injury, and injury to health, the welfare of the 
worker, economical distribution of process steam and power, and 
expansion of production. 

Figure 7.3 1 shows layout for a typical atmospheric leaching plant 
including counter-current washing system while Figures 7.32 and 
7.33 show a pressure leaching plant housed indoors. 



Figure 7.31: Plant layout for a gold leaching and precipitation operation (Paradise Peak, Nevada). 





174 A Textbook of Hydrometalluvgy 



Chapter Eight 

The Role of Microorganisms 
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Characteristics ........................................ 197 

AUTOTROPHIC BACTEFUA 
Certain microorganisms known as Thiobacillus thiooxidans and 

Thiobacillusferrooxiddns isolated from mine water and others isolated 
from sulfur-bearing hot springs are capable of accelerating the rate of 
dissolution of sulfide minerals. Little or no solubilization of the metal 
sulfide results when sterile solutions are used under the same condi- 
tions. These bacteria can also accelerate the oxidation of elemental sul- 
fur, ferrous ion, sulfite ion, and thiosulfate ion. There are also bacteria 
that reduce sulfates to sulfides, others oxidize H,S to sulfur, nitrogen 
to nitrates, etc. Many sedimentary ore deposits are supposed to have 
been formed by the action or microorganisms. 

Bacteria are minute, unicellular microscopic organisms 0.5-2 mm 
in size that reproduce by binary fission. They are widely distributed in 
soil, air, and water. They are divided into two classes according to their 
energy source: 

Autotrophic. These are organisms that live on inorganic matter. 
Heterotrophic. These are organisms that live on organic matter. 

Bacteria can also be divided into two groups according to their uti- 

Aerobic. These utilize oxygen for growth, e.g., microorganisms that 
live on sulfides. 
Anaerobic. These do not need oxygen for their growth, e.g., micro- 
organisms that live on sulfates, nitrates, and carbohydrates. 

Bacterial action may be twofold: 

lization of oxygen: 
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Enzymic processes. Enzymes generated in t-he bacterial cells are 
responsible for catalyzing the attack of minerals. 

Nonenzymic processes. Metabolic products such as acids and bases 
react with the mineral. 

Figure 8.1 : Thiobacil~usferrooxidans. Top: Magnification 900 x 
(Sutron and Corrick, 1961). Bottom: Magnification 40 000 x 
(Trud-inger, 1971). 

7: thiooxidans and T fiwooxidans are autotrophic aerobic bacteria 
(Figure 8.1). In industrial leaching operations where the continuous 
flow of leach solutions provides nutrient and a balanced environment, 
they multiply following the logarithmic law: 

n = no& 
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where no is their initial number, n their number at time t, and k is a 
constant. A leach solution in a copper dump leaching operation may 
contain as many as 10 million microorganisms/mL. 

Characteristics 

Autotrophic bacteria have the following characteristics: 
They must have oxygen to carry out their function, i.e., the oxida- 
tion of mineral substances with release of energy which is neces- 
sary for their growth. 
They utilize CO, as the principal source of carbon required for the 
synthesis of organic compounds composing the cell. In this respect 
they resemble plants. If C 0 2  is removed from air supplied to bac- 
teria, no growth will be observed. Rather than utilizing organic 
matter such as fats, carbohydrates, or proteins as a source of 
energy, these organisms cannot even tolerate their presence. They 
are unable to grow in agar, and obtain their energy solely by the 
oxidation of inorganic materials. 
They absorb certain nutrient from solution, e.g., POj- ions that 
are necessary for their metabolic function. 
They have resistance to high concentrations of metal ions in solu- 
tion, e.g., Cu2+ which are usually extremely toxic to most other 
forms of life. 
They adapt to live and grow in strongly acidic environments (pH 
1.5-3). 
They are destroyed by light, particularly ultraviolet light. Total 
darkness has a positive effect on their action. In shallow ponds 
bacterial action is inhibited during day light. 
Their maximum activity occurs at a certain temperature. For Tbio- 
bdcillusferrooxidans, for example, this occurs at 35 "C while for 
those isolated from sulfur-bearing hot springs (the thermophilic 
bacteria), the temperature may be as high as 85 "C. Below these 
temperatures they are dormant while above, they are destroyed. 
They manufacture enzymes and with their aid they catalyze the 
oxidation process: 

MS(s) + M?;q) + S&q) 
s2- + 20 ,  + soi- 
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Figure 8.2: Schematic representation of the action of microorgan- 
isms adhering on the surface of a sulfide mineral. 

The adherence of the microor anisms on the sulfide surface makes 
possible the rapid oxidation of SF- ions liberated by the mineral and 
catalyzed by the enzymes (Figure 8.2). This is supported by the fact 
that the rate of dissolution of sulfides in presence of microorganisms is 
proportional to the solubility product of the sulfide. 

They catalyze the oxidation of any elemental sulfur generated dur- 
ing the chemical dissolution of sulfide minerals: 

Hence there is no possibility of obtaining elemental sulfur during bac- 
terial leaching. 

They catalyze the oxidation of any ferrous ion generated during 
the leaching of pyrite: 

FeS2 + 7 / 2 ~ 2  + H20 + ~ e ~ '  + 2~042- + 2Hi 

Applications 

The catalytic action of microorganisms in the oxidation of sulfides 
is exploited industrially in in situ and in dump leaching operations. 
The natural conditions are usually favorable for bacterial growth. Typ- 
ical applications are for the recovery of copper, for the oxidation of 
pyrite to liberate locked-in gold, or to generate acid to dissolve ura- 
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nium minerals associated with the pyrite, and for the elimination of 
pyrite from coal. The process is cheap but slow and may generate 
excessive amounts of sulfuric acid that have to be neutralized before 
disposal. However, it is highly economic for leaching low-grade ores. 
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Part Three 
Leaching Processes 
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Raw materials treated by hydrometallurgical methods vary from 
very low-grade ores such as gold ores (concentrations of 1 ppm) to 
high-grade concentrates. The chemical nature of the raw material may 
be metals, oxides, complex oxides, sulfides, etc., as shown below. 

Raw material Examples 
Metals Native: Au, Ag, Cu, Pt metals. 

By reduction of oxides: Cu, Ni, Co. 
Oxides 

Complex oxides 

Sulfides 
Selenides and tellurides 
Arsenides 
Phosphates 
Silicates 
Chlorides and sulfates 
Carbonates 
Borates 

Bauxite, laterites, copper oxide ores, uranium ores, zinc 
ores and calcines, maganese ores and nodules. 
Chromite, niobite, tantalite, pyrochlore, ilmenite, wol- 
framite, scheelite. 
Mainly of the primary metals: Cu, Pb, Zn, Ni. 
Anodic slimes of copper electrolysis. 
Cobalt and nickel arsenide ores and speiss. 
Phosphate rock, monazite sand. 
Clays, nepheline-syenite, beryllium ores, serpentine. 
Halite, potash, pyrite cinder. 
Trona. 
Borax. 
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2 

Metals commonly leached may come from one of the following 

Occurring in nature in the native state. e.g., gold. silver. platinum 
metals. and copper . 
Produced by reduction of an oxide ore. e.g., copper. nickel. and 
cobalt . 
Crude metals to be refined. e.g., gold. silver. and platinum metals . 

sources: 

Produced as by-product of a metallurgical process. e.g., selenium . 

1 . References to original literature can be found in E Habashi. Kinetics andMecba- 
nism of Gold and Silver Dissolution in Cyanide Solution. Bulletin 59. Montana 
Bureau of Mines. Butte. Montana 1967 . 

2 . Although selenium is a metalloid. it is included here for convenience . 
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GOLD AND SILVER 

Sources 

Gold and silver almost always occur together in the native state. 
They are recovered from the following sources: 

Alluvial orplacer deposits. These are formed by mechanical processes 
from the weathering and disintegration of mineral-bearing rocks and 
veins, followed by the transportation and concentration of the freed 
mineral by the action of running water. Metallic and nonmetallic min- 
erals which are highly resistant to weathering become separated from 
their more easily weathered parent rock. The main agents which bring 
about the disintegration are variations in temperature, the expansion 
of water on freezing, erosion due to the movement of water, and the 
sandblasting action of the wind. The best conditions for the concen- 
tration of gold in auriferous gravels are when the river gradient is mod- 
erate, under balanced conditions of erosion and  deposition. 
Sometimes large nuggets weighing tens of kilograms are found. These 
deposits may be concentrated further by gravity methods. Gravity 
concentrates are usually melted and refined. When this is not possible 
they are leached. 

Veins associated with quartz and various su@des. a 1 s o 
known as reefs and are the parent ore body of alluvial deposits. They 
must be crushed and finely ground to liberate the minerals prior to 
leaching. Sometimes economic grinding is not enough to liberate gold 
from certain sulfides. In such cases the sulfides are chemically treated 
to liberate the gold prior to leaching, e.g., by thermal oxidation or by 
aqueous oxidation (see chapter 12). 

Refining residues of nonferrous metals. Gold is usually a by-product of 
copper and nickel refining while silver is a by-product of lead refining. 

Beside the native metals, gold telluride and silver sulfide are also 
found in nature in important deposits. Ocean water contains 1 ppb 
gold; gold from this source is estimated at 64 x lo9 tons. Major gold 
producers are: Republic of South Africa, Russia, Canada, and USA. 

Chlorine water or bleaching powder acidified with dilute sulfuric 
acid were used as early as 1848 to leach gold from its ores; the process 

T h e s e a r e 
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was known as the PLattner Process after its inventor. In this process, a 
solution of AuC1, was obtained, from which gold was precipitated by 
ferrous sulfate or activated charcoal. Another process, known as the 
Patera Process, was also used at about the same time especially for silver 
ores. In this process the ore was roasted with sodium chloride to con- 
vert silver to silver chloride, and was then leached with water to 
remove base-metal chlorides. Sodium thiosulfate solution, Na2S203, 
was then applied to dissolve silver chloride in a way similar to its use in 
developing a photographic film. Both processes became obsolete at the 
beginning of this century as a result of the introduction of the cyanida- 
tionprocess, i.e., the process in which an alkali cyanide is used as a 
leaching agent. Recently, there has been interest in substituting 
sodium cyanide by an equally inexpensive but nontoxic reagent. For 
example, thiourea, N2N-CS-NH2, in presence of oxygen, extracts 
gold from its ores faster than cyanide. Ammonium polysulfide, 
(NH&S, is also a good solvent for gold. None of these reagents, how- 
ever, are used in commercial practice yet. Mercury was at one time 
used to recovery large particles of gold prior to cyanidation by umaL- 
gamation. This practice was, however, abandoned in the 1960s 
because of the toxic nature of mercury, except illegally in the Amazon 
region in Brazil. 

The cyanidation process 

The dissolution of gold and silver in cyanide' solutions was one of 
the puzzles that faced metallurgists for many years for two reasons: 

Gold, the most noble metal that dissolved only in aqua regia, dis- 
solved readily in a very dilute solution of sodium cyanide. 

Although gold did not tarnish in air, air was essential for its disso- 
lution. 

This puzzle was solved when it was recognized that the dissolution 
of gold is an oxidation-reduction process in which cyanide ion forms 
a strong complex with Au+ ion and the reduction of oxygen on the 

1 .  Cyanide is derived from Greek mav05 meaning blue, because hydrocyanic acid 
(blue acid) was derived for the first time from Prussian blue pigment when heated 
with sulfuric acid. 
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surface of metal may take place partially to the hydrogen peroxide 
stage or completely to hydroxyl ion as follows: 

Oxidation: Au -+ Au' + e- 

Complex formation: Au' + 2CN- -+ [Au(CN)2]- 

Reduction: 0 2  + 2 H 2 0  + 2e-+ H202 + 2 0 H -  

0, + 2 H 2 0  + 4e- -+ 40H- 

Overall reaction: 

~ A u  + 4CN- + 0 2  + 2H2O + 2[Au(CN),]- + H202 + 2 0 H -  

~ A u  + 8CN- + 0 2  + 2H2O -+ 4[Au(CN)2]- + 40H- 

Similar equations can be also written for the dissolution of silver. 
The first equation agrees with experimental facts (Table 9.1) and the 
second equation takes place only to a minor extent: 

0 For every 1 equivalent of metal dissolved, 2 moles of cyanide are 
consumed. 

For nearly every 2 equivalents of metal dissolved, 1 mole of oxygen 
is consumed. 

For nearly every 2 equivalents of metal dissolved, 1 mole of H202 
is produced. 

According to this stoichiometry, 1 gram mole of oxygen and 4 
gram moles of NaCN should be present in solution. At room temper- 
ature and at atmospheric pressure, 8.2 mg 0, are dissolved in 1 liter of 
water. This corresponds to 0.27 x mol/L. Accordingly, gold dis- 
solution should occur at a concentration of NaCN equal to 4 X 0.27 X 

x 49 = 0.05 glL or 0.005%. Thus a very dilute sodium cyanide 
solution would be enough for dissolving gold. The fact that oxygen 
was necessary for dissolution was not readily recognized because as 
seen from the above calculations, oxygen in solution as a result of air 
solubility is enough to bring about the reaction. 
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Table 9.1: Stoichiometry of cyanidation: 
A) Consumption of cyanide; 

Amount of old Observed consumption 
Time dissolve l of cyanide Molar ratio 

[ KCN/Au] [hours] equivalent moles 
mg (X 10”) mg (X 

0.5 0.96 4.86 0.62 9.52 1.96 
1 .o 2.01 10.2 1.26 19.4 1.90 
3.0 7.49 38.0 4.94 76.0 2.00 
7.0 15.91 80.9 10.50 162.0 2.01 
10.0 18.77 95.1 12.46 192.0 2.01 

Average 2.0 
~~ 

B) Consumption of oxygen; 

[&I/ D 2 1  
Time Ag dissolved 0 2  consumed 

minutes equivalent (X 10-5) moles (X 1 o -~ )  
10 2.96 1.45 2.05 
20 7.76 3.07 2.50 
30 9.36 4.17 2.25 
40 12.42 5.40 2.30 
120 36.06 16.00 2.25 

Averaxe 2.2 

C) Formation of hydrogen peroxide. 

Metal dissolved H202 formed 
Metal equiv./ 

equivalent moles moles H202 
mg (X 10-5) mg (X 10-5) 

Gold 57.3 29.0 5.1 1 15.0 1.93 
47.6 24.1 4.02 11.8 2.04 

Silver 2.96 1.43 2.06 
7.76 3.09 2.50 
9.36 4.00 2.24 
12.42 5.51 2.26 
36.06 14.76 2.44 

Averafe 2.3 

Effect o f  qanide and oxygen concentration 

Since both cyanide and oxygen are necessary for the reaction it 
would, therefore, be expected that the rate of dissolution would 
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depend on the concentration of both. However, it was found in prac- 
tice that the rate of gold dissolution increases linearly with increasing 
cyanide concentration until a maximum is reached, beyond which a 
further increase in cyanide had no effect (Figure 9.1). These curves 
were contrary to common experience since the rate of dissolution of a 
metal, for example, iron in an acid increased with increasing acid con- 
centration. Further, when the oxygen pressure was varied and its effect 
on the rate was studied, it was found that at low cyanide concentra- 
tion, the rate of dissolution depends only on the cyanide concentra- 
tion as shown in Figure 9.2, while at high cyanide concentration, the 
rate is independant of the cyanide concentration, and depends only on 
the oxygen pressure. An explanation for these curves was made possi- 
ble by the electrochemical mechanism of dissolution, i.e., when the 
oxidation-reduction processes taking place are considered: The slow- 
est reaction controls the whole process. Thus, at low cyanide concen- 
tration (and high O,), it is the oxidation-complex formation reactions 
that control. At high cyanide concentration (and low O,), it is the 
oxygen reduction reaction that controls. 

0 0.1 0.2 0.3 0.4 0.5% 

NaCN concentration 

Figure 9.1: Effect of cyanide concentration on the rate of dissolu- 
tion of gold and silver in air-saturated solution (Maclaurin, 1893; 
Barsky et al., 1934). 
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I 7.48 ATM 

0 0.02 0.04 0.06 
NaCN concentration 

Figure 9.2: Rate of dissolution of silver at different 0, pressures 
and different NaCN concentrations at 24 "C (Deitz and Halpern, 
1953). 

From the technical point of view neither the concentration of dis- 
solved oxygen alone (Le., degree of aeration of the solution) nor the 
concentration of free cyanide alone are of importance, but it  is the 
ratio of the two concentrations. Therefore, if much effort is spent to 
achieve ideal aeration while the solution is deficient in free cyanide, 
this effort is wasted. And the reverse is also true: If excess cyanide is 
added while the oxygen content of the solution is below the theoretical 
value, this excess cyanide is wasted. 

Effect o f  hydrogen ion concentrdtion 

It is essential that the cyanide solution be kept alkaline during 
leaching to prevent the formation of HCN (Figure 9.3) which is 
extremely poisonous gas. Hydrogen cyanide may form as a result of 
absorption of atmospheric C02: 

C02 + H 2 0  + H2C03 

H2CO3 + CN- + HCN + HCOT 

High alkalinity, however, decreases the rate of dissolution as shown in 
Figure 9.4. The natural pH of a 0.1 % KCN solution is 10.5 due to 
hydrolysis: 

CN- + H2O + HCN + OH- 



210 A Textbook of Hydrometallurgy 

100 

80 
8 
s- 
’= 60 
2 
0 

c c a 
40 

0 

20 

n u 
0 2 4 6 8 1 0 1 2 1 4  

PH 

Figure 9.3: Species present in cyanide solution as a function of pH. 
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Figure 9.4: Effect of high alkalinity on the rate of dissolution of 
gold and silver in cyanide solution (Kakovskii and Kholman- 
skikh, 1959, 1960). 

The alkalinity of cyanide solutions should, therefore, be carefully 
controlled to achieve high dissolution rates. In practice, the pH usu- 
ally ranges from 11 to 12. Solutions kept alkaline by Ca(OH),, when 
compared to others at the same pH kept alkaline with KOH, show a 
remarkable retarding effect in the case of lime, as shown in Figure 9.5. 
The retarding effect is supposed to be due to the formation of calcium 
peroxide layer on the surface of the metal which prevents the reaction 
with cyanide. Calcium peroxide was considered to be formed by the 
reaction of lime with H202 accumulating in solution, according to: 
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Ca(OH), + 2H202 + C a 0 2  t 2 H 2 O  

Lime is one of the reagents commonly used in industry to adjust 
the pH of the pulp. Its use must, therefore, be carefully considered. 

I I 

Silver 
I I d  

I? Gold 

10 11 12 13 14 0 
PH 10.8 11.8 12.8 

PH 

Figure 9.5: Retarding effect due to calcium ions at high alkalinity 
(Gold: Barsky et al., 1934; Silver: Deitz and Halpern, 1953). 

a 
.- E 150 

3 140 
$ 130 

c 
c .- 

TI a 

(0 : 120 

.$loo 

- 
0 rn 
110 

E 

3 
90 
0 20 40 60 80 100 

Temperature, "C 

Fi ure 9.6: Effect of temperature on the rate of dissolution of 
gofd in 0.25 % KCN (Julian and Smart, 192 1).  

Efect of temperature 

Increasing the temperature increases the rate of dissolution. On  
the other hand, the oxygen content of the solution decreases with 
increasing temperature. Therefore, there should be an optimum tem- 
perature for the maximum rate. This was found to be at about 85 "C 
as shown in Figure 9.6. The activation energy of dissolution of ranges 
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from 2-5 kcal/mole, which is typical for processes controlled by diffu- 
sion. 

Effect o f  agitation 

The rate of dissolution increases with increased agitation, which is 
also typical of diffusion-controlled processes. 

Effect of foreign ions 

Most gold occurs as native metal, nearly all alloyed with various 
amounts of silver. Certain minerals are characteristically associated 
with gold, and the most important are pyrite, galena, zinc blend, arse- 
nopyrite, stibnite, pyrrhotite, and chalcopyrite. Various selenium min- 
erals and magnetite may also be present. In Witwatersrand, South 
Africa, uraninite, and to a lesser extent, thucholite are associated with 
the gold ore; uranium is recovered as a by-product of gold milling. 
Carbonaceous matter is associated with some gold ores. The most 
common gangue minerals are quartz, feldspar, micas, garnet, and cal- 
cite. Although the gangue minerals are insoluble in cyanide solution, 
some metallic minerals are soluble to some extent. Carbonaceous mat- 
ter in gold ore is a source of trouble, because it adsorbs gold cyanide 
complex. 

With the exception of a few ions such as Na+, IC+, C1-, NOT, and 
SOi- which have no effect on the rate of dissolution of gold and silver 
in cyanide solution, ions may have an accelerating or a retarding 
effect. Lead(I1) ions may have either an accelerating or a retarding 
effect, depending on their concentration in solution. The study of the 
effect of these foreign ions on cyanidation is complicated because the 
dissolution process is composed of two simultaneous reactions: The 
oxidation reaction involving the formation of the auro- or the argento- 
cyanide ion and the reduction of oxygen as mentioned above. Which 
of these reactions is affected by the foreign ion is usually difficult to 
say, and many contradictory statements are found in the literature. 
Data available were mainly obtained by studying the effect of foreign 
ion in the gold leaf test. 

An approach to this problem is to study the effect of the foreign 
ion on the cathodic and the anodic reactions separately. This can be 
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achieved by studying the change in potential-current density charac- 
teristics of the gold (or silver) electrode in two separate experiments : 

Gold electrode + [Au(CN)~]- + CN- + foreign ion, oxygen being 
excluded from the system. 

Gold electrode + 0, + H20 + foreign ion, in the absence of cya- 
nide ion. 

In the first experiment, the effect of the foreign ion on the reduc- 
tion of oxygen on the gold surface can be studied, and in the second 
experiment, the effect of the same ion on the anodic reaction of gold 
dissolution in cyanide. The results of such tests should be interpreted 
with care, however, as the application of external emf to cause dissolu- 
tion does not correspond to actual cyanidation practice. Thus, for 
example, under these conditions oxygen is reduced to OH- and not to 
H202. Another approach involves the use of radioactive indicators of 
the ions being studied. 

Accelerating effect 

It has been reported that small amounts of lead, bismuth, thal- 
lium, and mercuric salts accelerate the dissolution. This was con- 
firmed later by many researchers. From calculations of electrode 
potentials in cyanide solutions, it was concluded that gold metal can 
actually displace the ions of only these four metals. It was, therefore, 
suggested that the rapid dissolution of gold in the presence of these 
ions might be due to alteration in the surface character of gold by 
alloying with the displaced metals. Early researchers detected the pres- 
ence of lead on the surface of gold when the cyanide solution con- 
tained Pb2+ ions, but did not identify its nature. It was only recently 
confirmed by electron microscopic studies that lead alloys with gold 
on the surface (Figure 9.7). The alloy then dissolves rapidly, hence lead 
acts as a catalyst. 

The addition of lead salts to cyanide solutions is a common mill 
practice aimed also at counteracting the harmful effect of sulfides. 
Addition of excessive lead salts, however, may cause a retardation in 
the rate of dissolution of the gold, as will be described later. 



Figure 9.7: Formation of a lead-gold alloy on the surface of gold undergoing cyanidation in presence of few mil- 
ligrams of Pb(N03), in solution (D. Mussati, J. Hager, and G. l? Martin, pp. 247-265 in Aqueuus Electrotecbnul- 
ogies, edited by D. Dreisinger, TMS-AIME, Warrendale, Pennsylvania 1997). 
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Retarding efect 

The presence of metallic cations such as Fe2+, Cu2+, Zn2+, Ni2+, 
Mn2+, Ca2+, and Ba2+ (the latter two only at high alkalinity) has a 
retarding effect. Lead(I1) plays a unique role in cyanidation, and there 
has been much confusion regarding its effect on the rate of dissolution 
of gold. Besides the accelerating action already described, some reports 
describe a retarding effect. It can be concluded from those studies that 
when Pb2+ is present in very small amounts as compared to the CN- 
ion, an accelerating effect is observed, whereas when the [Pb2']/[CN-] 
ratio exceeds a certain value there is a retarding effect. 

It is also well known that the sulfide ion and certain flotation 
agents such as xanthate ion, which is sometimes used to concentrate 
the sulfides with which gold is associated have a retarding effect on the 
rate. The retarding effect may be due to one or more of the following 
reasons: 

Consumption of oxyxen fiom solution: Because oxygen is necessary 
for gold dissolution, any side reactions in which the cyanide solu- 
tion is deprived of its oxygen content will lead to a decrease in the 
rate. Pyrrhotite accompanying gold in some ores decomposes in 
alkaline medium forming ferrous hydroxide and sulfide ion: 

FeS + 2 0 H -  + Fe(OH), + S2- 

In presence of oxygen, ferrous hydroxide is easily oxidized to ferric 
hydroxide: 

2Fe(OH)2 + ' / 2 0 2  + H2O + 2Fe(OH), 

while sulfide ion is partly oxidized to thiosulfate and polysulfide: 

2S2- + 2 0 2  + H2O + S20:- + 2 0 H -  

S2- + H 2 0  + HS- + OH- 

thus contributing to the depletion of oxygen from solution. 
Consumption ofpee cyanide porn solution: 
- Formation of complex cyanides: Some copper, zinc, and iron 

minerals that may be associated with gold ore dissolve in cya- 
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nide solution and therefore deplete the solution of its cyanide 
content, e.g.: 

ZnS + 4CN- + [Zn(CN)4I2- + S2- 

Formation of thiocyanate: Sulfide ion liberated, when the ore 
contains sulfide minerals, reacts with cyanide and oxygen to 
form thiocyanate ion, which has no action on gold: 

S2- + CN- + ' / 2 0 2  + H,O + CNS- + 2 0 H -  

Adsorption on gangue material: Auriferous ores and concen- 
trates may contain quartz, aluminosilicates, or other silicates 
which, if finely divided in an aqueous alkaline medium, form 
colloidal silica and alumina; if iron sulfides are present in the 
ore, ferric hydroxide is also formed. These gangue materials 
have a strong adsorptive capacity for potassium cyanide. 

Sulfides: The retarding effect of the sulfide ion in the cyanide 
solution is well-known. As little as 0.5 ppm of the sulfide ion 
retards the dissolution. This cannot be accounted for by the 
depletion of the solution of its cyanide or oxygen contents, as 
the leaching solution usually contains excess oxygen and excess 
cyanide. It is believed that an insoluble aurous sulfide film is 
formed on the gold, which protects it from dissolution. 
The effect of sulfide ion on the electrode potential of gold in 
KCN solution in the absence of oxygen is negligible, while its 
effect on the electrode potential of gold in the absence of KCN 
but in the presence of oxygen is great. It appears that the trace 
sulfide poisons the gold surface toward the cathodic reduction 
of oxygen but does not affect the anodic reaction. 
Peroxides: Calcium ion has no effect on gold dissolution. At 
pH > 1 1.5, however, the rate of dissolution is greatly reduced. 
At the same pH, solutions kept alkaline by show a 
remarkable decrease in the rate of gold and silver dissolution 
when compared with others kept alkaline with KOH. It was 
suggested that the decrease may be due to the formation of cal- 
cium peroxide on the metal surface, which prevents the reac- 
tion with cyanide. Calcium peroxide was thought to be 
formed by the reaction of lime with H202 accumulating in 
solution according to: 

- 

- 

Film formation on the surface of the metal: 
- 

- 
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Ca(OH), + H20, + CaO, + 2H2O 
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It was possible by chemical analysis to identify the precipitate 
formed as calcium peroxide. This was confirmed later by 
means of X-ray diffraction analysis; Ba(OH)? behaves simi- 
larly. Lime is one of the reagents commonly used in cyanide 
mills to adjust the pH of the pulp and to help settling. Its use 
must therefore be carefully considered. 
Oxides: Ozone when added to cyanide solution decreased the 
rate of dissolution of gold. Apparently a layer of gold oxide, 
which caused a visual change of the gold to brick red, pro- 
duced the retarding effect. However, potassium cyanide is also 
oxidized by ozone according to: 

- 

3KCN + 0, + 3KCNO 
- The rate of dissolution decreases with the addition of as little 

as 0.4 ppm of potassium ethyl xanthate. When flotation is 
used to concentrate the sulfides with which gold is associated, 
prior to cyanidation, difficulties are frequently faced. The gold 
surface was reported to turn reddish. A gold xanthate film was 
probably formed. Thin was confirmed by using potassium xan- 
thate marked with S35. 

The accumulation of impurities in solution retards dissolution. 
The effectiveness of the cyanide solution is tested frequently by mea- 
suring the time required for a gold leaf to dissolve under prescribed 
conditions of shaking. The faster the gold leaf dissolves, the more 
effective is the cyanide solution. One way of minimizing such difficul- 
ties is by adding a lead salt such as lead oxide, nitrate, or acetate. This 
precipitates the sulfide ion as soon as it is formed in the form of insol- 
uble lead sulfide. The addition of small amounts of potassium per- 
manganate also eliminates this difficulty by oxidizing the sulfide ion to 
sulfate. Another way is to agitate the ore pulp in an alkaline medium 
using Ca(OH), to decompose sulfide minerals, and form harmless 
precipitates: 

FeS + 20H- + Fe(OH), + S2- 

2Fe(OH), + 1/202 + H20 + 2Fe(OH), 

s2- + 20, + so;- 
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The sulfide-free pulp is then subjected to cyanidation. Figure 9.8 
shows a modern cyanidation plant. 

Destruction of cyanide ion 

Bleed solutions containing cyanide cannot be thrown away in sur- 
face waters because of their poisonous nature. The following methods 
are used to render them harmless before disposal. 

Acidification and recovery ofHCAl. When SO., is bubbled in bleed 
solutions, HCN is formed: It can be collected and absorbed in a 
solution of NaOH to form NaCN for recycle: 

CN- + H+ -+ HCN 
HCN + OH- + CN- + H,O 

Any copper and iron present in solution as cyanides precipitate as 
copper ferrocyanide. Remaining metal ions in the acid solution 
can then be precipitated by Ca(OH), and disposed of safely. 
Oxidation to Tanate. While the cyanide ion is highly poisonous, 
its oxidation product, the cyanate ion, is not. Chlorine is usually 
used as oxidizing agent for this purpose: 

CN- + C1, + 20H- + OCN- + 2CI- + H2O 

Excess of chlorine oxidizes the cyanate ion further to C02 and 
nitrogen: 

20CN- t 3c12 + 4 0 H -  -+ 2 C 0 2  + N, + 6C1- + 2H2O 

Recent advances 

Tbioureu process 

sented by the oxidation-reduction couple as follows: 
The solubilizing action of gold and silver in thiourea may be repre- 

Au + Au+ + e- 
Au+ + 2(NH2)2CS + [(H,N)2CS-Au.SC(NH,)2If 

Fe3+ + e- + Fe2+ 
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This takes place in acid medium, is faster than cyanidation, and less 
toxic. However, thiourea undergoes appreciable decomposition during 
leaching. 

Heap leaching 

The increased price of gold in the 1970s made possible the leach- 
ing of old tailings containing as little as 1 ppm gold thanks to the 
newly developed heap leaching technology that was developed for the 
leaching of low grade copper and uranium ores. To improve the perco- 
lation of the leach solution in the bed, the fine tailings were sometimes 
agglomerated by slurrying with water and a small amount of cement 
which was allowed to set. The heaps were then constructed from the 
hard agglomerates and leached with the alkaline cyanide solution. 

Eeatment of  rejractoy ores 

A problem in gold metallurgy was the treatment of gold locked up 
in pyrite or arsenopyrite crystals and therefore unresponsive to cyani- 
dation. Roasting followed by leaching was an expensive and polluting 
proposition. A hydrometallurgical approach proved to be a successful 
solution for this type of ores. Barrick Goldstrike now treats a pyrite 
ore-water slurry in autoclaves at high temperature and oxygen pres- 
sure. Horizontal autoclaves are used, each being 30 m long and 5 m in 
diameter, operating at 160-1 80 "C and 2000 kPa, with a retention 
time of 20 minutes (Figures 9.9 and 9.10). The autoclaves are made of 
carbon steel 8 cm thick, lined with as 6 mm lead membrane and two 
layers of acid-resisting brick 22.5 cm total thickness. After this treat- 
ment, the ore is then suitable for cyanidation. Table 9.2 gives data on 
some aqueous oxidation operations for refractory gold ores. 
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Figure 9.10: Inside the Barrick Goldstrike plant for pressure 
leaching of refractory gold ores prior to cyanidation. 

Gold ores containing carbonaceous material are also known as 
refractory ores and are difficult to treat, not only because part of the 
gold is tied up with the organic matter but also because dissolved gold 
is adsorbed on the carbon present in the ore and therefore reports in 
the taillings. This problem was solved by aqueous oxidation using 
chlorine. Some of the gold may be solubilized by the chlorine water 
but the major function of the controlled chlorination is to oxidize 
organic matter before cyanidation. A plant at Carlin, Nevada, uses this 
technology. Another solution to this problem was found by using the 
carbon-in-leach process as described below. 
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Table 9.2: Status of treatment of refractory gold ores by pressure hydrometallurgy. 

Capacity, Number of 
Start Owner Feed Medium t/d autoclaves up location 
1985 McLaugh- Homestake, ore acid 2700 3 

lin, USA USA 
1986 San Bento, Genmin, concen- acid 

Brazil South Africa trate 
1988 Mercur, American ore alkaline 

Utah, USA Barrick, Can- 
ada 

1989 Getchell, First Miss ore acid 

1990 Goldstrike, American ore . acid 
USA Gold 

Nevada, Barrick, Can- 
USA ada 

Nevada, Barrick, Can- 
USA ada 

1991 Pargera, Placer Dome, concen- acid 
Papua-New Canada trate 
Guinea 

199 1 Campbell, Placer Dome, concen- acid 
Canada Canada trate 

1992 Con, Lihir Nerco Miner- concen- - 
als trate 

1993 Goldstrike, American ore acid 

1991 Goldstrike, American ore acid 

USA Barrick, Can- 
ada 

1994 Pargera, Placer Dome, concen- acid 
Papua-New Canada trate 
Guinea 

Under Lihir, - - - 
study Papua-New 

Guinea 

240 2 

680 1 

2730 3 

1360 1 

5450 3 

1350 3 

70 1 

90 1 

11580 6 

2700 6 

Cyanidation under pressure 

Cyanidation under high oxygen pressure has recently been used 
commercially at the Consolidated Murchison Mine near Gravellote in 
South Africa. The process has been developed by Lurgi in Germany 
using tube autoclaves 1.5 km long and 5 cm inner diameter. Leaching 
is conducted at ambient temperature but at about 5 MPa oxygen pres- 
sure. As a result, residence time is only 15 minutes at 85 % recovery. It 
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should be noted that at high oxygen pressure, a high cyanide concen- 
tration must be used to achieve high reaction rates. In practice the 
leach solution is 0.2 % to 0.5 Yo NaCN. Although cyanide solutions 
are susceptible to oxidation, the short residence time renders this 
drawback negligible. 

Refining 

Separation of gold from silver and other impurities (Cu, Pt metals, 
etc.) is usually carried out by electrolysis or by chlorination. However, 
on a small scale, e.g., in mints, refining is done by selective leaching. 
The method used depends on the gold content as well as on the type 
of impurities present. While silver is soluble in both nitric and sulfuric 
acids, and gold is insoluble, yet these acids cannot be used to dissolve 
silver away from an alloy containing more than 25 % Au. For high- 
gold alloys, aqua regia is therefore used. In such alloys, gold is leached, 
while silver forms an insoluble residue. 

Gold is soluble in aqua regia, but a gold-silver alloy containing 
more than 8% Ag cannot be attacked due to the formation of an 
insoluble layer of AgCl. Therefore, the aqua regia leaching process is 
used only for refining high-grade bullions, where the silver does not 
amount to more than 8%, or to cases where the bullion contains 
enough copper to open it up to attack in spite of the silver present. A 
summary of these processes is shown in Table 9.3. In both cases, the 
bullion is first melted and poured in water to obtain granules suitable 
for leaching. 

Pure gold is too soft and it is therefore alloyed with other metals, 
usually copper. The purity, known as fineness, is usually expressed in 
“carats” or “karats”1. Pure gold is 24 carats; an alloy containing 22 
parts gold and 2 parts other metals is 22 carats, etc. 

Low-gold alloys 

In such alloys, silver is selectively leached. It is necessary to alloy 
the bullion with silver such that silver constitutes 75% of the alloy. 

1. The carat in the diamond industry has a different meaning: it is a measure of 
weight. The international carat is 200 mg. 
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Such an alloy is known as parting alloy. In the nitric acid process (Fig- 

ure 9.1 I), the reactions are: 

3Ag + 4HNO3 + 3AgN03 + 2H20 + NO 

Table 9.3: Summary of gold refining processes by leaching (4 = attacked, x = not 
attacked). 

Alloy 
composition [%I Attack by 

Remarks 
Ag Au HN030r  Aqua 

H2S04a regia b 

Low-gold 100 0 1/ x Bullion treated by 
bullion 75 25 4 x HNO, or H2S04. 

70 3 0 x x Bullion must be alloyed 
50 5 0 x x with Ag before treat- 
25 75 x x ment with H N 0 3  or 
10 90 X x H2S04. 

High-gold 8 92 x Bullion treated by aqua 
bullion 0 100 x 4 regia. 

a. Ag is soluble but Au is insoluble. 
b. Au is soluble but Ag is insoluble due to the formation of AgCI. 

Figure 9.1 1: Nitric acid process for refining gold. 
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Figure 9.12: Sulfuric acid process for refining gold. 

The reaction is carried out in stainless steel vessels, and nitric gases are 
oxidized and recovered as "0,. Silver and platinum will go into 
solution, while Au, Ru, Rh, and Ir are left behind as a finely divided 
black mud. Silver is recovered from the solution by precipitation as 
AgCl by adding NaC1. Silver chloride is then converted to metallic sil- 
ver by contact with scrap iron. The gold residue is then washed, dried, 
melted, and cast. 

The introduction of sulfuric acid as a leaching agent for refining 
gold reduced the cost greatly as compared with the nitric acid process. 
Cast iron vessels could be used, and copper in the bullion is converted 
to copper sulfate, which is a marketable product. The process is shown 
in Figure 9.12 and the reactions are: 

2Ag + 2H,S04 -+ Ag2S04 + 2H,O + SO, 
CU + 2H2S04 -+ C U S O ~  + 2H2O + SO2 

Silver, copper, and part of the palladium are dissolved, while Au, 
Pt, Ru, Rh, and Ir are not. The gold residue is separated, washed, 
dried, briquetted, melted, and cast. The solution containing silver and 
copper is transferred to lead-lined tanks, diluted with water, and 
cooled to crystallize Ag2S04. Silver sulfate is slightly soluble in cold 
water but dissolves readily in hot concentrated H 2 S 0 4 .  The crystals 
are separated, washed, reduced with scrap iron, melted, and cast. The 
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mother liquor is evaporated and cooled to crystallize and separate 
CuSO4. The residual sulfuric acid is recycled. This process cannot be 
used for bullions containing appreciable quantities of lead, because 
PbS04 will be left behind with the gold residue and considerable flux- 
ing of the final product would be necessary to remove it. 

High-gold alloys 

As indicated earlier, aqua regia is used to attack high-gold alloys 
since both nitric and sulfuric acids are not effective. In this method, 
gold, copper, and other impurities go into solution while silver 
remains behind as silver chloride. The leaching equations are: 

2Au + 3Cl2 + 2AuC1, (soluble) 

2Ag + C1, + 2AgCl (insoluble) 

Cu + C12 + CuC12 (soluble) 

The dissolving pans are made of stoneware, glass, or fused silica 
and have a capacity of about 250 liters. Each pan is filled two-thirds 
with HC1 and heated by steam injection. The nitric acid is added at 
intervals to maintain a vigorous reaction. The dissolution of gold fol- 
lows the equation: 

4HCl+ HNO, + AU + HAUC14 + NO + 2H2O 

When the process is complete, the excess acid is boiled off: 
HNO, + 3HC1+ NOCl + 2H2O + CI2 

The  liquor is allowed to settle, and the supernatant solution is 
siphoned and treated with a reducing agent (e.g., FeC12, oxalic acid, 
SO,) to precipitate gold, which is filtered off, washed, and melted 
(Figure 9.13). Silver chloride residues are washed with water, and the 
first washings (containing gold) are returned to the dissolving pan. 
The material is then reduced with scrap iron to metallic silver. 

This process is of special value when refining platiniferous gold. 
Platinum and palladium are dissolved together with gold, while Rh, 
Ru, and Ir remain with the silver chloride. Gold is precipitated by 
FeC12, and then filtered, and Pt and Pd are recovered from the solu- 
tion by the usual methods. 
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Figure 9.13: Aqua regia process for refining high-gold bullions. 

Sources 

There are three main sources for obtaining platinum metal con- 
centrates: 

Nativeplat inum ores. Some concentrates are rich in platinum, others 
are rich in palladium, and a third type contains a high proportion of 
rhodium, ruthenium, and iridium. Gold and silver are present in most 
types of concentrates, together with nonferrous metals such as copper, 
nickel, lead, bismuth, and tellurium. For example, a concentrate con- 
taining 90% Pt metals is obtained from the placer deposits in Alaska 
by applying gravity and magnetic separation techniques to the ore. 
Large deposits of platinum-bearing ore are also exploited in Transvaal, 
South Africa, and the Urals in Russia. 

Gold ores. During the electrolytic refining of gold, platinum metals 
are concentrated either in the electrolyte (Pt and Pd) or in slimes (Rh, 
Ir, and Ru). The  Witwatersrand gold ores in South Africa are an - 
important source of osmium. 
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Nonferrous metals su@de ores. During the processing of copper or 
nickel sulfide ores, the platinum metals may be concentrated in any of 
the following fractions: 

In the magnetic fraction separated from the sulfide matte. 

In anodic slimes of copper or nickel electrolytic refining. Exam- 
ples: Sudbury ore in Canada and the nickel-copper sulfide flota- 
tion concentrate obtained from the Rustenburg Platinum Mines 
in Transvaal. 

Leaching and recovery 

Due to the fact that only small amounts of platinum metals are 
processed, together with complex and costly separation methods, only 
a few places in the world are concerned with these operations. The 
solutions handled are usually highly concentrated, extremely valuable, 
and very corrosive. Handling is therefore carried out by employing the 
simplest possible methods, including siphoning and gravity draining. 
Use is made of glass-lined vessels, glass pipelines, and glandless pumps 
of chemically resistant materials (Figures 9.14-9.15). 

The platinum metals concentrate or the gold sand from anodic 
slimes is dissolved in dilute aqua regia at 90 "C. Platinum, palladium, 
and gold go into solution, while Ru, Rh, Os, and Ir as well as Ag do 
not. A solution of ferrous sulfate is added to precipitate gold. The gold 
so obtained is filtered, washed free from acid, melted, and cast into 
anodes for electrolytic refining. The residue from the aqua regia treat- 
ment contains ruthenium, rhodium, osmium, and iridium: it is dried, 
ground, and screened. 

Platinum and palladium remain in solution after gold reduction as 
Pt(1V) and Pd(I1) respectively; Pd(1V) is already reduced to Pd(I1) by 
ferrous sulfate. At first platinum is precipitated by NH4Cl as ammo- 
nium chloroplatinate: 

PtC14 + 2NHqCl+ (NH4)2[PtC16] 

This is decomposed by heating to crude platinum sponge, which is 
further purified by aqua regia dissolution and NH4Cl precipitation. 
The product of calcination is then a pure platinum sponge. 
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The filtrate from platinum salt precipitation is treated further with 
",OH to convert Pd(I1) into the tetraammine complex: 

PdC12 + 4NH3 + [Pd(NH3)4]C12 

The tetrammine complex is converted to the insoluble diammine 
complex by adding HC1: 

[Pd(NH3)4]C12 + 2HCI + [Pd(NH3)2]C12 + 2NH4C1 

The precipitate is filtered and treated similarly to recover pure pal- 
ladium. Before discarding the filtrate, traces of residual palladium and 
platinum in solution are recovered by cementation with zinc. Ruthe- 
nium, rhodium, osmium, and iridium concentrate are then fused with 
a mixture of KOH and KNO+ followed by dissolution in water and 
then distillation of ruthenium and osmium as volatile oxides. The 
solution remaining after distillation contains iridium and rhodium, 
which are recovered as sodium salts, followed again by precipitation of 
their complex ammonium compounds and calcination. A flowsheet is 
shown in Figure 9.16. 

Rem very from auto mo 6 de catalysts 

A large amount of platinum, palladium, and rhodium are now 
used in the production of anti-pollution automobile catalysts (reduc- 
tion of NO, to nitrogen). The  catalyst is composed of a porous 
ceramic material impregnated with about 0.2 % platinum metals. 
Leaching the ground material with a 5% NaCN solution from 1 hour 
at 160 "C dissolves about 90% of the precious metals. The platinum 
metals are recovered from solution by decomposing the cyanide com- 
plexes in an autoclave at 250 *C for 1 hour (US Bureau of Mines, 
Report 9384, 1991). 

COPPER, NICKEL, AND COBALT 

Leaching of copper, nickel, and cobalt is similar in many respects; 
it is based on their selective dissolution from low-grade ores by aque- 
ous ammonia in presence of air (or oxygen) to form the ammine com- 
plexes [M(NH3),l2+, where M is copper, nickel, or cobalt and n is a 
variable number that depends mainly on the free ammonia concentra- 
tion in the solution. Ammonium hydroxide is selected in preference to 
acids, e.g., H2S04, which is less expensive for two reasons: 
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Figure 9.16: Processing platinum metals concentrate. 

Presence of excessive acid-consuming gangue such as limestone or 
dolomite in the ore. 

Presence of an iron oxide matrix which partially dissolves in acid 
and makes the separation of the metal values difficult. 

The dissociation of ammonium hydroxide is small: 

NH3 + H2O NHZ + OH- 

and NH, can be considered as the active complexing agent. Like cya- 
nidation process, the dissolution reaction can be represented by the 
equations: 

Oxidation: M + M2+ + 2e- 

Complex formation: M2+ + nNH3 + [M(NH3)J2' 
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Reduction: 1/202 + H 2 0  + 2e- -+ 20H- 

and the overall reaction is: 

M + n N H 3  + ' / 2 0 2  + H,O + [ M ( N H 3 ) J 2 +  + 20H- 

The rate of dissolution of the metal depends on the oxygen partial 
pressure when the ammonia concentration is low, and is a function of 
the ammonia concentration when the oxygen partial pressure is high 
(Figure 9.17). Ammonium ion alone does not dissolve these metals, 
but when added to ammonium hydroxide solution, it increases the 
rate of dissolution as a result of inhibiting the ionization of ammonia 
(Figure 9.18). For this reason a mixture of ammonium hydroxide and 
ammonium carbonate is usually used. Ammonium carbonate is 
selected because it decomposes readily when the solution is boiled to 
recover the ammonia, and also because the carbonate ion is present 
any way in the solution as a result of contact with air. The process is 
also known as the Cdrun Process after its inventor. 

I_ 
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Figure 9.17: Effect of NH, and oxygen pressure on the rate of 
dissolution of copper (Halpern, 1953). 

Leaching is carried out under atmospheric pressure, but the tanks 
are closed to prevent the loss of ammonia. After filtering the gangue 
minerals, the solution is boiled to distill off excess ammonia and to 
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decompose the ammine complex to precipitate a hydroxide or a basic 
carbonate: 

The precipitate is filtered, washed, and calcined to yield a high-grade 
oxide containing 75-78% metal. The gases evolved are absorbed in 
water and recycled. Also, ammonia retained in the gangue residue is 
recovered by steam stripping. Instead of calcination, the precipitated 
basic carbonate is sometimes dissolved in ammonium sulfate solution 
and the pure metal is precipitated by hydrogen under pressure. 

U 
0 0.05 0.10 

1 ~ ~ 4 ' 1  MIL 

Figure 9.18: Effect of ammonium ion on the rate of dissolution 
of copper (Fisher and Halpern, 1956). 

Applications 

Metallic copper, nickel, and cobalt suitable for leaching by ammo- 
nia are obtained from the following sources: 

Native copper. In Lake Superior district, native copper was found 
in abundance. At one time, the ore was smelted and the tailings 
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from this process were treated by ammonia leaching (Figure 9.19). 
The tailings contained 0.4 % metallic copper. 

Reduction of oxide or silicate ores: 
- Low-grade copper oxide ores that are not economically amena- 

ble to acid leaching are first reduced to metallic copper then 
leached with ammonia. This was the case in South Africa 
where the Bwana M’Kubwa Company reduced the oxide ore 
with CO and leached the resultant metallic copper with 
ammonia. An oxide ore deposit in Australia is treated in a sim- 
ilar way. 

Laterite nickel ores at Nicaro in Cuba, at Marinduque in the 
Philippines, and at Greenvale in Australia containing much 
acid-soluble gangue (Table 9.4) are first reduced then leached 
with ammonia. Leach solution analyses 12 g/L Ni, 0.17 Co, 
65 NH,, 35 CO,, and trace amounts of iron. 

Manganese nodules (see p. 259) found on ocean floor contain- 
ing about 1 Yo Cu and 1 % Ni. It was suggested to recover cop- 
per and nickel from this source by reducing the nodules then 
leaching selectively by ammonia. 

- 

- 

Native 
copper ore 

Gangue 

+ 
Pure CuO 

Figure 9.19: Ammonia leaching of native copper ore. 
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Table 9.4: Typical analysis of laterites containing serpentine (dry basis). 

% 
Ni 1.4 
c o  0.1 
Fe 38 

8 
14 SiO, 

MgO 

Table 9.5: I N C O  pyrrhotite concentrate containing nickel and treated by the 
ammonia leaching process. 

YO 
Fe 57 
S 37 
Ni 0.7-0.9 
c u  0.04-0.07 
SiO, 1-3 

Oxidation of  iron su@desfillowed by selective reduction. For exam- 
ple, at the International Nickel Company in Sudbury, pyrrhotite 
concentrate having the analysis given in Table 9.5 is oxidized in a 
fluidized bed reactor at 800-900 "C. The hot calcine is then intro- 
duced into a rotary kiln in which a reducing atmosphere is main- 
tained. Nickel, cobalt, and copper oxides are reduced to metals 
while iron oxide is reduced to Fe304; the product is leached with 
ammonia solution. Copper in solution is removed by precipitation 
with sodium sulfide and nickel is then recovered from the solution 
as basic nickel carbonate by boiling. The  residue containing 
mainly Fe304 is dried and sintered whereby it is transformed into 
Fe203, and is shipped as high-grade iron ore (Figure 9.20). The 
process was shut down for economic reasons. 

SELENIUM 

Selenium is a by-product of electrolytic copper refining. During 
the oxidation of the copper anodic slimes with concentrated H2S04, 
some of the selenium is volatilized and is collected in dust precipita- 
tors as crude selenium, analyzing 92-99% Se and 0.1-8% Te. Sele- 
nium is purified by leaching with sodium sulfite; it is dissolved as 
sodium selenosulfate, while tellurium is left behind: 

Se + SO$- + SeSo$- 
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Figure 9.20: Recovery of nickel from pyrrhotitic ore by roasting, 
reduction, and ammonia leaching. 

This reaction is similar to the dissolution of elemental sulfur in 
sodium sulfite to form sodium thiosulfate. The electronic configura- 
tion of selenosulfate ion is compared below with thiosulfate and sul- 
fate ions: 



Sulfate Thiosulfate Selenosulfate 

Pure selenium is precipitated from the solution by acidification 
with sulfuric acid (see p. 628). 

Table 9.6 gives a summary of processes for leaching of metals. 
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Table 9.6: Leaching of metals. 

Metal Origin Leaching agents Remarks 
Gold and Native Cyanide (NaCN i 0,) pH 10.5 
silver Th' tourea 

((NH&CS + Fe37 Acid medium 
Aqueous CI2 Acid medium 

Bullion HNO, or H2S04 Suitable for low-gold 
(refining) bullion (25% Au); alloys 

containing between 25 
and 92% Au must be 
melted and alloyed with 
Ag to decrease Au con- 
tent to below 25 % Au. 

(> 92% Au). Gold is sol- 
ubilized, silver trans- 
formed ro AgCI. 

HNO, + 3HCI High-gold bullion 
(aqua regia) 

Platinum Native HNO, i 3HC1 Only Pr and Pd are solu- 
metals (aqua regia) bilized as chlorides. 
Copper Native NH, + 0, Low-grade ore contain- 

ing acid-consuming 
gangue. 

From oxides by NH, i O2 Low-grade ore not ame- 
reduction nable to acid leaching. 

Nickel and From oxides by NH, + O2 Laterites (1.3 % Ni) con- 
cobalt reduction taining acid-consuming 

gangue (Nicaro, Cuba). 
From sulfides NH, + O2 Massive pyrrhotite 
by oxidation (0.8% Ni). 
then reduction 

Copper, From M n 0 2  NH, + O2 Manganese nodules (1 % 
nickel, and nodules by 
cobalt reduction 
Selenium Dust from Na2S03 Sodium selenosulfate 

Cu, 1 % Ni, 0.2% Co). 

anodic slimes of 
copper refining 

similar to the dissolution 
of sulfur in Na2S03 to 
form thiosulfate. 
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Major oxide and hydroxide ores are bauxite (aluminum ore). later- 
ites (nickel-cobalt ores). copper. manganese. and uranium ores . A 
minor amount of zinc occurs as oxide. carbonate. and basic carbonate. 
but the bulk occurs as sulfide . However. a great part of zinc sulfide is 
first oxidized to oxide which is then treated by wet methods . 

BAUXITE 

Bauxite'. named after the village Les Beaux near Marseille in 
southern France where it was first discovered. is not a mineral. but 

1 . Bauxite was originally spelled beamite . For the production of alumina from 
sources other than bauxite. see Chapter 16 . 
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designates various kinds of aluminum ores consisting mainly of alumi- 
num hydroxide. Three aluminum hydroxide minerals occur in baux- 
ite: gibbsite, bohmite, and diaspore. They differ considerably in their 
physical properties, as shown in Table 10.1. A bauxite deposit consists 
mainly of either one of these types, although cases are known when 
mixed hydroxides are present in one ore. Bauxites vary in color from 
cream to dark brown when the iron content is high. Table 10.2 shows 
the composition of a typical bauxite. The main occurrences of baux- 
ites are in Jamaica, Suriname, Ghana, Sierra Leone, Australia, Russia, 
and Hungary. 

Table 10.1: Aluminum minerals in bauxite. 

Formula 
A1203 : H20 
Crystal system 
Hardness (Moh) 
Specific gravity 
Refractive index 
Temperature of rapid dehydration 
Product of dehydration 
Solubility in 100 g/L Na20 solu- 

tion at 125°C; g/L AI2O3 

Gibbsite Bohmite Diaspore (Hydrargillite) 
Y-Al (OH), 

1:3  
monoclinic 

2.42 
1.568 

150 "C 

2.5-3.5 

x-A1203 

128 

y-AIOOH a-AIOOH 
1: l  1:l  

orthorhombic orthorhombic 
3.5-4 6.5-7 
3.01 3.44 
1.649 1.702 

350 "C 450 "C 
y-A1203 a-A120, 

54 insoluble 

Table 10.2: Composition of typical bauxites. 

YO % 

0.01 
0.02-0.4 
0.0 1-0.1 

A1203 40-60 Ga203 0.01 
Si02  1-6 K2O 

CaO + MgO 0.2-0.6 Ln203a 0.01 

Fe203 2-2 5 '2O5 
TiO, 1-5 '2O5 

Loss on ignition 1 0-3 0 F 0.0 1-0.05 

a. Ln = Lanthanide. 

The treatment of bauxite to produce pure Al(OH), from which 
pure alumina is obtained by the Bayer Process using sodium hydroxide 
solution is the oldest and the largest pressure leaching operation in 
terms of the tonnage of raw material treated (Figure 10.1). Aluminum 
minerals in bauxite are soluble in dilute H 2 S 0 4  but this acid is not 
used on large scale for the following reasons: 
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Figure 10.1: Tonnage of bauxite treated annually. 

Iron minerals and to some extent titanium minerals are also solu- 
ble; this will lead to an excessive reagent consumption and solu- 
tion purification problem later. 
Al(OH)3 precipitated from acid solutions is gelatinous and diffi- 
cult to filter and wash. 

Acid leaching is used only on a small scale to produce aluminum 
sulfate needed for water treatment. 

The Bayer Process 

The use of sodium hydroxide to leach bauxite was invented in 
1892 by Karl Josef Bayer as a process for obtaining pure aluminum 
hydroxide which can be calcined to pure A1203 suitable for processing 
to metal. About 90 million tons of bauxite are treated annually by this 
process. About 2 tons bauxite yield 1 ton A1203 from which 0.5 ton 
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aluminum is produced. Also 2 tons bauxite produce I ton waste min- 
erals called red mud. Crushed bauxite is usually washed to remove fine 
particles of clay, dried in a rotary kiln then ground to 60-100 mesh; 
the drying process is essential to facilitate grinding. Drying tempera- 
ture should be less than the temperature of dehydratation of alumi- 
num hydroxides otherwise the solubility will be impaired. Figure 10.2 
shows a flowsheet of the process and Figure 10.3 shows an operating 
plant. The reactions in leaching are the following: 

AI(OH), + OH- + [AlO(OH),]- + H 2 O  

AlOOH + OH- + [AlO(OH)$ 

Leaching is usually carried out in mild steel autoclaves, with direct 
steam injection for heating and agitation. Operating conditions 
depend on the type of minerals in the bauxite. Bauxites containing 
gibbsite are leached at a lower temperature, with lower NaOH concen- 
tration, and for a shorter time than those containing bohmite and 
diaspore as shown in Table 10.3. The more concentrated the NaOH, 
the faster the rate; however, highly concentrated solutions will require 
excessive dilution in the later stage of precipitation, which presents 
difficulties in handling and filtration. Therefore, there must be an 
optimum concentration which compromises between digestion time 
and subsequent operations. Leaching time could be shortened to 3-4 
minutes if the process is conducted in tube autoclaves at 330 "C and 
25 000 kPa; also, the settling properties of the mud are improved. 

Table 10.3: Typical leaching conditions of bauxite with NaOH. 

Ore Temp., "C Pressure, kPa NaOH, g/L Time, h 
Gibbsite 140 400 140 1 
Bohmite 180 800 350-600 2-4 
Diaspore 180 800 350-600 2-4 

Sometimes NaOH is formed in situ in the autoclaves by adding 
sodium carbonate and calcium hdyroxide: 

Na2C03 + Ca(OH), + 2NaOH + CaCO, 

To a leach solution containing 200-250 g/L Na2C03, enough lime is 
added such that the solution contains about 140 g/L NaOH. Leaching 
is carried out at 140 "C for about one hour. This method applies only 
to gibbsite, because in the case of bohmite or diaspore a sodium 
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hydroxide concentration above that which can be obtained directly 
from Na2C03  and lime is required. So it is necessary to prepare 
NaOH separately and concentrate it by evaporation for use in leach- 
ing. 

BAUXITE 
JI 

Leaching I riil 
Settling Sand 

Water 

Red mud 

Red mud 

Precipitation I seed * 
Evaporation + 

Solid impurities 

Recvcle 

Figure 10.2: Flowsheet of the Bayer Process for the production of 
A1203 from bauxite. 
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Figure 10.3: Bauxite treatment plant by the Bayer Process in Kwi- 
nana near Perth in Australia produces 1 250 000 tonsiyear alu- 
mina (ALCOA). 

Table 10.4: Distribution of impurities during the processing of bauxite. 

Red mud CalcinedA1203 
Bauxite ”’ (dried at lOS0C) % YO 

A1203 57.8 14.0 99.55 

TiO, 2.5 5.7 

SiO, 3.5 7.6 0.05 
24.3 57.6 0.04 

Na20  7.4 0.18 
Loss on ignition 12.5 7.7 0.18 

- 
Fe203 

The behavior o f  impurities 

Depending on their chemical properties, impurities in the ore may 
be found either in solution, or in the insoluble residue. Impurities that 
go into solution are either redeposited during a later operation, or 
remain in the mother liquor during crystallization of aluminum 
hydroxide. However, due to recycling, they will accumulate in solu- 
tion and would contaminate the product. Certain tolerable levels are 
therefore maintained by bleeding the solution at regular intervals. 
Table 10.4 shows the distribution of impurities during the processing 
of bauxite, and Table 10.5 shows the composition of the leach solu- 
tion. Essentially, the Bayer Process eliminates the three major impuri- 
ties in bauxite Fe20g, Si02,  and TiO,. Calcium and magnesium are 
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mainly present as dolomite and are not dissolved. Apatite is partially 
soluble and is usually eliminated during leaching by adding Ca(OH),. 

Table 10.5: Composition of typical aluminate solution. 

g/ 100 g free NazO 
32.80a c1- 1 .oo 

CaO 0.12 CO2 3.74 
Fe203 0.05 F- 0.03 

0.17 
0.90 

Ga203 0.22 MgO 

0.07 
0.45 

S i02  0.60 so3 
N a 2 0  100.00 '2'5 

T i 0 2  Trace v2°5 

a. In the precipitation step, about 2/3 of the aluminum in solution is precipitated. 

Organic matter. Most bauxites contain about 0.1 % organic matter. 
During digestion, some of this material is dissolved, causing the 
liquors to darken, while the remaining part is degraded and oxidized 
to oxalates. Some of the organic matter is therefore responsible for 
NaOH losses. Their presence may also cause liquors to froth, or it may 
interfere with the subsequent process of hydroxide precipitation, or it 
may color the hydroxide. It may be largely eliminated during digestion 
by adding an oxidizing agent, e.g., M n 0 2 .  In some cases sodium 
oxalate is crystallized and removed. It should be noted, however, that 
the organic matter in the liquor may come from the flocculants added 
to assist the mud to settle. 

Iron. Iron occurs in bauxite mainly as hematite, Fe203, and is not 
attacked by the caustic leaching. Thus the residue remaining after 
leaching has a high percentage of iron oxides, and therefore has a red 
color. That is why this residue is usually referred to as red mud. How- 
ever, some ores contain ferrous iron in form of siderite, FeCO,. This is 
attacked by NaOH, forming colloidal ferrous hydroxide: 

FeCO3 + 2 0 H -  + Fe(OH), + Cog- 

which is difficult to settle. It would therefore be advantageous to oxi- 
dize ferrous minerals to ferric during leaching. 

SiLicon. Silicon occurs as quartz, Si02,  or as clays, e.g., kaolinite, 
Al,(OH)d(Si,OS). Quartz is insoluble in NaOH under the conditions 
of leaching but the silicates are soluble. During digestion, silica that 
goes into solution combines with alumina and sodium hydroxide 
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forming insoluble hydrated aluminosilicates such as 2Na20 2A1203. 
3SiO2.2H2O, which are carried away in the red mud, thus causing 
losses. About 1 kg of NaOH is lost for each kilogram of soluble silica 
in bauxite. Although most of the soluble silica in bauxite is precipi- 
tated during digestion by forming sodium aluminosilicate, small 
amounts may still be found in solution, especially when concentrated 
NaOH solution is used. To precipitate the silica completely, addition 
of CaO is recommended, since insoluble calcium silicate can be 
formed. Lime addition during digestion has a further advantage: any 
Na2C03 present in the solution due to absorption of CO, from the 
atmosphere, and which has no dissolving action on bauxite, will be 
converted to NaOH. 

Gallium. Gallium occurs in most bauxites, and is highest in French 
bauxites (0.0-0.05 % Ga203). It dissolves completely during extrac- 
tion. Recycling of NaOH in the process results in gallium enrichment 
up to 0.5 g/L. Such liquors are therefore an important source of gal- 
lium, from which it can be recovered, e.g., by solvent extraction or 
electrolysis using a mercury cathode. If, however, gallium is not recov- 
ered and is left to build up in the leach liquor, it will reach a certain 
concentration beyond which it will be partially deposited, together 
with aluminum hydroxide during precipitation, thus causing contam- 
ination. 

knadium. Vanadium in bauxite is partly soluble during digestion. 
In some ores it is precipitated during evaporating the leach solution as 
complex salts such as 2Na3V04-NaF. 19H20. This is especially the 
case for ores containing fluorine since fluorides are dissolved during 
leaching. Sometimes these precipitate to form a hard scale in the evap- 
orators which interferes with heat transfer. In other ores vanadium 
builds up in the recycle NaOH to a concentration of about 0.5 g/L 
V205 and is recovered. 

COPPER OXIDE ORES 
The main copper ores are sulfides, oxides, or a mixture of sulfides 

and oxides. The last type is the world’s most extensive copper ore bod- 
ies; they are disseminated, i.e., they are composed of minute grains of 
copper minerals in large bodies of rock. They contain on the average 
2 %  Cu and are also called porphyry ores from the Greek T C O P @ V ~ O ~  
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meaning purple; originally the word referred to hard Egyptian rock 
having red and white felspar crystals embedded in a fine-grained dark 
red mass. Later it referred to any igneous rock of similar texture (not 
necessarily red). Porphyry copper ores are usually green. The sulfide- 
oxide ore is usually separated by flotation into two fractions: a high- 
grade sulfide concentrate and a low-grade oxide fraction (Figure 10.4). 
While the sulfide concentrate is usually treated by pyrometallurgical 
methods, the oxide fraction is usually treated by hydrometallurgical 
methods; copper sulfides are insoluble in acid. The main copper oxide 
minerals are given in Table 10.6. 

Table 10.6: Copper oxide minerals. 

Tenorite CUO 
Malachite C U C O ~ .  Cu(OH), 
Azurite 2CuC03 * Cu(OH)2 
Chalcanthite cUs04 .5H20  

Antherite C U S O ~ .  2Cu(OH)2 
Brochantite C U S O ~  .3Cu(OH)2 
Linarite C U S O ~ .  Pb(OH)2 
Atacamite CuCl2 .3Cu(OH)2 
Libethenite Cu3(p04)2 ' Cu(OH)2 

Liroconi te C U ~ A I ( A S O ~ ) ( O H ) ~  .4H2O 

Turquoise CLIA&,(P04)4(0H)8*4H20 

Caledoni te Cu,PbS(S04)3(C03)(0H)(; 

Cuprite c u 2 0  

Pisanite (Cu, Fe)SO,. n H 2 0  

Olivenite C u 2 ( ~ 0 4 ) ( O H )  

Chalcosiderite Cu(Fe, N)6(P04)4(OH)8 . 4 H 2 0  

Torbenite Cu(U02)2(PO4)4. nH2O 

Chrysocolla CU,(si40 10) (OH) 12.8H2O 
Diop tase CuSiO,. H 2 0  

Red 
Black 
Green 
Blue 
Blue 
Pale blue 
Green 
Green 
Green 
Green 
Olive green 
Green 
Light blue 
Green 
Blue green 
Green 
Light blue 
Pale blue 
Pale blue 

in some special cases particles of copper sulfide minerals are coated 
with an oxide layer thus preventing their separation by flotation. In 
these cases, if the ore is sandy, i.e., granular, then it is leached, filtered, 
and copper is recovered from the solution and the residue is floated to 
recover the sulfides that have been cleaned by the leaching step (Figure 
10.5). if the ore is slimy, i.e., composed of very fine particles that are 
difficult to settle, then the ore is treated by what is known as LPF Pro- 
cess, i x . ,  leaching-precipitation-flotation (Figure 10.6). In one variety 
of this process, sponge iron is used to precipitate metallic copper, in 
another variety, H 2 S  is used to precipitate CuS. Precipitation in this 
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method is directly conducted in the slurry thus avoiding filtration. 
Metallic copper or CuS formed by either reaction is then floated and 
recovered. 

Recovery Bleed 
solution 

Copper 

Figure 10.4: Flowsheet for the treatment of porphyry copper ores. 

Copper ores 

Leaching 

HzS04 

Solution 

Cement 
copper copper concentrate 

Figure 10.5: Processing of sandy oxidized copper ores. 

Porphyry copper ores are characterized by the fact that the sulfide 
fraction contains traces of molybdenite which is usually separated as a 
flotation concentrate containing up to 90 Yo MoS,. This concentrate is 
also characterized by its high rhenium content (about 700 ppm Re) 
and is a major source of this metal (Figure 10.7). Further, the oxide 
fraction may be also a source of uranium. Although the amount of 
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uranium may be negligibly small in the ore, yet because of the large 
tonnage of ore treated and the continuous recycling of solutions, ura- 
nium becomes enriched in solution and can be recovered by ion 
exchange technology, as for example at Kennecott’s operation at the 
Bingham Canyon in Utah, and in Twin Buttes, Arizona. 

Oxidized ores Oxidized ores 

Leaching 

precipitation precipitation 

Flotation 

to Filtration Filtration 
waste 

Solution 
Gangue Cement copper to Gangue Sulfide 

and sulfide waste concentrate 
concentrate 

Figure 10.6: Processing slimy oxidized copper ores by L-P-F Pro- 
cess (Leaching - Precipitation - Flotation): (A) Using sponge 
iron. (B) Using hydrogen sulfide. 

Chalcopyrite ore 

Tailings 
flotation 

Steaming SO2 

JI 

i i i i 

MoS2 

Dust Leaching Roasting Selective 
flotation collector 

cu2+ MOO3 Re207 Chalcopyrite 
concentrate 

Figure 10.7: Recovery of molybdenum and rhenium from the 
sulfide fraction of porphyry copper ores. 
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T h e r e  a re  two  c o b a l t - c o n t a i n i n g  mine ra l s ;  t r i cu i t e ,  
2C0203. CuO .6H20, and mindigite, 2Co2O3.CuO. 3H20, which 
are characteristic of copper ores in Shaba (Katanga), in Zaire. The ore 
is an important source of copper as well as cobalt. An analysis of a 
high-grade Shaba ore is shown in Table 10.7. The ore, which is pre- 
dominately malachite, is processed by leaching as well as by reduction 
in a blast furnace. In the leaching process, cobalt is recovered from the 
spent electrolyte after the electrolytic precipitation of copper (Figure 
10.8). 

A variety of reagents have been suggested for leaching copper 
oxide ores, e.g., sulfurous acid, ammonium sulfite, sodium cyanide, 
and sodium hydroxide; however, the most commonly used reagent is 
sulfuric acid and to a minor extent ammonium hydroxide. 

Table 10.7: High-grade copper-cobalt ores at Shaba, Zaire. 

YO 
c u  9.3 
Fe 3.2 
co 0.4 
CaO 1.3 
MgO 5.1 

7.4 
64.2 S i 0 2  

N2°3 

Copper-cobalt ore 
I 

H2S04 

Gangue 

i d 5  Electrowinning 

recovery 

Copper 

Cobalt 

Figure 10.8: Processing of copper-cobalt ore. 
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Sulhric acid process 

Sulfuric acid is the usual leaching agent for oxidized copper ores; 
copper is recovered from the leach solution by cementation with iron 
or by solvent extraction followed by electrolysis, or directly by electrol- 
ysis. In the latter case, the spent electrolyte is recycled in the leaching 
circuit. With the exception of cuprite, all copper oxide minerals dis- 
solve to give CuSO4. Copper in cuprite is in the cuprous state; it dis- 
solves according to: 

Cu20 + 2H+ + Cu2+ + Cu + H2O 

i.e., half the copper in the mineral dissolves and the other half precipi- 
tates as metallic copper, a typical disproportionation reaction of Cu+ 
ion (see page 539). In presence of oxidizing agents (air or ferric ion), 
cuprite dissolves completely: 

Cu20 + 4" + ' /202 + 2Cu2+ + 2H2O 

Leaching equipment for copper oxide ores depends on the grade 
and physical nature of the ores as well as on economic factors (Table 
10.8). 

Table 10.8: Typical copper oxide leaching operations. 

Method Examples 
Leaching in place Arizona 
Dump leaching Utah, Montana 
Percolation tanks Chuquicamata, Chile 
Pachuca tanks Shaba, Zaire 
Agitated tanks Twin Buttes (Arizona) 

Ammonium hydroxide process 

takes place according to: 
Ammonia is used when the gangue is acid-consuming. Dissolution 

CUO + 2 N H i  + 3NH3 + [Cu(NH,)4l2' + H,O 
2CuC03.Cu(OH), + 12NH3 + 

3[Cu(NH3)4l2+ + 2CO;- + 2 0 H -  

After filtering off the gangue, the solution is boiled so that the above 
reactions are reversed. Ammonia is then absorbed from the gas phase 
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and the basic carbonate recovered by filtration, which is then calcined 
to CuO (Figure 10.9). The process was in operation at Kennecott, 
Alaska, in the period 19 16 to 193 1 ; operation discontinued because 
the mine exhausted. Similar operation is presently in Australia. 

PCUCO~. CU(OH)~ NH40H + (NH4),C03 

IRecycle 

Water 
I 

JI 
Absorption 

Basic 

cue 
Figure 10.9: Ammonia ieaching of copper oxide ores. 

LATERITES 

While the laterites containing serpentine are reduced then leached 
with ammonium hydroxide to selectively solubilize metallic nickel (p. 
236), those containing limonite are leached directly with sulfuric acid 
at high temperature and pressure. The reason is that the first deposits 
contain appreciable amounts of acid-consuming gangue while the sec- 
ond do not. Although ferric oxide which composes the bulk of laterite 
is soluble in sulfuric acid, yet at high temperature ferric ions hydrolyze 
precipitating iron oxide and generating the acid: 

2Fe3+ + 3H20 + Fe203 + 6H' 

Table 10.9 shows analysis of Moa laterite. The ore is leached with 
H2S04 at 250 "C and 4000 kPa in vertical autoclaves with acid-resist- 
ing bricks (p. 148). Figure 10.10 shows a view of the Moa leaching 
plant, while Figure 10.1 1 shows a similar operation in Australia but 
using horizontal titanium-lined autoclaves 5 m diameter and 35 m 
long. 
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Table 10.9: Typical analysis of laterite at Moa, Cuba (dry basis). 

YO YO 
Fe 47.5 CrO, 2.9 
Ni 1.35 SiO, 3.7 

1.7 
8.5 

c o  0.15 MgO 
c u  0.02 A120z 
Zn  0.04 H20 (combined) 12.5 
Mn 0.8 

Table 10.10: Typical analysis of manganese raw materials. 

High-grade ore Low-grade ore Nodules 
Mn 48-52 10-40 30 
Fe 3-12 35-45 15 
SO2 3-9 9-20 30 
A1203 0.5-5 1-4 30 
c u  0 0 1 
Ni 0 0 I 
c o  0 0 0.2 
H2O 1-6 2-10 10 

MANGANESE ORES 
Pyrolusite, MnO?,, is the most important manganese mineral. 

Manganese ores are used for making ferromanganese, pure MnO?, for 
batteries, or to a minor extent metallic manganese. In the production 
of the last two materials, hydrometallurgical methods are used. Man- 
ganese nodules found at the bottom of the ocean are not only an 
important source of manganese but also of copper, nickel, and cobalt 
(Table 10.10). They are composed mainly of MnO?, and iron hydrox- 
ide; nickel, cobalt, and copper do not form minerals. 

The  fact that the nodules when collected contain appreciable 
amounts of water suggests that their treatment by pyrometallurgical 
methods would not be practical because of the cost of+drying. The 
high porosity (= 200 m2/g) suggests that that hydrometallurgical 
methods could be more suitable. While the processing of manganese 
ores is always for the recovery of its manganese values, that for nodules 
may be carried out only for the recovery of copper, nickel, and cobalt, 
ix . ,  by selective leaching. The nodules may, therefore, be treated in 
practically the same way as copper oxide ores or nickel laterites, i.e., 
leaching agents are selected to dissolve copper, nickel, and cobalt but 
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not MnO2 and Fe20g. Any leaching agent that solubilizes M n 0 2  will 
also solubilize copper, nickel, and cobalt. Figures 10.12 and 10.13 give 
a summary of leaching processes for manganese ores and nodules. 

Sulfuric acid process 

Manganese dioxide is insoluble in dilute H2S04 ,  but when 
reduced to MnO, it readily dissolves to give a solution of MnS04: 

MnO + 2H+ + Mn2+ + H 2 0  

Since manganese is recovered from this solution by electrolysis, the 
spent electrolyte can be used for leaching. Manganese dioxide can be 
solubilized, however, in dilute H,S04 in presence of a reducing agent 
(see page 539) such as ferrous sulfate, sulfur dioxide, coal, or oxalic 
acid which react by oxidation-reduction steps as follows: 

Fe2+ 3 Fe3+ + e- 

SO2 + 2 H 2 0  -+ H2S03 + H,O + SOZ- -+ 4H' + 2e- 

C + 2 H 2 0  3 CO, + 4" + 4e- 

Manganese oxide 
ore 

Gangue Gangue Gangue 

Figure 10.12: General scheme for the treatment of manganese ores. 
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Manganese nodules 

J- Gangue 4 MnO, J- MnO, 

Solution of Mn, Solution of Cu, Solution of Cu, Solution of Cu, 
Cu, Ni, and Co Ni, and Co Ni, and Co Ni, and Co 

chlorides sulfates am mines ammines 

Figure 10.13: Proposed hydrometallurgical methods for the treat- 
ment of manganese nodules. 

while MnO, reacts according to: 

M n 0 2  + 4H+ + 2e- + Mn2+ + 2 H 2 0  

Because of the insolubility of M n 0 2  in dilute H2S04, this reagent 
has been suggested for treating manganese nodules to selectively 
extract copper, nickel, and cobalt. Dilute H2S04 at atmospheric tem- 
perature and pressure is capable of extracting most of the copper and 
nickel, a major part of cobalt, and minor amounts of iron. However, 
the process is slow and few days are needed with intensive agitation. 

Hydrochloric acid process 

Manganese dioxide dissolves in hydrochloric acid liberating chlo- 
rine: 

2C1- -+ C1, + 2e- 

MnO, + 4H+ + 2e- + Mn2+ + 2 H 2 0  

The large proportion of acid used per mole M n 0 2  necessitates its 
regeneration from the chlorine as well as from the aqueous solutions. 
Although this technology may be established for the treatment of 
manganese nodules yet it becomes costly because of the large number 
of circuits involved. Copper, nickel, cobalt, and iron oxides dissolve 
readily in hydrochloric acid, forming metal chlorides. 
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Ammonium hydroxide process 

Manganese dioxide and manganese monoxide are insoluble in 
ammonium hydroxide. Two processes were therefore developed to 
recover copper, nickel, and cobalt selectively from manganese nodules 
based on this fact: 

Reduction followed by leaching. The nodules are first heated in a 
reducing atmosphere to transform copper, nickel, and cobalt 
oxides to the metallic state which can then be leached by ammo- 
nium hydroxide. 
Leaching in a reducing atmosphere (Kennecott Process). In ammonia- 
cal ammonium carbonate solution and carbon monoxide, manga- 
nese dioxide matrix is decomposed to  form an insoluble 
manganese carbonate while copper, nickel, and cobalt go into 
solution as ammine complexes; iron oxide remains unattacked. 
The reaction takes place at room temperature but because of the 
exothermic nature of the process, the temperature rises to 50 "C: 

Oxidation: CO + 2 H 2 0  + 4NH3 -+ CO$ + 4NHi + 2e- 

Reduction: M n 0 2  + 2 N H I  + 2e- + Mn2+ + 2NH3 + 2 0 H -  

Precipitation: C0:- + Mn2' -+ MnCO, 

Overall reaction: 

M n 0 2  + CO + 2 H 2 0  + 2NH3 -+ MnCO, + 2"; + 2 0 H -  

which is equivalent to: 
M n 0 2  + CO(,,) -+ MnCO3 

URANIUM ORES 

Uranium occurs in nature mainly in the form of an oxide. 
Although it forms numerous oxides (Table 10.1 l), only two are the 
most important: U 0 2  and U308 because they constitute the bulk of 
uranium ores. Uranium trioxide, UO,, is soluble without the need of 
an oxidizing agent. Uranium in this oxide is in the hexavalent state; it 
does not however occur in nature in the free state, but in association 
with vanadium and potassium in the mineral carnotite, K 2 0 - 2 U 0 3 .  
V205. Carnotite is readily soluble in acids in the absence of oxidizing 
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agents. Leaching of carnotite ores, however, is usually done after a pre- 
liminary salt roasting to convert vanadium minerals into a water-solu- 
ble sodium vanadate which can be recovered ahead of the acid 
leaching (Figure 10.14). 

Table 10.1 1: Uranium oxides. 

Solubility in dilute H2S04 
in absence of oxygen Oxide Valency Natural form 

4 uraninite insoluble 
4 does not occur in nature partially soluble 

4,  6 pitchblende partially soluble 
6 occurs only in combina- soluble 

uo2 

uo3 

u2°5 
u3°8 

tion with vanadium oxide 
as the mineral carnotite 

Nac'+l Heating 

Leaching 

Residue F- uranium 

Solution of 
sodium vanadate 

Filtration containing 

Figure 10.14: Treatment of carnotite ore. 

Uraninite, UO,, is insoluble in dilute H2S04, and uranium in 
this oxide occurs in the tetravalent state. Pitchblend, U308, is partially 
soluble in dilute H2S04; uranium in this oxide occurs in both the 
hexavalent and tetravalent states and may be represented as UO,. 
2U03. This accounts for the fact when dissolved in dilute H2S04 in 
absence of air, mixtures of uranium(1V) and uranium(V1) are 
obtained: 

U308 + 4H+ + U 0 2  + 2U0,2+ + 2 H 2 0  

The reaction, however, seems to be more complex because the compo- 
sition UO, is never reached; in practice a maximum dissolution of 



262 A Textbook of Hydrometallurgy 

about 58 % is reached as shown in Figure 10.15 and not 66.67% as 
expected according to the above equation. It seems that the intermedi- 
ate oxide U2O5 is formed and the product is a mixture of U 0 2  and 
u20,: 

U,O, + 2H+ + U205 + UO;' t H2O 

U205 + 2Hf + U 0 2  + UOi+ + H2O 

The formula U 0 2 . 2 U 0 3  should not be taken as indicating the pres- 
ence of two types of uranium in U308. X-ray analysis shows that all 
uranium atoms in U,O, occupy equivalent positions; there is gyba-  
blv a resonance between two (or more) valence states, e.g., U and 

0 4 8 12 16 20 24 
Time, Hours 

Figure 10.15: Solubility of a pitchblende ore sample containing 
0.22% U3,08 in dilute H,SO,. (A) In absence, and (B) in pres- 
ence of oxidizing agents. Plotted from data in a Canadian report 
(Anonymous, 1955). 

As mined, pitchblende contains about 1 % U308, but it can be 
easily concentrated by gravity methods to 50% U308.  The main 
occurrences are in Joachimsthal (Czechoslovakia), Shinkolobwe 
(Zaire), Elliot Lake (Ontario), and Athabasca Lake (N.W. Canada). 
Thucholite is a uranium mineral containing thorium, carbon, hydro- 
gen, and oxygen that occurs mainly in South African gold ores. These 
ores average 0.02-0.1 % U30, and are processed first for the recovery 
of gold. Davidite is another uranium mineral containing iron, cerium, 
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titanium, vanadium, chromium, and zirconium that occurs mainly at 
Broken Hill, Australia. It is a refractory mineral difficult to dissolve. At 
Palabora in South Africa, uranium is associated with copper sulfides; it 
is recovered from the flotation tailings by gravity methods as a concen- 
trate containing 2.5-5 % U308 mainly as the mineral urano-thorian- 
ite. Uranium recovery as a by-product of copper oxide leaching 
operations has already been referred to on page 250. Leaching agents 
commonly used are the following. 

In Australia, a uranium deposit containing 0.06% U308 and 
2.1 % Cu as sulfide is under exploitation at Olympic Dam. A copper 
sulfide concentrate is obtained by flotation leaving a residue contain- 
ing the bulk of uranium and 0.3% Cu. Both cop er and uranium are 
leached from the residue by acid in presence of Fe ion. On the other 
hand Northern Saskatchewan in Canada became the world center for 
uranium industry: large deposits are under exploitation at Key Lake 
(1.5 % U308),  Cigar Lake (1 3.6% U308),  and McArther River 
(18.7% U308). 

P+ 

Acid leaching 

SuZfiric acid. Sulfuric acid, either dilute for easily soluble uranium 
minerals, or concentrated for the refractory minerals, is the most 
commonly used acid. Leaching may be represented by the follow- 
ing equations: 

U O ~  += UO$+ + 2e- 

l I 2 0 2  + 2H' + 2e- + H 2 0  

Overall reaction: 

U 0 2  + 2H+ + ' / 2 0 2  + UO$+ + H2O 

Negat ive ly  cha rged  su l f a t e  complexes a re  f o r m e d ,  e .g . ,  
[U02(S0,)3]4-. Oxygen or other oxidizing agents such as Mn02 ,  
NaClO,, or NaN03  are commonly used. Uranium is recovered from 
solution by ion exchange or solvent extraction. Figure 10.16 shows a 
typical uranium ore treatment plant. 



Figure 10.16: Uranium ore treatment plant in New Mexico. 
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Nitric acid. At Palabora, South Africa, the uranium concentrate is 
leached by concentrated nitric acid at 75 "C: 

UO, + UO;+ + 2e- 

2H+ + NO; + e- + NO2 + H2O 

Overall reaction: 

U02 + 4H+ + 2N03 + UOf+ + 2NO2 + 2H2O 

UO, + 4HNO3 + U02(N03)2 + 2NO2 + 2H2O or 

Alkali carbonate process 

The reactions that take place in this case are: 

uo2 + UO?+ + 2e- 

UO:+ + 3CO;- + [U02(C03)314 

1/202 + H2O + 2e- + 20H- 

Overall reaction: 

U02 + 3CO;- t H,O + ' / 202  + [U02(C0,),]4- + OH- 

Since OH- ion is formed during leaching and there is a possibility that 
insoluble uranates may be formed, sodium bicarbonate is usually 
added to the solutions to prevent such side reactions: 

HCO, + OH- + COZ- + H2O 

Figure 10. I7  shows a typical flowsheet for this process. Ammo- 
nium carbonate leaching under pressure has the advantage of having 
less attack on silicate minerals and on alumina and uranium can be 
precipitated by stripping with steam to decompose the uranium com- 
plex; the evolved NH, and CO, are absorbed and recycled. It is used 
together with hydrogen peroxide for in situ leaching of underground 
uranium ores, e.g., in Texas. 
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Uranium ore Na2C03 + 
NaHC03 0 2  4 6 -  

Leaching 

NazU207 

Figure 10.17: Leaching of uranium ores with sodium carbonate. 

Leach residues 

Residues from uranium extraction plants using either H,SO4 or 
Na7CO3 contain all the radium originally present in the ore. These 
residues are at present stock piled because radium is not in demand. 
Radium decays into the radioactive gas radon. The diffusion of this 
gas in the environment, the scattering of radioactive dust particles by 
wind, and erosion of the piles of residues by water, represent a serious 
pollution problem. A typical disposal pond contains 0.6 mg radium 
per ton of solids. Abandoned plant sites are particularly hazardous 
because tailings dams may either erode or rupture and release tailings 
to streams, Therefore, controlled storage of uranium mill residues 
must be maintained after the life of the plant to safeguard the environ- 
ment from radioactive pollution. Considering the 1622-year half life 
of radium 226, storage must be controlled for many thousands of 
years to enable abatement of the radiation hazard by natural decay of 
radium and its products. For this reason, leaching uranium ores with 
HNO, or HC1 followed by precipitation and separation of (Ra, 
Ba)S04 by adding BaCI7 is being considered as a mean to solve this 
problem although these acids are more expensive than the commonly 
used H2S04. 
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A more practical solution, however, is to fill the open pit mine 
with water and deposit the tailings and residues at the bottom, thus ., 
the water above will act as a protective layer against radiation (Figure 
10.18). 

ZINC OXIDE ORES AND CALCINES 

Zinc sulfide is the major zinc mineral. However, minor amounts 
of z inc occur  as the minerals zincite,  Z n O ,  hydrozinci te ,  
ZnCOs.2Zn(OH)3, and smithsonite, ZnCO,'. These oxide minerals 
are readily soluble in dilute H2S04. The bulk of zinc-containing raw 
material treated by leaching is, however, zinc oxide produced by the 
oxidation of zinc sulfide. At one time all zinc sulfide concentrates were 
treated by pyrometallurgical route, i.e., oxidation to zinc oxide then 
reduction by carbon to metal. This route is not an easy route because 
the temperature of reduction is higher than the boiling point of the 
metal and therefore metal vapors have to be collected and condensed 
quickly to avoid their oxidation. Acid leaching of zinc oxide followed 
by electrolysis offered a solution to the pyrometallurgical route. Since 
the development of this process in 19 19, zinc production by thermal 
reduction has been in a steady decline. 

Table 10.12: Zinc oxide obtained by roasting a zinc sulfide concentrate. 

YO 
Zn 61.5 
Pb 3.2 
c u  1 .o 
Mn 0.2 
FeO 3.6 
CaO 0.2 
*g 0.06 
S 1.7 
Insoluble residue 8.4 
Soluble Zn 97.5 

A typical analysis of zinc oxide produced by the oxidation of a zinc 
sulfide concentrate is given in Table 10.12. Such material is also an 
important source of cadmium, indium, and germanium from which 
they are usually recovered. Undesirable impurities include arsenic, 

I. For the treatment of zinc silicate minerals see Leaching of Silicates (page 374). 
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antimony, and ferrites. The latter are complex oxides of zinc and iron, 
ZnFe204, formed during the oxidation step as a result of the presence 
of iron sulfide minerals in the concentrate by a solid state reaction 
between ZnO and Fe20g. 

The ferrite problem and its solution 

The problem with ferrite is its insolubility in dilute H2S04, the 
acid commonly used for leaching the calcines which is actually the 
recycle electrolyte containing 25 Yo H2S04. As a result, the early leach- 
ing process suffered from a low zinc recovery (85-93%); residues from 
such process contained as high as 20% Zn. Ferrites are soluble in hot 
concentrated €-€,SO4 but if these conditions are used, two problems 
will be introduced: 

The impurity level especially iron will increase and extensive puri- 
fication will be required before electrowinning. 

The high acidity must be neutralized so that electrowinning would 
be feasible. 

Since this solution was costly, residues were treated by one of the 

Stock-piled until a better solution is found. 

Treated with coal in a rotary kiln (Waelz Process) to volatilize zinc 
and recover it in form of zinc oxide. 

Treated in a lead blast furnace to recover their zinc content in form 
of a slag, which can be treated further by the “fuming process” to 
recover it in form of a zinc oxide fume, i.e., a fine powder rich in 
ZnO. This material is eventually returned to the leaching step for 
the recovery of its zinc values, 

In the early 1970s the ferrite problem was solved when it was dis- 
covered that iron in zinc sulfate solution obtained by the hot acid 
leaching of residues could be precipitated in a crystalline form easy to 
filter in form of jarosite, goethite, or hematite and not as the gelati- 
nous Fe(OH), which is difficult to filter (Table 10.13); these are 
names of naturally occurring minerals similar in composition to the 
precipitates formed. As a result, the following typical flowsheet for a 
modern zinc oxide leaching circuit was introduced (Figure 10.20): 

following routes (Figure 10.19): 
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Figure 10.19: Recovery of zinc from zinc oxide calcines by leach- 
ing and treatment of the leach residue by thermal methods. 
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Figure 10.20: Recovery of zinc from leach residue by concen- 
trated acid leaching. 
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Table 10.13: Processes for iron elimination from zinc sulfate solution. 

Jarosite Goethite Hematite 
M[Fe3(SO&(OH)6] FeOOH Fe203 

Spain 
Adding Na, K, or NH, Reduction of Fe3+ 
salt to solution at pH 
1.5 and at 95 "C 

Origin Norway, Australia, Belgium Japan 

Formation Precipitation at 
ion to Fe2+ by ZnS 200 "C by oxy- 
then oxidation by air gen under pres- 
at pH  2 and 95 "C sure 

Color Yellow Red Red 
Weight, 0.40 0.25 0.18 

tonslton of 
concentrate 

Composition, % 
Fe 25-28 4 0 4 5  58-60 
Zn 4-6 5-8 0.5-1 
S 10-12 2.5-5 3 

jarositeprocess. In this process ",OH or NaOH are added at 
95 "C and at pH 1.5 to precipitate ammonium or sodium jarosite, 
respectively. The chemistry of jarosites (hydroxy iron sulfates) is 
discussed later (pages 608-608). The jarosite process suffers from 
the following problems: 
- Any silver present in the raw material enters the jarosite and 

must be liberated by digestion with calcium hydroxide at 85- 
90" before cyanidation if its recovery is desired: 
AgFe3(S04)2(OH)6 + 2Ca(OH), + 4H20 4 

AgOH + 3Fe(OH), + 2CaS04-2H20 

- The jarosite residue is voluminous and causes stock piling 
problems. It was suggested to melt it, but the cost is high. 

The goethite process. In this process ferric ion is reduced to ferrous 
by adding zinc sulfide concentrate. Air is then injected in the hot 
solution at pH 2-2.5 to oxidize and precipitate crystalline ferric 
oxide hydroxide, FeOOH, known as goethite. 
Tbe hematiteprocess. In this process ferric ion is reduced by SO, to 
the ferrous state, then the solution is heated at 200 "C in auto- 
claves in presence of oxygen to precipitate ferric oxide, Fe20?, 
known as hematite at pH 2. Copper in solution must be precipi- 
tated (by H2S) prior to heating to avoid its co-precipitation with 
hematite. 
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Purification of solution 

After removing the bulk of iron, the main impurities remaining 

Copper and cadmium are removed by precipitation with zinc 
powder. 
Cobalt is usually removed by precipitation with P-naphthol. 

are copper, cadmium, cobalt, nickel, thallium, arsenic, and antimony. 
0 

Sodium hydroxide process 

Zinc oxide is soluble also in NaOH (Figure 10.21). The solution 
when electrolyzed yield zinc in powder form for particular uses. This 
process is used to a minor extent for treating fly ash produced in steel- 
making by the electric furnace. 

2 5  

$ 4  
N 

0 4 8 12 16 20 
NaOH, moles 

Figure 10.21: Solubility of ZnO in NaOH (Scholder and Hendrich, 1939). 

SUMMARY 

Table 10.14 gives a summary of leaching processes for oxides and 
hydroxide ores. 



Table 10.14: Leaching of oxides and hydroxides. 

Origin Oxide or hydroxide Leaching 
agent Remarks - 

Bauxite .wOH)3 NaOH Bayer Process: 180-200 "C (under pressure), residue contains 
Fe2O3, Ti02,  and S i02  (red mud). 

Copper oxide Cu(OH), CuC03  Generally dilute H2S04 is used; in exceptional cases ",OH 
oresa C U ( O H ) ~ . ~ C U C O ~  N H 4 0 H  when ore contains excessive acid-consuming gangue. 

Laterite NiO in Fe203 matrix Moa, Cuba, 250 "C, 4000 E a ;  under these conditions Fe2O3 
dissolves then reprecipitates. 

Pyrolusite or M n 0 2  H2S04 Only Cu, Ni, Co solubilized 
manganese H2S03 M n 0 2  + H2S03 + MnS04 + H2O 
nodules 

AlOOH 
H2S04 or 

Cu8(Si40 10)2(OH) 12 ' nH2O 
H2S04 

HCI 
FeS04 

H2S04 
",OH 

M n 0 2  + 4HCl+  MnCI, + C12 + 2 H  0 
MnO2 + 2Fe2' + 4H' + Mn2+ + 2Fe" + 2H2O 
M n O  + 2H' + Mn2+ + H2O 
Only Cu, Ni, Co solubilized 

Sphalerite ZnO by ZnS by oxidation H2S04 ZnO + 2H' + Zn2' + H2O 
(ZnS) Solution contains: C12', Cu2+, Ge4' 

Residue: PbS04, ZnFe204, and traces of Ge, In, TI. 
Z n O  + NaOH + H,O + NaZn(OH), 
Minor operation 
U 0 2  + 2H' + 1/202 + UO?' + H2O 
U02 + 3CO;- + 1/202 + H 2 0  + [U02(C03)3]4- + 2 0 H -  

MnO by reduction 

NaOH 

H2S04 
Na2C03 

Uranium ores UO,, U308 

a. Malachite, azurite, and chrysocolla, respectively. 
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A complex oxide is composed of two or more metal oxides in form 
of a compound. One of these oxides is considered valuable while the 
others are usually not. The valuable oxides are those of titanium, nio- 
bium, tantalum, chromium, tungsten, and sometines iron while the 
other oxides of no value are those of manganese, calcium, and barium. 
Table 1 1.1 shows a list of the most important complex oxide minerals. 
Complex oxides are either completely dissolved or partially leached for 
the recovery of metal values (Table 1 1.2). Partial leaching can be con- 
sidered as a chemical benefication method (page 15). Complex oxide 
minerals like ilmenite, pyrochlore, wolframite, and scheelite can be 
transformed into relatively pure oxides in a single step by treatment 
with hydrochloric acid at high temperature and pressure in an auto- 
clave. Dissolution followed by hydrolysis results in the precipitation of 
the valuable metal oxide as described below. 
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Table 1 1.1: Complex oxide minerals. 

Mineral Formula 
Chromite 
Ilmenite 
Columbite 
Tantalite 
Pyrochlore 
Scheelite 
Powellite 
Wolframite 

FeCr20q FeO 3 Cr203 
FeTiO, FeO.TiOz 
(Fe, Mn)Nb20, (Fe, M n ) 0 . N b 2 0 5  
(Fe, M n ) T a 2 0 ~  (Fe, Mn)O .Ta205 
(Ca, Ba)Nb20,.NaF (Ca, Ba)O.NbzO,.NaF 
C a w 0 4  CaO . WO, 
Ca(Mo, W O 4  CaO. (Mo, W)O, 
(Fe, Mn)W04  (Fe, Mn)O . WO, 

Table 11.2: Treatment of complex oxides. 

Method Raw material Reagent Process 
Complete Ilmenite Concentrated Baking 
dissolution 

" 
H2S04 

Partial 
leaching 

Titanium slag 
Chromite 
Columbite 
Tantalite 
Pyrochlore 

Acid leaching to Ilmenite 
dissolve away the Pyrochlore 
basic oxide Wolframite 

Scheelite 
Basic leaching to Wolframite 
dissolve away Scheelite 
the acid oxide 

Concentrated Digestion in 
HF (excess) closed vessel 

with reflux con- 
denser 

Concentrated Pressure 
HCl leaching 

NaOH Pressure 
Na2C03 leaching 

ILMENITE AND TITANIUM SLAG 

While rutile is easy to process to titanium metal or TiO, pigment 
by the chlorination method, ilmenite is more complicated because of 
its high iron content. But, since the world reserves of titanium are 
90% in the form of ilmenite and 10% in the form of rutile, the treat- 
ment of ilmenite is evident1 an important question. Ilmenite is 
readily soluble in sulfuric acid< but because of the pollution problems 
associated with the disposal of FeS04, iron in the ore is usually sepa- 
rated first. This is achieved in two ways: 

1. Rutile is insoluble in concenrrated H2S04. 
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Table 11.3: Analysis of titanium raw materials. 

Rutile 
YO 

T i 0 2  80-95 
Ti203 0 
FeO 

Fe 
S i02  

MgO + CaO 
V 

Fe203 

A1203 

Ilmenite 
YO 

43-59 
0 

9-38 
5-25 
0.0 

0.4-4.0 
1.3-3.3 
0.1-4 

0.4-2 .O 

Titanium slag Synthetic rutile 
YO YO 

72.1 90-95 
10-20 0 
8.9 
0.0 
0.2 
5.8 
6.5 
7.3 
0.4 

Pyrometallurgical method. Partial reduction with anthracite in an 
electric furnace to get cast iron and a slag rich in titanium. Tita- 
nium slag in mainly iron magnesium titanate, (Fe, Mg)Ti4OI0, 
and a small amount of silicates; typical analysis is given in Table 
11.3. 

Hydrometallurgical method. Leaching of iron oxide and obtaining a 
residue rich in titanium (90-95% TiO2) known as “synthetic 
rutile”. 

The slag and synthetic rutile can then be processed to T i 0 2  pig- 
ment or titanium metal. 

Leaching of ilmenite 

In the manufacture of T i 0 2  pigment from ilmenite the ore may be 
completely transformed with concentrated H2S04 at 1 10-1 20 “C 
into ferrous and titanyl sulfates: 

FeTiO, + 4 H +  + Fe2+ + Ti02+ + 2H20 

The solid mass is then dissolved in water; scrap iron is added to reduce 
any ferric ion. After filtration, the solution containing 120-1 30 g/L 
T i02  and 250-300 g/L FeS04 is then concentrated under vacuum at 
10 “C to crystallize FeS04. 7H20 which is then centrifuged. Tita- 
nium oxide is then precipitated from solution by dilution and seeding 
resulting in the formation of dilute H2S04 for disposal (Figure 1 1.1). 
This route, however, is uneconomical because of disposal problems. 
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Conc. 
H2SO4 Ilmenite 

H20 

Filtration Residue 

FeSO4.4H20 
Centrifuge 

Seed r - i 5 ! 5 T H 2 O  Hydrolysis 

Dilute 
H2S04 

i f  
Calcination 

Ti02 

Figure 11.1: Leaching of ilmenite for the production of pure TiO,. 

Production of synthetic rutile 

iron is solubilized leaving a material containing about 93 % TiO,: 
Ilmenite can be decomposed by 20 % HCI at 120 "C and 200 kPa; 

FeTiO, + 2H+ -+ Ti02(impure~ + Fe2+ + HzO 

A negligible amount of titanium is lost in solution. Leaching can 
be conducted at lower temperature, i.e., no autoclaves would be 
required, if a preliminary oxidation-reduction step is conducted to 
modify the crystalline structure of the mineral and render it more 
amenable to leaching. Thus, the ore is first heated in an oxidizing 
atmosphere to convert as much as possible of FeO into Fe203. This is 
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followed by heating in a reducing atmosphere to convert Fe203 into 
iron which can be leached with HC1. Reduction is necessary to obtain 
a ferrous chloride solution which is less corroding as compared to fer- 
ric chloride. Hydrochloric acid is regenerated from FeSOq by oxyhy- 
drolysis (see Chapter 3). Synthetic rutile is insoluble in H2S04 and is 
used to manufacture Ti02 pigment by the chlorination route. Figure 
11.2 shows a general scheme for the production of synthetic rutile, 
while Figure 1 1.3 shows a hydrochloric acid regeneration plant. 

& Digestion 

I + I F z 7 - p  Qnthetic rutile 

I 

Oxyhydrolysis * 
Fen03 

Figure 11.2: Production of synthetic rutile from ilmenite. 

Figure 11.3: Hydrochloric acid regeneration plant in synthetic 
rutile production in India (courtesy Indian Rare Earths Limited). 
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Leaching of titanium slag 

The slag is treated in the same way as ilmenite with the exception 
that no separation of ferrous sulfate is necessary because the bulk of 
iron is separated by reduction in an earlier step (Figure 1 1.4). 

CHROMITE 

Chromite (Table 11.4) is usually reduced in electric furnace to 
make ferrochromium. For the production of high-purity chromium, 
chromite is dissolved in acid then the aqueous solution of pure chro- 
mium alum is electrolyzed. According to this method finely ground 
(- 325 mesh) ore is digested at 130-160 "C with the spent electrolyte, 
to which concentrated H2S04 is added to adjust its acidity to 40%. 
Under these conditions complete dissolution of the ore takes place: 

FeCr204 + 8H+ + Fe2+ + 2Cr3+ + 4H20 

Conc. Titanium 

Leaching 

H20 Fil I Fi1tr;tion P R e s i d u e  

Dilute 
Filtration 

Calcination 

Ti02 

Figure 11.4: Leaching of titanium slag for the production of pure TiO,. 
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Table 1 1.4: Typical analysis of chromite. 

% 
Cr203 40-5 5 
FeO 10-25 
Fe203 1-4 

11-16 
1-2 CaO 

M n O  0.2 
A1203 10-15 
Si02  1-4 

MgO 

The leach solution is filtered while hot, and diluted with recycled 
ammonium sulfate-bearing solution to a concentration of about 40 g/ 
L Cr. The solution is heated to 80 "C to stabilize the chromium sulfate 
into the green modification which does not form alum. O n  cooling to 
3 "C under vacuum, iron and aluminum are separated as ammonium 
alums. Crude chromium ammonium alum (NH4) ,S04.  Cr2(S04)3. 
2 4 H 2 0  is then crystallized out by carefully heating to 35 "C and then 
cooling to 15 "C. A flowsheet is shown in Figure 1 1.5. 

Table 11.5: Typical analyses of niobium and tantalum concentrates. 

Tantalite Columbite Pyrochlore [YO] 
YO YO Quebec Brazil 

Nb205 2.5 67.2 68.7 60 

FeO 10.9 18.4 0.4 4 
M n O  3.8 2.2 - 
CaO - 14.8 10.2 

16 BaO - - 
0.5 0.2 - 

S n 0 2  1.5 2.3 
TiO, 0.7 2.3 0.6 

0.1 - 
- 2.0 Rare earths 

3.9 F 

Ta205 80.6 5.7 0.2 - 

- 

- 

- 

- 
MgO 

wo3 

NazO + K 2 0  7.3 

- 

- 
- - 
- - 

COLUMBITE, TANTALITE, AND PYROCHLORE 

Columbite, tantalite, and pyrochlore (Table 1 1.5) are mainly used 
to prepare ferroniobium and ferrotantalum by pyrometallurgical 
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methods. To oreoare metallic niobium and tantalum a pure oxide is 
I I 

usually prepared first by treating the concentrates by hydrometallurgi- 
cal methods. Tin slags, especially those from Malaysia and Thailand, 
were at one time an important source of niobium, tantalum, as well as 
tungsten. 

H304  Chromite 

Dilution I a 

Water 

Water 

Iron and 
Filtration aluminum 

alums 

Dissolution "--J 

u +  Spent anolyte 
Cr 

Figure 11.5: Leaching of chromite for the production of metallic chromium. 

Most minerals containing tantalum and niobium are solubilized 
by hot concentrated hydrofluoric acid. Leaching of these minerals by 
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HF is based on the fact that soluble complex fluorides are formed in 
excess HE For example, for columbite: 

Fe0 .Nb205 + 16HF + 2H2NbF7 + FeF2 + 6H2O 

M n 0 . N b 2 0 5  + l6HF + 2H2NbF7 + MnF, + 6H20 

Similar equations can be written for tantalite. Digestion is carried 
out in steel tanks with reflux condenser to prevent the loss of HF. 
When the reaction is complete, the slurry is allowed to settle over- 
night, and the decanted solution is then processed for the recovery of 
niobium and tantalum while the unreacted residue is digested further 
with HF. Tantalum is usually precipitated from the solution by 
K2C03 at room temperature as the double fluoride K2TaF7, while 
niobium is precipitated later from the filtrate by NH40H as crude 
Nb205. nH2O. 

Pyrochlore can be decomposed by baking with concentrated 
H2S04 then leaching with dilute H2S04; niobium goes into solution, 
while calcium remains as insoluble CaS04. Pyrochlore containing 55- 
65% Nb205 can also be beneficiated to a product containing 90- 
97% Nb205 by reaction with 36% HC1 at 150 "C and about 1000 
kPa for 7 hours in a pressure reactor. 

WOLFRAMITE AND SCHEELITE 

Wolframite and scheelite are the most important sources of tung- 
sten. Table 1 1.6 shows a typical analysis of concentrates containing 
these minerals. Both material can be decomposed by either acids or 
alkaline solutions. 

Table 11.6: Average analysis of tungsten concentrates. 

Wolframite Scheelite 
75-65 70-78 
5-1 5 0.4-2.0 FeO 

M n O  5-20 0.2 
CaO 0.1-0.2 17-19 

WO3 

Acid digestion 

This is usually conducted with concentrated HCI in excess: 
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Few04 + 2H+ + Fe2+ + W03 + H 2 0  

C a w 0 4  + 2H+ -+ Ca2+ + W03.H20 

Sulfuric acid cannot be used because of the formation of insoluble cal- 
cium sulfate. The digested mass is washed with water to remove iron 
and manganese chlorides, the residue is then dissolved in hot 
",OH. Ammonium wolframate is crystallized from the solution by 
evaporation. 

Alkaline digestion 

Leaching of wolframite with concentrated NaOH at high temper- 
ature in an autoclave yields a solution of sodium wolframate, while 
iron and manganese are precipitated as hydroxides: 

Few04 + 20H- + WO& + Fe(OH), 

Scheelite is decomposed by sodium carbonate solution at 225 "C: 
C a w 0 4  + CO;- + WO$- + C ~ C O ~  

The formation of CaCO, films on the mineral particles retards the 
reaction. This factor can be eliminated, however, by using rotating 
autoclaves containing steel balls. The solution of sodium wolframate is 
purified by precipitation with acid: 

WOi- + 2H+ + WO,.H,O 

SUMMARY 

Table 11.7 gives a summary of leaching processes for complex 
oxides. 



Table 11.7: Summary of leaching processes for complex oxides. 
~~ ~ ~ ~~ ~ 

Origin Complex oxide Leaching agent Remarks 
Ilmenite FeTiO, H2S04 conc. Not widely used for TiO? pigment production because of pollu- 

tion due to FeSO, and dilute H2SO4. 
Production of synthetic rutile as a feed material for TIC14 manu- 
facture. Regeneration of HCl  by oxyhydrolysis of FeCl2. 
Widely used for TiO, pigment production but suffers from 

Complete dissolution, crystallization of alums, production of 
metallic chromium by electrolysis. 

HCl conc. 

Iron-magnesium titanate H2S04 conc. 
(Titanium slag) dilute H,S04 disposal. 

Chromite FeCr204 H2S04 

Columbite (Fe, Mn)Nb206 HF conc. Complete dissolution due to formation of soluble complex fluo- 
Tantalite (Fe, Mn)Ta206 rides: HZNbF, and HzTaF,. 
Pyrochlore (Ca, Ba)Nb20~.NaF 
Wolframite (Fe, Mn)W04 HCI conc. Partial leaching: production of W03.H20 as residue. 

Scheelite C a w 0 4  

~. 

NaOH 

HCI conc. 
Na2C0, 

Partial leaching: formation of sodium tungstate solution and 
Fe(OH)2 as residue. 
Partial leaching: production of WO, . H,O as residue. 
Partial leaching: formation of sodium tungstate solution and 
CaCOq as residue. 
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INTRODUCTION 

Pyrite and arsenopyrite are different from other sulfide minerals 
since they contain the disulfide ion. S z - ;  arsenopyrite contains. in 
addition. the diarsenide ion. As:-. In pyrite. FeS,. the iron atoms are 
in a face-centered cubic arrangement with pairs of the sulfur atoms 
located on the cube diagonals (Figure 12.1). In arsenopyrite. FeAsS. 
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the iron atoms are also in a face-centered cubic arrangement like in 
pyrite but half of the diagonal positions are occupied by pairs of the 
sulfur atoms and the other half by pairs of arsenic atoms. Marcasite is 
another crystalline form of pyrite in which the iron atoms occupy a 
body-centered cubic lattice with pairs of sulfur atoms on the diago- 
nals. Covellite, CuS, or more exactly C U @ U ~ ' ( S ~ ) ~ S ~  (Figure I2.2), 
has two thirds of the sulfur atoms as disulfide ions. The presence of 
disulfide ions is manifested on heating the minerals in absence of air: 
pyrite loses an atom of sulfur, while arsenopyrite loses an atom of 
arsenic: 

FeS2 --+ FeS + S 

FeAsS + FeS + As 

A similar behavior is also observed on heating covellite: 

cu~cu; I (s~) , s2  + 3cu;s + 3s 

Figure 12.1: Atomic arrangement of pyrite. 
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Figure 12.2: Covellite, CuiCui1(S2)2S,. 

Disulfides dissociate in water forming the metal cation and 
disulfide anion. For example, pyrite dissociates as follows: 

~ e ~ 2 ( s )  * Fe$q) + S$Taq) 

cu~cu~~(s2 )2S , ( s )  + 4CUi,S) + 2CU?lq) + 2S$Taq) + 2s?;q) 

while covellite and arsenopyrite dissociate as follows: 

2FeAsS(,) 2Fe?lq) + As$Taq) + S$Taq) 

the 
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Disulfide ion is similar to peroxide ion which undergoes auto-oxi- 
dation as follows: 

0;- 0, + 2e- 

Overall reaction: 

20;- + 0 2  + 202- 

or 2H202 + 0 2  + 2H2O 

Hence, for disulfide ion, the auto-oxidation leads to elemental sulfur 
and sulfide ion: 

sZ- + 2s  + 2e- 

~ , 2 -  +- 2e- -+ 2s2- 
Overall reaction: 

s;- + s + s2- 
This behavior should be taken into consideration when discussing the 
leaching of these minerals, as will be shown later. 

GENERAL PRINCIPLES 

Sulfide minerals are insoluble in water even at high temperature. 

Under reducing conditions (absence of oxidizing agents). Some SUI- 
fides dissolve in acid medium forming H2S, others dissolve in 
basic medium forming sulfide ion. 
Under oxidizing conditions. Elemental sulfur usually forms but 
because of its instability in neutral or basic media it oxidizes to sul- 
fates. In acid medium, however, there is a narrow region where ele- 
mental sulhr can form. 

These data are summarized in the stability diagram shown in Fig- 
ure 12.3, which is valid in the temperature region 25 to 150 "C. 
Above 150 "C, however, the narrow stability region of elemental sulfur 
disappears and no sulfur can form. 

They can be solubilized, however, by a variety of methods: 
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-1 3 7 11 

PH 

Figure 12.3: Potential-pH diagram for sulfur at 100 "C. 

The behavior of some sulfides during leaching may seem anoma- 
lous. For example, Cu,S and Ni3S2 form the intermediate products 
CuS and NiS, respectively: 

Cu2S + 2Hf + 1/202 + CuS + Cu2+ + H2O 

Ni3S2 + 2H+ + 1/202 + 2NiS + Ni2+ + H20 

O r  in absence of oxidizing agents, Ni3S2 dissolves in HC1 to form 
H2S and H2: 

Ni+2 + 6H+ + 3Ni2+ + 2H2S + H2 

These sulfides behave as if they were solid solutions of a metal and a 
sulfide. Thus CuZS behaves like Cu + CuS, and Ni3S2 behaves like Ni 
+ 2NiS. 

Although elemental sulfur is unstable in basic media or in presence 
of strong oxidizing agents, yet it can be isolated during leaching sul- 
fides in such medium if during leaching an immiscible organic solvent 
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capable of dissolving sulfur were present. Thus, it is possible to isolate 
appreciable amounts of elemental sulfur during leaching sulfides in 
ammoniacal solutions and in chlorine water in presence of tetrachlo- 
roethene, C12C=CC12 (boiling point 121 "C, density 1.625), also 
known as perchloroethylene, although in absence of the organic sol- 
vent only a trace of elemental sulfur is formed. The organic solvent 
extracts the sulfur during leaching and thus protects it from further 
oxidation. 

When solid elemental sulfur is liberated during leaching it is usu- 
ally porous and does not form an obstacle. However, when it melts it 
usually forms a viscous layer around the mineral particles and retards 
the rate of leaching. This can be solved by adding a surface active 
agent such as Lignosol during leaching which helps the sulfur globules 
to coalease thus they do not cover the mineral particles. Finely crushed 
coal, when added in small amounts (about 4 kg/ron concentrate), was 
found to prevent the agglomeration phenomenon. 

In the elemental form, sulfur can be readily stock-piled, shipped 
long distances, or transformed into H2S04 or SO, when needed. It is 
thus evident that leaching methods resulting in elemental sulfur for- 
mation are more attractive than the others. Since elemental sulfur may 
be a product of leaching, its physical and chemical properties will be 
briefly reviewed. 

ELEMENTAL SULFUR 

Physical properties 

Elemental sulfur is a yellow crystalline solid made of octagonal 
rings. The sulfur atoms in these rings are connected together by cova- 
lent bonds, while the rings are attached to each other by van der 
Waals' forces. The solid undergoes slow transformation at 95.4 "C 
from rhombic to monoclinic. The transformation is reversible, and 
both forms are soluble in carbon disulfide. Once in the monoclinic 
form, elemental sulfur melts at 119.5 "C to form a yellow fluid liquid 
(A sulfur). If, on the other hand, sulfur is heated rapidly such that it 
will have no time to undergo the slow phase transformation, it will 
melt at 112.8 "C to form the h form. In this form the octagonal ring 
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structure is still conserved. However, on further heating it slowly 
breaks down: The resulting short chains connect together to form long 
chains, until at 160 "C the transformation is complete and a viscous 
dark red brown liquid (1.1 sulfur) is obtained (Figure 12.4). The high 
viscosity of this form of sulfur is due to the entanglement of the chains 
and thus the difficulty to flow (Figure 12.5). If quenched, a rubber- 
like solid is obtained which is insoluble in carbon disulfide. For this 
reason filtration of liquid sulfur is always done at the temperature 
where viscosity is minimum, i.e., between 130 and 150 "C. 

O n  further heating above 160 "C, the long chains start to break 
down to smaller units and thus the viscosity decreases until at 250 "C 
a fluid dark red brown liquid is obtained (n: sulfur) composed mainly 
of S, and S4 chains. At 444.6 "C liquid sulfur boils and the species S, 
and S4  are also present in the vapor state. These break down with 
increased temperature: At 900 "C the S2 units are only present and at 
1800 "C monoatomic sulfur is formed. All transformations are revers- 
ible (Table 12.1). 

Chemical properties 

Elemental sulfur is stable in acid medium but oxidizes slowly in 
water at high temperature (above I 
form sulfuric acid: 

S + 3/202 + H,O + H 2 S 0 4  

Heated 

Cooled 

A 
t--- 

50 "C) and oxygen pressure to 

Figure 12.4: Transformation of sulfur from the h form (fluid) to 
the p form (viscous) by heating to below 160 "C. 
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Figure 12.5: Effect of temperature on the viscosity of elemental sulfur. 

In basic medium, oxidation takes place in stages whereby, thiosul- 
fate and other sulfur compounds are formed (Table 12.2): 

2s + 0, + 20H-  -+ S2032- + H2O 

These finally oxidize to sulfate as follows: 
S20:- + 2 0 2  + 20H-  -+ 2S0,f + H,O 

Other oxidizing agents such as HNO, and aqueous chlorine solutions 
react readily with elemental sulfur even at room temperature trans- 
forming it into sulfate: 

S + 2HN0,  -+ H2S04 + 2 N 0  
S + 3Cl2 + 4 H 2 0  -+ H2S04 + 6HCl 

Concentrated H2S04 above 200 "C also attacks elemental sulhr: 
S + 2H2S04 -+ 3SO2 + 2H2O 

A summary of the reactions of elemental sulfur is given in Table 12.3. 



Table 12.1: Physical properties of elemental sulfur. 

112.8 "C (rapid heating) 
I 1 

a 
Solid 

P 
Solid 

Tc 
Fluid 

liquid liquid liquid 

h P 
Very fluid Very viscous Gas Gas Gas 

Rhombic Mono- Octagonal Long chains Chains 
clinic rings (polymer) 

Dark red Dark red 
brown brown 

Yellow Yellow Yellow 

Soluble Soluble 
in CS2 in CS2 

Table 12.2: Oxidation products of sulfides in neutral or alkaline medium. 
s203L- Thiosulfate 
snob Polythionate 
s20;- Dithionate 
s,oi- Dithionite (or hyposulfite) 
so;- Sulfoxylate 
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Table 12.3: Reactions of elemental sulfur. 

Medium Temperature, "C Reaction 
Dilute H2S04 and < 150 Stable 
oxygen 
Water and oxygen 
Basic 

> 150 S + 3/202 + H 2 0  4 H,S04 
100 2 s  + 0 2  + 2QH- + S 2 0 j -  + H,O 

S20L f -  + 2 0 2  + 2OH- -+ 2SO;- + H 2 0  

S + 3CI2 + 4H20 4 H2S04 + 6HC1 
Nitric acid Ambient S + 2 H N 0 3  -+ H2S04 + 2 N 0  
Aqueous chlorine Ambient 
Concentrated H2S04 > 150 S + 2H2S04 -+ 3SO2 + 2H2O 

Determination 

Elemental sulfur is usually determined in hydrometallurgical resi- 
dues by extraction with carbon disulfide using Soxhlet extractor (Fig- 
ure 12.6). A weighed sample of the residue is put in a glass thimble 
with a porous bottom. The thimble is put in the siphon part of the 
apparatus; the condenser and flask containing solvent are then assem- 
bled. The flask is heated gradually until the solvent is at the boiling 
point. The vapors ascend through the side arm of the extractor then 
condense and drip into the thimble. The rate of extraction can be var- 
ied by adjusting the heat. When the extractor is filled to the top of the 
side arm, the solvent now containing dissolved sulfur from the sample, 
siphons over into the flask. Thus, the apparatus permits to make a 
series of extractions with fresh solvent, draining the solvent automati- 
cally. When extraction is complete and all the solvent has been 
siphoned into the flask, heating is stopped, the unit allowed to cool, 
then disconnected, the thimble dried, and the loss in weight deter- 
mined; this represents the elemental sulfur extracted. 

Recovery from leach residue 

Numerous methods have been proposed to recover elemental sul- 
fur from leach residues, for example, flotation, hot filtration at about 
150 "C (minimum viscosity), extraction by organic solvents, and 
evaporation. When leaching is conducted under pressure at a tempera- 
ture below the melting point of sulfur, then at the end of leaching the 
temperature may be raised for few minutes to 150 "C to melt the sul- 
fur and the contents of the autoclave are collected in two ways: 
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Figure 12.6: Soxhlet extractor. Thimble, to the right, to be 
inserted in the middle part. 

Discharged in a closed settling tank. Liquid sulfur separates at the 
bottom and is discharged from time to time while the aqueous 
slurry is directed to the heat recovery system (flash tank). 

The contents of the autoclave is sent directly to the flash tank. 
There the slurry cools down and elemental sulfur forms spherical 
pellets 0.1 to 1 cm in diameter which can be separated by sieving; 
the residue passes through the sieve, while the sulfur pellets are 
retained. 

In both cases the slurry is then filtered in the usual way to separate the 
gangue minerals. It was found that any unreacted sulfides adhere to 
the sulfur. Purification of sulfur is usually conducted by hot filtration. 



A Textbook of Hydrometallu~gy 

Figure 12.7 shows a general scheme for the recovery of elemental sul- 
fur. 

Ore 

Acid recycle 

Melting 

Unreacted 
of FeS oxidation) sulfides and 

Figure 12.7: A scheme for the recovery of elemental sulfur when 
leaching sulfide ores. 

Nonferrous 
metal recovely 

Few sulfides are amenable to this method of treatment; these are 
the acid-soluble, the alkali-soluble, and the complex-forming sulfides. 

PbS04 

Reactions 

I 

The principal reaction is the dissociation of the solid sulfide in the 
aqueous phase: 

MS -+ M ~ '  -t s2- 
followed by reaction with the leaching agent as follows: 

Acid-soluble su&des. This is the case of NiS, CoS, ZnS, and FeS. 
When an acid is used for leaching, then hydrogen sulfide is formed: 
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Hydrogen sulfide liberated can be readily converted to elemental sul- 
fur by controlled oxidation at 400 "C on N203 catalyst (Claus Pro- 
cess) : 

H2S + ' / 202  + S + H2O 

If sulfurous acid is used for leaching, elemental sulfur will form 
directly in the reactor (see page 84): 

2H2S + SO2 + 3s + 2H2O 

Alkali-soluble su@dts. 
is used then the metal ion forms a stable anion with the base: 

This is the case of PbS and ZnS. When a base 

M2+ + 4 0 H -  + M0;- + 2H2O 

Complex-farmingsu&des. This is the case of As203, Sb,S3, SnS, 
SnS,, Bi2S3, and HgS. When sodium sulfide is used then complex for- 
mation takes place: 

MS + S2- + MSZ- 

Applications 

Few industrial processes are used applying this technology: 

Hydrochloric acidprocess. The Falconbridge Company developed a 
commercial process for the treatment of a mixture of Cu2S-Ni3S2 
obtained by smelting a copper-nickel sulfide concentrate: Ni3S2 is sol- 
ubilized in concentrated HC1 while Cu2S is not. The leaching reaction 
is: 

Ni3S2 + 6HCl+ 3NiC1, + 2H2S + H2 

Cu2S is separated by filtration for copper recovery, while NiCl, solu- 
tion is first purified from dissolved H2S by air oxidation and removal 
of the sulfur formed, then crystallized as NiC12.2H20. Since it is 
technically difficult to reduce NiC12 by hydrogen to nickel, the chlo- 
ride is first calcined to NiO then reduced: 

NiC12.2H20 + NiO + 2HC1 

NiO + H2 -+ Ni + H 2 0  
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Sodium su@deprocess. The presence of arsenic and antimony in cop- 
per sulfide concentrates is undesirable because these metals complicate 
the smelting and refining of copper. As a result there is interest to 
remove them before smelting. One route is leaching the concentrate 
by an alkaline sodium sulfide solution. A copper sulfide concentrate 
containing 4 %  As and 7% Sb is treated in British Columbia by 
Equity Silver Company by this method. The finely divided concen- 
trate is leached for 16 hours at 110 "C to solubilize arsenic and anti- 
mony sulfides: 

AS2S3 + 3S2- + 2AsS;- 

Sb2S3 + 3S2- + 2SbSj- 

After filtration, the copper concentrate is shipped to smelters. The 
leach solution contains 30 g/L As and 53 g/L Sb. It can be treated in 
two ways: 
* Electrolyzed in a diaphragm cell to get antimony and regenerate 

the leach solution: 

SbS:- + 4e- + Sb + 3S2- 

Treated with oxygen in autoclaves at 150 "C and 550 kPa to 
decompose the antimony thiocomplex: 

Na3SbS3 + 4NaOH + H 2 0  + 13/202 + 
NaSb(OH), + 3Na2S04 

In the flash evaporator, precipitation of sodium antimonate, 
NaSb(OH),, takes place; it is filtered off and recovered. Arsenic 
remaining in solution is then precipitated by lime in another autoclave 
at 1600 kPa oxygen pressure to precipitate calcium arsenate: 

2Na3AsS3 + 3Ca(OH), + 1302 + 
Ca3(As04)2 + 3Na2S04 + 3H2S04 

This is filtered off and packed for disposal. The remaining solution 
c o n t a i n i n g  s o d i u m  su l f a t e  is e v a p o r a t e d  t o  c rys ta l l ize  
Na2S0,. 10H20.  Due to the presence of traces of arsenic in the crys- 
tals, these are redissolved and retreated with lime in autoclave to pre- 
cipitate the remaining arsenic. Pure sodium sulfate is then obtained by 
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crystallization. The plant, however, was shut down for economic rea- 
sons. 

LEACHING IN PRESENCE OF OXIDIZING AGENTS 

Most commonly used oxidizing agents are: Oxygen, ferric ion, 
nitric acid, concentrated H2S04, chlorine water, and sodium 
hypochlorite. 

Mechanism 

Leaching of sulfides in presence of oxidizing agents may be chemi- 

These may lead to the formation of sulfates or 

&Fates. These processes usually take place in neutral medium. 
They are slow at ambient conditions, but rapid at high tempera- 
ture: 

cal or electrochemical. 

Cbemicalprocesses. 
elemental sulfur. 

MS + M2+ + S2- 

s2- + 2 0 ,  + soj- 
9 Elemental suZfir. This is usually the case for acid-soluble sulfides, 

e.g., ferrous sulfide: 

FeS Fe2+ + S2- 

S2- + 2H+ + H2S 

HZS + ' / 202  + S + H2O 

Electrocbemicalprocesses. These processes usually take place with 
acid-insoluble sulfides and lead to the initial formation of elemental 
sulfur which may be oxidized further depending on the leaching con- 
ditions (temperature, pH,  and electrode potential of the oxidizing 
agent as discussed earlier): The electrochemical process may be repre- 
sented by: 

Oxidation: MS + M2+ + S + 2e- 

Reduction: Oxidizing agent + ne- -+ Reduced species 
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Typical reduction reactions are the following: 

In neutral medium: ' i 2 0 2  i H2O i 2e- -+ 20H- 

In acid medium: 1/202 + 2H+ + 2e- -+ H 2 0  

Fe3+ + e- + Fe2+ 

Oxygen as an oxidizing agent has the advantage that it does not 
need to be regenerated, and does not result in a foreign ion that con- 
taminates the product. For example, when FeC13 is used as a leaching 
agent, it is reduced to FeC12 during the course of reaction and has to 
be separated and oxidized back for recycle. The aqueous oxidation of 
sulfides by oxygen at ambient conditions is a slow process; it is greatly 
accelerated if conducted at high temperature and high oxygen pres- 
sure. Oxygen can be used in combination with water, dilute acid (usu- 
ally H 2 S 0 4 ) ,  and ammonium hydroxide. The latter case is used only 
for leaching copper, nickel, and cobalt since these metals are capable of 
forming ammine complexes in solution. 

Oxygen and water 

The reaction: 
M S  + 20,(,q1 --+ M S O 4  

takes place at a reasonable rare only at high temperature and pressure. 
This method of treatment finds the following applications: 
* Dissolution of nickel, cobalt, and copper sulJids. In these cases a 

temperature of 200 "C and an oxygen pressure of 4000 kPa are 
needed; the reaction is complete in 2-3 hours. 
Reaction of molybdenum sulJide. For molybdenite, hydrolysis 
accompanies oxidation and as a result molybdic acid is formed as a 
white precipitate: 

MoS2 * Mo4+ + 2S2- 

Mo4+ + 3H20 + 1/202 -+ H2MoO4 + 4H+ 
s2- i 20,  -+ so$- 

Overall reaction: 

MoS, + 3H20 + 9/202 --+ H 2 M o 0 4  + 2 H 2 S 0 4  
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Rhenium associated with molybdenum in molybdenite is expected 
to be in solution. 

Removal of undesiyable components o f  a concentrate. For example, 
the purification of lead concentrates. In this case zinc, copper, 
arsenic, and antimony sulfides are solubilized and a purified lead 
sulfate residue is obtained (Table 12.4) which is then treated by 
pyrometallurgical method (Bunker Hill Process, Kellogg, Idaho). 
The leach solution is purified and treated for copper and zinc 
recovery. The process was, however, shut down. 

Table 12.4: Aqueous oxidation of Pb-Zn sulfide concentrate by air and water at 
220 "C and 5500 kPa. 

Feed, Yo Residue, Yo Solution, g/L 
Pb 50.6 51.2 Trace 
Zn 8.7 1.2 49.5 
c u  6.5 0.8 47.8 

Oxygen and ammonia 

The process is used for treating concentrates of copper, nickel, and 
cobalt since they form soluble ammine complexes. The process has 
minimum corrosion problems and any pyrite present will not be 
attacked. Ammonium sulfate is a by-product; it is marketed as a fertil- 
izer. The overall reaction is: 

MS + nNH3 + 2 0 2  + [M(NH3),J2+ + SO$- 

Oxidation of sulfides in an alkaline medium takes place in several 
stages and any of the intermediate compounds: Polysulfide, thiosul- 
fate, etc., may be present in the leach solution. The leach solution is 
also free from iron, since hydrated ferric oxide is precipitated. It is 
important to control the amount of free ammonia in solution other- 
wise higher ammines like cobalt hexammine complex, which is insolu- 
ble, will be formed. The method has been used successfully since 1953 
for the treatment of Ni-Cu-Co sulfide concentrate on large scale at 
the Sherritt-Gordon Plant in Fort Saskatchewan, Canada. In this pro- 
cess all the sulfur is oxidized and recovered as ammonium sulfate and 
marketed as fertilizer. Analysis of the concentrate treated is given in 
Table 12.5. 
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Table 12.5: Pressure leaching of Sherritt-Gordon sulfide concentrate. 

Residue, Yo Flotation 
concentrate, 940 

Ni 10-14 0.6-1.4 

c o  0.3-0.4 0.1-0.2 
Fe 33-40 42-52 

c u  1-2 0.2-0.3 

s 28-34 9-15 
Insol. 8-14 12-16 

The process involves the following steps (Figure 12.8): 

Leaching. The concentrate is mixed with water and ammonia and 
leached in autoclaves under air pressure of 700 kPa and at 70- 
80 "C for 20-24 hours. Reaction is exothermic and therefore extra 
heating of the autoclaves is not required. 

Purzfication. The leach solution contains beside nickel and cobalt 
ammines, excess ammonia, copper, thiosulfates, and thionates. 
Ammonia is removed by distillation and is recovered in scrubbers. 
During distillation most of the dissolved copper is precipitated as 
sulfide: 

S,O& + [Cu(NH3)4I2' + 2H2O + 2SOi- + CuS + 4NHZ 

Sot- + CuS + 2"; + 2NH3 

After filtration, the residual copper (about 1 g/L) is precipitated by a 
controlled amount of H2S in autoclaves at 130 "C. This second pre- 
cipitate contains some NiS and is recycled to the leaching stage. 

Oxyhydulysis. In this step oxidation of thionates and hydrolyzing 
sulfamate takes place. The presence of thiosulfates and thionates 
in a nickel or a cobalt solution is undesirable because it leads to 
contamination of the fertilizer produced later. For this reason the 
copper-free solution is then digested at 175-200 "C in an auto- 
clave in the presence of compressed air at 4200 kPa for two rea- 
sons: 
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Ni-Co-Cu sulfide 
Concentrate 

NH3 * + , Air 

Leaching 
80°C. 700kPa 

r )  Residue: gangue 
Fe (OH)3, PbS04, 
precious metals 

r )  cus 

H2S t + 
Precipitation of 
traces of Cu2+ 

I 

CUS, NiS, CoS 
recycle to leaching 

Air circuit 

+ 
Filtration -w F ~ ( o H ) ~  

.c 
Purified ammoniacal ammonium 

sulfate solution containing 
45g/L Ni and I g/L Co 

Figure 12.8: Pressure leaching of Ni-Co-Cu sulfide concentrate; 
the Sherritt-Gordon process. 

- To oxidize thiosulfates and thionates to sulfates: 

- To oxidize traces of ferrous ion to ferric, which is hydrolyzed 
and precipitated. 

The purified solution upon clarification contains 45 g/L nickel 
and 1 g/L cobalt as ammines, and ammonium sulfate. 

Recovery. This involves the precipitation of metallic nickel by 
hydrogen, oxidation of co2+ to co3+ by air, then precipitation of 
metallic cobalt by hydrogen. The remaining solution is evaporated 
and the crystals of ammonium sulfate separated and sold as fertil- 
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izer. Precious metals, if present, remain in the residue and may be 
recovered by a separate leaching cycle. 

Oxygen and a base 

Molybdenite can be solubilized by aqueous oxidation in an alka- 
line medium to form molybdates: 

MoS2 p- Mo4+ + 2S2- 

Mo4+ + 6OH- + 1 / 2 0 2  3 MoOi- + 3HzO 

s2- + 2 0 2  3 soi- 
Overall reaction: 

MoS, + 6OH- + 9/202 + M00i-  + 2S042- + 3H20 

Oxygen and acid 

This method is usually conducted at 1 15-1 50 "C so that elemen- 
tal sulfur can be recovered in good yield. However, industrial opera- 
tions are also conducted at high temperature where no elemental 
sulfur is formed, for example, in the treatment of Ni3S2. The method 
is most suitable when the metal values in the leach solution can be 
recovered by electrolysis so that the acid generated during the recovery 
step can be recycled to the leaching step (Figure 12.9). Because of the 
high temperature and the acid medium involved, acid-resisting mate- 
rials of construction must be used. The following examples may be 
cited. 

Zinc sulJide. The reaction is conducted at 150 "C and 700 kPa oxy- 
gen pressure: 

ZnS + 2H+ + ' /202 3 Zn2+ + S + H 2 0  

This process which is now used in Canada (Figure 12.10) solves two 
problems facing the hydrometallurgical zinc process: 
0 All the zinc goes into solution because no ferrites are formed. 

The process is independent of fertilizer manufacture because no 
sulfur dioxide is formed. 
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Figure 12.9: Flowsheet for the aqueous oxidation of sulfide con- 
centrates in acid medium. 

Chalcopyrite. The reaction takes place at 1 15-1 50 "C and about 
2000 kPa oxygen pressure: 

This process has the advantage that iron is separated as an insoluble 
residue because of the oxidation of ferrous ion to ferric and its hydrol- 
ysis: 

~ e ~ '  + 2 H 2 0  + FeOOH + 3H+ 

The process was developed by Sherritt Gordon in Canada, now 
known as Dynatec Process. A variation developped by Cominco Engi- 
neering, also in Canada, known as CESL process takes place in two 
steps. In the first step, leaching is conducted under mild acid condi- 
tions (pH about 3) and in presence of a mixture of HC1 and H2S04. 
Under such conditions copper hydroxysulfate is formed which is solu- 
bilized in a second step at atmospheric presure in dilute H2S04. There 
is no obvious advantage, however, in this process as compared to 
Dynatec. In both processes, the precious metals are recovered from the 
residue by cyanidation after the flotation of elemental sulfur. 
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Figure 12.10: Pressure leaching plant of zinc sulfide concentrates 
at Cominco, Trail, British Columbia (Sherritt-Gordon). 

In an attempt to solubilize simultaneously copper and any gold 
present in chalcopyrite, the Halex process was developed by Intec 
Copper Proprietary in Australia. The leach solution contains large 
amounts of NaCl and NaBr in circulation between the copper elec- 
trowinning stage and a diaphragm cell in which the following reaction 
takes place at the anode compartment: 

Br- + 2Cl- -+ BrClT + 2e- 

It is claimed that the BrClT ion, called Halex, can solubilize chalcopy- 
rite and gold: 
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2CuFeS2 + 5BrC1: + 2Cu2+ + 2Fe3+ + 4s + 5Br- + 1OCl- 

Au + 4Cl- + AuC1; + 3e- 

Au + 4Br- + AuBrq + 3e- 

Nickelsulfide. Nickel sulfide, Ni3S2, also known as white metal, is 
obtained by smelting nickel sulfide or nickel-copper sulfide concen- 
trates to form matte from which iron sulfide is then removed by oxida- 
tion and slagging. At Impala in South Africa, in Botswana in Africa, 
and in Germany the white metal is treated by oxygen in acid medium: 

Ni3S2 + 9/202 + 2H+ + 3Ni2+ + 2SOZ- + H2O 

CU,S + 5/202 + 2H+ + 2Cu2+ + SO$- + H 2 0  

Copper in solution is then precipitated by adding fresh white metal 
whereby more nickel sulfide is solubilized: 

Ni3S2 + 3Cu2+ + 3Ni2+ + CuS + Cu2S 

Pyrrhotite. Pyrrhotite is used mainly for making sulfuric acid. How- 
ever, transportation cost to sulfuric acid manufacturers may be prohib- 
itive. It was realized a long time ago that a process for recovering 
elemental sulfur from iron sulfide would be attractive. Pyrrhotite is 
slowly solubilized in water at 110 "C and 200 kPa oxygen pressure as 
ferrous sulfate: 

FeS + 202(aq) + FeS04(aq) 

If, however, the reaction is conducted in presence of dilute acid (0.1 
M), the formation of elemental sulfur and ferric oxide takes place: 

H' 
2FeS + 3/202(aq) + Fe203 + 2s 

It will be also observed that the acid initially added will be present 
unchanged at the end of reaction. In fact the acid is consumed at the 
initial stage of the reaction and then regenerated later (Figure 12.1 1). 
It should be observed that the oxygen utilization in the presence of 
acid is less than in the first case. The reaction may be chemical or elec- 
trochemical in nature: 
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Time Time 

Figure 12.1 1: Aqueous oxidation of ferrous sulfide or pyrrhotite. 
Left: in absence of acid; Right: in presence of acid (From data by 
Downes and Bruce, 1955). 

Chemical: 

FeS Fe2+ + S2- 

S2- + 2H+ + H2S 

H2S + 1 /202  -+ S + H,O 

Electrochemical: 

Cathodic reaction: 1/202 + 2H+ + 2e- -+ H 2 0  

Anodic reaction: FeS --+ Fe2+ + S + 2e- 

In both cases the oxidation of Fe2+ ion to Fe3+ and its hydrolysis fol- 
low the reactions: 

2Fe2+ + 2H+ + 1/202 + 2Fe3+ + H20 

Fe3+ + 3H20 + Fe(OH)3 + 3H+ 

2Fe(OH), -+ FeZ03 + 3H20 

It can be seen that in absence of acid the Oxidation of ferrous ion 
to ferric is not possible. That is why FeS suspended in water will yield 
only a solution of FeS04 when oxidized. In presence of acid, however, 
the formation of Fe3+ becomes possible, but because of hydrolysis, 
Fe2O3 is formed and the acid is regenerated. Thus, it seems as if the 
acid acted as a catalyst. 
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Ferric salts 

Leaching of sulfides in acid medium in presence of ferric chloride 
or ferric sulfate takes place readily with liberation of elemental sulfur. 
The disadvantage of this route is the formation of ferrous ion, which 
requires separation and reoxidation to ferric for reecycle. This method 
has found the following applications: 

Leacbing of copper sulfides in dumps or in situ. The dissolution of 
cuprous sulfide takes place in steps as follows: 

5Cu2S + 2Fe3+ + Cu9S5 + Cu2+ + 2Fe2+ 

Cu9S5 + 8Fe3+ + 5CuS + 4Cu2+ + 8Fe2+ 

CuS + 2Fe3+ + Cu2+ + 2Fe2+ + S 
l'urz$cation of molybdenite concentrates. Copper sulfide impurities 
are removed from MoS2 by boiling with FeC1, solutions. 
Leaching of cbalcopyrite concentrates. Leaching of chalcopyrite with 
ferric ion takes place readily at the boiling point: 

CuFeS2 + 3Fe3+ + Cu+ + 4Fe2+ + 2s 

Copper is solubilized in the cuprous form, but in presence of 
excess Fe3+ the cuprous is oxidized to cupric: 

CuFeS2 + 4Fe3+ + Cu2+ + 5Fe2+ + 2s  

Although CuCl has a low solubility in water, yet, due to the pres- 
ence of Fe2+ ion in the leach solution it is completely soluble. The 
fact that CuCl can be obtained instead of CuC12 under carefully 
controlled conditions is of importance in the subsequent recovery 
step, since Cu+ ion is easier to reduce than Cu2+ ion, e.g., by pre- 
cipitation with iron: 

2Cu+ + Fe + 2Cu + Fe2+ 

Ferrous chloride can be partly crystallized and treated further for 
HC1 regeneration while the remainder in solution is oxidized to 
FeCI, for recycle. Oxidation of FeC12 is usually conducted by 
chlorine: 

FeC12 + 1/2C12(aq1 + FeC1, 

A flowsheet of the proposed process is shown in Figure 12.12. 
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Figure 12.12: The proposed treatment of chalcopyrite by FeC1, solution. 

Leaching o f  lead m p d e  concentrates. This usually takes place in 
presence of a concentrated solution of NaCl so that lead chloride 
produced is solubilized as a complex chloride: 

PbS + 2Fe3+ + 4C1- + PbC1;- + 2Fe2+ + S 

After hot filtration to separate the gangue minerals, the solution is 
cooled to crystallize pure PbCl,, which is then separated and elec- 
trolyzed in the fused state to recover lead and chlorine; the latter is 
to be used for the generation of the leaching agent as proposed in 
Figure 12.13. 

Concentrated H$04 

Concentrated H2S0,4 reacts with sulfides at 150-200 "C liberat- 
ing elemental sulfur: 

MS --+ M2+ + S + 2e- 

4H' + SO& + 2e- -+ SO, + 2 H 2 0  
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Figure 12.13: Proposed process for lead recovery by ferric chlo- 
ride leaching of galena. 

The temperature and the quantity of acid must be carefully controlled 
otherwise a part or all the sulfur will react further to form SO2: 

Sulfur dioxide formed is collected and transformed to sulfuric acid 
for recycle to supply one half of the acid requirement. The other half 
should come from the metal sulfate solution. This can be accom- 
plished during the metal recovery step, e.g., by electrolysis where one 
mole H2S04  is generated for each metal equivalent produced. The 
problem with this process is, however, that the acid generated during 
electrolysis has to be concentrated to the strength required for leach- 
ing: this may be uneconomical (Figure 12.14). 

Due to the evolution of SO2 and H20  during the reaction, the 
liquidlsolid ratio decreases gradually and as a result the reaction mix- 
ture solidifies. The reaction must be conducted, therefore, in two 
steps: agitation leaching followed by baking. For example: 



314 A Textbook of Hydrometallurgy 

Sulfide 
concentrate 

Makeup Has04 Concentrated H2S04 
I I I 

Sulfur, gangue 

I 

Metal 

Figure 12.14: Treatment of sulfides by concentrated H2S04. 

Cbdcopyrite. Leaching of chalcopyrite by concentrated H2S04 has 
been studied and developed to a large scale pilot plant (The Treadwell 
Process): 

Below 150 "C, no reaction. 
Between 150 "C and 250 "C, there is a formation of elemental sul- 
fur, CuSO4, and FeS04. Since chalcopyrite (Cu2S. Fe2S3! con- 
tains Cu+ and Fe3+ ions in the crystal structure, the formation of 
CuSO4 and FeS04 (and not Cu2S04 and Fe2(S04)?) must be 
due to an oxidation-reduction reaction that takes p ace in the 
solid state during heating: 

Cu+ + Fe3+ -+ Cu2+ + Fe2+ 

This can be represented by: 
CuzS.Fe2S3 4 2(CuS-FeS) 

CuS-FeS + Cu2+ + Fe2+ + 2s  + 4e- 

4" + SO2- + 2e- --+ SO, + 2H2O 

Overall reaction: 

CuFeS, + 8H+ + 2SOZ- -+ Cu2+ + Fe2+ + 2s + 2S02 + 4HzO 
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Above 250 "C, both elemental sulfur and ferrous ion are oxidized: 
- Oxidation of elemental sulfur by concentrated H2SO.4: 

H2S04 + SO, + ' 1 2 0 2  + H,O 
s + 0, + so, 
2H2S04 + S + 3s02 + 2H20 
Oxidation of ferrous ion by concentrated H2SO4: 

Fe2+ + Fe3+ + e- 
4H+ + SOZ- + 2e- + SO2 + 2 H 2 0  

2Fe2+ + 4H+ + SOi- + 2Fe3+ + SO2 + 2H2O 

Overall reaction: 

2CuFeS2 + 13H2S04 + 10H+ + 

- 

2Cu2+ + 2Fe3+ + 17s0, + 18H20  

2CuSO4 + Fe2(S04)2 + 17s0,  + 18H20 
or 2CuFeS2 + 18H2S04 + 

It is obvious that the optimal reaction conditions are between 150 
and 250 "C. The residue containing the anhydrous sulfates, elemental 
sulfur, and the gangue minerals, is leached with water to solubilize the 
sulfates, precipitate CuCN by HCN, crystallize FeS04 - nH2O which 
is then decomposed to recover the SO3 for recycle as H 2 S 0 4 .  The 
process has the advantage of forming elemental sulfur, but the disad- 
vantage of solubilizing iron and the necessity of regenerating H2S04 
by decomposing the ferrous sulfate. 

Zinc sulJid. Sulfuric acid at a concentration of 83-85 % and at 170- 
190 "C reacts with zinc sulfide simultaneously as an oxidizing and 
non-oxidizing acid: 

ZnS + 2H2S04 + ZnSO4 + S + SO, + 2H20 
ZnS + H2S04 -+ ZnS04 + H2S 

As a result, with a careful control of these variables and the acid-solid 
ratio, SO2 formed in the first reaction interacts with H2S in the sec- 
ond to form elemental sulfur and the overall reaction becomes: 

3ZnS + 4 H 2 S 0 4  + 3ZnS04 + 4s + 4 H 2 0  
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The advantage of this process is the possibility of conducting the reac- 
tion at ambient pressure, i.e., no autoclaves are necessary but the acid 
requirement is more than obtained later during the electrolysis of 
ZnS04 solution. 

Nitric acid 

The use of nitric acid or a mixture of nitric and sulfuric acids has 
been extensively studied for leaching sulfides but not utilized industri- 
ally because of the high cost (p. 78) and the necessity to capture NO 
and NO, gases for the regeneration of the acid. The yield of elemental 
sulfur is usually improved when a mixture of HN03  and H2SO4 is 
employed. Molybdenite does not yield elemental sulfur, and because 
of the hydrolysis of Mo4+ ions accompanying the oxidation men- 
tioned earlier (p. 302), molybdic acid is obtained: 

M o S ~  + 6HNO3 + HzM004 + 2HZS04 + 6NO 

Chlorine and hypochlorite 

Aqueous chlorine solutions solubilize sulfides at ambient condi- 
tions with formation of elemental sulfur: 

MS -+ M2+ + S + 2e- 

At high concentrations, long contact time, or high temperature, ele- 
mental sulfur oxidizes to sulfate. Sodium hypochlorite, NaClO, 
attacks molybdenite in alkaline medium to form soluble molybdate. 
Also elemental sulfur forms at mild conditions and sulfate at more 
severe conditions. The process is applied industrially for at least two 
cases: 

The treatment of Ni3S2-Cu2S (white metal). The process is used at 
the Falconbridge refinery in Sudbury. Both nickel and copper are 
solubilized, then separation is effected by adding fresh white metal 
to solubilize more nickel and precipitate the copper: 

Ni3S2 + 3Cu2+ -+ 3Ni2' + CuS + Cu2S 
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When nickel chloride solutions are electrolyzed to recover metallic 
nickel, chlorine is generated at the anode which is collected and 
recycled to the leaching step. 
The treatment ofpyrite ores containing gold. This is the case when 
gold cannot be recovered by cyanidation; therefore, the pyrite- 
containing gold is decomposed by chlorine to liberate the gold. 

DISULFIDES 

Pyrite and arsenopyrite have received great attention recently 
because in some gold ores called “refractory”, they entrap gold in their 
crystal structure and render the metal unextractable by cyanide solu- 
tion unless the mineral structure is destroyed by thermal or aqueous 
oxidation prior to cyanidation. Pyrite is also the major sulfur-bearing 
impurity mineral in coal. Attempts to upgrade the coal include the 
aqueous oxidation of the pyrite. 

Pyrite 

Pyrite usually accompanies other sulfides and its behavior should 
be well known. Leaching pyrite at 80 “C can follow two different 
paths, depending on the pH of the medium: At low pH, the forma- 
tion of elemental sulfur is favorable, and with increasing pH the for- 
mation of sulfate is favorable. The following equations correspond to 
the extreme cases of decomposition: 

FeS2 + 2H+ + ‘I2O2 + Fe2+ + H20 + 2s  

FeS2 + H20 + 7/202 + Fe2+ + 2H+ + 2SO& 

It is evident that the molar ratio [SOi-]l[Fe2+] can vary from 0 to 2. 
Under mild conditions no oxidation of Fe2+ takes place, thus mini- 
mizing side reactions. From Figure 12.15 it can be seen that below pH 
2.5, the ratio [S0,$-]/[Fe2+] increases linearly from 0 to 2, i.e., at very 
low p H  the first reaction (formation of elemental sulfur) is predomi- 
nant, while at p H  2.5 the second reaction formation of sulfate) is pre- 

since Fe2+ disappears from solution forming ferric ion, which, at high 
temperature, hydrolyzes to ferric oxide: 

dominant. At pH above 3, the ratio [SO4-]/[Fe2+] 1 increases rapidly, 

2Fe3+ + 3H2O + Fe203 + 6Hf 
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PH 

Figure 12.15: Effect of pH on leaching pyrite at 80 "C (Ichikuni, 1960). 

A satisfactory explanation of this behavior is as follows. Pyrite dis- 
sociates in water forming ferrous ion and disulfide ion: 

When the disulfide ion reacts further, the equilibrium is shifted to 
the right, and more pyrite goes into solution. Disulfide ion may 
undergo auto-oxidation to elemental sulfur and sulfide ion as men- 
tioned earlier (p. 290): 

s,Z- -+ 2s + 2e- 

~ , 2 -  + 2e- + 2s2- 

Overall reaction: 

S;- + s + s2- 
Hence, three paths may arise depending on the conditions: 

High acidity and the absence ofoxygen. In this case, H2S is formed: 

S2- + 2H+ -+ H2S 

or FeS, + 2H+ + Fe2+ + S + H2S 
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High acidity and low oxygen concentration. In this case, elemental 
sulfur is formed: 

s2- + s + 2e- 

1/202 + 2H+ + 2e- -+ H2O 

Overall reaction: 

S2- + ' / 202  + 2H+ + S + H2O 

or FeS, + ' /20, + 2H+ + Fe2+ + 2s + H2O 

In this case, the aqueous oxidation of pyrite may be considered to 
take place by an electrochemical mechanism like other sulfides in 
acid medium and can be represented by: 

Anodic reaction: FeS2 + Fe2+ + 2s + 2e- 

Cathodic reaction: */,02 + 2H+ + 2e- + H2O 

In neutral medium and high oxygen concentration. In this case, it 
seems that the auto-oxidation of the disulfide ion does not take 
place because in neutral medium, thiosulfates and other lower-oxi- 
dation products were identified. Thiosulfates may, therefore, form 
directly from the disulfide ion by the following reaction: 

si- + 3 1 ~ 0 ,  -+ ~ ~ 0 3 2 -  
which oxidizes further to sulfate: 

S2032- + 5H20 + 2SO:- + 10H' + 8e- 

1/202 + H20 + 2e- + 20H- 

H+ + OH- + H2O 

The overall reaction in this case is: 

S2032- + 2 0 2  + H20 + 2SOi- + 2HS 

which leads to the global oxidation reaction of pyrite in neutral 
medium: 

Si- + 7 / 2 0 2  + H2O + 2SOi- + 2H+ 

FeS2 + 7/202 + H20 + Fe2+ + 2SOi- + 2H+ 
Two points should be noted from the above scheme: 
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- Pyrite takes up one eighth of its oxygen required for oxidation 
to sulfate from the water and the remaining from molecular 
oxygen. This was confirmed experimentally by using radioac- 
tive oxygen in following up the reaction. 

Under certain conditions, hydroxyl ions are formed during the 
oxidation. This was confirmed when pyrite was in contact 
with water containing agar-agar, thus minimizing the diffu- 
sion of OH- ions (Figure 5.3, page 115). Cathodic regions 
form on pyrite whereby oxygen is reduced according to: 

- 

1 / 2 ~ ,  + H,O + 2e- -+ 2 0 ~ -  

while at the anodic zone the following reactions would take 
place: 

FeSz -+ Fe2+ + Sz -  

~ , 2 -  + 3 1 ~ 0 ,  --+ ~ ~ 0 3 2 -  
S2032- + 5H20 -+ 2SOp + 10H' + 8e- 

The presence of thiosulfates in waste solutions (Table 12.6) raises 
an environmental problem because these are usually not precipitated 
by standard methods like sulfates, e.g., when adding Ca(OH),. Hence 
they escape the mine sire and may contaminate surface waters. This 
topic was the subject of an extensive research project in Canada. 

Table 12.6: Relative formation of thiosalts during aeration of sulfide minerals for 5 
hours in a flotation cell. 

Thiosulfate 
formed, mglL Mineral 

Galena 200 
Chalcopyrite 300 
Sphalerite 3 00 
Pyrrhotite 1500 
Pyrite 2700 

Sulfites were also identified in deaerated solutions. The relation 
between disulfide, thiosulfate, sulfites, and sulfate ions is shown sche- 
matically below: 
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Disulfide Thiosulfate Sulfite Sulfate 

Aqueous oxidation at high temperature and pressure in alkaline 
medium yield Fe203 and sulfate ions: 

2FeS2 + 151202 + 8 0 H  + Fe203 + 4 ~ 0 4 -  + 4 H 2 0  

The advantage of such reaction is no corrosion problems but the dis- 
advantage is the high cost of the reagent. 

Arsenopyrite 

Arsenopyrite may dissociate in water as follows: 

2FeAsS(,) * 2 ~ e $ ~ )  + ~ s z ~ ~ ~ )  + s $ ~ ~ )  
The behavior of disulfide ion is probably the same as in the case of 
pyrite in acid and in neutral medium, while the diarsenide ion forms 
arsenic acid: 

AS? + 302  + 2H1 + 2 H 2 0  + 2H3AsOq 

The overall reactions are: 

In acid medium: 

4FeAsS + 702 + 8H1 + 2 H 2 0  + 4H3AsOq + 4 ~ e ~ +  + 4 s  

In neutral medium: 

4FeAsS + 1 3 0 2  + 6 H 2 0  + 4H3As04 + 4Fe2+ + 4 ~ 0 4 -  

In alkaline medium: 

2FeAsS + 1 OOH- + 702 + 
Fe203 + 2 ~ ~ 0 8  + 2 ~ 0 k  + 5 H 2 0  

Ferrous ion formed in the above reactions oxidizes further to form fer- 
ric arsenate precipitates: 



322 A Textbook of Hydrometalhrgy 

2Fe2+ + Il2O2 + 2H+ -+ 2Fe3+ + H 2 0  

Fe3+ + H3As04 + 2 H 2 0  -+ FeAs04 + 2H2O + 3H+ 

Covellite 

When covellite is suspended in water, it apparently dissociates as 
follows: 

cu~cu~~(s,) ,s , ( , )  * 4CUtaq)  + 2CUflq) + 2s$4 + 2SfG) 

When oxygen is present, oxidation of Cu+, Sz- ,  and S2- ions takes 
place as follows: 

Oxidation of cuprous ion: 

c u +  -+ cu2+ + e- 
1/202 + H20 + 2e- + 20H-  

Overall reaction: 

4Cu+ + 0 2  + 2H2O + 4Cu2+ + 40H- 
Oxidation of disulfide ions: 

sZ- + 31202 + ~ ~ 0 3 2 -  
S2032- + 5H20 -+ 2SO& + lOH+ + 8e- 

1/202 + H20  + 2e- + 20H-  

Overall reaction: 

2s;- + 702 + 2H2O + 4SOp + 4HS 

Oxidation of sulfide ions: 

s2- + 2 0 ,  + soi- 

c u s  + 20qaq) + cu2+  + soi- 

Hence, the overall oxidation of covellite in water can be obtained 
from the above equations which yield the simple equation: 

This corresponds to what is actually obtained in practice. O n  the 
other hand, in acid medium, the sulfide ion will undergo auto-oxi- 
dation with the formation of elemental sulfur as shown in the case 
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of pyrite; and the sulfide ion also leads to the formation of elemen- 
tal sulfur, hence the overall reaction: 

CuS + ' / 2 0 2  + 2H+ + Cu2+ + S + H2O 

SUMMARY 

Figure 12.16 and Table 12.7 give a summary of processes used for 
leaching sulfides. It should be pointed out that these processes has not 
only found applications in the treatment of sulfide ores and concen- 
trates of copper, lead, zinc, nickel, and cobalt but also for treating the 
so-called refractory ores, i.e., pyrite containing dissiminated gold that 
cannot be treated directly by cyanidation. As a result, the sulfide must 
first be decomposed to liberate the gold so that cyanidation may 
become possible. 

Leaching 
of sulfides 

Absence - of Presence of 

oxidizing agent oxidizing agent 

Basic Acid Basic 
medium medium medium medium 

Acid 

+ 
so:- 

+ 
9 

+ 
SZ- 

+ 
4s 

Figure 12.16: Summary of processes for leaching sulfides. 

Another potential application is also in the partial desulfurization 
of coal. Coal contains about 4 %  sulfur which exists in two forms: 
Inorganic sulfur which comprises about 80% of the total sulfur 
(mainly pyrite, a small amount of pyrrhotite and calcium sulfate), and 
organic sulfur compounds which account for the rest. 

The behavior of pyrite, covellite, and arsenopyrite during leaching 
is different from other sulfides due to the presence of the disulfide ion, 
Si-. Arsenopyrite contains in addition the diarsenide ion, hi-. The 
disulfide ion undergoes auto-oxidation in high acidity, leading to ele- 
mental sulfur and sulfide ion formation: 



Table 12.7: Methods of leaching of sulfides. 

Reaction Examples Oxidizing Med' 

Absent Acid MS + 2H' -+ ML' + H2S 

ium agent 
Ni3S2 + 6HCl-+ 3NiC1, + 2H2S + H 2  
PbS + 4NaOH + Na2Pb02 + Na2S + 2H2O 
ZnS + 4NaOH -+ Na2Zn02 + Na2S + 2 H 2 0  
HgS + Na2S -+ Na2HgS2 
Sb2S3 + 3Na2S -+ 2Na3Sb2S3 
h 2 S 3  + 3Na2S -+ 2Na3As2S3 
Cu2S + 6NaCN -+ 2Na2[Cu(CN)3] + Na2S 

Base 

Alkali 
sulfide 

Alkali 
cyanide 

Acid 
Base 

Ammo- 
nia 

MS + 4 0 H -  -+ MOi-  + S2- + 2H2O 

MS + S2- -+ MSf- 

MS + 3CN- -+ M(CN)i  + S2- 

Present Water MS + 20, -+ M,+ + SO& ZnS + 2 0 ,  -+ ZnSO4 
MS + 2H' + '/,O, -+ M2+ + S + H2O ZnS + H,S04 + 1/202 -+ ZnS04 + S + H 2 0  
MS + 4 0 H -  + 2 0 ,  + MOZ- + SO& + 2H2O MoS2 + 6NaOH + 9/,0, -+ Na2M004 + Na2S04 + 

3H2O 
MS + nNH3 + 2 0 ,  -+ [M(NH3)J2' + SO:- NiS + nNH, + 2 0 2  -+ [Ni(NH3)J2' + SO:- 
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~ , 2 -  + 2s  + 2e- 

~,2- + 2e- + 2s2- 

Overall reaction: 

s,2- + s + s2- 
The sulfide ion may oxidize further by oxygen to elemental sulfur 

if high acidity is maintained: 

s2- + s + 2e- 

1/202 + 2H+ + 2e- + H 2 0  

In neutral medium, the disulfide ion does not undergo auto-oxi- 
dation but oxidizes to thiosulfate, then to sulfate: 

s,2- + 3 / 2 ~ ,  -+ ~ ~ 0 3 2 -  
~ ~ 0 3 2 -  + ~ H , O  + 2 ~ 0 2 -  + IOH+ + 8e- 

1/202 + H 2 0  + 2e- + 2 0 H -  

H+ + OH- -+ H2O 

This leads to the two overall reactions observed experimentally: 
In acid medium: 

FeS2 + 1/202 + 2H+ + Fe2+ + 2s  + H20 

In neutral medium: 

FeS2 + 1/202 + H 2 0  + Fe2+ + 2SOi- + 2H+ 

Covellite and arsenopyrite behave similarly. 
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INTRODUCTION 

Selenium and tellurium are relatively rare metalloids; their relative 
abundance is 5 x lo-'% and 2 x respectively, Le., about the 
same order of magnitude as silver and gold. However, they do not 
occur in the native state but mostly in association with non-ferrous 
metal sulfides, especially those of copper and nickel. During pyromet- 
allurgical processing of concentrates of these metals, appreciable 
amounts of selenium and tellurium are volatilized. The remainder 
deposits during the electrolytic refining as slimes at the bottom of the 
cell. For example, fire-refined copper contains 0.01-0.02 Yo Se and up 
to 0.004% Te, as selenides and tellurides of gold, silver, and copper. 
The following compounds have been identified in the slimes: (Ag, 
Au)Te2, Ag2Se, AgzTe, CuAgSe, Cu2Se, ans Cu2Te. The slimes are a 
grayish black powder, minus 200 mesh. From 2 to 20 kg of slimes are 
produced per ton of copper cathode: they are usually collected every 
14 to 21 days of electrolysis. A typical analysis of slimes at a refinery in 
Canada is given in Table 13.1. 

The  treatment of slimes has undergone numerous changes in 
recent years to the extent that the once commonly used hydrometal- 
lurgical process has now been replaced in some plants by a pyrometal- 
lurgical route in which the selenides and tellurides are intensively 
oxidized over a long period of time in a top-blown rotary converter to 
get directly an alloy of gold and silver, called dord metal. Selenium and 
tellurium are collected in the gas scrubbing system. 
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Table 13.1: Typical analysis of anodic slimes at the Canadian Copper Refiners, 
Montreal East. 

% % 
c u  30 As 0.25 

Au 1 Bi 0.3 
Se 15 Sn 0.5 
Te 5.5 Si 1 
Pb 10 Balancea 14.45 

Ag 21 Sb 1 

a. Mainly sulfur and oxygen (as PbS04  CUSO~),  SiO,, and traces of Fe, Ni, Al, Ca, and Mg. 

The hydrometallurgical route for treating the slimes comprises 
two methods: the acid and alkaline processes. In the acid process ele- 
mental selenium and tellurium and their oxides are formed, while in 
the alkaline process both metals go into solution. Gold selenides and 
tellurides, however, are not decomposed in both processes and these 
are melted under oxidizing conditions to slag selenium and tellurium 
and to recover gold, silver, and the platinum metals as a bullion. 

ACID PROCESS 

This is the oldest method of treating slimes. The  slimes are 
charged in digesters of 360-400 kg capacity, heated to 260 "C with 
78% H2S04, for 8-12 hours. During digestion the following reac- 
tions take place: 

Cu2Se + 4H2S04 -+ 2CuSO4 + Se + 4H20 + 2S02 

Cu2Te + 4H2S04 -+ 2CuSO4 + Te + 4H2O + 2S02 

Ag2Se + 2H2S04 -+ Ag2S04 + Se + 2H20 + SO2 

Ag2Te + 2H2S04 -+ AgzSO4 + Te + 2H,O + SO, 

Gold selenides and tellurides are not decomposed by this treat- 
ment. The reaction mass is then dumped into open pans heated to 
700 "C in order to complete the above reactions and to volatilize sele- 
nium and tellurium. A small amount of selenium and tellurium is oxi- 
dized to gaseous dioxides: 

Cu2Se + 6H2S04 -+ 2CuSO4 + Se02  + 4S02 + 6H2O 

Cu2Te + 6H2S04 -+ 2CuSO4 + Te02 + 4S02 + 6H20 
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These are washed into scrubbers to recover selenium and tellu- 
rium, while the residual sulfates are leached with water to recover cop- 
per and silver. The  residue is then treated by pyrometallurgical 
operations to recover residual selenium, tellurium, copper, and the 
gold-silver alloy (dort bullion), which contains the platinum metals. 
The problem with the baking step is the formation of SO2 as shown in 
the above equations. A simplified flowsheet is given in Figure 13.1. 

Analysis 

Anodic slimes 

Figure 13.1: Processing anodic slimes from copper electrolytic refining. 

Pressure leaching 

This is an improvement to the acid-baking process. Instead of 
using concentrated acid which produces SO2 as shown above, dilute 
H2S04 (30%) and oxygen under pressure are used. The process is 
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conducted in stainless steel autoclaves at 125 "C and 300 kPa and the 
reactions taking place are the following: 

Cu2Se + 4H+ + 0 2  -+ 2Cu2+ + Se + 2H20 

Cu2Te + 2H+ + 5 / 2 0 2  

Cu + 2H+ + ' / 2 0 2  -+ Cu2+ + H,O 

2Cu2+ + TeOi- + H,O 

Slimes 

Scrubbers 

Precipitation 

di Filtration 

Solids 

Oxidation 

v. Tellurium 

Gold and silver 

JI .  Selenium 

Figure 13.2: Pressure leaching of anodic slimes at Canadian Cop- 
per Refiners, MontrCal East, Canada. 

This process has also the advantage of an early separation of selenium 
from tellurium, since under the leaching conditions selenium is pre- 
cipitated in the elemental form, while the tellurium goes into solution. 
A flowsheet of this process is shown in Figure 13.2. 

After the solid-liquid separation step, the solution containing cop- 
per and tellurium is agitated with metallic copper in form of pellets to 
precipitate tellurium as CuZTe: 

TeO& + 5Cu + 8H+ -+ Cu2Te + 3Cu2+ + 4 H 2 0  
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Excess copper is added to neutralize the remaining acid, then the 
copper sulfate solution is evaporated to crystallize CuS04.  5H20 for 
the market. The residue from pressure leaching containing mainly 
selenium, silver selenide, gold, and lead sulfate is pelletized, then 
roasted at 81 5 "C in air. Selenium dioxide is recovered in the scrub- 
bers, and the precious metal fraction collected from the roaster is 
melted in the usual way in a dore furnace. 

In a recent development, the steps comprising pressure leaching 
and air oxidation of residue are replaced by a single high-temperature 
oxidation in a top-blown rotary converter to get directly dorC metal. 
Gases evolved during this treatment are collected for selenium and tel- 
lurium recovery. 

Anodic slimes 

Leaching 80 "C 

Filtration CuS04 solution 

H20 

Gases 
NiS04 CuaTe Heating 600 "C Scrubbers 

solution 
C C 

HzSeO2 Exit + Se gases 

f 
Dore metal 

Figure 13.3: Outokumpu Process for the treatment of anodic slimes. 

Multi-stage leaching 

This process (Figure 13.3) was developed in Finland by Outo- 
kumpu Company. The slimes are not filtered but treated directly as a 
slurry in the electrolyte. The process involves the following steps: 

Leaching of copper. Metallic copper in the slimes is first removed 
selectively by air oxidation at 80 "C: 
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Cu + ' 1 2 0 2  + 2H+ -+ Cu2' + H2O 

Leaching of nickel and tellurium. Nickel oxide in the slimes is 
removed by dilute H2S04 at 160 "C in pressure reactors: 

NiO + 2H" -+ Ni2+ + H20  

In this operation most of the tellurium and any remaining copper 
go into solution. After filtration, tellurium is precipitated from 
solution by cementation with metallic copper. 
Selenium recovery. Selenides were found to decompose readily at 
600 "C in an atmosphere of SO,: 

Ag2Se + SO,($ -+ Se02(g) + Ag2S 

Volatilized SeO2 is captured in the gas scrubbing system. Due to 
the presence of SO2 in solution, elemental selenium is formed 
which is collected by filtration and refined by distillation. 
Formation of  dore' metal. The residue from the previous step is 
melted with fluxes to form dori metal which is refined electrolyti- 
cally. 

ALKALINE PROCESS 

Sodium hydroxide and oxygen under 1400 kPa pressure decom- 
pose selenides and tellurides of copper and silver at 150 "C as follows: 

Cu2Se + 2 0 2  + 2 0 H -  -+ 2CuO + SeO$- + H2O 

Cu2Te + 20 ,  + 2 0 H -  -+ 2CuO + reo$-  + H,O 

Ag2Se + 31202 + 2 0 H -  + Ag20 + SeOz- + H20 

Ag2Te + 31/202 + 2 0 H -  -+ Ag20 + TeO$- + H20 

The selenites and tellurites are soluble in the solution. However, fur- 
ther oxidation converts all the tellurite to insoluble sodium tellurate: 

Na2Te03 + 'I2O2 -+ Na2Te04 

Only a small amount of selenite is oxidized to insoluble selenate. The 
slurry is filtered and selenium is recovered from the sodium selenite 
solution, while the residue is treated further with H2S04 to dissolve 



Selenides und Tellurides 333 

the tellurates. Gold and silver are recovered from the insoluble residue 
(Figure 13.4). 

Anodic 
slimes 

Solids Ag 
>recovery 

I I v JI 
Te 

recovery 

Selenium 
recovery 

Se 

Figure 13.4: Sodium hydroxide process for treatment of anodic 
slimes from electrolytic copper refining. 
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INTRODUCTION 

Arsenic compounds are highly poisonous and therefore treatment 
of arsenic ores needs special measures to protect the workers and the 
environment. The  most important arsenic minerals are shown in 
Table 14.1 '. Arsenical ores may be treated in two ways: 

Leaching with acid or alkali in presence of an oxidizing agent. 
Melting in presence of fluxes to volatilize as much as arsenic and 
sulfur as possible, and the resulting product, called speiss, is then 
leached. A speiss is mainly a complex mixture of metal arsenides 
whose composition varies widely, depending on the type of ore 
treated. A typical speiss contains 15-35 % arsenic. 

Table 14.1: Arsenic minerals. 
Arsenides Niccolite NiAs 

Smaltite COAS, 
Skutterudite COAS, 

Sulfarsenides Cobaltite COASS 

Arsenopyrite FeAsS 
Arsenic sulfides Realgar A4S4 

Enargite,75 C U ~ A S S ~  

Orpiment A2s3 

Arsenic forms two oxides As203 and As205 which dissolve in 
water to form a variety of species, depending on the pH, as shown in 
Figures 14.1 and 14.2, respectively. Arsenious oxide is volatile while 

I. For the treatment of arsenic sulfides see Leachingof SzllJides (Chapter Twelve). 
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arsenic oxide is not volatile. Arsine, ASH,, is a highly poisonous gas 
that forms from arsenides by the action of dilute acids or even humid- 
ity from the atmosphere. Proper storage of these materials is therefore 
of special concern. Some arsenic compounds are used as insecticides, 
weed killers, and wood preservative. 

-2 0 2 4 6 8 10 12 14 

PH 

Figure 14.1: Distribution of trivalent arsenic species as a function of pH. 
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Figure 14.2: Distribution of pentavalent arsenic species as a function of pH. 

ORES AND CONCENTRATES 

Arsenide ores and concentrates can be leached by acids or alkalies. 
In the first case both the metal and arsenic go into solution while in 
the second case only arsenic is solubilized. 



Acid leaching 

This process (Figure 14.3) has the advantage of eliminating the 
danger of having arsenic in solution; instead, it is removed as an insol- 
uble residue. The process has been applied for the recovery of cobalt 
from a sulfarsenide ore. Leaching is carried out at 200 "C, and under 
oxygen pressure of about 1200 kPa. Metals are converted to soluble 
sulfates while iron and arsenic salts are oxidized, and these combine to 
form insoluble iron arsenate: 

Asenic 
ore 

leaching w 

Ammine 
formation 

precipitation 

Filtration 
I 

37 
Cobalt 

Figure 14.3: Calera Process for pressure leaching of arsenical ores. 

COASS + 7 / 2 ~ 2  + H20 coJ t  + sod2- + ~ ~ 0 2 -  + 2Ht 

The reaction is slow unless dilute acid is present. The slurry is fil- 
tered to recover cobalt from the solution. The process is known as the 
Calera process. Analysis of the concentrate processed is given in Table 
14.2. 
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Table 14.2: Analysis of cobalt-arsenic sulfide concentrare at Calera Cobalt Refinery. 

YO 
As 24 
c o  17.5 
c u  0.5 
Fe 20 
Ni 1 
S 29 
Gangue 5 
H7O 12 

Alkaline leaching 

Oxidation in presence of N a O H  results in solubilizing both 
arsenic and sulfur to arsenate and sulfate respectively, while the metal 
values remain undissolved (Figure 14.4). 

C ~ A ~ S  + 7/202 + 501-1- -+ 

Co(OH), + SOZ- + AsOj- + H 2 0  

The residue can then be processed by conventional methods to yield 
cobalt (or nickel) free from arsenic. Treatment is carried out at 1 15 "C, 
840 kPa oxygen pressure. Arsenic can be removed from the leach solu- 
tion by precipitation with lime to give calcium arsenate, or with H,S 
to give arsenic sulfide. When lime is used, sodium hydroxide is regen- 
erated: 

2AsOj- + 3Ca(OH), -+ Ca3(AsO& + GOH- 

The process is known as the Sill Process after its inventor Harley Sill. 
Analysis of an ore treated by this process is given in Table 14.3. 

Table 14.3: Analysis of ore processed by sodium hydroxide leaching. 

YO 
As 45 
S 20 
Fe 19 
Co 12 
Ni 3 
c u  1 
Ag 100-150 odton 



Ore 

Na2S04 
Crystallization 

I 
Residue (0.1% As) 3. 

Calcium 
arsenate 

Residue 
(gangue, Ag) 

Solution 

Precipitation 6 
Figure 14.4: Leaching of arsenide ore with sodium hydroxide. 

The process used for treating a silver-cobalt arsenide ore makes 
use of the formation of speiss. The ore is melted in a blast furnace to 
get silver bullion and speiss. Speiss is then leached directly as in the 
previous cases, or is oxidized in a roasting furnace to yield arsenate 
which is then leached with dilute H2S04; the nonferrous metals go 
into solution from which they can be separated and recovered, while 
arsenic and iron remain in the residue. Table 14.4 gives the analysis of 
a speiss and its oxidation product. Roasting, however, usually creates 
pollution problems, since considerable amounts of sulfur and arsenic 
are volatilized. Leaching of speiss by ammonia under oxygen pressure 
has been suggested; the following equation represents the reaction: 
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Table 14.4: Roasting arsenides (speiss) to arsenates. 

Speiss (arsenide) Speiss oxidation product (arsenate) 
YO Y O  

As 31.0 10-12 
c o  11.3 23.0 
Ni 9.0 9.0 
c u  0.9 2.5 
Fe 6.0 21.5 
S 10.0 2-8.6 
Ag 100-900 ozlton 500-900 ozlton 
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INTRODUCTION 

Phosphatic raw material of interest to the metallurgist are phos- 
phate rock, monazite sand, and xenotime (Table 15.1). Tonnage wise, 
phosphate rock is the most important as compared with the other 
material; about 120 millions tons of rock are treated annually while 
only 30 000 tons of monazite and xenotime. Apatite is the principal 
constituent of phosphate rock. The mineral received its name from the 
Greek word a n a ~ o  = I deceive when it was realized that it was fre- 
quently confused with other mineral species, including beryl and tour- 
maline, prior to the latter part of the eighteenth century. Phosphate 
rock is the main raw material for the production of phosphatic fertiliz- 
ers. A small amount of fluorine, an increasing amount of uranium, 
and some lanthanides are recovered as by-products. The phosphate 
deposits in Idaho and Wyoming are a minor source of vanadium. 
Phosphate rock in Wengfu, China, contains 7 ppm iodine in isomor- 
phous substitution with fluorine. 

Monazite, on the other hand, derives its name from ~ o v ~ C , E ~ V  = 
to be alone. The mineral monazite is a lanthanide phosphate contain- 
ing some thorium and small amounts of uranium. It is widely distrib- 
uted in the Earth's crust. It occurs in small proportions in granites. 
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When such rocks are weathered, grains of monazite are carried by 
waters, then deposited at the mouths of rivers, together with the 
heavier constituents of the parent rock, to form black sands known as 
monazite sand. The monazite in these sands is usually present in 
rounded grains, showing that the grains have previously been rolled to 
an fro in streams of water. Xenotime is another lanthanide phosphate 
in which the individual lanthanides occur in a different proportion 
from that in monazite. It occurs associated with monazite in the placer 
tin deposits especially in Southeast Asia. 

Table 15.1: Main phosphatic raw material. 

Economic 
Raw material phosphate 

material 

Fluoroapatite 
Hydroxyapatite 

e Carbonatoapatite 

Phosphate rock Apatite: 

Monazite sand Monazite 
Alluvial cassiterite Xenotime 

Formula Products 

Phosphatic fertiliz- 
Ca10(P04)6F2 ers, uranium, 
Ca10(P0&(OH)2 vanadiuma, Ian- 

thanides, fluorine. 

LnP04 Lanthanidesb, ura- 
LnPOL nium, thorium. 

Calo(P04)6C03 

a. Potential. 
b. Abbreviated Ln. 

Vivianite is an iron phosphate, Fe3(P04)2-8H20, that occurs in 
small amounts in some iron ores, e.g., those of the Lorraine District in 
France, that render them undesirable. During the reduction of these 
ores, the phosphorus enters the pig iron, it is finally eliminated as cal- 
cium phosphate in the slag during steelmaking. Such slag is usually 
finely ground and used directly as a fertilizer. 

PHOSPHATE ROCK 

Phosphate rock is composed mainly of fluorapatite, hydroxyapa- 
tite, and carbonato-apatite (Table 15.2). Depending on the propor- 
tion of each component, the rock may be frankolite, kunskite, or 
colophanite (Table 15.2). Low-grade phosphate rock, may contain 
appreciable amounts of aluminum phosphate wavellite, AlPO4, and/ 
or calcium-aluminum phosphate, crandallite. Phosphate rock occurs 
either as a sedimentary deposit, e.g., in Florida and North Africa, or as 
igneous rock, e.g., in Kola peninsula, Russia. Sedimentary phosphates 
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supply about 85% of the phosphate rock for the industry. Typical 
analyses of phosphate rocks are given in Table 15.3. Phosphate rock is 
used for the manufacture of fertilizers and elemental phosphorus. Pure 
phosphoric acid for other uses than fertilizers is prepared from the lat- 
ter product although attempts are being made to prepare a moderate- 
grade phosphoric acid by leaching the rock. 

Table 15.2: Main types of phosphate rock. 

Type Composition 
Frankolite 

Kunskite 

Colophanite 

Table 15.3: Analysis of typical phosphate rock. 

Isomorphous mixture of fluoroapatite and carbonate apatite 
in the ratio 3 : 1. 
Isomorphous mixture of fluoroapatite and carbonate apatite 
in the ratio 2 : I .  
An ultra microcrystalline variety of frankolite. 

YO YO 

CaO 48-52 co2 2-6 

0.2-5 0.2-1 S i02  
A1203 0.1-1 Organic carbon 0-0.4 

'2O5 29-38 Cl 0.01-0.7 

1-3 0.2-0.8 so3 MgO 

N a 2 0  1-2 Uranium 0.01-0.02 
K 2 0  0.1-0.4 Ln203 0.1-1 
F 3.3-4.3 

Fe203 

Leaching methods 

Phosphate rock is insoluble in water, but when treated with acids 
either water-soluble monocalcium phosphate, citrate-soluble dical- 
cium phosphate, or phosphoric acid can be obtained. The first two 
can be used directly as a fertilizer, while the latter is neutralized with 
ammonia to produce an ammonium phosphate fertilizer. The acids 
used for treating the rock are the following. 

SuL&ricdcid. Leaching with sulfuric acid is the most common 
method for treating phosphate rock. Depending on the amount of 
acid used, normal superphosphate or phosphoric acid are produced: 

When a small amount of acid is used the product is known as nor- 
mal superphosphate: 
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Calo(P04)6F2 + 2H2S04 + 2 H 2 0  + 
3Ca(H2POq)2.2H20 + 7CaS04-2H20 + 2HF 

superphosphate 

Normal superphosphate is a solidified mixture of monocalcium phos- 
phate and gypsum; its P205 content is only 18-20%. Usually the 
product is ammoniated to increase its value as a fertilizer: 

Ca(H2P04)2.H20 + CaS04.2H20 + 2NH3 + 
2CaHP04 + (NH4)2S04 + H 2 0  

When a large amount of sulfuric acid is used, phosphoric acid is 
produced. The reaction is largely complete in few minutes. Three 
processes are used (Table 15.4): 
- Hemihydrate Process. Conducted above 80 “C and produces 

30% acid: 
Ca10(P04)6F2 + 10H2S04 + 5H2O + 

6H3P04 + 10CaS04.’i2H20 + 2HF 

- Dihydrate Process. Conducted below 80 “C and produces 
60% acid: 
Ca10(P04)~F2 + 10H2S04 + 20H20 + 

6H3P04 + 10CaS04.2H20 + 2HF 

More time is needed, about 8 hours, to allow for the proper 
formation of crystals that can be removed easily by filtration. 
Hemihydrate-dihydrate Process. Conducted above 80 “C to 
produce the hemihydrate crystals, then slurry is agitated for 
few hours to allow the crystallization of the dihydrate. 

There are two types of wet process phosphoric acid: the “black 
acid” and the “green acid”. The black acid is the one usually produced 
and its black color is due to the organic matter originally present in 
the rock. If the organic matter is above certain limits it is usually elim- 
inated by calcining in an oxidizing atmosphere. The acid derived from 
such treated rock is the green acid because it has a green tint. Both 
acids are a commercial product, and is shipped to fertilizer producers. 
It is usually neutralized by ammonia to form ammonium phosphates: 

- 

Monoammonium phosphate (46 Yo P205, 1 1 Yo N): 
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H3P04 + N H 4 0 H  PH + 4 NH4eH2P04 + H2O 

Diammonium phosphate (46% P205, 18 % N): 
H3P04 + 2NH40H PH + 6 (NH4),-HP04 + 2H2O 

Or, reacted with a fresh batch of phosphate rock in a rotary kiln to 
produce triple superphosphate (40-48 % P205): 

Calo(P04)6F2 + 14H3P04 + H2O + 
10Ca(H2P04)2-H20 + 2HF 

This in turn is usually treated by ammonia to form ammoniated 
triple superphosphates: 

Ca(H2P04)2.H20 + NH3 + 

Ca(H2P04),.H2O + 2NH3 -+ 
CaHP04 + NH4.H2P04 + H20 

CaHP04 + (NH4),HP04 + H20 

Hydrochloric acid. 
phosphate rock to produce either monocalcium phosphate fertilizer: 

Calo(P04)6F2 + 14HC1+ 3Ca(H2P04)2 + 7CaC1, + 2HF 

Hydrochloric acid is used sometimes to leach 

or phosphoric acid: 
Calo(P04)6F2 + 20HCl+ 6H3P04 + 10CaC12 + 2HF 

Calcium chloride is then removed as CaCO, by precipitation with 
("4) 2co3: 

CaC12 + (NH4)2C03 + CaC03 + 2NHqCl 

Nitric acid. 
nitro phosphate: 

Nitric acid is also used to produce a fertilizer known as 

Calo(P04)6F2 + 14HNO3 + 
3Ca(H2P0& + 7Ca(N03)2 + 2HF 

nitrophosphate 

or phosphoric acid: 
Calo(P04)6F2 + 20HN03 + 

6H3P04 + 10Ca(N03)2 + 2HF 



Table 15.4: Production of phosphoric acid by the H7S0,j route. 

Hemihydrate Process Dihydrate Process Hemihydrate-dihydrate 
Process 

Crystal form CaS04. '/,H20 CaS04.2H20 Initially CaSOd. '/,H20, 
then CaS04.  2 H 2 0  

Crystal size (pm) 15-30 (without modifier) 40-60 

P205 losses in crystal (Yo) 3-6 lower 
Temperature ("C) > 80 < 80 

40-60 (with modifier) 

Phosphoric acid concentration 45-54 28-30 
% P2O5 - Yo H,PO, 

Washing system Vacuum belt filter (Lurgi) Counter-current in thickeners 
(Dorr) 

Phosphoric acid yield (Yo) 91 93 
Energy requirement low high 

because less water to be evapo- because more water to be evaporated 
rated later later 

> 80 

99 
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Calcium nitrate is separated by cooling to -10°C then centrifuging the 
crystals of Ca(N03)2 . 4 H 2 0 .  It is usually transformed to ammonium 
nitrate by reaction with ammonium carbonate. 

Present tendency. The first fertilizer produced in industry was normal 
superphosphate. Because of its low concentration in P205, its produc- 
tion has declined gradually in the past years and its place was taken 
over by triple superphosphate, and more recently by mono- and diam- 
monium phosphates. Over 70% of the phosphate rock is used in mak- 
ing phosphoric acid by the wet process. Phosphoric acid produced by 
leaching phosphate rock is impure and cannot be used for manufac- 
turing phosphates needed for the food or detergent industries unless it 
undergoes extensive purification, e.g., extraction by organic solvents. 

Uranium recovery 

Phosphate rock of sedimentary origin contains on the average 
0.01 Yo uranium. At a world production of phosphate rock of 130 mil- 
lions tons this represents a potential source of about 13 000 tons ura- 
nium annually. Because the mining and processing of phosphate rock 
is already financed by the existing phosphate fertilizer industry, the 
cost of the uranium as a by-product should not be great. 

Uranium in the sedimentary phosphate is present mainly in the 
tetravalent state; the remainder in the hexavalent state. Since the tet- 
ravalent uranium is insoluble in dilute acid while the hexavalent is sol- 
uble, the tetravalent uranium is usually determined in the following 
way. The rock is dissolved in dilute hydrochloric acid under inert 
atmosphere; uranium that goes into solution under these conditions is 
the hexavalent uranium. When the rock is dissolved under oxidizing 
atmosphere, all the uranium goes into solution. By difference, one can 
calculate the amount of uranium in the tetravalent state. It is believed 
that, in this form, uranium is in isomorphous substitution with Ca2+ 
ion in the apatite crystal. The ionic radius of U4+ is 1.05 A while that 
for Ca2+ is 1.06 A. Since most of the uranium is present in the crystal 
lattice of apatite it is therefore not possible to separate an uranium 
concentrate from phosphate rock by physical methods. As a result of 
the isomorphous substitution, there is a linear relation between ura- 
nium content in the rock and its P205 content. 
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Uranium in the rock can be readily identified by its radioactivity. 
In most cases, it was found that uranium existed in radioactive equi- 
librium with its decay products and the total gamma activity of a sam- 
ple can be used as an indication of its uranium content. 

The solvents used for extracting uranium are acidic esters of phos- 
phoric acid. They are either used alone or in combination with other 
organic phosphorus compounds. Sometimes the rock is calcined 
before leaching to remove the organic matter. During the calcination 
step about 30% of the uranium becomes insoluble in sulfuric acid and 
will report with the gypsum residue. The presence of organic matter in 
the black acid causes difficulties in the separation of the organic phase 
because it is mostly present in a colloidal form which is coagulated by 
the extractant forming a crud that collects at the organic-aqueous 
interface. The organic matter can also be destroyed by oxidation in the 
aqueous phase. 

The production of phosphoric acid by the wet process is at present 
facing the problem of disposal of gypsum; about 1.5 tons of gypsum 
are produced per ton of rock processed. This material contains all the 
radium originally present in the rock which results from the radioac- 
tive decay of uranium. As a result, phosphogypsum contains about 
0.03 mg Ra/t or 30 pCi/g. 

Recovery of the lanthanides 

Phosphate rock of sedimentary origin contains about 0.5 Yo lan- 
thanide oxides while igneous phosphate, e.g., in Kola Peninsula, con- 
tains about 1 Yo lanthanide oxides. During the manufacture of 
phosphoric acid about 70 % is lost in the gypsum. However, if acidula- 
tion is conducted by nitric acid all will go into solution and can be 
recovered by organic solvents. In Finland, the lanthanides were recov- 
ered commercially by Kemira Oy from phosphate rock during 1965- 
1972 using organic solvents. It is believed that a similar operation is in 
existence in Russia. 

Fluorine recovery 

Phosphate rock contains 3 to 4% fluorine. During the treatment 
of the rock with sulfuric about 70% of this fluorine is volatilized, 20 Yo 
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enters the gypsum as insoluble fluorides, and the remaining is solubi- 
lized in the phosphoric acid. The volatilized fluorine is mainly as 
hydrofluoric acid and silicon tetrafluoride; the latter being formed as a 
result of the interaction of HF with silica in the rock: 

4HF + Si02 + SiF4 + 2H2O 

Both gases represent a substantial source of fluorine. At present, most 
phosphate rock processors wash the exit gases in water to obtain a mix- 
ture of hydrofluoric and hydrofluosilicic acid; the latter as a result of 
reaction os SiF4 with water: 

3SiF4 + 2 H 2 0  + Si02 + 2H2SiFb 

Fluorine in phosphoric acid is present mainly as the fluorosilicate 
ion. It can be recovered by precipitation with a sodium or potassium 
salt, e.g.: 

SiFz- + 2Na+ + Na2SiFb 

Although its proportion is small as compared to the amount recovered 
from the volatilized gases, its removal is not only an additional source 
of fluorine but it also serves as a purification step of the phosphoric 
acid and hence an upgrading of the fertilizer. One potential utilization 
of these fluorine compounds is in the production of synthetic cryolite, 
Na3AlF,, needed for the aluminum industry. 

Production of dicalcium phosphate 

Dicalcium phosphate, CaHP04, is insoluble in water but soluble 
in dilute citric acid. It can be effectively produced at the mine location 
by in-situ, heap, or vat leaching using dilute nitric or hydrochloric 
acids, and can be marketed as a citrate-soluble fertilizer containing 
40% P205. The flowsheet of the proposed process is shown in Figure 
15.1. Phosphate rock is leached with 10 % HCl or 20 Yo HNO,, in 
situ, in dumps, or in vats to produce a solution of monocalcium phos- 
phate, Ca(H2P04)2. The solution is then crystallized to get the dou- 
ble salts CaClH2P04- H 2 0  or Ca(NO3)H2PO4. H20  depending on 
the acid used. The crystals are then separated from the mother liquor 
and decomposed at 200-250 "C to get dicalcium phosphate product: 

CaCIH2P04.H20 + CaHP04 + HC1+ H 2 0  
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Ca(NO3)H2P04.H20 -+ CaHP04 + HNO, + H,O 

In this operation, about 40% of the acid required for the leaching step 
is recovered for recycle. The remaining 60% can be regenerated by 
reaction of the mother liquor with H2S04: 

CaC12 + H2S04 -+ 2HC1+ C a s 0 4  

Ca(N03)Z + H2S0.4 -+ 2HN03 + Cas04 

To get a radioactivity-free gypsum, radium must be se arated in 

lowed by a calculated amount of BaC12 solution and filtering off the 
precipitate formed. To recover uranium and the lanthanides, two sol- 
vent extraction steps should be incorporated before the crystallization 
step using the proper solvents. If in situ leaching used, then the cost of 
removing the overburden, mining, beneficiation, disposal of tailings 
and slimes which are encountered in the exploitation of phosphate 
mines are eliminated. 

an earlier step. This can be readily achieved by adding SO4 Y- ion fol- 

The following points should be noted: 

H2S04 cannot be used in this technology because the formation 
of gypsum will prevent the percolation of the leach solution. 

Only dilute HCl and HNO, can be used because more concen- 
trated acid will result in the formation of H$04 in the upper lay- 
ers of the bed which when it percolates downwards it will form 
dicalcium phosphate and thus prevent percolation: 

Ca10(P04)6F2 + 4H3P04 -+ 10CaHP04 + 2HF 

Monocalcium phosphate solution can also be purified, then 
treated with ammonia to produce a mixture of dicalcium phos- 
phate and ammonium phosphate: 

Ca(H2P04)2 + NH3 -+ CaHP04 + NH4H2P04 

Ca(H2P04)2 + 2NH3 -+ CaHPO4 + (NH4),HP04 

Figure 15.2 shows the species formed when the pH of H$O, is 
increased gradually. 
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Phosphate 
mine or dump 

I Purification RaS04 
I I 

Extraction 
of uranium t--+ Uranium 

40% acid recovery 

Condensation 

Filtration 60% acid recovery 

CaHP04 product CaS04. 2H20 
40% p205 (radium-free to disposal) 

Figure 15.1: Proposed method for the production of dicalcium phosphate. 

MONAZITE SAND AND XENOTIME 

Monazite sands occur mainly in Brazil, India, Australia, and USA 
while xenotime is mainly in South East Asia associated with alluvial 
tin deposits. Both minerals can be easily concentrated from the sands 
by physical methods. For example, a monazite sand containing 1 % 
monazite can be concentrated by gravity, magnetic, and electrostatic 
methods to a concentrate containing 85 % monazite (Figure 15.3). 
Some physical properties of monazite and xenotime concentrates are 
given in Table 15.5. A chemical analysis of the concentrates is given in 
Table 15.6. The composition of the lanthanide fraction in monazite 
and in xenotime is given in Table 15.7, together with that of bastna- 
site, another important source of the lanthanides. Scandium, although 
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in the same group with yttrium, lanthanum, and the lanthanides, is 
not present in any of these minerals. 

Figure 15.2: Neutralization of phosphoric acid: 
H3PO4 * H+ f H PO-; + H2P04 * H+ + HP04-; HPOZ- * H+ +  PO^-. 

Beach sand 

1 
Silica 

Nonmagnetic 

Nonconductor 

v 
Zircon 

v .  
Monaz~te 

v 
llmenite 

v 
Rutile 

Figure 15.3: Separation of monazite and other valuable minerals 
from monazite sand by physical methods. 



Phosphate5 

Light La203 23.0 0.5 32.0 
49'0 CeO2 46.5 I 5.0 

Pr60 1 1 5.1 93 0.7 ' 8.4 4.4 

353 

' 98.9 

Table 15.5: Physical properties of lanthanide phosphate minerals. 

Monazite Xenotime 

Color Yellow to red brown Pale yellow to browish green 
Specific gravity 4.9-5.5 4.45-4.59 
Hardness (Mohs) 5 4.5 
Crystal structure Monoclinic Tetragonal 

L . 2  

Heavy Sm2O3 2.3 
Eu203 0.07 

1.7 
0.16 
0.52 

Er203 0.13 
0.013 

Tm203 0.061 
0.006 

Gd203 

Dy2°3 
Tb407 

Ho203 0.09 

%2O3 
Lu203 
y2°3 2 

Table 15.6: Chemical analysis of lanthanide phosphate concentrates. 

Monazite concentrate, Yo 
24-29 

Xenotime concentrate, Yo 

52-63 
'2O5 
Ln203a 55-65 
T h o 2  5-10 1-3 
u3°8 0.2-0.4 0.5-3.5 
Si02  1-3 
CaO 0.2-0.8 

1-2 
0.1-0.8 

Fe203 

Z r 0 2  0.7 2-3 
Sn02  - 0-9 

a. Ln = Lanthanide. 

7 

1.9 
0.2 
4.0 
1 .o 
8.7 
2.1 
5.4 
0.9 
6.2 
0.4 

60.8 

0.5 
0.1 
0.3 
0.01 
0.03 

' 91.6 0.01 
0.01 
0.2 
0.01 
0.1 
0. I 

1.37 

a. Bastnasite, a fluorocarbonate, Ln2(C03)3, LnF3, or LnFC03, a major source of lan- 
thanides. 
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Monazite and xenotime are the main source of thorium and the 
lanthanides; uranium is recovered as a by-product. There are two 
methods used for treating these concentrates: the sulfuric acid and the 
sodium hydroxide methods (Figure 15.4). The decision between one 
or the other is an economic one; for example in Brazil, the NaOH 
process is used because of a shortage in sulfuric acid. However, the 
general tendency today is to use the NaOH process. 

Monazite 
concentrate 

H20& Dissolution 

Residue 
Si02 
Ti02 
ZrSiO4 

Solution 

Monazite 
concentrate 

Residue : 
hydroxides of 
U, Th, R.E. 

Crystallization Na3P04 . 1 OH20 + 
Figure 15.4: Leaching methods for monazite sand. 

Sulfuric acid method 

This method involves two steps: 
Digestion. The concentrate is digested in a closed reactor or baked 
in a rotary kiln with 93% H,S04 at about 200 "C for 2-4 hours 
at an acid to concentrate ratio of 2 : 1 ~ An acid-to-concentrate ratio 
lower than this results in incomplete reaction, while higher ratio 
interferes with subsequent operations. Also, with temperatures 
lower than the above, the reaction will be too slow, and if higher 
than 300 "C,  insoluble thorium pyrophosphate is liable to be 
formed. The reaction is exothermic and can be represented by the 
equation: 

* 

2LnP04 + 3H2S04 -+ Ln2(S04)3 + 2H3P04 

Thorium and uranium are also transformed into sulfates. Due to 
the high temperature used the product is a thick paste of anhy- 
drous sulfates. 
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Dissolution of the reuction mass. The resulting mass is allowed to 
cool, diluted with water to allow the insoluble material to settle, 
and then filtered. Typical analysis of the filtrate is shown in Table 
15.8. The clear leach solution is then subjected to further treat- 
ment to separate thorium, uranium, and the lanthanides. The res- 
idue contains most of the radioactive decay products of uranium 
and thorium. 

Table 15.8: Typical analysis of monazite leach solution, pH = 0.05. 

g'L g'L 
Th 5.3 NdZO, 7.0 
U 0.2 SmZ03 1.3 
Ce203 16.0 sei- 128.0 

8.5 Po=- 26.0 
pr203 1.7 

Sodium hydroxide method 

The sodium hydroxide process differs from the acid process in that 
water-soluble phosphates are formed while the lanthanides, thorium, 
and uranium form insoluble hydroxides: 

LnP04 + 3NaOH + Ln(OH), t Na3P04 

Th3(P04)4 + 12NaOH + 3Th(OH)* + 4Na3P04 

U 0 2 H P 0 4  + 2NaOH -+ U02(OH), + Na2HP04 

Optimum conditions of digestion are 40-50Yo NaOH, 160 "C, 
NaOH to concentrate 2 : 1 , time of reaction about 3 hours. Sodium 
hydroxide should be free from carbonate otherwise uranium will be 
lost in solution, since it forms soluble carbonates. The product is a 
thick paste; it is slurried in water then filtered, washed, and dried. The 
cake obtained is composed of hydroxides of uranium, thorium, and 
lanthanides, containing small amounts of phosphate; it is dissolved in 
acid for further separation. The leach solution contains the unreacted 
NaOH as well as the phosphorus originally present in the concentrate. 
When allowed to cool to about 60 "Cy trisodium phosphate hydrate 
(Na3P04. 1 OH20) crystallizes out. After separation, the solution typi- 
cally analyze 47.4% NaOH, 0.5% Na3P04, 1.5 Yo Na2Si03, and can 
be recycled. 
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INTRODUCTION 

Silicates are the most abundant minerals in the Earth's crust . Their 
basic building block is the SiOf- tetrahedron'. There is a variety in 
the structure of silicates due to the various combinations of these tetra- 
hedra both with each other and also with other ions (Figure 16.1 and 
Table 16.1). The simplest structure is the single isolated tetrahedra as 
in olivines . The simplest binding is the double isolated tetrahedra 
which results from the sharing of a corner with another neighboring 
S i 0 8  tetrahedron to form the disilicate ion . Rings. chains. and sheets 
result from sharing of more corners . The chains carry a total negative 
charge and are bound together by positive calcium and magnesium 
ions placed between them . In the sheet structure. layers ofAl(OH), or 

1 . See pages 33 and 109 . 
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Mg(OH)2 may be built in and are bounded to the sheets by the weak 
van der Waals' forces and this explains the softness of such minerals 
such as kaolinite and mica which easily cleave into thin layers. Chryso- 
tile, the main asbestos mineral, is composed of a silicate sheet wrapped 
like a scroll to form fibrils. An asbestos fiber is thousands of fibrils 
attached together with their axes parallel to each other. 

In the framework structure, all four oxygen ions in the tetrahedron 
are shared resulting in a three-dimensional structure. Silica, Si02, is 
the simplest of these structures. The great hardness, the difficult cleav- 
age, and the high boiling point are manifestations of the great energy 
content of this bond. Any fracture requires that many of these chemi- 
cal bonds be broken. Feldspars result from the substitution of A13+ 
ions for some of Si4+ ions in the silica structure. The addition of alkali 
ions in the holes between the tetrahedra compensates for the charge 
deficit which arises. Network silicates are one of the most abundant 
minerals; they account for over 50% of the Earth's crust. That is why 
they are the most common gangue minerals found associated with ore 
deposits. 

Silicate ores of interest in hydrometallurgy can be divided into two 
groups: Anhydrous and hydrated silicates (Table 16.2). Hydrated sili- 
cates are formed in nature by the weathering of anhydrous silicates, 
e.g., kaolinite is the result of weathering of orthoclase: 

and serpentine is the result of weathering of olivine group of minerals 
as represented by forsterite: 

4Mg2Si04 + 4H2O + 2C0,  + 
forsterite 

Mg6(Si40l()>(OH)8 + 2MgC03 
serpentine magnesite 
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Number of 
oxygen 

Ratio 
SI : 0 Formula Arrangement ions of Structural 

a tetrahedra unit of Si04 
tetrahedra participating 

in the link 

Single isolated 0 A [si04l4- 1:4 
tetrahedra 

1 Double isolated 
tetrahedra w [Si207l6- 2:7 

Rings 
(3 membered) 2 v 

2 Rings 
(6 membered) 

Double chains 2 ’ I 2  [Si401 116- 4:ll 

[ S i ~ o ~ ] ~ -  2:5 Sheets 3 

Framework 4 [S~OZ]~ 1:2 

The top 0 atom 
is shared with a top layer 

Figure 16.1: Schematic representation of silicates. Repetitive unit 
is shown between dotted lines. 



Table 16.1: Structure of silicates. 

Arrangement of Ratio 
S i o b  tetrahedra Si:O Class Mineral examples Similar species 

Orthosilicates Isolated single tetra- 1 :4  Olivine group (Mg, Fe),SiO, 
hedra Forsrerite Mg7Si04 

Pyrosilicates 

Metasilicates 

Fayali re FezSi04 
Zircon ZrSiO4 Thorite ThSiO4 
Andalusite A12Si05 
Sillimanite Al2SiO5 

Double isolated 2: 7 Hemimorphite Znq(Si207)(OH)2.H20 
groups of tetrahedra (calamine) 
(two Si04 tetrahe- Bertrandite Beq(Si207)(OH)z 
dra sharing one of 
the oxygens) 
Rings 1 :3  Beryl Be+12(Si6018) 

Chrysocolla Cu8 (Si40 I,-,) 2( OH) 12. nH 2 0  
CU(J(si6018) ' 6 H 2 0  

Chains (single) 1 : 3 Spodumene LAl(Si206) 
Rhodonite MnSiO, 
Enstatite MgSiO, or (Mg, FeYSiO, 

Diop tase 



Arrangement of Ratio 
Si0L tetrahedra Si : 0 Class Mineral examples Similar species 

Disilicates Sheets 2 : 5 Kaolinite N4(Si40 lo)(OH)s Montmorillonite 
AlSi205(0H). nH20 ,  group 
The dominant clay mineral in bentonite 

Serpentine Mg~(Si40 1~) (OH)8  Garnierite 

Talc Crysotile asbestos 

Mica group 

(Ni, Mg)~(Si401~,)(OH)s 

Mg3(Si4010)(OH)2 Soapstone 

Biotite K(Mg, Fe)3(Si3A1010) . (OH,  F)2 
Muscovite KA12(AISi3010)(OH)2 

Tectosilicates Framework structure 1 : 2 Quartz S i02  
Opal SiO,. nH20  
Anorthite Ca(A12Si208) 
Nepheline (Na, K)AISiO4 
Leucite K(AISi20,) Polluci te 
Orthoclase K(AlSi308) CsAl4Si9026. H2O 
Albite Na(AlSi30,) 
Chabazite CaAl2Si4OI2. 6H20 
Sodalite NaqA13Si3012 



Table 16.2: Metallurgically important silicate minerals. 

Type Mineral Preferred formula Other formula: 

Anhydrous Beryl Be3A12(Si2O 18) 3Be0 .A1203. GSiO, 
Nepheline (Na, K)(AlSi04) 2(Na, K)2O.2Al2O3.4SiO2 
Spodumene LiA1(Si204) Li20.A1,03.4Si02 
Anorthosite CaA12(Si20s) + NaA1(Si308) 
Zircon ZrSiO, 21-0,. SiO, 
Rhodonite MnSiO, MnO . SiO, 
Willemite Zn2Si04 2 Z n 0 .  SiO, 

Hydrated Kaolinite A4(Si40 10) (OH) 8 A1203. 2Si02. 2 H 2 0  
Montmorillonite d4(Si4010) (OH)4.4H,O 
Serpentine Mg66i4010) (OH), 3Mg0 .  2Si0,. 2 H 2 0  

Bertranditea Be4(Si2O7) (OH)2. n H 2 0  4Be(OH), .2Si02. n H 2 0  
Chrysocollaa C U ~ ( S ~ ~ O ~ ~ ) ( O H ) ~ .  n H 2 0  CuO. Si02 .  n H 2 0  
Hemimorphite Zn4(Si207)(OH),. H20 
Polluci te CsA14(Si90,,) .H,O 

Garnierite (Ni, Mg)6(Si40 10) (OH), 

a. Thermal treatment is not necessary before leaching with dilute H2S04. In case of chrysocolla, however, thermal treatment is necessary if 
NH40H is used for leaching. 
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Silicates are attacked by alkalies but the solutions are unstable - 
hydrated complex silicates are precipitated; that is why alkalies are not 
used for leaching. Most silicates are insoluble in acids; those which dis- 
solve usually form unstable solutions from which gelatinous silica is 
liable to precipitate slowly over extended period of time causing filtra- 
tion problems. To solubilize valuable silicates for metal recovery a 
thermal treatment is usually required before leaching. 

THERMAL 'T~EATMENT 
Silicates are usually subjected to a thermal treatment prior to 

The anhydrous silicates may be treated in two 

Melting and quenching to obtain a glassy structure that can 
readily be crushed, ground, and leached by acids, e+, beryl and 
anorthosite. 
Heating to a temperature below the melting point to effect a phase 
transformation, e.g., spodumene when heated to 1,lOO"C is trans- 
formed to the p form which has a lower density. Because of the 
change of volume the product becomes porous and can be easily 
crushed and leached. 

Hydrated silicates. Most hydrated silicates have to be heated to about 
500 "C so that the hydroxyl groups are expelled from the crystalline 
structure in the form of water vapor, leaving behind a porous solid 
having a large surface area that can be easily leached with dilute acids; 
the process is known as dehydroxylation: 

leaching to improve their dissolution properties. 

Anhydrous silicates. 
ways: 

. 

I 
I-OH I 
I + I  +H,O 

bo I -OH 
I 

I 
I-OH I 
I + I  +H,O 

& 

bo I -OH 
I 
I-OH 

Depending on their structure, some silicate minerals when dehy- 
droxylated are also accompanied by the formation of solid-solution 
containing silica in disordered structure of extremely small crystallite 
phase that is amorphous to X-rays. Such a product will show high 
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reactivity towards leaching. However, if after dehydroxylation the tem- 
perature is allowed to rise, then at a certain temperature the disordered 
solid-solution will undergo crystallization and the amorphous phase 
disappears. This transformation is accompanied by: 

Appearance of a well-defined X-ray pattern. 
An exothermic effect which is irreversible on cooling. 

0 A decrease in surface area. 
The reactivity of the product is greatly decreased. 

When the thermally treated silicates are attacked by dilute acids, 
the metal values go into solution leaving behind a skeleton of silica. 
When, however, concentrated acids are used, colloidal silica may form 
which causes filtration problems. Using concentrated acid is also not 
desirable because of problems encountered in later steps such as neu- 
tralization and washing. 

ALUMINUM SILICATES 

North America produces about 50% of the world's aluminum, yet 
must import more than 90% of the raw material needed, although 
there is abundant domestic resources of aluminum-bearing silicates 
raw materials such as clay, shale, anorthosite, nepheline, and fly ash 
from power plants (Table 16.3). There is also aluminum-bearing non- 
silicate raw material such as alunite and dawsonite. That is why there 
is extensive research underway to recover alumina from these non- 
bauxitic sources. None of the numerous processes that have been pro- 
posed so far has proved economically competitive with the Bayer Pro- 
cess using imported bauxite. Russia has the only aluminum industry 
based partly on non-bauxite raw materials, namely a nepheline syenite 
that contains apatite in the Kola peninsula. This operation was possi- 
ble because of the large production of apatite for fertilizer, and the 
production of Portlant cement as a co-product. 

Alumina from clays 

Dilute acids are effective only in solubilizing clay if the clay is pre- 
heated at 400 "C to expel the combined water. For example, to render 
kaolinite, the main clay mineral, attacked by dilute acids, it is heated 
at 400-800 "C to convert it to metakaoh: 
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Table 16.3: Analysis of alumina-bearing materials. 

Bauxite Clay Shale Anorthite Nepheline Fly ash 
% YO YO % % % 

A1203 55-60 34 23 20-35 23-28 24-32 
SiO, 3.5 45 58 45.55 45.60 45-51 
Fe203 2-25 2.6 6 1-3 1-3 7-1 I 
TiO, 1-5 2.4 1 < 1  0.2 1 
CaO 0.2-0.6 2 5-15 1-3 1-5 
MgO 5 1 0.1 1-4 

H70 10-30 13 < 1  trace nil 
Na,O + K 2 0  0.02 2-15 18 4-6 10-30 

700 800 900 1000 
Temperature, "C 

Figure 16.2: Effect of preheating temperature on the dissolution 
ofA1203 from clay by H,SO4 (Zivan et al., 1983). 

A12(Si205)(OH)4 + A1203.2Si02 + 2 H 2 0  
kaolinite metakaolin 

Metakaolin which is an amorphous aluminum silicate can be leached 
with acid to extract aluminum selectively leaving behind crystalline 
Si02: 

A1203.2Si02 + 6H+ + 2A3+ + 2Si02 + 3H20 

The  temperature of dehydration is critical since at 900-1 050 "C, 
metakaolin undergoes crystallization, and in this form, alumina is 
insoluble in acids (Figure 16.2). Montmorillonite, A12(Si205)(OH)2 
2H20 ,  is another clay mineral. On  heating, it first loses the free water 
at 100 "C then the combined water at 600 "C. 
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Figure 16.3: The recovery of alumina from clay. 

The general scheme for treating clays is shown in Figure 16.3. The 
clay is first heated then leached with dilute acid. After filtering away 
the silica and gangue minerals, the solution is purified, then an alumi- 
num salt is crystallized, separated by centrifugation, then decomposed 
to oxide. A variety of acids have been suggested, e.g., H2S04, HCl, 
HNO,, and H2S03. The problems encountered are the following: 

Purz5cation. Chemical methods such as precipitation of iron as 
Prussian blue by calcium ferrocyanide, or solvent extraction are used 
for the removal of the last traces of Fe, Ti, Cr, and V, but such meth- 
ods make the processes expensive. 

Thermal decomposition. If H2S04 is used for leaching and alumi- 
num sulfate is crystallized, the cost of acid is low but the cost of 
decomposition of the sulfate to oxide is high. O n  the other hand, if 
"0 ,  is used for leaching and aluminum nitrate is crystallized, the 
cost of acid is high but the cost of decomposition is low (Table 16.4). 
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The economics of HC1 leaching and aluminum chloride decomposi- 
tion lies in between. 

Acidrecovery When the aluminum salt is decomposed, the acid 
vapors must be collected and recycled. In case of sulfate, SO2 may 
form because of the high temperature which necessitates its transfor- 
mation to SO,. In case of nitrates, nitric oxide may also form which 
must be collected and transformed to HNO,. To overcome the 
expenses in the second step of the H2S04 process, it was proposed to 
convert aluminum sulfate to aluminum chloride by HCl: 

AI2(SO4),. 18H2O + 6HCl-+ 
2AlC13.6H20 + 3H2S04 + 6H20 

Aluminum chloride can then be decomposed more economically than 
the sulfate. H2S04 generated during the conversion, and HC1 formed 
during the decomposition are recovered and recycled. 

Table 16.4: Main decomposition reactions during the manufacture of alumina from 
clays. 

Energv 
cost of 

acid Process Decomposition reaction neede&or 
decompo- 

sition 
H2S04  LOW AI,(S04),. 1 8H20 -+ A,O3 + 3s03 + 1 8H20 High 
HCI Medium 2AICI,. GHZO -+ AI,03 + 6HCl+ 9H2O Medium 
HNO, High 2d(NO,)3.9H,O -+ N,03 + GHNO, + 15H,O Low 

Alumina from nepheline 

The production of A1203 from nepheline is a unique process used 
only in Russia. The source material is the waste from the beneficiation 
of apatite-nepheline rock, which contains enough Na20  and K 2 0  to 
convert its alumina content into aluminates. The feed material is 
mixed with limestone and calcined at 1250-1300 "C in a rotary kiln: 

(Na,Q20 .A1203.2Si02 + 4CaC03 + 
(Na,K)20-A1203 + 2Ca2SiO4 + 4c02 

The sintered product is then crushed, ground, then leached with recy- 
cle NaOH solution. The filtrate is processed by C 0 2  to precipitate 
AI(OH), while the residue is made to cement. Some sodium carbon- 
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ate and potassium carbonate are also recovered by crystallization from 
the leach solution after precipitating Al(OH),. 

Alumina from anorthosite 

Anorthosite, a solid solution of albite, Nd(Si3O8) ,  and anorth- 
ite, C d 2 ( S i 2 0 8 ) ,  is a potential source of aluminum. It is practically 
insoluble in most acids. However, when melted at about 1500 "C and 
the melt is quenched, the resulting amorphous material can be readily 
leached in dilute H2S0.4 to dissolve aluminum. 

Aluminum fluoride from clay 

Fluorosilicic acid readily attacks clays at 70-80 "C to form either 
aluminum fluoride or aluminum fluorosilicate depending on the 
solid/liquid ratio: 

A12(Si20S)(OH), + H2SiF6 + 2NF3 + %io2 + 3H2O 

In general the first reaction is preferable since it leads to a product 
needed by the aluminum industry. After filtering off the silica, the 
solution is evaporated to crystallize NF3. 3H20 which can be dried 
and calcined to AlF3. 

ASBESTOS TAILINGS 

Canada produces about 35% of the world's asbestos, 8 2 %  of 
which comes from the Province of Quebec. Great interest has been 
expressed recently in the production of magnesium and its com- 
pounds from the asbestos tailings. Quebec produces about 1.5 million 
tons of asbestos and rejects about 20 million tons of tailings per year. 
The amount accumulated over the years is estimated at 600 million 
tons. A typical tailings analysis is given in Table 16.5. The material is 
already finely ground; the tailing piles represent a health hazard espe- 
cially when the wind blows, and therefore they need regular attention 
to prevent excessive dust in the surroundings that may cause cancer in 
the lungs. 
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Table 16.5: Typical analysis of asbestos tailings from Quebec. 

% 
39 
37 S i02  

Fe 6 

MgO 

Ni 0.2-0.3 
c o  0.02-0.03 
Cr 0.1 
H-0  13 

Table 16.6: Forms of nickeI in the asbestos tailings from Quebec. 

YO 

Silicate 67 
Ni3Fe alloy 30 
Sulfide (Fe, Ni)S 3 
Total 100 

Table 16.7: Separation of a magnetic fraction from asbestos tailings. 

Nonmagnetic Magnetic 
fraction fraction Tailings feed 

Weight 100 80 20 
MgO 40.8 42.9 26.0 
SiO, 39.0 35.8 21.8 
Fe203 7.4 2.1 42.5 
Cr203 0.19 0.10 0.62 
NiO 0.38 0.25 0.45 
Loss on ignition 15.5 16.7 8.3 
Total 103.27 97.85 99.67 

Mineralogically, the tailings are mainly serpentine which is a 
hydrated magnesium silicate. They represent also an appreciable 
nickel reserve. Nickel is mainly in isomorphous substitution with 
magnesium and the remaining is in form of a magnetic alloy Ni3Fe 
and the sulfide pentlandite (Table 16.6). Since the tailings contain 
magnetic components (Ni,Fe alloy and Fe30q), it is possible to sub- 
ject it to magnetic separation to obtain a concentrate rich in nickel 
and iron (Table 16.7), the serpentine can then be leached to recover 
magnesium. The tailings can also be melted with carbon in an electric 
furnace to produce a molten silicate phase that can be blown by air to 
form mineral wool for insulation and an iron-nickel alloy 
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The treatment of asbestos tailings is similar to that of clay for alu- 
mina production. To render serpentine soluble in dilute acids, it must 
first be heated to about 675 "C to drive off the combined water and to 
obtain a porous product with large surface area. The leach solution 
can be best purified by precipitating the impurities at pH 7 using 
MgO. The purified solution can then be subjected to crystallization. 
Hydrochloric acid is the preferred acid for leaching: 

Mg&&jOlo(OH)8 + 12HC1+ 6MgC12 + 4s io2  + 10H20  

because the crystals obtained can be dehydrated to get MgC1, for 
metal production, or decomposed to get MgO for refractories (Figure 
16.4): 

MgCI2 + H2O + MgO + 2HC1 

BERYLLIUM ORES 

The major beryllium raw materials are beryl (anhydrous silicate) 
and bertrandite (hydrated silicate); rypical analyses of these materials 
are given in Table 16.8. 

Table 16.8: Typical analysis of beryllium raw materials. 

Beryl concentrate Bertrandite ore 
YO % 

Be0  8-10 0.5-1.4 
N2°3 17-18 8-10 
Si02  58-60 53-64 
NazO + K 2 0  1-2 2-7 

1-3 1-2 
- 0.2-1.3 

Fe203 

CaO + MgO 2-4 2-12 

MnO, 
ZnO - 0.3-0.7 
CaF2 - 4.7-8.3 
CO2 
Rare earth oxides 
u3°8 
H7O 

- 0.2-7.9 
- 0.05 
- 0.008-0.03 
- - 



Asbestos tailings 
I 

Nickel-iron 
concentrate 

HCI 
I I I v v 

Leaching 
I 

Purification * 
Figure 16.4: A possible route for the treatment of asbestos tailings. 

Beryl 

Beryl is composed of hexagonal silicate rings connected together 
by A13+ and ~ e ~ +  ions as shown in Figure 16.5. It is a highly refractory 
mineral that is not attacked by concentrated acids. When, however, it 
is melted (m.p. 1627 "C) and the molten mass is rapidly quenched in 
water, an amorphous glassy product is obtained from which beryllium 
can be leached by dilute acids leaving a porous siliceous matrix: 

Be3A12(Si6018) + 12H+ + 3 ~ e ~ +  + 2A13+ + 6Si02 + 6 H 2 0  

Table 16.9 gives an analysis of a leach solution. 
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Table 16.9: Typical analysis of sulfuric acid leach solutions of beryllium raw materi- 
als. 

Beryl concentrate Bertrandite ore 
g/L g'L 

Be 11 0.4-0.7 
AI 25 4-7 
Fe 2 1.5 

3-5 
1 

Mi3 
H2s04 50 

- 

Figure 16.5: The structure of beryl. Triangles connected together 
to form the six-membered rings are the S i 0 4  tetrahedra. The 
hatched rings are at a lower level. 

Bertrandite 

Large deposits of bertrandite-containing clays are found at the 
Spor Mountain in Utah. The ore is readily leached by dilute sulfuric 
acid: 

Beq(Si207)(OH)2-nH20 + 8Hf + 
4Be2' + 2Si02 + ( n  + 5)H2O 

Aluminum and iron minerals are also solubilized (Table 16.9). Since 
these are about ten times the concentration of beryllium, the leach 
solution is treated by organic solvents to separate beryllium. 
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Spodumene 

Spodumene is a lithium aluminum silicate; it is a hard mineral of 
3.15 density which occurs in nature in the alpha form and is not 
attacked by hot concentrated H2S04. However, when it is heated at 
1100 "C, it is converted to the beta form which has a density of 2.4. 
When the hot beta form is rapidly cooled, then due to the volume 
change accompanying the phase transformation, the product can be 
easily crushed to a fine powder and will react readily with hot concen- 
trated H2S04: 

2LiAl(Si20~) + 8H+ + 2Li' + 2 d 3 +  + 4Si0, + 4H20 

Pollucite 

Pollucite is a cesium aluminum silicate having the formula 
C S A I ~ ( S ~ ~ O ~ ~ )  a H20. A chemical analysis of the most important pol- 
lucite ores is given in Table 16.10. Leaching is carried out by 14.4 M 
H2S04 at 120 "C for 2 hours, then filtering while hot to remove the 
silica. The solution is then cooled to 0 "C to crystallize cesium alum, 
Cs2S04.A12(S04)3.24H20. Cesium can then be separated from alu- 
minum and recovered either as cesium sulfate or cesium chloride. 

Table 16.10: Chemical analysis (in %) of pollucite ores. 

Bikita, Rhodesia Manitoba, Canada Maine, 
U.S.A. 

cs 8.2 22.4 25.5 
Rb 0.2 0.8 0.8 
Na 4.9 1.8 1.1 
K 1.4 1.3 1 .0 
Li 0.2 0.3 0.3 
S i02  57.8 48.8 49.0 
AI 11.7 10.5 8.8 

Siliceous and granitic rocks 

Some clays contain a small percentage of uranium. In these cases 
uranium does not form a mineral, but occurs dispersed in the silicate 
phase, probably in isomorphous substitution with another metal ion 
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in one of the minor constituent minerals. In Sweden, uranium was 
recovered on a commercial scale from siliceous shale deposits contain- 
ing only 0.02% uranium. The shale was leached with sulfuric acid. 
Before the discovery of large uranium ore deposits, much work was 
done to investigate the possibility of recovering uranium from granitic 
rocks. Such rocks contain about 10 ppm uranium, and it was con- 
cluded that it  might be feasible to process such rocks for uranium 
recovery. 

Zinc silicate ores 

Minor zinc silicate ores are treated for the recovery of zinc. 
Willemite, Zn2Si04, and hemimorphite, Zn4(Si207) (OH), H 2 0 ,  
dissolve completely in dilute sulfuric acid, e.g.: 

Zn2Si04(,) + 2H2S04(aq) --+ 2ZnS04(aq) + Si(OH)4(aq) 
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NONFERROUS METALS FROM PYRITE CINDER 

Pyrite is mainly used for the manufacture of sulfuric acid. It is oxi- 
dized in fluidized bed reactors whereby the following reaction takes 
place: 

While SO, can be readily converted to SO3 and then to H2SO4, iron 
oxide (called cinder) cannot be used directly for manufacturing iron 
because of the presence of impurity metals. Table 17.1 shows analysis 
of cinder. As a result, methods have been developed to purify the cin- 
der and at the same time to recover the nonferrous metals present. The 
recovery of nonferrous metals from the cinder is achieved by two 
routes: the chloride and the sulfate processes. 

Table 17.1: Typical analysis of pyrite cinder. 

Main components, O/o Trace metals, ppm 
Fe 54-58 c o  300-1 500 

0.5-1.5 c u  0.8-1.5 AU 
Zn 2.0-3.5 Cd 40-100 
S 2.5-4.0 TI 15-45 
Pb 0.3-0.7 Ni 10-1 500 

25-50 Gangue 6-10 Ag 

Mn 300-3000 

The chloride route 

In this route, the nonferrous metals are transformed into water- 
soluble chlorides by heating with a solid chloride. At low temperature, 
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the chlorides remain in the residue whiie at high temperature they are 
volatilized. 

DKProcess. This process has been used in Germany for nearly a 
century at the Duisburger Kupferhutte in Duisburg'~ The pyrite 
cinder is mixed with NaCl and heated continuously in a multiple 
hearth furnace at 800 "C to transform nonferrous metals into 
water-soluble chlorides. Each batch requires about 2 days for 
leaching in vats. The concentrated leach solution obtained in the 
first 15 to 20 hours is sent for copper recovery, while that subse- 
quently obtained, being poor in metal content, is recycled. The 
residue, called purple ore, now a high-grade iron ore (6 1-63 Yo 
Fe), is sintered and delivered to the blast furnace. 

Kowu-Seiko Process. This is a Japanese process in which the cinder 
is mixed with calcium chloride, palletized, then heated in a rotary 
kiln at 1100 "C to volatilize nonferrous metal chlorides (Table 
17.2). These are scrubbed in water from the exit gases and the 
solution treated for metal recovery. 

* 

Table 17.2: Data on the treatment of pyrite cinder by Kowa Seiko Process. 

Dry pellets, Yo Heated pellets, Yo Volatilization, % 
c u  0.47 0.04 91 
Pb 0.18 0.01 92 
Zn 0.59 0.01 97 
As 0.05 0.05 - 
S 0.61 0.03 96.5 
Fe 59.2 61.5 - 
A U a  0.94 0.05 95 
Aga 33.6 7.00 80 

a. gl t  

The sulfate route 

This route is mainly used for the recovery of cobalt from the cin- 
der. It is based on a careful temperature control during the oxidation 
of pyrite. If the temperature is kept at 550 "C, cobalt in the pyrite will 
be converted to sulfate and therefore can be leached directly from the 
cinder with water. At least two plants are using this process: 

1. Operations ceased in the 1980s. 
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At the Bethlehem Steel plant, Sparrows Point, Maryland, the hot 
pyrite cinder is quenched with water to give a slurry containing 6- 
8% solids. When the solids are filtered off, the solution contains 
20-25 g/L Co; it is processed further for metal recovery. In the 
cinder, the Fe: Co ratio is 50 : 1; in solution it is 1 : 1. This plant 
supplies the only domestic source of cobalt in U.S.A. 
In Finland at the Outokumpu Company plant, the sulfated pyrite 
cinder contains 0.8-0.9% Co and other nonderrous metals. It is 
leached with water to get a solution at pH 1.5 analyzing 20 g/L 
Co, 6-8 Ni,' 7-8 Cu, 10-1 2 Zn, and trace amounts of iron, which 
is treated for metal recovery. 
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SCOPE 

Leach solutions are sometimes concentrated and/or purified before 
metal recovery by one of the following methods1: 

Adsorption on activated charcoal 

Ion exchange 

Solvent extraction. 

Adsorption on activated charcoal and ion exchange processes are 
conducted in columns filled with charcoal and ion exchange resins, 
respectively (Figure 18.1). The circuit involves two steps: loading of 
the desired metal and unloading, with water-washing after each step to 
remove the entrained solution. After the unloading step, the column is 
ready again for loading. 

In solvent extraction the leach solution is mixed with an immisci- 
ble organic solvent so that the desired metal ion in the aqueous phase 
is transferred to the organic phase (Figure 18.2). The two phases are 
then allowed to separate. The process is then repeated by contacting 
the loaded organic phase with an aqueous solution now capable of 
transferring the desired metal ion back to the aqueous phase. The 
aqueous phase so obtained is a pure and concentrated solution suitable 
for metal recovery while the stripped organic phase is suitable for recy- 
cle. 

1. Purification of leach solutions by the selective precipitation of the impurities is 
discussed in Part Five. 
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Figure 18.1: Sequence of operations in adsorption and ion 
exchange processes. 
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Figure 18.2: General scheme in solvent extraction. 

Adsorption on activated charcoal is used mainly for concentrating 
gold and silver from cyanide leach solution. It is a cheap but a slow 
method for treating such dilute solutions. It can also be used for tur- 
bid solutions or pulps thus saving an expensive filtration step. Ion 
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exchange is used mainly for uranium concentration from leach solu- 
tions and also for separating the individual members of the lan- 
thanides. It is a relatively expensive operation, most suitable for dilute 
solutions usually operated batchwise or semi-continuously, but has the 
advantage of being used in turbid solutions thus saving an expensive 
filtration step. Solvent extraction is a continuous process, operates 
only on clear and relatively concentrated solutions. Its cost is moderate 
and used extensively for a large variety of metals. Adsorption is a phys- 
ical process, ion exchange is physico-chemical, solvent extraction is a 
chemical reaction between the metal species and the organic molecule. 
Table 18.1 gives a comparison between the three processes. 

Table 18.1: Comparison between the different concentration-purification processes. 

Adsorption 
on activated Ion exchange Solvent extraction 

charcoal 
Maximum efficiency dilute solution dilute solution concentrated solution 
Speed slow slow rapid 
Capacity low high high 
Clarity of solution clear or turbid clear or turbid clear 
Method of operation batch or semi- batch, continuous 

continuous semi-continuous, 
or continuous 

cos t  low high moderate 
Main application gold and silver uranium U, Cu, Zn, Be, B, V, 

from cyanide lanthanides Cr, Fe, Co, Ni, Zr, Hf, 
solution Nb, Ta, Mo, W, As, 

Pt-metals, Au, Th, Pu, 
lanthanides. 

Mechanism D hysical physico-chemical chemical 

Concentration-purification processes may be applied in two ways: 
Enrichment. Removing the metal values selectively from the leach 
solution leaving behind the impurities. For example, the recovery 
of uranium by ion exchange or solvent extraction, and the recov- 
ery of gold by adsorption on activated charcoal. 
Purzjcation. Removing the impurities from the leach solution 
leaving behind the metal values. For example, removal of iron 
from aluminum chloride solution in the recovery of aluminum 
from clay, or the removal of arsenic from copper sulfate electrolyte 
in the electrolytic refining of copper by organic solvents. 
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DISTRIBUTION RATIO 

When the aqueous phase containing the metal ion to be removed 
is equilibrated with the solid or the immiscible liquid solvent, and the 
two phases are analyzed, the ratio of concentration in the two phases is 
called the distribution ratio: 

Concentration of metal ion in solid or in solvent 
Concentration of metal ion in aqueous phase 

The higher the value of D the more efficient is the transfer. The 
plot of the concentration of metal ion in solvent or in solid adsorbent 
at constant temperature versus that in the aqueous phase is the distri- 
bution isotherm (Figure 18.3). The slope of the curve at any point 
equals D. It can be seen that D is not a constant value but varies with 
the experimental conditions; in dilute solutions the value of D is high 
and in concentrated solutions it is low. 

D =  

Concentration of metal ion 
in aqueous phase 

Figure 18.3: Distribution isotherm. 
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ACTIVATED CHARCOAL 

Activated charcoal was first applied in metallurgy in connection 
with gold recovery by the chlorination process. When this process was 
displaced by cyanidation, charcoal was also used for the new process'. 
In both cases gold was recovered from the gold-laden carbon by burn- 
ing the carbon to ashes and melting to bullion, which was an expen- 
sive and wasteful process. This disadvantage, coupled with the major 
advances that were made in the technology of gold recovery by precip- 
itation with zinc dust at that time, led to abandoning the process uti- 
lizing activated carbon. In the early 1950s however, interest in the 
metallurgical application of activated carbon was revived when a pro- 

1. The mechanism in the two cases is different: in chloride medium, the process is 
precipitation by reduction (see chapter 25),  while in cyanide medium it is an 
adsorption phenomenon. 



386 A Textbook of Hydrometallurgy 

cedure was developed for the elution of gold and silver adsorbed on 
carbon granules, which allowed re-use of the carbon, and the utiliza- 
tion of the process as a concentration-purification step. This led to a 
widespread application of this technology. 

The adsorption of metal ion by activated charcoal is slight as com- 
pared to ion exchange resins and is usually favorable only to anions 
and not to cations; however, activated charcoal is a much cheaper 
material. To increase the adsorptive capacity of coal it is sometimes 
pretreated with acids to impart ion exchange properties to its surface. 
Sulfonated coals or coals oxidized by nitric acid are available commer- 
cially as cationic exchangers. 

Carbon 

+ 
Crystalline 

f 
Amorphous 

Diamond Graphite Fullerene Carbon black 

I combustion of 
I c60 Incomplete 

1 gaseous or liquid 
I hydrocarbons 
I 

Hydrophobic 
Not wetted by water 

Charcoal 
Carbonization 

of solid 
organic matter 

i 
Activated 
charcoal 

Hydrophilic 
Wetted by water 
due to surface 

complexes 

Figure 19.1: Varieties of carbon. 

Preparation 

There are two varieties of carbon (Figure 19.1): Crystalline, these 
are diamond, graphite, and fullerene, and amorphous, these are the car- 
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bons in which the crystal size is so small that it does not give an X-ray 
diffraction pattern. This variety is of two types, chemically similar but 
different in physical aspects’: 

Carbon blucks. These are nonporous fine particles of carbon pre- 
pared by the incomplete combustion of gaseous or liquid carbon- 
aceous material, e.g., natural gas, acetylene, oils, resins, tar, etc., in 
a limited supply of air. Lamp black and acetylene black are typical 
of this group. They are used as pigments, in the rubber industry, 
and in ink manufacture. 
Churcoals. These are prepared by heating of solid carbonaceous 
material such as coal, wood, nut shells, sugar, and synthetic resins 
at about 600 “C in the absence of air, to volatilize the component 
elements other than carbon - a process known as “Carboniza- 
tion”. Such charcoals have low porosity, but when heated at 400- 
800 “C for a limited time with air, chlorine, or steam, a highly 
porous material is produced (Figure 19.2). Such porous material is 
called “activated charcoal”, and is used as an adsorbent in the 
chemical and the metallurgical industry, usually in the form of pel- 
lets about 2 mm in diameter. 

Figure 19.2: Electron micrographs of typical activated carbon 
showing the porous structure. 

In the activation step the small pore structure of the coke is devel- 
oped by burning away some of the remaining material to create new 

1. The so-called animal charcoal or bone-char is produced by pyrolyzing bones. It is 
mainly calcium phosphate with = 10% carbon; it is also used as an adsorbent. 
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pores and enlarge others. Charcoals activated at low temperature 
(400 “C) are abbreviated L-charcoals; those activated at high tempera- 
ture (800 “C) are abbreviated H-charcoals. After activation, H-char- 
coals must be cooled in an inert atmosphere; otherwise they will be 
converted to the L-type. 

Structure 

The structure of activated charcoal is essentially like graphite, i.e., 
carbon atoms covalently bonded in planar hexagonal arrays with weak 
van der Waals’ bonds between the planes, but the structure is consider- 
ably disordered and the separation between the layers is greater than 
that found in graphite. Graphite fractures easily along the planes; in 
this process no covalent bonds are broken but rather the layers are 
detached due to overcoming the van der Waals’ forces. Hence the new 
surface exposed is hydrophobic, i.e., it is not wetted by water. The sur- 
face properties of activated charcoal is, however, different from that of 
graphite (or coal) for the following reasons: 

The large surface area and the high porosity due to the activation 
process. 
The presence of organic surface groups formed during the activa- 
tion process which render the surface hydrophilic, i.e., it is wetted 
by water. 

As a result, activated charcoal may be considered to possess a polar sur- 
face. 

e 

Properties 

The properties of activated charcoal depend primarily on the tem- 
perature of activation. Table 19.1 gives some data on charcoals pre- 
pared from sucrose by activation at different temperatures. From this 
it can be seen that activated carbons contain appreciable amounts of 
hydrogen and oxygen. These are thought to be chemically bound in 
the form of “surface complexes”. Activated carbon should, in fact, be 
regarded as a complex organicpolymer and not merely as an amorphous 
form of the element carbon. Figure 19.3 shows some of the organic 
surface groups identified on activated charcoal. L-charcoals are not 
commonly used because of their low surface area. 
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Table 19.1: Effect of activation temperature on the properties of sugar carbon acti- 
vated by oxygen (Garcen and Weiss, 1955). 

Activation temperature 

Analysis [%] 
Carbon 
Oxygen 
Hydrogen 
Ash 

Surface Area (m2/g)" 
p H  of Water Suspension 

400°C 550°C 650°C 800°C 
L-charcoal H-charcoal 

75.7 85.2 87.3 94.3 
19.0 10.4 7.4 3.2 
3.2 2.7 2.1 1.5 
0.7 1.3 1.4 (1.2) 
40 400 390 480 
4.5 6.8 6.7 9.0 

Adsorption (pequidg) 
NaOH 340 159 158 23 
HCI 39 155 169 265 

a. Determined by BET method. 
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Figure 19.3: Structure of some surface oxides that have been pro- 
posed as being present on the surface of activated carbon. 

Sugar charcoal prepared at 550 "C has roughly 30 atoms of hydro- 
gen and 9 of oxygen for every 100 atoms of carbon. Charcoal prepared 
at 800 "C has about 20 atoms of hydrogen and 6 of oxygen for every 
100 atoms of carbon. The  ash content of charcoal increases with 
increasing temperature of activation, since during this process more 
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volatile matter is removed. The ash, even if present to the extent of 
only a few units, can profoundly alter the adsorbing characteristics of 
the carbon. Ash components are K 2 0 ,  Na20,  CaO, MgO, Fe203, 
P205, SO,, C1-. Ash can be removed from charcoals by washing with 
concentrated HC1 or HF, and then by water. Charcoals with mini- 
mum ash content are those made from sucrose. The most important 
properties of activated charcoal can be summarized as follows: 

Action of distilled water. Activated charcoal when shaken with dis- 
tilled water changes the pH either on the acidic or basic side 
depending on the method of activation of the charcoal. As a result, 
the charcoal has the capacity to adsorb alkali or acid, respectively. 
However, this phenomenon does not take place in absence of oxy- 
gen. Thus a carbon activated at 950 "C, thoroughly outgassed in a 
high vacuum at this temperature, and subsequently cooled in an 
inert atmosphere, does not adsorb mineral acids from a dilute 
deaerated solution. Adsorption appears to be a function of the 
oxygen pressure (Figure 19.4). Also, when oxygen is bubbled 
through a suspension of charcoal in dilute acid and then the sus- 
pension is filtered, H202 will be found in the filtrate. H-charcoal 
yields more peroxide than L-charcoal. The formation of H202 can 
be due to the reduction of oxygen: 

0, + 2 H 2 0  + 2e- -+ H202 + 2OH- 
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Figure 19.4: Effect of oxygen on the adsorption of acid on acti- 
vated charcoal (Frumkin et al., 1931). 

Since the electrons are supplied by the charcoal, it will acquire a 
positive charge. To maintain electrical neutrality on the surface of 
the charcoal, OH- ions or other anions in solution are attracted to 



Adsovption on Activated Charcoal 391 

the surface resulting in their adsorption. As a result of the presence 
of H 2 0 2 ,  some charcoals catalyze the oxidation of Fe2+ to Fe3+, 
and sulfurous acid to sulfuric acid. The  above reaction also 
explains why H-charcoal when shaken with distilled water changes 
the pH to the basic side. This pH change plays an important role 
when charcoal is in contact with aqueous solutions as explained 
below. 
Reaction with metal ions. In absence of complexing agents and at 
low pH, no sorption of metal ions takes place. However, when 
neutral or weakly acidic solution of metal ions (pH > 4) such as 
mercury, copper, cobalt, nickel, or lead are contacted with char- 
coal, sorption takes place due to precipitation since aqueous sus- 
pensions of charcoals are usually alkaline (H-charcoal). One  
kilogram charcoal sorbs about 2 g metal ion. This is the basis of 
decontaminating surface waters containing metal ions by activated 
charcoal. 
Reducing properties. L-charcoals readily reduce Au(III), Ag(I), and 
Hg(I1) salt solutions to metals at ambient temperature. For exam- 
ple: 

C + 2 H 2 0  + C 0 2  + 4H+ + 4e- 

Au3+ + 3e- + Auo 

Overall reaction: 

4Au3+ + 3C + 6H20 + 4Au0 + 3C02  + 12H+ 

This was the basis of the early method of gold recovery from chlo- 
rine leach solution. Acid solutions of KMn04 are decolorized by 
charcoal, and M n 0 2  is precipitated. Potassium chromate is also 
reduced. 
Other properties. Some charcoals have oxidizing properties, e.g., 
they liberate iodine from acidified potassium iodide solution. This 
has been attributed to the presence of hydrogen peroxide when the 
charcoal is immersed in solution. Addition reactions may take 
place in which two atoms are added to one double bond, e.g., in 
the chemisorption of bromine. The treatment of charcoal with 
hydrogen gas at 150-200 "C develops an appreciable amount of 
surface acidity. Substitution reactions take place when an L-char- 
coal is heated in a stream of chlorine; considerable amounts of 



392 A Textbook of Hydrometallztrgy 

HC1 are produced and the resulting carbon contains sorbed chlo- 
rine. 

Activated charcoals are semiconductors, but this property is gradu- 
ally lost as the carbon is heated to temperatures exceeding 600- 
700 "C. A carbon prepared at 3000 "C becomes a metallic conductor 
as is graphite. The mechanical strength of charcoals increases when 
prepared above 700 "C. 

MECHANISM OF ADSORPTION 

Adsorption is considered to be due to the fact that the interatomic 
forces acting upon a surface atom are fewer than those acting upon an 
atom in the bulk of the solid. There is, therefore, a net resultant force 
acting upon a surface atom in the direction of the bulk (Figure 19.5). 
The surface will thus possess a degree of unsaturation and will adsorb 
the molecules or ions in its proximity. 

Surface 

Bulk of solid 

Figure 19.5: Interatomic forces acting on surface atoms as com- 
pared to those in the bulk of the solid. 

Adsorption isotherms 

The phenomenon of adsorption was first studied in connection 
with the behavior of solids when in contact with gases. In many pro- 
cesses, it was found that the amount of gas w adsorbed by unit mass of 
adsorbing material varies with the pressure of the gas. The relation was 
expressed empirically as: 
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wherep is the pressure of the gas, k and n are constants (n  > 1). This 
relation is known as Freundlicb adsorption isotherm after its discoverer. 
The plot of log w against logp gives a straight line of slope lln. The 
same relation was later found to apply also for solids, including acti- 
vated charcoal, in contact with aqueous solutions containing a solute. 
In this case the relation becomes: 

w = 

where w is the amount of solute sorbed and Cis its concentration, and 
the plot of log w against log Cgives a straight line of slope l ln  (Figure 
19.6). It can be seen that adsorption is effective only from dilute solu- 
tions since at high ion concentration in solution the quantity adsorbed 
is nearly constant. 
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Figure 19.6: Adsorption of gold, silver, and potassium cyanide on 
activated charcoal (plotted from data by Gross and Scott, 1927). 

The theoretical basis of Freundlich's equation was explained in 
1916 by Langmuir as follows: Adsorption is achieved when the rate at 
which gas molecules are held to the surface equals the rate of their 
evaporation from the surface. According to the kinetic theory of gases, 
at a constant temperature, the rate at which the gas molecules will 
strike the surface is proportional to the pressure of the gas. If at any 
instant a fraction of the surface 8 is already covered with gas mole- 
cules, the fraction (1 - @) of the surface will be bare. Assuming only a 
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monomolecular layer adsorption, therefore, only those molecules 
striking the bare surface can be retained, hence: 

Rate of adsorption of gas molecules = kp( 1 - 0) 
Rate of evaporation = K0 

At equilibrium the rate of adsorption will be equal to the rate of evap- 
oration, ix.: 

kP( 1 - 0) = K0 

e=- - -  kP 
kp + k’ 

The amount of gas w adsorbed per unit mass of adsorbent is 
directly proportional to the fraction 0 of the surface covered if the sur- 
face can become covered with a uniform layer of gas one molecule in 
thickness: 

w=k% 

Inserting this value of 0 in the above equation, then: 

(kk” /k ’ )p  - k*P 
= ( k / k ’ ) p +  1 - 

where k ,  and k2 are constants. This equation is known as the Lmg- 
muir udsorption isotherm. It can be seen that when k2P (( 1, then the 
adsorption isotherm becomes: 

w = k $  

i.e., the extent of adsorption is directly proportional to pressure; this is 
the case at very low pressures. On  the other hand, when k g  )) 1, then: 

k ,  
k2 

w = -  

i.e., the amount of gas adsorbed at any temperature should reach a 
constant limiting value at high pressures. This condition arises when 
the surface is completely covered by a unimolecular layer of gas mole- 
cules. The amount of gas adsorbed, therefore, varies with a fractional 
power of the pressure which is in agreement with Freudlich isotherm: 

w = kplin 
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Effect of temperature 

When the effect of temperature on adsorption was studied, it was 
found that some processes decreased with increasing temperatures 
while others increased. As a result two types of adsorption processes 
were identified: physical and chemical. 

Physical adsorption. In this case, the amount adsorbed at equilibrium 
decreases with increased temperature because the process is slightly 
exothermic. This follows from vant Hoff‘s equation: 

when AH is positive, i.e., endothermic reaction then K2 will be higher 
than K1, and when AH is negative, i.e., exothermic reaction then K1 
will be higher than K2, i.e., the amount adsorbed decreases with 
increasing temperature. Hence, reversibility can be readily achieved by 
increasing the temperature. In this type, the molecules or ions are held 
to the surface by weak forces of attraction that range from van der 
Waals’ forces to hydrogen bond formation. Figure 19.7 shows the 
effect of temperature on the adsorption of silver from cyanide solution 
on activated charcoal. 

h 

0 2.5 5.0 7.5 10.0 12.5 

Silver in solution, millimoles Ag/L 

Figure 19.7: Adsorption isotherms for silver cyanide on activated 
charcoal (Dixon et al., 1978). 

Chemicaladsorption. In this case, the amount adsorbed at equilib- 
rium increases with increased temperature because the process is 
endothermic. This type is known as chemisorption; it is a chemical 
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reaction that takes place on the surface of the solid and may involve 
ion exchange or precipitation. It is an irreversible process. In both 
cases an ion in solution displaces another in the crystal lattice of a solid 
in contact with the solution with or without a change in the structure. 
For example, the adsorption of fluoride ion on hydroxyapatite crystal: 

Ca10(P04)6(OH)2 + F- -+ CalO(P04)6(OH)F + OH- 

is not accompanied by a change in crystal structure (an ion exchange 
process) while the adsorption of silver ions on sphalerite crystals: 

ZnS + 2Ag' -+ AgzS + Zn2+ 

is accompanied by a change in crystal structure (a precipitation pro- 
cess). Chemisorption may propagate from the surface into the bulk of 
the absorbent turning it into an ordinary heterogeneous reaction. 

Effect of organic solvents 

Acetone was found to decrease greatly the adsorption of gold cya- 
nide complex on charcoal. More data can be inferred from desorption 
data that alcohols do not favor adsorption. It was found, for example, 
that methanol, ethanol, isopropyl alcohol, and acetonitrile increase the 
rate of desorption of gold from charcoal. For example, a 20% ethanol 
in an aqueous solution containing 0.1 % NaCN and 1 % NaOH at 
93 "C readily desorbs charcoal loaded with gold while a similar solu- 
tion without alcohol is desorbed with difficulty (Figure 19.8). Alcohol 
is adsorbed on the charcoal; a typical activated charcoal adsorbs about 
12% of its weight ethanol when treated with the above mentioned 
desorbing solution. Desorption also increases with increased tempera- 
ture (Figure 19.9). 

The unfavorable effect of alcohols on adsorption can be explained 
by the low dielectric constant of these compounds which also 
decreases with increased temperature. The  dielectric constant of a 
medium is related to its polarity and water molecules are highly polar. 
The force of electrostatic attraction between two oppositely charged 
particles is inversely proportional to the dielectric constant of the 
medium separating the charges. Thus, in the case of gold cyanide 
complex in water (high dielectric constant), the force of attraction 
between the negatively charged cyanide complex and the positively 
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charged K+ or Na+ is small and therefore the complexed gold ion is 
free to move and adhere to the charcoal; but in presence of alcohol 
(low dielectric constant) the reverse is true. 
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Figure 19.8: Effect of ethanol gold desorption. Conditions: 1 % 
NaOH, 0.1 % NaCN, temperature 93 "C (Heinen et al., 1976). 
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Figure 19.9: Temperature effect on desorbing gold with alkaline 
cyanide solution containing methanol. Conditions: 20% Metha- 
nol, 1 % NaOH, 0.1 % NaCN (Heinen et al., 1976). 
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Effect of foreign ions 

Adsorption of gold from cyanide solution decreases with increased 
concentration of other anions in solution, e.g., CN- or OH- as shown 
in Figure 19.10. Because these anions are also adsorbed and hence 
they are competing with the positive1 char ed charcoal surface. Posi- 
tively charged ions, e.g,  Na+ or Ca'+ are:,, adsorbed and do not 
influence the adsorption of gold. However, C a C 0 3  precipitates on 
charcoal because CaO is used to adjust the p H  during leaching and 
the solution adsorbs C02 from the air thus favoring the precipitation 
of CaCO,. It is also possible that calcium peroxide, Ca02,  precipitates 
due to the presence of H202 in the leach solution. Because of the 
blocking of the pores of charcoal by these precipitates, an acid leaching 
step is usually introduced during regeneration to dissolve the precipi- 
tates in the regeneration step. 

Effect of time 

The equation describing the kinetics of many adsorption processes 
is known as the ELovich equation: 

w = K logt 

i.e., the plot of the amount adsorbed, w, against the logarithm of the 
time gives a straight line with a slope K .  The rate of adsorption of gold 
and silver from cyanide solution on activated charcoal obeys this rela- 
tion (Figure 19.1 1). 

1000 - 
0 1 2 3 4 5  

Ion concentration, Ib/t 

Figure 19.10: Effect of potassium cyanide and sodium hydroxide 
on gold adsorption on activated charcoal (plotted from data by 
Gross and Scott, 1927). 
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(pKted from data by Gross and Scott, 1927). 

re 19.1 1: Adsorption of gold and silver on activated charcoal 

DESORPTION 

While metal hydroxides or basic salts precipitated on charcoal in 
the sorption step can be dissolved by acids and desorbed, it is not pos- 
sible to remove gold from gold-laden activated charcoal by acids 
because of the formation of insoluble gold cyanide: 

+ H+ + A u C N ( ~ ~ ~ . J  + HCN(d 

The usual way to desorb gold is by elution with a hot concentrated 
alkaline solution of sodium cyanide. The high temperature is neces- 
sary because the dielectric constant of water decreases with increasing 
temperature hence the electrostatic forces between charcoal and the 
gold cyanide complex decreases. High alkalinity and high concentra- 
tion of cyanide are necessary for gold desorption because both OH- 
and CN- ions are preferentially adsorbed. 

Another desorption method is using an alcoholic solution of 
sodium cyanide. This is because alcohol has a lower dielectric constant 
than water. If the temperature is increased, the dielectric constant 
decreases further and elution becomes more favorable. This method, 
however, is not used in industry because of its expenses. 

ENGINEERING ASPECTS 

There is a variety of methods used industrially to recover gold 
from cyanide solution. Essentially they are all common in the follow- 
ing steps: 

Sorption of the gold cyanide complex on charcoal. 
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Washing with water to remove the entrained solution. 
Desorption, usually with a solution of 0.2% NaCN and 1 % 
NaOH at 90 "C. 
Acid washing to remove CaCO, precipitate. 
Washing the depleted charcoal with water to remove the entrained 
solution. 
Dewatering, activation by heating for 30 minutes at 700 "C in 
absence of air, then quenching and recycling. 
Two factors contribute to the choice of the adsorption process: 
Filtration properties of the pulp. 
Presence of organic matter in the ore. 

As a result, the following processes are used: 

Column process 

Adsorption columns charged with granular activated charcoal are 
used when the ore can be filtered easily and clear solutions can be 
obtained. When the beds are saturated, they are desorbed, and the 
depleted carbon is then washed, dewatered, and activated. 

Carbon-in-pulp process 

This process is used to treat slimy ores, Le., ores containing finely 
divided clay particles which are difficult to filter. In this process, the 
cyanide leaching pulp is agitated in tanks with the charcoal pellets 
(Figure 19.12). When adsorption is complete, the pulp is screened to 
separate the gold-laden pellets for washing and desorption. The pro- 
cess has the advantage of eliminating filtration which may be an 
expensive operation. 

Carbon-in-leach process 

This process is used to treat ores containing organic matter. Since 
organic matter may act as adsorbents, their presence renders the gold 
cyanide complex susceptible of being lost in the residue. Hence, gran- 
ular activated carbon is added in the leaching tanks (Figure 19.13) so 
that it can adsorb the gold cyanide complex as soon as it is formed and 
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more effectively than the organic matter. The charged carbon is then 
separated from the pulp by screening. 

Adsorption and elution are slow processes. Typically it takes about 
24 hours to adsorb gold from a solution containing about 10 ppm 
gold and 50 hours to elute. One ton activated carbon adsorbs about 
10 kg gold. About 4 liters of solution per kilogram of carbon are SUE- 
cient for continuous operation. Gold and silver are recovered from the 
eluate by electrolysis using steel wool cathodes and the barren solution 
recycled to the sorption step. Gold and silver are recovered by melting 
the steel wool to a bullion. For the recovery of gold from cyanide solu- 
tion using zinc, see chapter 25. 

Figure 19.12: A carbon-in-pulp plant in South Africa. 
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SUMMARY 

Activated charcoal is different from coal and graphite in being 
hydrophilic, i.e., it is wetted by water. This is because of the 
organic surface complexes formed during activation. It has a large 
surface area and a high porosity. 

Adsorption of gold or silver cyanide complexes on activated char- 
coal is a physical process in which the amount adsorbed decreases 
with increased temperature. This is in contrast to chemisorption 
processes in which the amount adsorbed increases with increased 
temperature. 

Oxygen is necessary for adsorption processes on activated char- 
coal. It is reduced on the surface of charcoal by the reaction: 

0, + 2H20 + 2e- + H202 + 20H- 

electrons being supplied by the charcoal. T h e  charcoal thus 
acquires positive charge. As a result: 

- Uncomplexed metal ions in solution are precipitated as 
hydroxides from neutral or slightly acidic dilute solutions on 
the surface of charcoal due to the OH- ions liberated, while 
the anions are attracted to the positively charged charcoal sur- 
face. 

The negatively charged gold cyanide complex, [Au(CN)~]-, is 
attracted to the positively charged charcoal surface. 

Adsorption of gold and silver from cyanide solution by charcoal at 
equilihrium conditions follows Langmuir's adsorption isotherm, w 
= kC1'", where w is the amount of metal adsorbed by unit weight 
of charcoal in equilibrium with a solution of concentration C; k 
and n are constants ( n  > 1). The rate follows Elovich equation, w = 
k' logt, where k' is a constant and t is the time. 

Adsorption of gold from cyanide solution by activated charcoal 
decreases when the solution contains an organic solvent of lower 
polarity than water since under these conditions the electrostatic 
forces of attraction decrease. Decreased adsorption with increased 
temperature may be also due to the decreased dielectric constant 
of the medium with increased temperature. 

- 
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The first attempts to utilize ion exchange phenomena was in the 
field of water softening around 1906, using natural and synthetic sili- 
cates. The improved properties of synthetic organic resins greatly 
broadened the application potential for ion exchange processes due to 
their stability and high capacity. The  first attempts to apply ion 
exchange for metal recovery were in connection with recovery of cop- 
per from waste liquors of the cuprammonium rayon and brass indus- 
try, silver from photographic film manufacturing wastes, and 
chromium from electroplating wastes. Uranium was the first metal to 
be recovered from leach solutions by ion exchange on a large scale, and 
the great amount of research done in this field opened the doors to the 
wide possibilities of using ion exchange for recovering other metals 
from leach solutions. 

The exchange process is especially useful in the treatment of very 
dilute solutions with metal ion concentration of the order of 10 ppm 
or less. For solutions with metal ion concentration above 1 %, this 
method is generally not of value. The ion exchange phenomenon 
occurs in rocks, sands, soils, glass, wood, wool, cotton, and other 
materials. 

GENERAL PRINCIPLES 

An ion exchanger is a framework or a matrix which carries a posi- 
tive or a negative electric charge. This is compensated by ions of oppo- 
site sign, called counter-ions. Ions of the same sign as that on the 
framework are called co-ions. The counter-ions are free to move within 
the framework and can be replaced by other ions of the same sign, 
while the fixed ions are not mobile. When the matrix carries positively 
charged ions, the exchanger is an anion exchanger, since i t  can 
exchange anions with the counter-ions. Similarly, a cation exchanger is 
capable of exchanging cations with its counter-ions. Exchange reac- 
tions are represented as follows: 

Anionic: R'X- + A- -+ R'A- + X- 

or simply: XTr) + A<,,) + ATr) + XTaq) 

Cationic: R-Y' + B+ + R-B' + Y' 

or simply: YIr) + BIaq) -+ BIr) +Ylaql 
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If the ions exchanged are different in valency, then charge and 
mass balances are preserved. For example, if A2- is exchanged for X- 
and B2+ for Y+, then the equations can be represented as follows: 

2XTr) + ~ & q )  + A& + 2XTaq) 

2Yir) + ~ $ q )  + B ~ A  + 2Yiaq) 

Ion exchangers can be compared to a sponge with counter-ions 
floating in the pores. When the sponge is immersed in a solution, the 
counter-ions can leave the pores and float out. In order to preserve 
electrical neutrality in the sponge, a stoichiometric number of other 
ions from the solution enters the pores (Figure 20.1). Dissolved elec- 
trolytes can be completely removed from aqueous solutions by 
exchanging all cations for H+, and all anions for OH-. This can be 
achieved in two-stage columns: One cationic and the other anionic, or 
a single column containing an intimate mixture of cation and anion 
exchanger particles. 

Figure 20.1: Sponge model of exchangers. 

METHODS AND EQUIPMENT 

Ion exchange processes may be conducted batchwise in columns, 
on a semi-continuous basis in resin-in-pulp system, or continuously in 
an elaborate system of columns. 

Columns 

Since ion exchange is an equilibrium operation, the degree of sep- 
aration of two species that can be achieved in a single batch operation 
is limited by the value of the distribution coefficient (page 384).  
Repeated batch operations are tedious and consume considerable 
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space. Separations are therefore carried out on columns which may be 
considered to consist of a large number of repeated batch equilibriums 
between the solution and the resin. Efficient operation of a column 
depends on flow rate of solution, particle size of resin, and column 
dimensions. Columns 2 m in diameter and 4 m high are in common 
use. To prevent channeling in the bed, the resin must be of the same 
particle size. Also, a space must be leh at the top of the bed to allow 
the expansion of the resin during the exchange process. 

Reciprocating rod 

Stainless steel Stainless steel screen on 
r sides and bottom 

bolted to frame 

Figure 20.2: Resin-in-pulp method for treating slimy ores. 

Resin-in-pulp 

In some ores the leach solutions are slimy and difficult to filter, 
and the production of clear leach liquors suitable for column opera- 
tions is expensive and time-consuming. To meet these difficulties, a 
semicontinuous batch method has been devised; it is the resin-in-pulp 
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method (RIP) (Figures 20.2 and 20.3). In this method, the unfiltered 
leach liquors are fed into tanks in which wire-mesh baskets, 28 mesh, 
or 0.6 mm openings, containing coarse-grade resin (10-20 mesh), are 
moved continuously up and down by a reciprocating mechanism, so 
that the resin bed expands on the downstroke through the pulp and is 
compressed again on the upstroke. The size of baskets is from 40 x 40 
x 40cm to 180 x 180 x 180 cm, the top of the basket being left open. 

Figure 20.3: Resin-in-pulp plant for uranium. The Anaconda 
Company, Grants, New Mexico. 

Continuous system 

This system operates in counter-current fashion and can handle 
either clear or turbid solution. It is composed of three towers: The 
absorption column, the measuring chamber, and the elution column 
(Figure 20.4). The absorption column comprises a number of cham- 
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bers separated by orifice plates, in each of which there is a measured 
volume of resin. The leach solution enters the bottom of the column 
and flows upwards through the resin and out at the top. The resin in 
the chambers is fluidized by the upward flow, but the flow is so regu- 
lated that it does not carry the resin up into the next chamber above. 
Likewise, the upward velocity does not allow resin to fall down into 
the chamber below. During operation samples are taken of the effluent 
and when breakthrough of ions is detected, the resin from the lowest 
chamber is discharged into the measuring column as a slurry. Follow- 
ing upon this, the resin in the next chamber above is transferred into 
the lowest chamber and in turn the resin in all the chambers above are 
transferred progressively from one chamber to the empty chamber 
below. 

Figure 20.4: Continuous ion exchange system. 

When the uppermost chamber is empty, it receives freshly eluted 
resin from the elution column and the elution column is then ready to 
receive a batch of loaded and clean resin from the measuring chamber. 
The measured volume of resin in this chamber has in the meantime 
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been backwashed to remove any suspended matter that may have 
attached itself to the resin. When this has been completed the resin is 
transferred in a fluidized manner into the bottom of the elution col- 
umn. The resin is raised as a plug and a volume of resin equivalent to 
the amount introduced is then rinsed and transferred to the top of the 
absorption column. 

ION EXCHANGE MATERIALS 

Ion exchange materials may be inorganic or organic. 

Inorganic 

Inorganic materials are either natural or synthetic. Analite and 
chabazite belong to the group of naturally occurring aluminosilicate 
minerals known as zeolites. The zeolite lattice consists of SiOt- and 
AlOf- tetrahedra which have their oxygen atoms in common. Since 
aluminum is trivalent, the lattice carries a negative electric charge. 
This is balanced by alkali or alkaline earth cations which do not 
occupy fixed positions, but are free to move in the lattice framework. 
Due to the presence of these mobile positive ions, zeolites have the 
capacity to exchange cations. 

Aluminosilicates with ion exchange properties have also been syn- 
thesized, e.g., by fusion of soda, kaoline, feldspar, etc., or by formation 
of gelatinous precipitates from aluminum sulfate-sodium silicate solu- 
tion with NaOH, and drying. Hydrothermal methods have also been 
used, e.g., by crystallization at high temperature and pressure from 
aqueous solutions containing SO2 ,  Al203, and alkali. This method is 
the one in use exclusively today: the products are very similar to the 
natural material and a variety of products can be prepared. Thus, sili- 
con may be replaced by Fe, Mn, V, or I? Also, exchangers based on 
21-0, and P 2 0 5  are prepared by precipitating zirconium phosphate 
from zirconyl chloride solution by H3PO*. In this case also a variety 
of products can be prepared, e.g., zirconium may be replaced by Th, 
Sn, or Ti, and phosphorus may be replaced by As, Mo, or W. 
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Organic 

Organic exchangers used first were sulfonated coals. These are 
now superseded by synthetic resins. These consist of an elastic three- 
dimensional network of hydrocarbon chains which carry fixed ionic 
groups. The charge of the groups is balanced by mobile counter-ions. 
The introduction of groups such as -SOTH+ by sulfonation, i.e., reac- 
tion with concentrated H2SO4, makes the hydrocarbon macromole- 
cule soluble in water. But ion exchange resins containing such groups 
are made insoluble by cross-linking, i.e., by interconnecting the various 
hydrocarbon chains. The degree of cross-linking determines the physi- 
cal properties of the resin. The main methods of preparing these mate- 
rials are the following. 

Phenol formaldehyde resins. Condensation of p-substitued phenol 
with formaldehyde yields linear polymers: 

OH 
I 

OH ?H OH 

+ H2CO -+ 

R R R R 

No cross-linking occurs because the para positions to OH groups 
are occupied, and the meta position is inaccessible to the aldehyde. 
However, if unsubstituted phenol is added to the mixture, a cross- 
linked polymer is obtained: 

OH OH OH OH 

Thus the degree of cross-linking can be adjusted by varying the 
content of phenol in the reaction mixture. This method is, how- 
ever, obsolete. 
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Polystyrene resins. Polymerization of styrene yields linear polysty- 
rene: 

However, if divinyl benzene is added, a cross-linked matrix is 
obtained: 

CH=CH, . . .-CH-CH2-FH-CH,-. . . 

The degree of cross-linking can be adjusted by varying the divinyl- 
benzene content in the reaction mixtures. Most resins are now pre- 
pared by this method and are chemically more stable. The functional 
groups, either anionic or cationic, are incorporated either in the 
monomer before polymerization, or into the polymer itself. 

TPfS 
There are four types of synthetic organic exchangers: 
Weak-acid cation exchangers, containing -COOH groups: 
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OH OH 

+ H - o o c ~  + 0 + H2C0 -+ 

OH OH 

'H-OOC 0 C H 2 7 3 r . .  

CH2- ... CH2- ... 

Strong-acid cation exchangers, containing -S03H groups: 

- 6 + H2CO + ... o C H 2 0 C H 2 -  ... 

\ \ \ 
SOFH' SOTH' SOFHf 

- Sulfonation of addition polymers with divinyl benzene. 

. . .-CH-CH2-CH-CH,-CH-CH,-. . . 

. . .-CH-CH2-C-CH2-CH-CH2-. . . 

Weak-base anion exchangers, containing amino groups, e.g.: 

"2 "2 

NH 
5332 I 

CH2 
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Strong-base anion exchangers. The base strength of the resin can 
be increased by using substituted amines, e.g.: 

An important resin used extensively in extractive metallurgy is 
Amberlite IRA 400: 

. . .-FH-CH 2- CH-CH2-CH-. I I . . 

CH=CH2 CH2 
I CH2 I 

H,C-N+-CH, H,C-N+-CH 3 
I I 

CH3 CH3 
c1- c1- 

Membranes 

These are synthetic organic resins prepared in the form of sheets. 
When an ion exchange membrane is in contact with an electrolyte 
solution, counter-ions will have no difficulty in passing through the 
membrane from one solution to the other. Co-ions, on the other 
hand, are excluded. It corresponds to the ideal semipermeable mem- 
brane. In a cell containing NaCl solution, the following processes take 
place when an electric current is applied as shown in Figure 20.5. 

Anode compartment Cathode compartment 

Figure 20.5: Ion exchange membrane. 
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At the cathode: H20  + e- + 1/2H2 + OH- 

At the anode: H 2 0  + 2Hf + ' / 2 0 2  + 2e- 

The electric current transfers the anions and cations out of com- 
partment (2) into compartments ( I )  and (3) respectively. The net 
effect is deionization of solution (2), since cations in (1) and anions in 
(3) cannot migrate to compartment (2). Thus, in the cathode com- 
partment, NaCl is converted to NaOH, and in the anode compart- 
ment, HCl is formed, or a salt can be converted into its acid and base 
components. 

Specific resins 

Resins having specific affinity for a certain metal ion have been 
prepared. For example, a resin based on nitrated and reduced polysty- 
rene, having a structure similar to dipicrylamine, was prepared: 

I 1  -c-c- 
I 

NH "+ 

Dipicr ylamine Dipicrylamine-based resin 

This resin has an unusual affinity for potassium ion, and has been 
suggested as an exchanger for recovering potassium from seawater. 
The resin owes its selectivity to the presence of the specific organic 
precipitant for potassium, dipicrylamine. Other specific resins have 
been prepared. The problem with these resins, however, is the diffi- 
culty of elution and regeneration. 
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Electron exchangers 

These are cross-linked polymers which carry a built-in reversible 
rledox couple such as quinone-hydroquinine. They carry no fixed 
ionic groups and no counter-ions; therefore, no ion exchange takes 
place. But they are capable of oxidizing or reducing an ion in solution 
-- example: reduction of Fe3+ by a hydroquinone-type electron 
exchanger: 

...-C H-CH,- ... ...-$ H-CH,- ... 

The resin can be regenerated by a strong reducing agent, e. 
ilon, and reused. The process is irreversible in the sense that Fe 
not regenerate the resin. 

Ti3+ 
can- 3: 

EXCHANGE MECHANISM 

Ionization and association of ionogenic groups 

Interaction between the counter-ions and the fixed ionic groups 
takes place. Thus, while strong-acid or strong-base resins are com- 
pletely ionized, weak-acid and weak-base resins are not. The ioniza- 
tion of the latter two resins depends on the pH of the external 
solution. Weak-acid groups are not ionized at low pH, while weak- 
base groups are not ionized at high pH. Consequently, under these 
conditions, ion exchange is greatly decreased. 

The ion exchanger prefers the counter-ion which forms the stron- 
ger ion pairs, or bonds, with the fixed ionic groups. Interactions of this 
kind are likely to occur if the fixed ionic groups are similar in structure 
to precipitating or complexing agents which react with the counter- 
ion. For example: 

Bond formation between carboxylic acid anions and H+ ions. 

Resins with groups resembling dipicrylamine (precipitating agent 
for potassium) are highly selective for potassium. 

41 
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Exchange capacity 
0 The maximum capaciiy. This is the number of ionogenic groups 

per one gram of resin free of sorbed solutes and solvents. The 
weight of a resin depends on its ionic form. The chloride form is 
used for an anion exchanger and not the OH- form, because it is 
more difficult to determine the dry weight of the latter. Drying of 
a resin is carried out at 50 "C under vacuum and overnight. 
Styrene-divinylbenzene copolymers, when completely monosul- 
fonated and in the H+ form, consist mainly of the units: 

,..-? H-CHZ- ... 

SOT" 

Each unit, C,H803S, has the formula weight 184.2 and carries 
one fixed ionic group. Accordingly, the capacity of the resin is 
approximately 10001 184.2 = 5.43 milliequivalents/g. 
The efective capacity. This is the number of exchangeable counter- 
ions per specified amount of resin. It is the same as the maximum 
capacity for strong-acid and strong-base resins, because the resin is 
completely ionized, i.e., the number of exchangeable groups 
equals the number of ionogenic groups. But, it is lower for weak- 
acid and weak-base resins, because the resin is not completely ion- 
ized. The effective capacity for non-ionized resins depends on: 
- pH of the external solution because the weak-acid groups are 

not ionized at low pH, while weak-base groups are not ionized 
at high pH. Therefore, a weak-acid resin will sorb fewer Na+ 
ions from acid than from alkaline solution. 
Concentration of external solution. For a non-ionized resin in 
the H' form, the exchange with Na+ is enhanced by increasing 
the concentration of Na+ ions: 

HIr) + Na+ 

The strong affinity of such a resin for H+ can only be over- 
come by increasing the concentration of the counter-ion in the 
external solution. 

- 

H+ + NaI,) 
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Resin capacity is determined experimentally by titrating the resin 
with an acid or a base. 

Swelling 

When a dry ion exchange resin is immersed in water, a consider- 
a'ble amount of water is taken up, and as a result, the resin swells. This 
swelling property is also known in natural gums (e.g., tragacanth, 
agar-agar, etc.). A resin swells to a limited degree only: an equilibrium 
is attained beyond which swelling does not proceed because the ten- 
dency to swell is counteracted by the elastic forces in the matrix. Natu- 
ral and synthetic zeolites do not swell to any appreciable extent 
blecause the lattice is not elastic. A resin tends to swell for the following 
reasons: 

The fixed and the counter-ion tend to solvate. 
The highly concentrated ionic solution inside the resin has a ten- 
dency to be diluted when in contact with water due to osmosis'. 
Neighboring fixed ionic groups repel one another electrostatically, 
and thus tend to stretch the chain of the matrix. Repellence 
depends on the dielectric constant of the medium in which the 
resin is immersed. Thus, in a dry resin, it is different from that of a 
resin immersed in water. 

I I I I 
0.01 0.02 0.03 

Equiv./L External concentration 

Figure 20.6: Effect of concentration of external solution on the 
swelling of the resin (Samuelson, 1963). 

1. Osmosis (00p05 in Greek means to push) is the diffusion of water through a 
serni-permeable membrane horn a dilute solution (a  region of high water concen- 
tration) to a more concentrated solution (a region of a lower water concentra- 
tion). 
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Factors favouring swelling 

Low degree of cross-linking 

High exchange capacity, since more ionic groups are involved 
inside the resin. 

Large and strongly solvated counter-ions. A resin in Cs* form 
expands when Cs+ ion is replaced by Rb+, and expands further 
when Rb* is replaced by K+, Na+, or Li+. This sequence is the 
same as that of hydrated ionic volumes. The ionic volumes of 
hydrated ions increase from Cs+ to Li+, i.e., the reverse of unhy- 
drated ions. 

Complete ionization inside the resin. Weak-acid resins swell less in 
H+ form than in alkali ion form; weak-base swell in free-base than 
in chloride form. The opposite holds for strong-acid and strong- 
base. 

* 

Low concentration of the electrolyte in the external solution 
favours increased swelling (Figure 20.6), since an increase in con- 
centration reduces the osmotic pressure difference between the 
interior of the resin and the aqueous phase, or the driving force for 
the solvent uptake gets smaller. 

Importance of swelling 

Swelling is of considerable practical importance, especially for col- 
umn operation. High pressures are usually developed inside the bed, 
and unless precautions are taken, a column may burst, or movements 
in the bed may take place causing channeling. A resin in a swelled state 
is under strain and can be compared with a spring under tension. 
Therefore, any factor that lessens this strain is favoured by the resin. 
Also, the resin in its swollen state has maximum selectivity because of 
the tendency to relax. The resin will, therefore, be ready to exchange 
its counter-ions for others if this exchange causes relaxation. 

1 .  When the radius of the cation is large, the positive charge on the nucleus is far 
from the water molecules, therefore less attractive to water. Although Li+ is the 
smallest of the alkali ions, yet it has the lowest attraction to H,O molecules in 
aqueous solution because it is the most strongly hydrated. 
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Selectivity 

An ion exchanger exchanges its counter-ions in preference for 
other ions in solution for certain physical and chemical reasons. The 
basis of preference in dilute solution in cationic resins is as follows: 

A counter-ion of higher charge is preferable since a high1 char ed 
ion is strongly attracted to the fixed ions. Thus, Th'+ woguld 
replace La3+, La3+ replaces Ca2+, and Ca2+ replaces Na'. 
For similarly charged ions, the one with the smaller solvated vol- 
ume is preferable since it decreases swelling, and thus the elastic 
matrix would relax, i.e., it contracts. The selectivity of the alkali 
ions, for example, is of the order Li+ < Na+ < K+ < Rb+ 2 Cs+, Le., 
Cs+ is more preferred by the resin than Li+ (Figure 20.7). Also, 
Mg2+ < Ca2+ < Sr2+ <: Ba2+ and F- < C1- < Br- < I-. This sequence 
is the same as that of the decreasing radii of hydrated ions. 
The counter-ion that interacts more strongly with the matrix, e.g., 
by bond formation or electrostatic attraction, is preferable. Thus, 
carboxylic acid anions prefer H+ as counter-ions, and picrylamine 
resin prefers potassium ions. 
Selectivity is enhanced by decreasing the concentration of the 
external solution (Figure 20.8), because in dilute solutions the 
swelling will be maximum and the resin tends to relax. 

1.2 
4- 

0.8 1 .o 
Equilibrium exchange 

capacity (resin in Hf form), 
m equiv./g 

Figure 20.7: Effect of ionic radius on ion exchange (Nachod and 
Wood, 1945). 
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Increasing cross linking of the resin increases the selectivity. Large 
counter-ions may be sterically excluded from the narrow pores of 
the exchanger. 

Equivalent ionic fraction of Cu2+ in solution 

Figure 20.8: Cu2+-Na' exchange on Dowex 50-X8 in Na+ form 
at various total normalities of the external solution (CuCI, + 
NaCI); the preference for the ion of higher valency increases with 
dilution of the solution (Rao and David, 1957). 

Figure 20.9: Sorption of metal ions from H2S04 solution by 
anion exchange. Plotted from data by Danielsson (1965) and 
Samsahl (1  963). 
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E'ffect of complexing agents in the aqueous phase 

The distribution coefficients for a large number of metal ions in a 
variety of acids at different concentrations are available (Figures 20.9 
to 20.12). It can be seen that with increasing acid concentration, the 
value of D changes greatly. The reason for this is the presence of two 
effects which may strengthen or oppose each other, depending on the 
chemical properties of metal ion and the acid in question: 

In dilute acids, the resin swells more than in concentrated acids 
and therefore ion exchange is enhanced. 

With increasing acid concentration, complexing action takes 
place. 

Site sharing 

Uptake of sulfuric acid may take place by the following mecha- 
nism: 

Figure 20.10: Sorption of metal ions from HC1 solution by anion 
exchange resin (Kraus and Nelson, 1956). 
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- - - - _ _ _ _ _ - _ _ _ _ _ _ _  
"03, M : * No adsorption for: 

: other rare earths ; 
: except Nd(lll), : 
: slight adsorption. : 
L - - - _ _ _ _ - - - _ _ _ _ _ _  

Figure 20.11: Sorption of metal ions from HNO, solution by 
anion exchange resin (Buchanan and Faris, 1962). 

HCI, M 

Figure 20.12: Sorption of metal ions from HCI solution by cat- 
ion exchange resin; D < lfor shaded areas (Nelson et al., 1964). 
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Similarly, the uptake of phosphoric acid: 

R'H2P0; 
POj- + 2H3PO4 + R"H2POZ 

\ 
R+ 
R+- 
/ 

R+ R+H,POZ 

The sorbed acids can be eluted from the resin by washing with 
water. In this way, an acid can be separated from its salt. For example, 
€-12S04 can be separated from Na SO4 by passing the mixture over a 
strong anion exchanger in Sot- form; the acid is sorbed while 
Na2S04 is not. 

Effect of non-aqueous media 

The use of organic solvents in ion exchange operations has been 
extensively studied to improve separations in analytical chemistry and 
eventually in metal recovery. For example, it is practically impossible 
to elute silver and gold cyanide complexes from strong-base anion 
exchange resins, but when acetone is added to an eluting agent such as 
HC1, elution takes place readily. In explaining this phenomenon it is 
necessary to recall polarity, dielectric constant, and osmosis. The rea- 
son is that acetone is less polar than water and therefore causes less 
swelling in the resin. The behaviour of a resin in non-aqueous media 
can be summarized as follows: 

Resins usually swell more strongly in polar than in non-polar sol- 
vents. Thus a resin swells more in water than in a less polar solvent 
like methanol or ethanol, and does not swell at all in non-polar 
solcents such as benzene and kerosene. However, if the solvent 
interacts with the organic constituents of the matrix then the situ- 
ation may be reversed. For example, weak-acid resins in H+ form 
swell more strongly in methanol than in water because of the 
strong affinity of the carboxylic acid groups for the alcohols. 
Swelling also depends on the solvation of ions which is different in 
non-aqueous media from that in water. The less polar the solvent 
the weaker is the solvation of the ions. Thus, in water, cation 
exchangers in Li+ form swell more strongly than the other alkali- 
ions forms, since Li+ has the highest solvation tendency. This ten- 
dency is reversed in alcohols because of low solvation. 
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Swelling depends on the dielectric constant of the solvent which 
has a dual effect: 
- Low dielectric constant increases swelling since the electro- 

static repulsion between the fixed ions becomes stronger. 
Low dielectric constant tends to decrease swelling because of 
increased electrostatic interaction between ions of opposite 
charged, so that ion pair formation and  association is 
increased, and the osmotic activity of the resin is reduced. 

Thus, weak-acid resin in the alkali ion forms swells more strongly 
in water than in alcohols, since dissociation is more complete and the 
osmotic and electrostatic forces are more important. O n  the other 
hand, strong-base resins swell more strongly in alcohols than in water 
because the ionic form has little effect, but the affinity of the organic 
structural groups for the organic solvent is stronger. 

- 

Elution or regeneration 

On loading a resin in A form with counter ion B, the resin should 
have preference for the ion B. Strong preference of the resin for the ion 
B is, however, undesirable in the elution step because of the difficulty 
of regenerating the resin. Moderate preference is the best compromise. 

Selectivity of the resin can be reversed in such a way that equilib- 
rium is favourable in both the sorption and the elution steps. From a 
dilute solution, Ca2+ and Mg2+ are preferentially taken up by a resin 
in the Na+ form because of the higher charge of the former. However, 
the exchanger can be regenerated with concentrated NaCl solution. 

Sometimes, it is more convenient to elute in one step and regener- 
ate that resin in another. For example, a weak acid resin loaded with 
Cu2+ or Ni2+ can be eluted easily with a strong acid because of the 
strong affinity of -COO- group for H+, and then converted to Na' by 
treatment with NaOH for regeneration. One-step elution with, for 
example, NaCl is not ractical because of the stronger affinity of the 
resin for Cu2+ and Ni than for Na+. Further, it is not possible to use 
such resin in the H+ form to sorb Cu2+ or Ni2+ from solution because 
the resin prefers the H+ ion rather than the other ions. 

In column operation, the ions with the strongest affinity for the 
exchanger are accumulated in the first layers of the column near the 

2! 
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inlet. The ions are also most strongly retained by the exchanger in the 
regeneration step. In such cases counter-current regeneration has the 
aldvantage of avoiding forcing the most strongly preferred ion through 
the whole column. Further, if any suspended matter is retained on the 
top of the bed, it can be easily removed in the first fraction of counter- 
current eluate. 

Poisoning. A resin is said to be poisoned when it becomes incapable 
alf exchanging with the ions it normally exchanged. This results when 
certain impurity ions in solution are attached to the resin but not 
removed with the eluting agent, thus they build up and gradually 
decrease the capacity of the resin. For example, in the recovery of ura- 
nium from sulfuric acid leach solution by anion exchange resins, traces 
of molybdate, vanadate, and silicates are attached to the resin together 
with the uranyl sulfate complex. On  eluting the resin, only uranium is 
eluted. The build up of other anions with time causes “poisoning”. To 
restore the resin, other eluting agents have to be used to remove these 
poisons. 

PROPERTIES 

Color change 

Color of ion exchange resins changes with the nature of counter- 
jon. For example, the anion exchanger Amberlite IRA 400 is golden 
brown color in SOZ- form, lemon yellow in SO:- form, and bright 
ired when charged with V(V). 

Fluorescence 

Synthetic resins fluoresce in ultra-violet light and the fluorescence 
(depends on the ion loaded. For example, an anionic resin in the sulfate 
lor chloride form fluoresce strongly but when the same resin is 
‘exchanged with uranium, it is no longer fluorescent. The phenome- 
non was suggested for controlling the loading and elution cycles in 
processes using ion eschange resins. 
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Infrared spectra 

Infrared spectrophotometry offers a mean for studying the interac- 
tion between metal ions and the active groups in ion exchange resins. 
The infrared spectrum of a resin is composed of two parts: lines char- 
acteristic of the matrix, and lines characteristic of the counter-ions. 
For example, Dowex 1 x loin sulfate form shows the characteristic 
lines of SO:- ions as well as those of the matrix. When magnesium 
and lithium chloride solutions are passed through the resin and then 
the resin washed with water and dried, the lines characteristic of SOZ- 
ions disappear and new lines due to C1- ions appear instead, thus 
showing that Sol- ions were exchanged for C1- ions. 

X-ray diffraction 

In certain cases it is possible by means of X-ray diffraction studies 
to identify the form in which a metal is sorbed by a resin. For example, 
beryllium is held by anionic resins as a fluoro complex when beryllium 
sulfate solution is passed through the resin in the fluoride form. 

Dissolution and precipitation of salts 

Insoluble salts such as AgCl and Bas04 can be solubilized by the 
addition of an ion exchange resin. Such salts when suspended in water 
dissociate to an extremely small extent, e.g., AgCl Ag+ + C1-. When 
a resin in H+ form is added, the equilibrium is strongly shifted to the 
right due to the uptake of Ag+ ions from solution by the resin, thus 
resulting in the solubilization of AgCl. 

The uptake of a counter-ion by the resin can be enhanced by 
removing the competing counter-ion from the solution by precipita- 
tion. For example, passing NaCl solution over a resin in the Ag+ form 
causes precipitation of AgC1: 

AgTr) + Na+ + C1- -+ + AgCl(precipitare) 

Application: Desalting of seawater in emergency cases. 
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Ion exclusion 

This is a convenient method for separating nonelectrolytes from 
electrolytes. No ion exchange takes place; the column acts as a sorbent 
only. When, for example, glycerine is to be separated from a sodium 
chloride solution, the solution is passed through a column of a cation 
exchanger in the Na+ form, or an anion exchange in the C1- form. 
<;lycerine is sorbed in the column, while NaCl passes through. By 
washing with pure water, the loosely sorbed NaCl is removed first, 
t.hen glycerine, and the column is again ready for use. This particular 
example of separating glycerine is of technical importance, since such 
a mixture is a by-product of the soap industry. 

APPLICATIONS 

Ion exchange in extractive metallurgy is used for the recovery of 
rnetal values from leach solution, e.g., uranium and the separation of 
dosely related metals, e.g., cobalt and nickel, hafnium and zirconium, 
niobium and tantalum, and the lanthanides. 

Recovery of uranium from leach solutions 

Uranium exists in sulfate solution as the uranyl ion UOi+,  as the 
uncharged complex U02(S04) ,  as well as the anionic complexes 
[U02(S0,)2]2- and [U02(S04)3]4- depending on the amount of 
SOP  ion in solution. It can, therefore, be sorbed by cationic as well as 
anionic resins. Sorption by the anionic resins has the advantage in that 
only a few metals form anionic complexes and are sorbed together 
with uranium, for example, ferric ion, arsenates, chromates, vanadates, 
permanganates, and molybdates. Sorption of ferric ion and vana- 
dium(V) can be eliminated by reduction to ferrous and vanadium(II1) 
(:e.g., by adding SO,) since the ferrous ion and vanadium(II1) are not 
sorbed. 

Sorption of uranium from H,SO4 leach solution is a function of 
SO$ concentration because of its influence on the uranium anion 
formed. Under equilibrium conditions, the amount of uranium 
sorbed increases when the ratio [SOz-]/[U] is less than 2. Above this 
ratio, excess S O P  competes with the uranium sulfate complex for 
resin sites, resulting in decreased sorption. Hydrogen ion concentra- 
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tion also plays an important role. At pH values below 1.5 there are not 
sufficient SO:- ions to furnish the uranium sulfate complexes since 
HSOZ ions are predominant. At p H  above 6, uranium precipitates. 
When the leach solutions contain phosphates or arsenates, precipita- 
tion of uranium may take place at a p H  value lower than 6. Therefore, 
the optimum p H  is usually 2 to 2.5. 

Tetravalent uranium is much less sorbed by the resin than the 
hexavalent. Uranium can also be sorbed from carbonate leach solu- 
tions by anion exchangers, due to the existence of the carbonate com- 
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Figure 20.13: Sorption of uranium on anion exchange resins 
from different acids (Bunney et al., 1959; Freiling et al., 1959). 

The sorption of uranium from different acid media on  anion 
exchange resin is shown in Figure 20.13. These diagrams show that 
uranium can be sorbed by the resin from dilute solution of H2S04 
and H3P04 but not from dilute solutions of HC1 and "03. That is 
why these last two acids are used as eluating agents. When sorbed 
from sulfuric acid leach solution, elution of uranium is preceded by a 
sulfate band as shown in Figure 20.14, which could be discarded in 
order to prevent contamination of the eluate build up of SOZ- in the 
recycled eluent. 
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Figure 20.14: Elution of uranium sulfate complexes by 0.9M 
NaCl (Grinstead et al., 1956). 

Metal separations 

To separate two or more metal ions from solution, one of the fol- 
lowing methods can be used: 

a Selective sorption. This is usually achieved by adjusting the aqueous 
phase such that the uptake of one of the ions is more favorable 
than the other. For example, by choosing the proper pH, concen- 
tration of the aqueous phase, the addition of a complexing agent, 
the addition of an oxidizing or a reducing agent, etc. Separation of 
thorium and uranium can be achieved from dilute sulfuric acid 
solution, using an anionic resin: Uranium is sorbed while thorium 
(and the lanthanides) is not (Figure 20.15). Sometimes, it may be 
possible to select a resin such that when the solution is passed 
through the column, one of the ions is retained while the other is 
not. For example, iron(II1) can be separated from aluminum by 
using an anionic resin. Iron forms anionic complexes in 9 M HCI, 
while aluminum does not. Similarly, to separate cobalt from 
nickel, HCl is added to make the solution 8 M. Cobalt forms the 
anionic complex: 

Co2+ + 4C1- [C0C14l2- 

while nickel does not. 
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Figure 20.15: Separation of thorium and uranium on anionic 
resin Dowex 2 x 8SOf- (Jangida et al., 1956). 

Selective elution. In this method, the desired ions are retained on 
the column, but in the elution step, an eluant is so chosen that it 
removes only one of the ions, and does not affect the other. Figure 
20.16 shows, for example, the separation of the transition metals, 
manganese to zinc, by selective elution with HCl. Also, hafnium 
and zirconium nitrates in 2 M "0, are sorbed on a cation 
exchange resin, and then with 1.5 M H2S04 to remove hafnium 
(Figure 20.17). Anion exchange was also applied for separating 
these two metals based on sorption of the complex fluorides 
[2rFd2- and [HfT6l2-. Elution is carried out with a mixture of 
0.2 M HC1 and 0.01 M HF, in which case zirconium is eluted 
first. Separation of niobium and tantalum is based on sorption of 
the chloride complexes on anionic resin in a mixture of 9 M HC1 
and 0.05 M HF; elution is done with the same medium. 

Chromatopaphic elution. Sometimes, the same eluent desorbs the 
two ions, but at  different rates, and it is possible, therefore, to get 
one kind of ion in the first fraction of eluent and a second in a 
later fraction. To control the separation of the ions during elution, 
it is usually necessary to collect small fractions of the effluent at 
short periods of time and analyze them, or  in some cases the efflu- 
ent is continuously analyzed. The separation of the lanthanides is 
usually done by this method. The lanthanides are very similar 
chemically and therefore their separation by ion exchange was one 
of the most outstanding achievements in extractive metallurgy. 
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Figure 20.16: Separation of transition metals Mn to Zn by selec- 
tive elution with HCI; resin: Dowex 1 (Kraus and Moore, 1953). 
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Figure 20.17: Separation of hafnium and zirconium from HNO, 
medium, by cationic exchanger (Benedict et al., 1954). 

When the acid leach solution containing the lanthanides is 
allowed to flow through a cation exchange resin bed in hydrogen or 
ammonium form, they will be sorbed by the resin. However, the resin 
has no selectivity for one of the lanthanides as compared with the 
other, and therefore practically no separation can be achieved. In order 
to separate the different metals, use is made of their different affinities 
toward complexing agents in solution. When a buffered solution of 
some negative ion species, which forms a stable complex with the lan- 
thanides, is passed through the column, a competition for the lan- 
thanide ions between the aqueous phase and resin phase will be set up. 
When equilibrium conditions are maintained, an individual lan- 
thanide ion continuously exchanges between the complexing ion and 
the resin. The positive ion in the complexing solution replaces the lan- 
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thanide ions at the rear edge of the band, so that the lanthanide band 
is driven down the resin bed. Because the stability constants of the lan- 
thanide complexes differ appreciably from one lanthanide to another, 
the most stable complex moves faster down the column. 

Different complexing agents were used as eluents for example, 5 % 
citric acid adjusted at pH 3 by ammonium hydroxide, 0.1 % citric 
acid adjusted at pH 5-8 by ammonium hydroxide, 1 M lactate at pH 
3, and 0.26 M ethylene diamine tetraacetic acid (EDTA) at pH 3.6. 
Uniform rate of elution has been obtained by continuously varying 
the pH of the eluent. The eluent at p H  3.19 was neutralized at a pre- 
determined rate with 1 M lactic acid buffered with ammonia to pH 7 
to give a rate of change of p H  of +O. 1 unidhour. Figure 20.18 shows 
the sharp separation resulting from the gradual change in pH during 
elution. 

2 3 4 5 6 7 8  
Volume of effluent 

Figure 20.18: Separation of the lanthanides from cationic 
exchanger (Dowex 50) with I M lactate, pH initially 3.19, 
increasing continuously at 0.107 unidhour, flow rate 0.4 mL/ 
cm2.min (Nervik, 1955). 

In the separation of the lanthanides, the concentrate is dissolved in 
hydrochloric acid and diluted with water to make up the feed solution 
for the cation exchange columns 1.5 m long x 15 cm diameter in the 
ammonium form. The solution of the chlorides is loaded on four col- 
umns which are connected together in series. The sorbed band is first 
washed with distilled water, then eluted with 0.1 Yo citrate solution at 
pH 8 at a flow rate of 0.1-1.2 L/min into a series of six similar col- 
umns. Under these conditions, the front of the adsorbed band 
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advances at the rate of about one resin bed per day. The light lan- 
thanides are sorbed on the first two columns, and the heavy lan- 
thanides are concentrated on the last two columns, while the bulk of 
yttrium and a considerable portion of terbium and dysprosium are 
concentrated on the two middle columns. Each set of two columns is 
further fractioned by elution through a series of eight smaller columns 
(1.5 m long x 10 cm diameter) at a much smaller flow rate of 0.5 LI 
rnin. Each of these small columns is loaded with a pure metal, then 
separately eluted in a container. The pure lanthanide is recovered from 
the solution by precipitation with oxalic acid. Individual lanthanides 
up to 99.99% purity from monazite are produced on a commercial 
scale based on elution with EDTA (Figure 20.19). 

Figure 20.19: Ion exchange columns for the separation of the lan- 
thanides at Michigan Chemical Corporation, St. Louis, Michi- 
gan. 
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INTRODUCTION 

Extraction by organic solvents is a chemical process in which metal 
species in the aqueous phase react with an organic reagent to form an 
organometallic complex; thus. the metal species leave the aqueous 
phase and enter the organic phase . The metal in the organic phase is 
not bound to carbon atoms as in organometallic compounds but to 
oxygen. nitrogen. sulfur. or hydrogen by a coordination (dative) bond . 
Stripping is the reverse chemical reaction . 

Solvent extraction was used for the first time in hydrometallurgy 
in connection with rhe Manhattan Project for the production of 
atomic bomb . A plant was constructed in USA for the preparation of 
high-purity uranyl nitrate solution . In this plant. high-grade uranium 
concentrate was dissolved in "0,. and uranium was selectively 
extracted by ether then stripped by water to give a concentrated solu- 
tion of pure uranyl nitrate . This was followed gradually by developing 
methods for other high-priced metals such as plutonium. thorium. 
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niobium, tantalum, zirconium, hafnium, boron, beryllium, and finally 
molybdenum. The second step took place in the 1960s when solvent 
extraction was applied for the first time to extract a relatively cheap 
metal- copper. At present, solvent extraction technology is wide- 
spread, well accepted, and highly eficient. Table 2 1.1 gives a summary 
alf the historical development in this field. 

ENGINEERING ASPECTS 

Equipment 

Only clear filtered solutions can be extracted by organic solvents, 
ailthough considerable work has been attempted on extraction from 
slurries. The following equipment are in common use: 

iZlixer settlers 

These are composed of a mixing chamber where the aqueous and 
organic phases are mixed together by a rotating impeller, and a settling 
chamber where the mixed phases are given enough time to separate 
(Figure 21.1). Each such unit composes a stage. The apparatus is very 
efficient but its principal disadvantage is the large space required per 
stage. Usually many stages are used (3 to 5 )  and are operated in 
counter-current in the extraction as well as in the stripping steps. 
Sometimes, a washing step is inserted between extraction and strip- 
ping to remove loosely bound metal ions (Figure 21.1). Mixing action 
imay be conducted in a centrifugal pump. 

Columns 

These are of numerous designs. 

Thepacked column. This is the simplest design; it consists of a ver- 
tical tower packed with ceramic or platic rings for increasing the 
surface area of contact between the aqueous and organic phases. 
The organic phase is introduced at the bottom and the aqueous 
phase near the top. Separation of the phases takes place at the top 
(Figure 21.2). 

8 
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lurgy. 

1842 

1942 

1951 

1953 

1955 

1956 

1959 
1960 

I963 

1965 

1968 

1970 
1971 

1970s 
1973 
1975 
1976 

1980 

Table 21 . I :  Historical development of solvent extraction processes in hydrometal- 

- 
The French chemist Peligot observed that uranyl nitrate is soluble in 
diethyl ether and used this property for separating uranium from other 
constituents from pitchblende. 
The  Mallinckrodt Chemical Works operated a uranium refinery for the 
US Atomic Energy Commission (The Manhattan Project) based on 
Pdigot’s observation. 
Separation of plutonium. 
The US Bureau of Mines in cooperation with the US Atomic Energy 
Commission started a production scale operation to separate hafnium 
from zirconium by solvent extraction. The basic process used was devel- 
oped by the Oak Ridge National Laboratory. 
The National Lead Company used tributyl phosphate as the extractant, 
and subsequently the Mallinckrodt plant was converted to the use of this 
reagent. 
Dow Chemical Company and Oak Ridge National Laboratory devel- 
oped a process for extracting uranium from wet process phosphoric acid. 
Uranium and vanadium recovery from sulfuric acid leach solutions 
using alkyl phosphoric acids and aliphatic amines. 
Solvent extraction used at US Bureau of Mines for separating niobium 
from tantalum. 
Solvent extraction applied for thorium and tungsten. 
Scandium recovery by Vitro Chemical Co., Salt Lake City. 
Recovery of boron from Searles Lake, California, by solvent extraction. 
Recovery of beryllium from low-grade ores in Utah by Brush Beryllium 
Company. 
Molybdenum Corporation of America commercial plant for separating 
rare earths at Mountain Pass, California. 
Removal of molybdenum from uranium circuits. 
First commercial plant for copper recovery by solvent extraction (in 
Miami, Arizona). 
Falconbridge’s process for nickel recovery in Norway. 
International Nickel (U.K.) process for recovery of gold and platinum 
metals. 
Numerous commercial plants for copper recovery by solvent extraction. 
Cobalt extraction at Metallurgie Hoboken, Belgium. 
Germanium extraction at Metallurgie Hoboken, Belgium. 
Recovery of zinc from pyrite cinder by solvent extraction at Bilboa, 
Spain. 
Removal of arsenic from solution in the electrolytic refining of copper. 
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Figure 21.1: Solvent extraction in mixer-settler, elevation and 
plan. Lower circuit includes a washing step. 

0 Pulse column. Another type of columns is that with screen parti- 
tions instead of paclung. Efficiency of contact may be improved by 
introducing a pulsating action in the column (Figure 21.2). In this 
column, the two phases are dispersed in each other by pulsating 
action through the screens. The pulsating action is supplied by 
leading a pulse leg from the bottom of the column to a reciprocat- 
ing pump. The pulsating action forces the two phases through the 
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holes in the plates, forming bubbles. They rise (or fall) to the next 
plate, where they coalesce to await the next pulse. 

Solvent A 
outlet ! 

r i  

Aqueous 1 
outlet 

A Solvent 
; outlet 

i - i  

Figure 21.2: Solvent extraction in columns. Left: packed column. 
Right: pulsating column with sieves. 

Rotating-disk column. This consists of a vertical tower with annular 
disks attached to the tower shell, and circular rotor disks attached 
to an axial vertical shaft (Figure 21.3). Each rotor disk is spaced 
vertically midway between adjacent stator disks. Rotation of the 
central shaft provides controlled dispersion of the two phases in 
countercurrent flow. Separation takes place at the top of the tower. 

Distribution and stripping coeficients 

The transfer of metal ions from an aqueous to an organic phase is 
measured by the distribution coefficient D, which is defined as fol- 
lows: 
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Figure 21.3: Extraction in a column with a rotating shaft. 

Concentration of metal in organic phase 
Concentration of metal in aqueous phase 

D =  

'The higher the value of D at equilibrium, the higher is the extractabil- 
ity of the metal ions in question by that particular extractant. The 
stripping coefficient is defined by: 

Concentration of metal in aqueous phase 
Concentration of metal in organic phase 

D =  
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The higher the value of D at equilibrium, the higher is the tendency 
of the metal ion to be transferred to the aqueous phase. The stripping 
coefficient is the inverse of the distribution coefficient D. Stripping 
agents depend on the nature of the extraction mechanism. 

In the stripping process, two purposes are achieved: 

Recovery of the metal values from the loaded organic phase. 

Regeneration of the extractant for recycle. 

Stripping can be carried out in one of the following ways: 

Back-washing the organic phase. 

Precipitation of metal values directly from the organic phase. 

Selectively, when the organic phase is loaded with more than one 
metal. In this case, different stripping agents are used consecu- 
tively. 

The extraction or distribution coefficients are usually determined 
by shaking the organic and aqueous phases in a separating funnel for 
few minutes then allowing the two phases to separate. Each phase is 
then analyzed and the value of distribution coefficient calculated. 

Phase ratio 

The volume ratio of the two phases is called the phase ratio; i t  
plays an important role in the extraction process. A low organidaque- 
ous ratio although advantageous from the theoretical point of view 
(see page 448) is sometimes undesirable because i t  may lead to high 
solvent losses. O n  the other hand, a high organic/aqueous ratio 
requires a large inventory of solvent, which may be a financial burden. 

During extraction, it is often that the two phases change volume 
due to the transfer of metal species from one phase to the other or due 
to the solubility of one phase in the other. This change in volumes 
should be taken into consideration when calculating the distribution 
coefficient. Change in volume due to the solubility of one phase in the 
other can be minimized by equilibrating the organic phase with water 
before extraction. 



Solvent Extraction 445 

Percent extraction 

If the original weight of the solute in the aqueous phase is w, and 
after extraction it is decreased to wl, then: 

( W - W l ) / V o  

w~' ' a  
D =  

vvhere V ,  is the volume of the organic phase and V,  is that of the aque- 
ous phase. From this equation, it follows that: 

w 1  - va - -  
w V,D+ Va 

Therefore: 

w- w1 
Percent extraction = - x 100% 

W 

= (1 - 2) x 100% 

- - x100% D + va/vo 

Figure 2 1.4 shows a plot of this relation when V,/ V ,  = 1 

Separation and enrichment factors 

When two metal ions are to be extracted from an aqueous solution 
Iby an organic solvent, the separation factor, p, of the two metal ions is 
defined by: 

-where DA and D, are the distribution coefficients of the two metals. 
In order that separation is possible, p must not equal 1. The enrich- 
ment factor, E, is given by: 
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0 20 40 60 80 100 
Extraction, % 

Figure 21.4: Relation between the distribution ratio D and the 
percent extraction for aqueous to organic ratio of unity. 

Percent extraction of A 
Percent extraction of B 

E =  

= ( D A  + D A  va/vo x 100%) f [ DB + DB Va/ V, x 100%) 

DB + Va/V, 
DA + Va/Vo 

= p x  

To have a high enrichment, therefore, not only the separation fac- 
tor must be high, but also the aqueous/organic ratio should be taken 
into consideration - the volume of organic phase should be as small 
as possible compared to the aqueous phase. For example, if a solution 
containing equal amounts of ions A and B is extracted by an organic 
solvent and the distribution ratio for each component was DA = 10 
and DB = 1, respectively, therefore p = 10. The enrichment factor can 
be calculated at two aqueous/organic ratios using the above equation: 

When V,lV,= 1: 

Percentage of A transferred to organic phase = 

lo  X 100% = 90.9% 
l o +  1 
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Percentage of B transferred to organic phase = 

- X100%=50% 
1 + 1  

= 1.8 90 9 E =  - 
50 

WhenT/,/V,= 10: 
Percentage of A transferred to organic phase = 

lo  x 100% = 50% 
10 + 10 

Percentage of B transferred to organic phase = 

X 100% = 9.09% 1 
1 + 10 

= 5.5 50 E =  - 
9.09 

It can be seen, therefore, that the enrichment factor increases with 
increased V,/ V,. 

IM ultiple extractions 

If V,  = volume of aqueous phase containing w grams of solute, V ,  
:= volume of organic phase, and after the first extraction, wl = weight 
of solute remaining in aqueous phase, then the equilibrium concentra- 
ition in aqueous phase = w1/K, and the equilibrium concentration in 
organic phase = ( w  - w1)/ V,. Therefore: 
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w 'a 

va + DV0 
wl  = 

1 
1 

= w x  
1 +DV0/Va 

After the second extraction, w2 = weight of solute remaining in 
aqueous phase; the equilibrium concentration in aqueous phase = w2/ 
V,, and the equilibrium concentration in organic phase = (wl - w2)/ 
VO. 

1 I w2 = w1 x 
1 +DV0/Va 

= w x (  1 +DV,/V, l > 2  

After n extractions, 

(1 + DV0/Va 1" w n  = w x  

where w, = weight remaining in aqueous phase after n extractions, or: 

- wn = - x (  w 
va va 1 + DV,/Va 

cn = c i x  

where C, = concentration after n extractions, and Ci = initial concen- 
tration in aqueous phase. 

If the value of V,  is kept constant while V ,  is varied such that nV, 
= constant, then with a certain total volume of an organic phase, it is 
always advantageous to use small portions of V ,  and a large value of n 
than the inverse. For example, if Ci = 1 g/L, V,  = 100 mL, D = 10, and 
the total volume of the organic phase available is 100 mL, then it is 
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more efficient to use 10-mL portions of the organic phase and make 
10 extractions than to make a single extraction with 100 ml since this 
procedure results in the minimum concentration of metal ion in the 
aqueous phase, C,, as can be seen from Table 2 1.2. 

Table 21.2: Effect of organic phase volume, V,, and the number of stages, n, on C,, 
tlhe residual concentration of metal ion in aqueous phase after n extractions. Initial 
concentration, = 1 g/L, volume of aqueous phase V,  = 100 mL, distribution ratio 
L > =  10. 

Total organic CY2 
g’L 

n volume = YZV, 
K 

mL 
100 1 100 0.09 
50 2 100 0.02 
25 4 100 0.007 
10 10 100 0.001 

Extraction isotherms 

Extraction data may be represented in two ways: Percentage 
extraction as a function of a certain variable like acid concentration, 
pH, etc., or in form of extraction isotherms. The extraction isotherms 
are the plot of the concentration of the metal ion in aqueous phase 
versus its concentration in the organic phase when the two phases are 
in equilibrium. Such a plot is useful, since at each point it directly dis- 
plays the concentrations in both phases and consequently the distribu- 
tion coefficients can be evaluated. Extraction isotherms may be 
constructed in two ways: 

An aqueous phase of a certain volume containing a known 
amount of metal ion is contacted with an organic phase of a cer- 
tain volume until equilibrium is reached: the concentration of 
metal ions in both phases is then determined. The  process is 
repeated at least five times with variable volumes of the organic 
phase. Figure 21.5 shows the isotherm for copper extraction from 
an aqueous phase containing initially 3 g/L Cu and the organic- 
aqueousphasewasvaried5:1, 3:1, 2:1, 1:1, 1:2,and 1:s. 

The process is repeated as in the previous case but keeping the 
organic-aqueous ratio constant and varying the initial metal ion 
concentration in the aqueous phase. 
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5.1 

I i 
1 2 

Aqueous glL Cu 

Figure 21.5: Extraction isotherm of copper from a sulfate solu- 
tion containing 3 glL Cu by LIX (Henkel Corporation). 

With the addition of an operating line based on the volume ratio 
of the two phases, the extraction isotherm provides a McCabe-Thiele 
diagram for a stagewise of extraction in a countercurrent system, as 
will be described later. 

Solvent loading 

The extraction isotherm also shows that with increasing concen- 
tration of the metal ion in the aqueous phase, a limiting concentration 
is reached in the organic phase. There is usually a simple relation 
between the number of moles of the extractant and that of the metal 
ion at saturation. This relation determines the stoichiometry of the 
reaction and the nature of the extracted species in the organic phase. 
For example, in Figure 21.6, 0.1 M extractant is saturated with 0.05 
M UO?’, i.e., 0.5 mole metal ion saturates 1 mole of extractant (see 
also “The Organic Phase” on page 495). 

C ounter-current extraction 

Complete extraction of a solute in a single stage can be achieved 
only by using an infinitely large volume of solvent. Multistage extrac- 
tion is therefore used, since it permits essentially complete recovery 
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using a limited volume of the solvent. In the countercurrent process, 
the aqueous feed and organic phase flow in opposite directions. Thus, 
tlhe fresh extractant contacts nearly barren raffinate, while the nearly 
saturated extractant contacts fresh aqueous feed. 

3 
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Figure 21.6: Metal extraction from 0.5 M sulfate solutions with 
0.1 M D2EHP in kerosene (Blake et al., 1958). 

0 yn17r ~l-L~ y3m 
Xn-1 , I x2  x1 I xo 

Figure 2 1.7: Counter-current extraction. 

I 
Xn 
A 

The aqueous flow volume is designated by A, and the correspond- 
ing organic flow volume by 0 (Figure 21.7). The concentration of the 
extractable species are x and y in the aqueous and organic phases, 
respectively. The mass balance over n stages is: 

Ax0 + OYn+I = Ax, + OYl 
OYl = 4 x 0  - + 0yn+1 

A 
Y1 = O ( X 0  -"a> + Y a +  1 
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This is an equation of a straight line of slope, AIO. The composi- 
tion of the organic phase leaving the first stage (jl> is a linear function 
of the composition of the aqueous phase leaving the nth stage (x ). 
The values xo and yn+ 1, the composition of aqueous and organic 
phases before countercurrent contacts, are constants. This straight line 
is the operating line in the McCabe-Thiele diagram. 

A McCabe-Thiele diagram is useful for estimating the number of 
theoretical stages required to obtain specified results in a solvent 
extraction system. The operating line is based on  mass balance. 
Hence, the concentration of solute in the aqueous feed entering any 
stage, and the organic phase leaving any stage, are coordinates of 
points on the operating line. Since the operating line is straight, it is 
fixed by any two points. Alternatively, it can be established by only 
one point and the ratio of aqueous to organic feed that determines the 
slope of the line. 

n. 

a, 

m c 
Q 
0 
C 
._ 

P 
S 
._ c E 
8 
0" 

c 

Distribution 

Ordinate : solute concen- 
tration in extract, y, 

Ordinate : Solute concentration in fresh organic feed, yn+,, 
equals zero for completely stripped organic 

Concentration in aqueous phase 

Figure 21.8: McCabe-Thiele diagram. 

In constructing the diagram, as illustrated in Figure 2 1.8, theoreti- 
cal or ideal stages are "stepped off' by extending a horizontal line from 
the upper extremity of the operating line to intersect the distribution 
isotherm, and then a vertical intercept to the operating line, and so 
forth, until the other extremity of the operating line is intersected. 
Alternatively, a vertical intercept can be made initially from the lower 
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extremity of the operating line. Each cycle or “step” is termed an ideal 
or theoretical stage. An ideal stage is a contact stage in which equilib- 
rium between the two phases is achieved, and hence it corresponds to 
a stage efficiency of 100%. The intersection of each pair of vertical 
and horizontal lines with the operating line indicates the solute con- 
tent of the aqueous raffinate leaving an ideal stage and the organic feed 
entering that stage. 

EXTRACTANTS 

An ideal extractant should fulfill the following requirements: 
Selectivity 
High extraction capacity 
Easily stripped 
Separates easily from water, i.e.: 
- Density is appreciably different 
- Low viscosity 
- High surface tension 
Safe to handle, ix.: 
- Non-toxic 
- Non-flammable 
- Non-volatile 
Stable during storage or when in contact with acids or alkalies, i.e., 
does not hydrolyze during extraction or stripping. 

am Cheap 



Table 21.3: Physical properties of common diluents. 

"C esu 

85 
Aliphatic hydro- n-Hexane 86.18 68 0.6594 0.326 260 0 1.890 

- carbons Kerosene - 200-260 0.795 - - 

I __ Naphtha - 150-215 0.775 - - 

Aromatic hydro- Benzene 78.1 1 80.1 0.8787 0.652 590 0 2.284 
carbons Toluene 92.13 110.6 0.8669 0.590 568 0.36 2.438 

o-Xylene 106.16 144 0.8968 0.810 501 0.6 2.568 
m-Xylene 106.16 139 0.8684 0.620 563 I 2.374 
p-Xylene 106.16 138 0.648 564 0 2.270 

Hydroaromatics Cyclohexane 84.16 81 0.7791 1 .o 270 0 1.890 
Substituted Chloroform 119.38 61.2 1.4916 0.58 1.02 4.806 
hydrocarbons Carbon tetrachloride 153.82 76.1 1.5942 0.969 0 2.238 

Carbon disulfide 76.14 45 1.2628 0.37 0 2.641 

- 

a 

a 

a 

a. Non flammable 
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In practice, however, it is not possible to find an extractant fulfill- 
iing all these requirements, and therefore a compromise is usually 
made. An extractant is seldom used in pure form; it is usually diluted 
with a cheap organic solvent in order to improve its physical proper- 
ties, such as its viscosity, density, etc. This organic solvent, called dilu- 
ent, has no capacity to extract metal ions from solution, i.e., it is inert. 
However, as will be seen later, it affects the extracting power of the 
extractant. The solution of the extractant in the organic solvent com- 
poses the organic phase and is often referred to as the solvent. Beside 
fulfilling most of the requirements of an extractant, a diluent should 
be insoluble in water. Hydrocarbons and substituted hydrocarbons are 
therefore the most commonly used diluents (Table 21.3). 

Kerosene is a refined petroleum product composed of a complex 
mixture of aliphatic, naphthenic, and alkyl aromatic hydrocarbons. 
Naphthenic compounds, also called naphthenes, are saturated cyclic 
hydrocarbons such as cyclopentanes and cyclohexanes. The actual 
composition of kerosene varies widely depending on the crude oil 
from which it is produced and the method of preparation, but gener- 
dly aliphatic hydrocarbons in the C9 to CIh range predominate. The 
aromatic molecular types predominate in the aromatic fraction: 
indanes, diphenyls, methylnaphthalenes, and tetralin. 

While diluents should be insoluble in water, the solubility of 
extractants in water may vary greatly. Tributyl phosphate, for example, 
is practically insoluble while a chelating agent like acetyl acetone is 
completely soluble. Extraction by chelation is characterized by the fact 
that although the extractant (i.e., the chelating agent) may be soluble, 
yet the metal chelate is insoluble in water but completely soluble in 
the diluent. 

]Ethers and their derivatives 

Ethers are light, volatile, and highly flammable liquids having the 
general formula R-0-R’. The most commonly used ethers are shown 
in Table 21.4. Many metal ions are extracted by diethyl ether from 
IHF, HCI, and HNO, solutions, but not from H,SO4. Isopropyl ether 
extracts iron from phosphoric acid. The extracting power of ethers 
decreases with increasing molecular weight. Ethers are miscible in 
aqueous solutions containing high HCI concentration. Ethers are sus- 
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ceptible to oxidation, forming peroxides which are liable to explode on 
distillation. It is therefore essential that water be present when ether 
solutions containing nitrates are being evaporated. Figure 21.9 shows 
extraction of some metal ions from HNO, solution by diethyl ether. 

C a d i d .  These are mono- or dialkyl ethers of diethylene glycols; 
they are derived from ethylene oxide and monoalkyl ethers of ethylene 
glycol, e.g., dibutyl carbitol which is used in extracting gold from HC1 
solution, and uranium and plutonium from HNO, solution. 

Chlorinated ethers. These are colorless liquids much less volatile than 
diethyl ether, less soluble in water, and non-flammable at ordinary 
temperature; that is why they are more preferable than unchlorinated 
ethers. A typical chlorinated ether is P,P’-dichlorodiethyl ether (Table 
21.4). 
Crown ethers. These are molecules with ring structure containing 
oxygen (Figure 2 1.1 0). 

A -- a ---; 100 

14 
Concentration of nitric acid, moleshitre 

Figure 21.9: Extraction of some metal ions from nitric acid solu- 
tion by diethyl ether. 



Diethylene lycol P,v-dichloro- 
Diethyl ether Isopropyl ether dibutyl et a era diethyl ether 

Formula [ C ~ H ~ I Z O  [(CH3)2CH120 C4H9O(C2H4O)2C4H, [ClCH2CH,I,O 
Molecular weight 74 102 218 143 
Boiling point ("C) 34.6 68.5 256 178.0 
Flash point ("C) -45.0 - 127 75.6 

Solubility of water in ether (%) 1.3 0.57 1.4 

Viscosity at 20 "C (centipoise) 0.23 - 2.39 2.06 

a. Known industrially as dibutyl carbitol, produced by Union Carbide. 

Table 21.5: Alcohols. 

Solubility in water (%) 7.5 1.2 0.3 1 .o 

Specific gravity 0.717 0.7245 0.8853 1.222 
- 

Primary amyl alcohol C 5 H , , 0 H  (mixed isomers) 133 0.8134 1.7 9.2 
2-Ethylhexanol C4H,CH(C,H5)CHzOH 184.3 0.8340 0.07 2.6 
1 -0ctanol CH,(CH2),OH 0.03 
n-Butyl alcohol (Propylcarbinol) CH3(CH2)40H 117.3 
Secondary butyl alcohol CH,CH,(CH,)CHOH 99.5 

Isobutyl alcohol (isopropyl carbinol) (CH,)zCHCH,OH 
(Methylethylcarbinol) 

108 
Tertiary butyl alcohol (CH,),COH 83 

(Trimethyl carbinol) (m.p. 25 "C) 
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Figure 21.10: Crown ethers. 

Alcohols 

Monohydric alcohols may be primary, secondary, or tertiary: 

R R 

R' R" 

\ \ 
R-CH,OH ,CHOH R'/COH 

Primary Secondary Tertiary 

The  lower members are soluble in water, and the solubility 
decreases with increasing molecular weight. The solubility of n-octyl 
alcohol (or 1-octanol), CH3(CH2)70H, is 0.03 g in 100 g water. It is 
used, for example, in separating cobalt from nickel. Table 21.5 gives 
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d.ata on some alcohols, and Figure 21.11 shows the extraction of 
cobalt and nickel by octyl alcohol. 

0 5 10 15 

Equilibrium concentration 
of HCI in aqueous phase 

Figure 21.11: Extraction of cobalt and nickel by octyl alcohol 
(Gindin et al., 1960). 

Nde hydes 

These are the products of oxidation of monohydric primary alco- 
hols and have the general formula: 

A commonly used aldehyde is hraldehyde or furfural: 
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It is a colorless, pleasant-smelling liquid, b.p. 162 "C, density 1.1598, 
and solubility in water 9 %  by volume. It is produced in large quanti- 
ties as a by-product of the agricultural waste industry; cheap and non- 
poisonous, it is already used in purift.ing lubrificating oils. 

Ketones 

Ketones are products of oxidation of secondary alcohols. Mono 
ketones, or simply ketones, have the general formula shown below. 

\ 
R R 
\ 

C=O C-OH c=o 1 II 
CH2 C H  

I I 

R 
\ CH3 R I 

\ CH3CHCH2 /c=o \ I 

CH3 

/c=o /c=o 
R' R' /c=o /c=o 

R' R' 
Monoketone Example: hexone Alpha diketone (keto) (enol) 

(or simply ketone) Beta diketone 

A commonly used ketone is methyl isobutyl ketone, known as 
hexone (Table 21.6). Diketones exist in the alpha and beta forms. 
They are prepared by the condensation of ketones with esters. Beta 
diketones exist in the keto and enol forms and therefore possess an 
acidic hydrogen atom. An important diketone is acetyl acetone, also 
known as 2,4-pentanedione, and its derivative thenoyl trifluoro ace- 
tone: 

CH3 \ CH3 \ 
c=o C-OH 

I I1 
CH, CH 
I I /c=o /c=o 

CH3 CH3 
(keto) (enol) 

Acetyl acetone 

(keto) (enol) 
Thenoyl trifluoro acetone 



- 1  l a d e  21.6: Ketones. 

Ketone Formula 

Methyl isobutyl ketonea CH3COCH2CH (CH3)2 116.2 0.8020 1.9 1.6 
Methyl isoamyl ketone CH3COCzH*CH(CH,), 144.9 0.8132 0.54 1.28 
Diisobutyl ketone (CH3),CHCH,COCH,CH(CH3)2 169.4 0.8076 0.05 0.75 
2,4-Pentanedione CHqCOCH7COCHz 140.4 0.9753 16.6 4.5 

a. Known industrially as hexone. 
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Methyl isobutyl ketone will extract cobalt from thiocyanate solu- 
tion while di-isobutyl ketone will not. Hexone is used for extracting 
uranium, plutonium, zirconium, hafnium, and niobium-tantalum 
separations. Extraction data is shown in Figures 2 1.12 and 2 1.13. 
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1 0- 
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\U 

1 2 4 6 8 
HCI (M) 

Figure 21.12: The extraction of metals from hydrochloric acid 
solutions with methyl isobutyl ketone (Marcus and Kertes, 
1969). 
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Figure 21.13: The extraction of metals from nitric acid solutions 
with methyl isobutyl ketone (Marcus and Kertes, 1969). 
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Oximes, i.e., compounds containing the group =N-OH, have 
been used for many years in analytical chemistry as precipitants for 
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metals. The a-hydroxyoximes are well known as specific for precipi- 
tating copper, e.g.: 

a-Benzoinoxime Saiicylaldoxime 

Hydroxyoximes. 5,8-diethyl-7-hydroxyy-6-dodecanone oxime is used 
in extracting copper from leach solutions, under the trade name LIX- 
63 introduced to the market by General Mills Corporation, now Hen- 
kel Corporation. 

H 
I 

R-C-C-R R is CH-C,H, 
I I I  I 
O N  C2H5 I,, I 
H OH 

LIX 63 

I I I I I 

i 

Figure 21.14: Extraction of some metal ions with LIX-64N as a 
function of pH (Henkel Corporation). 
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Hydroxybenzopbenone oximes. These are more efficient than the 
hydroxyoximes, also introduced by Henkel (Table 2 1.7). Other groups 
of similar structure were introduced by Imperial Chemical Industries 
(.Acorga extractants), and by Shell (SME group); they are also shown 
iin Table 21.7. The commercial products are usually mixtures and not 
pure compounds, For example, LIX-64 and LIX-70 contain some 
LIX-63. Table 21.8 gives some data on LIX-65N while Figures 21.14 
and 2 1.15 give data on LTX-64N. 
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4 40 
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20 40 60 80 100 120 140 
g/L total NH3 (NH3/NH4+ = 2/1) 

Figure 2 1.15: Extraction of metal ions from ammoniacal solution 
by LIX-64N (Henkel Corporation). 

Dioximes. These are compounds containing the (=N-OH), group, 
e g ,  dimethyl glyoxime. They have also been known for many years as 
chelating agents for metals. Dimethyl glyoxime is specific for nickel; it 
exists in three configurations: 

CH3 H3C CH3 H3C\ /CH3 
H3c\ / \ /  

FC\ RC\ 
N N  N N  N N  

I I I I I I 
HO OH OH HO OH OH 

RC\ 
CH3 H3C CH3 H3C\ /CH3 

H3c\ / \ /  
/PC\ 2% C-C 

/ / \  

I I 

Anti-isomer Syn-isomel 
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Table 21.8: Physical properties of LIX-G5N Henkei Corporation 

Appearance Amber liquid 
Specific gravity 0.899 
Viscosity at 30°C 45 Centipoise 
Pour point (ASTM) -36 "C 
Flash point (ASTM) 85 "C 
Fire point (ASTM) 92 "C 

/ \  
H,C CH3 

Only the anti configuration is capable of forming the stable com- 
plex with nickel. Like the dioximes, the hydroxyoximes can exist in 
two forms: anti-isomer and syn-isomer. It was proved that only the 
anti-isomer is an active extracting agent, the synisomer (about 50% of 
LIX) being inactive. 

Quinolines 

8-Hydroxyquinoline, also known as oxine, is a colorless solid, m.p. 
75 "C, slightly soluble in water: 
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8-Hydroxyquinoline 8-Hydroxyquinoline copper complex 

Keelex- 100 is P-alkenyl-8-hydroxyquinoline: 

CH, I H I I  CH, H I I  H a  

H,C-C-C-C-C-C \ 
I I /  I I  

CH, H CH, H $H OH 
CH2 

Iit is marketed by Ashland Chemicals for the extraction of copper. It is 
a liquid having a density 0.9985 at 25 "C, flash point over 90 "C, pour 
point 3 "C, and viscosity 764 centipose. It has a copper loading capac- 
ity of 0.7 g Cu per 1 volume percent. Keelex-120 is composed of 20% 
volume of Keelex- 100 in para-nonyl phenol. Figures 2 1.16 and 2 1.17 
give extraction data by Keelex- 100. 

Organic acids 

Many organic compounds exhibit acidic properties; only those 
which contain the carboxyl group and are of metallurgical interest are 
mentioned here: 

Fatty acids, RCOOH. Also known as carboxylic acids; the low 
members are soluble in water and the solubility decreases with 
increasing molecular weight. Numerous acids have been suggested 
as extractants, e.g., palmitic, CH3(CH2) ,4COOH, and stearic, 
CH3(CH2)1&OOH. Others are in use under the trade name 
Versatic acid: 
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Figure 2 1.16: Extraction of copper from H2S04 solution by 
Keelex at 45 "C and organic: aqueous ratio 1 : 1. Initial copper 
concentration 15.55 g/L. 0 20% Keelex 100 and 10% nonylphe- 
nol. 0 20% Keelex 100 and 20% nonylphenol. 

0 2 4 6 8 1 0 1 2 1 4 1 6 .  
Aqueous copper concentration (dL) 

3 

Figure 21.17: Extraction of copper from H2S04 by Keelex at 35- 
38 "C. Aqueous phase 33.6 g/L Cu and 13.5 g/L H2S04. 0 20% 
Keelex 100 and 10% nonylphenol-Solvesso 150. 0 20% Keelex 
100 and 10% isodecanol-Solvesso 150. 0 20% Keelex 100 and 
10% nonylphenol-Escaid 100. 
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For example, in Versatic acid 9 1 1, R is C4 and R’ is C5 chains. Versatic 
acid 9 is a mixture: 

CH, CH, CH3 CH, 
I I I I  

H,C-C-CH,-C-COOH H,C-CH-C-COOH 
I I I 

CH3 CH3 CH 
/ \  

H,C CH, 

5G% 27% 

Versatic 10 is derived from C9 olefin and is highly branched at the 
alpha position. Alpha-substituted acids, e.g., a -bromo lauric, 
CH3(CH2)9CHBrCOOH, and a-bromo myristic (C,,) have also 
been suggested because of their increased strength. Solubility data of 
some Versatic acids are given in Table 2 1.9, while Figures 2 1.18 to 
2: 1.2 1 give extraction data. 

Table 21.9: Solubility of some carboxylic acids in water at pH 4. 

Acid Solubility 
g/= 

Versatic 9 0.25 
Versatic 10 0.07 
Versatic 9 1 1 0.10 

d 4 80 
60 5 

.d 

40 
2 

20 
1 2 3 4 5 6 7 8  

Equilibrium pH 

Figure 21.18: Extraction of some metal ions from H2S04 solu- 
tion by Versatic 9 (Spitzer et al., 1966). 
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Figure 21.19: Extraction of metal ions from sulfate medium by 
Versatic 10 (Shell Chemicals). 

Figure 21.20: Extraction of zinc and cadmium by Versatic 10 
from sulfate and chloride media (Spitzer et al., 1967). 

Naphtbenic acids. These are carboxylic derivatives of cycloparaffin 
hydrocarbons, having a structure as shown: 

HZC - CH(CH,).COOH 
/ I  

H2C -CH2 

They are derived from crude petroleum oils and have a variable 
composition. The molecular weight varies from 170 to 330. Figure 



Solvent Extraction 473 

2 1.22 shows extraction data for a commercially available naphthenic 
acid. 

0 1 2 3 4 5 6 7 8  
PH 

Figure 21.21: Extraction of some metal ions from H2S04 solu- 
tion by a-bromo lauric acid (Blumberg and Metzer, 1965). 

100 

80 8 
i 
2 60 
L 
3 40 

20 

0 

0 

1 2 3 4 5 6 7  
PH 

Figure 21.22: Extraction of some metal ions with naphthenic 
acid (Fletcher and Flett, 1965). 

Phenols 

Phenols, in which a hydroxyl group is attached to an aromatic 
nucleus, are more strongly acidic than alcohols. Table 21.10 shows 
some phenols of metallurgical interest. Polyol is used on commercial 
scale for boron extraction. 
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Table 21.10: Phenols suggested as extractants. 

p-Dodecyl phenol 

R = Dodecyl g”,. (mixed isomers) 

R 
#-Phenyl phenol 

4-Chloro-2-phenyl phenol 

4-sec-Butyl-2 (a-methyl benzyl) phe- 
nol 

Poly01 

?H 

OH 

c1 
OH 

CHZOH 

Esters 

Esters are formed by the reaction of alcohols with inorganic acids. 
Those used in extractive metallurgy are derived from phosphoric acid 
and can be classified into acidic or neutral esters (Table 21.1 1). Phos- 
phoric acid is introduced in the form of P205 or POC1,. A mixture of 
products is generally obtained, and compounds formed from the 
hydrolysis of the products are common. Moreover, dehydratation of 
the alcohol by P205 may take place, giving unsaturated hydrocarbons 
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or olefins in the reaction mixture. Thus, an alkyl phosphoric acid such 
a3 octyl pyrophosphoric acid (OPI’A) was found to be composed of at 
least seven components. 

Table 21.11: Organic phosphorus compounds. 

Group Example Abbreviation 
- 
Acidic Dialkyl phosphoric Di (2-ethylhexyl) phosphoric D2EHPA 

acid 
0 

II 
RO-P-OH 

I 
OR 

Monoalkyl phospho- 
ric acid 

0 
I1 

RO-P-OH 
I 

OH 

Alkyl pyrophosphoric 
acid 

0 0  
I1 I1 

RO-P-0-P-OR 
I 1  

HO OH 

Dialkyl phosphinic 
acid 

0 
II 

I 
R 

R-P-OH 

Monoalkyl phosphonic 
acid 

acid 
R i s  CH3(CH2)&HCH2- 

I 
CH,CH, 

Dodecyl phosphoric acid DDPA 
R is (1,2-methylpropyl)-3,5- 
dimethyl hexyl phosphate 

CH3 CH3 I I CH3 I 
CH3CHCH,CHCH,CHCH,CHCH3 

I 

Octyl pyrophosphoric acid OPPA 
R is C8HlT  

Bis (2,4,4-trimethyl pentyl) Cyanex 272 
phosphinic acid 

CH3 I 7H3 
R is H3C-C-CH2-CH-CH2- 

I 
CH3 

0 
II 

R-7-OH 

OH 
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Group Example Abbreviation 
Neutral Trialkyl phosphate Tributyl phosphate TBP 

0 R is C4H9- 
II 

RO-P-OR 
I 

OR 

Trialkyl phosphine Trioctyl phosphine oxide TOP0 
oxide R is H3C(CH2),- Cyanex 92 1 

0 
II 

R-P-R 
I 
R 

Alkyl dialkyl phosphi- 
nate 

0 
II 

I 
R 

R-P-OR 

Dialkyl alkyl phosphi- 
nate 

0 
II 

R-P-OR 
I 

OR 

Acid esters. The molar ratio of the reactants determines the type of 
ester. Thus, when an alcohol to P205  ratio is 2, an alkyl pyrophospho- 
ric acid is obtained: 

0 0  
II II 

1 1  
HO OH 

2ROH + P2O5 + RO-I-0-P-OR 

When a ratio of 3 :  1 is used, a mixture of mono and dialkyl ortho 
phosphoric acid is obtained: 

3ROH + P205 + (RO)(H0)2PO + (RO),(HO)PO 

Data on D2EHPA and Cyanex 272 are given in Table 2 1.12 and 
Figures 21.23 and 21.24. 

To prepare a monoalkyl phosphoric acid, P205  is slurried in a 
diluent such as kerosene, and the alcohol is then added while tempera- 
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ture is kept at about 15 "C. The reaction product is hydrolyzed at ele- 
vated temperature by refluxing with 1 M HCI: 

0 
II 

0 0 I1 
RO-7-0-:-OR + H 2 O  + 2 RO-:-OH 

HO OH OH 

In general, the following rules apply: 

Solubility of the phosphoric acid ester in the aqueous phase 
decreases with increasing chain length. 

Extracting power increases with increasing chain length, but for 
economic reasons chain lengths C8--C12 are used. 

Low emulsifying tendency is achieved by branching in the chain. 

a 

'1 

100 

" 
0 1 2 3 4 5 6 7  

PH 

Fi ure 21.23: Extraction of metals by D2EHPA from sulfate 
so 1" utions (Henkel Corporation). 

Table 21.12: Physical properties of some phosphoric acid esters used as solvents. 

D2EHPA Cyanex272 TBP TOP0 
Molecular weight 322 266 386 
Specific gravity 0.9770 0.92 0.973 0.88 

Viscosity at 20 "C (cps) 53 142 3.4 
Freezing point ("C) -60 -80 47-52 

Solubility at 20 "C (%) 
in water < 0.01 < 0.01 0.6 < 0.01 
water in 2.4 7 

Flash point ("C) 196 108 145 
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I I I I I I I 
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PH 

Figure 21.24: Extraction of metals by Cyanex 272 from sulfate 
solutions (Cyanamid). 

Neutralesters. 
obtained: 

When a ratio 6: 1 is used, a trialkyl phosphate is 

6ROH + P 2 0 5  -+ 2(RO)3PO 

Trialkyl phosphates can also be prepared by the interaction of POCl, 
with alcohols: 

3ROH +- POCl, 3 (RO),PO + 3HC1 

Commonly used extractants belonging to this group are tributyl phos- 
phate, TBP, and trioctyl phosphine oxide, known as TOP0 (Table 
21.12). Extraction data are given in Figures 21.25 and 21.26. 

l'bosphine su@des. Trialkyl phosphine sulfides are related to the 
phosphine oxides: The oxygen atom is replaced by sulfur. For exam- 
ple, Cyanex 471X is tri-isobutylphosphine sulfide: 

H 
I 

S 
II 

I I 
R-P-R where R is H3C-C-CH,- 

R CH, 
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Figure 21.25: Extraction of metal ions from HNO, by TBP (Japan Atomic Energy Research Institute, 1963). 
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It is used in the extraction of gold and silver, and in the separation 
of palladium from platinum. 

Amines and amine oxides 

The use of simple amines is limited to those of molecular weight 
between 250 and 600. Amines of molecular weight lower than 250 are 
appreciably soluble in water, and those of molecular weight higher 
than 600 are either not easily available or have low solubility in the 
organic phase. Table 21.13 gives some of the widely used amines as 
metal extractants. Most of these are commercial products which are 
mixtures of compounds in isomeric or homologous series. The pre- 
dominating structure in each mixture is given. Alamine 336, for exam- 
ple, is 97% tertiary, 1 % secondary, and 0.2% primary amine. 
Solubility of the amines in aqueous and organic solutions, as well as 
phase-separation properties, depends on the structure of the amine 
and the nature of the solvent. Water immiscibility decreases with 
increasing length of the aliphatic chain. Table 21.14 gives data on 
Alamine 336 and Figure 2 1.27 gives extraction data. Other extraction 
data are given in Figures 21.28 and 21.29. 
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Figure 21.27: Extraction of metal ions by Alamine 336 from 
chloride solution at pH  2 and at 40 "C (Henkel Corporation). 
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Quaternary dmmonium compounds. These are closely related to  
amines, but they are significantly different in behavior. While the sim- 
ple amines are ineffective at high pH, the strong-base quaternary 
ammonium compounds are effective over a wide pH range. Aliquate 
336 is a quaternary amine made by Henkel Corporation; it is tricapryl 
methyl ammonium chloride: 

where R is a mixture of C ,  and Clo carbon chains with the C ,  pre- 
dominating. Table 2 1.14 gives data on this solvent. 

Amine oxides. 
with H202: 

These are formed by the oxidation of tertiary amines 

R3N + H202 + R3N0 + H2Q 

They are strong bases; they extract acids and many metal ions 
from acid solutions, e.g., uranium, plutonium, tungsten, molybde- 
num, rhenium, cobalt, thorium, zirconium, and cerium. Typical 
members of this group are trioctylamine oxide and tri-n-laurylamine 
oxide. 

Table 2 1.13: Typical amines used for extracting metal ions. 

Group Example Abbreviation 
or synonym 

Primarv Trialkvl methvlamine Primene JM 

1 -(3-Ethylpentyl)-4-ethyloctylamine 
CH2CH3 

I 
CH,(CH,)3CH(CH,),CHNH, 

I 
(CH2),CHCH,CH, 

I 
CH2CH3 

Octadecylamine CH3(CH2) 17NH2 
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- 
Abbreviation 
or synonym Group Example 

Secondary Dilaurylamine Armeen 212 
R CH3(CH,) 11 Amine S-24 

l i '  CH3(CH2),1 
)NH )" 

Bis (I-isobutyl-3,5-dimethyl hexyl) amine 

y 3 3  y 3  7H3 
CH3CHCH,CHCH,CHCH,CHCH3 

\ 
/" 

CH3CHCH,CHCH,CHCHzCHCH3 
I I I 

CH3 CH3 CH3 
Dodecenyltrialkylmethylamine 

CH3 CH3 I I 

I I 
CH3 CH3 

CH3CCH,CCH,CH=CHCH, 
\ 

CH3 I 7H3 ?FNH 
CH3CCH,CCH,C 

I I  I 
CH3 CH3 CH3 

Di (tridecyl) amine 

Amine 9D-178 

NH 
CH3 CH3 CH3 

N-Benzyl-l-(3-ethylpentyl)-4-ethyloctylamine Primene JM 

CH3CH,CH(CH,), 
I 

CH2CH3 
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Group Example Abbreviation 
o r  synonym 

Tertiary Tri-n-octylamine TOA 
Alamine 300 

R \  
R 
\ 

Rf -N / 
Rff 

R 7 N  where R is CH3(CH,),- 
R 
Triisooctylamine TIOA 

Alamine 308 
7"3 y 3 3  

N(CH,CH,CHCHlCHCH3)3 

A mixture of tri-n-octylamine and tri-n-decylamine Alamine 336 
Butyldilaurylamine 

CH3 CH3 CH3 

Tri benzylamine 

Quaternary Tricapryl methyl ammonium chloride 
ammonium R is a mixture of C, and C,, carbon chains. 

Aliquate 336 

Table 21.14: Physical properties of some amines (Henkel Corporation). 

Alamine 336 Aliquate 336 
Appearance Pale yellow liquid Amber 
Specific gravity 0.81 0.884 
Average molecular weight 392 442 
Viscosity at 30 "C (centipoise) 11 1,460 
Solubility in water < 5 PPm 0.1% 



Y
 





Solvent Extraction 487 

Pyridine oxides. 
which pyridine oxides are prepared by oxidation with peracetic acid: 

Pyridine and its derivatives are tertiary amines from 

They are weak bases; typical members are 2-nonyl pyridine oxide and 
4-(5-nonyl) pyridine oxide. 

Organic sulfides and sulfoxides 

Organic sulfides are similar in structure to ethers whereby the oxy- 
gen in the ether is replaced by sulfur. Alkyl sulfides are prepared from 
alkyl halides and sodium sulfide: 

2RX + Na2S + R2S + 2NaX 

They are important extractants for many metal ions. On  the other 
hand, heterocyclic sulfur compounds found in petroleum distillation 
fractions are also valuable extractants. They are obtained during the 
purification of petroleum fraction by H,S04. 

A41kyLsu&des. Also known as thioethers, they have the structure R- 
!S--R’, for example di-n-octyl sulfide is a selective extractant for palla- 
dium and gold. Extraction is slow taking several hours to reach equi- 
librium, so it must be operated as a batch process in stirred vessels. 

Sulfoxides. These are derived from thioethers by controlled oxida- 
.tion, otherwise sulfones are formed: 

\ 
R R R 

R R R 

\ ,s >so + ,so, 

Dialkyl Dialkyl Dialkyl 
sulfides sulfoxides sulfones 

Sulfoxides are extractants for a variety of metal ions; they are compara- 
ble to tributyl phosphate. 
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Other extractants 

A few of the chelating agents that are used extensively in analytical 
chemistry and may be of potential metallurgical importance are the 
following: 

Dithizone 

, N-N-H 
S=C 

“=N 

3 
A violet black solid, insoluble in water and in dilute acids, slightly 
soluble in hydrocarbons, but readily soluble in chlorinated hydro- 
carbons. 

Cupferrons 

N=O ,N=O 

\ 
P henylnitrosohydroxylamine Naph thylnitrosohydroxylamine 

(Cupferron) (Neocupferron) 

Nitrosonaphthols mz0 
\ / \ / 

a-Nitroso-P-naphthol P-Nitroso-a-naphthol 

* Dyestuffs: alizarin, morin, etc. 
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MECHANISM OF EXTRACTION 

The chemical process in which metal ions, or uncharged species in 
the aqueous phase, interact with the extractant forming an organome- 
tallic complex soluble in the organic phase takes place in one of the 
fbllowing ways: 

Ion pair transfer 

In this case, electrically neutral molecules interact with the extract- 
ant to form an addition compound. The most suitable extractants for 
such interaction are those having an oxygen atom with a lone pair of 
e:lectrons, e.g., ethers, alcohols, and the neutral phosphoric acid esters. 
For example, diethyl ether extracts iron from hydrochloric acid solu- 
tion as follows: 

C2H5 \ C2H5 \ 

C2H5 C2H5 

0 + HFeC14 + ,O.HFeCI, / 

Tributyl phosphate extracts uranium from nitric acid solutions as fol- 
lows: 

j, Ro \ 
2 RO 7P-0  + UO,(NO3), + RO 7P-0  UO,(N03)2 

RO 

where R = C4H9. Because of the weak bonding between the metal spe- 
cies and the extractant, stripping is usually done with water. 

[on exchange 

In this type, the metal is transferred from the aqueous phase as a 
:simple ion, and at the same time an ion from the extractant is trans- 
ferred stoichiometrically to the aqueous phase. 

Cation exchange. The extracted species is a positively charged ion 
and the extractant is an acid, e.g., monoalkylphosphoric acid, 
dialkylphosphoric acid, alkylpyrophosphoric acid, carboxylic 
acids, naphthenic acids, etc. For example, the extraction of ura- 
nium by a monoalkyl phosphoric acid takes place as follows: 
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0 0 0 
II II II 

I I I 
OH OH OH 

2 RO-P-OH + Uo;' -+ RO-P-0-U0,-0-P-OR + 2H' 

It can be seen that one uranyl ion is exchanged for two hydrogen 
ions. In stripping, the reaction is reversed by adding concentrated 
acid. 
Anion exchange. The extracted species is a negatively charged ion 
and the extractant is a base, e.g., an amine: 

R " 2  + HCI + RNHgCl- 

R"3+CI- + A- + RNH;A- + C1- 

It can be seen that an anion A- is stoichiometrically exchanged for 
another anion. Stripping of amines can be represented as follows: 
- Displacement: 

(R3")2UO2(S04)2(0) -+ 2N0i(a) * 
2R3NHNO,(,) + UO$ta) -I- 2SO2Ta) 

- Hydrolysis and complexing whereby the free amine is Iiber- 
ated: 

( R ~ " ) ~ U O ~ ( S O ~ ) ~ ( O )  + 4cO:- * 
2R3N(, -I- [U02(C03)3]fG + 2 S O p  + H2O + CO, 

- Precipitation: 

Chelation 

In this type, an electrically neutral metal chelate' is formed which 
is insoluble in the aqueous phase but readily soluble in the diluent. For 
example, acetyl acetone in the enol form reacts with beryllium ion to 
give a chelate in which the beryllium replaces the enolic hydrogen 

I .  When an organic molecule containing both acidic and basic functions combines 
with a metallic ion, and if in the combination both functional groups are opera- 
tive, a so-called inner-complex or chelate salt is formed. 
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atom and is coordinately bound to the keto oxygen, forming a ring as 
follows: 

( 7 3  7H3 7*3 

/C-OH P - O \  / \ 

\c=o 

0-c 
CH + 2H+ 

/ 
HC + Be2+ + HC .Be 

'c=o.' "o=c 
I I I 

CH3 CH3 CH3 

Belonging to this group are the diketones, oximes, oxine, 
nitrosonaphthols, cupferrons, and dithizone. In stripping, the reaction 
i:s reversed by adding concentrated acid. 

Extraction by mixed solvents 

The extracting power of a mixture of solvents exceeds the sum of 
the extracting powers of the components. This phenomenon is called 
!ynergisml, and was observed for a variety of solvent mixtures. For 
example: 

4) Dialkyl phosphoric acid, (RO)$'OOH, with neutral organophos- 
phorus esters, such as (RO),PO, (RO),HPO, (RO)H,PO, and 
R3P0 (R = n-butyl) (Figure 21.30). 

Alkyl phosphoric acids with alkyl amines. 

Tributyl phosphate and thenoyl trifluoro acetone (Figure 2 I .3 1) 

Mixtures of ethers (Figure 21.32). 

Mixtures of ketones, e.g., methyl isobutyl ketone and diisobutyl 
ketone. 

4' 

4' 

0 

ID 

In some cases, the individual solvents have no extracting power for 
:a metal ion but the mixture does. Thus, neither thenoyl trifluoro ace- 
tone nor triisooctylamine in benzene can extract thorium from 2 M 
HC1, but a mixture of the two does. This effect is also dependent on 
the diluent. 

I. Synergism is derived from Greek, GZ)V = together, and spy0 = to work, hence 
synergism means to work together. 
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Figure 21.30: Effect of adding neutral organic phosphorus com- 
pounds to D2EHPA on the extraction of uranium from HZSO 
(Blake et  al., 1958). (1) Tributyl phosphate, (2) Dibutyl b u t 4  
phosphonate, ( 3 )  Butyl dibutyl phosphinate, ( 4 )  Tributyl phos- 
phine oxide. 

0 0.5 1 .o 
Mole fraction of TBP 

Figure 21.31: Extraction of uranium by mixed solvents TTA + 
TBP (Irving and Eddington, 1960). 
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Figure 21.32: Extraction of uranyl nitrate by a mixture of dibutyl 
ether and PP’-dichlorodiethyl ether in benzene (Vdovenko and 
Kirovkhatskii, 1960). 

In extraction by mixed ketones, there is interaction between the 
ketones themselves, showing positive deviation from Raoult’s law. 
Thus, the maximum observed on the vapor pressure curves due to 
rnolecular interaction coindices with the synergic behavior during 
extraction with the mixed solvent. In extraction with a mixture of an 
acidic (or a chelating) and a non-acidic solvent, the situation is more 
complicated. It was shown, by means of infrared measurements, that 
there was no interaction between thenoyltrifluoroacetone and the neu- 
tral phosphate ester tributylphosphate when mixed together in the 
a.bsence of metal ions, but that there was a definite interaction in the 
rnixed metal complexes. 

If the acidic solvent is denoted by HX, where H is an acidic group, 
and the neutral solvent by B, then three mechanisms are possible for 
explaining this effect, e.g., for the extraction of uranyl nitrate. 

Addition mechanism. The acidic solvent forms uncharged chelate 
with the metal ion which is more easily extracted by the neutral 
solvent than other uncharged complexes of the metal ion. This can 
be represented as follows: 

UO? + 4 H X  -+ U02X2(HX)2 + 2H+ 
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UO2X2(HX)2 + B -+ UO2X2(HX)2.B 

The complex U02X2(HX>2 is more easily extracted by B than the 
neutral species, U02(N03)2. The above equation takes in consid- 
eration the fact that the solvent HA exists as dimer in the organic 
phase. 
Substitution mechanism. In this mechanism, it is assumed that the 
neutral solvent liberates free molecules of the other solvent from 
the extracted species, thus: 

UO? + 4HX -+ U02X2(HX)2 + 2H+ 

UO2X2(HX)2 + 2B -+ UO2X2B2 + 2HX 

This liberated solvent now can extract more ions from solution. 
Solvation mechanism. This mechanism takes into account the 
water molecules transported to the organic phase during extrac- 
tion with the acidic solvent. It is assumed that the neutral solvent 
has the capacity to displace this water, thus rendering the extracted 
species less hydrated, i.e., more readily extracted: 

[UO;+(H20),] + 4HX -+ UO2(H,O)&2(HX)z + 2H+ 

UO,(H,O)&2(HX), + YB + U O ~ X ~ ( H X ) ~ * Y B  + x H ~ O  

The reverse of synergism, i.e., antisynergism, or antagonistic effect, 
takes place under certain conditions. For example, the distribution 
ratio of uranium between tributyl phosphate and nitric acid decreased 
with the addition of benzoic, lauric, oleic, or stearic acids to the 
organic phase. This was attributed to the formation of a strong hydro- 
gen bond between tributyl phosphate and the carboxylic acid as con- 
firmed by infrared spectrometry. An antisynergic effect takes place in 
the extraction of inorganic salts when an amine such as tri-n-octy- 
lamine is mixed with a phosphoric acid ester such as di-n-butyl phos- 
phoric acid. 

Effect of temperature 

Extraction by organic solvents is usually fast at room temperature, 
equilibrium being achieved within a few seconds. Few cases are known 
in which such process is slow, i.e., in the extraction of beryllium ion 
from H2S04. Extraction of metal ions from aqueous solutions is a 
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sllightly exothermic process. Consequently, the distribution ratio 
decreases with increasing temperature, but the rate of extraction 
increases with increasing temperature. 

THE ORGANIC PHASE 

As mentioned before, a certain weight of an extractant has a lim- 
ited capacity for extracting a certain metal ion from solution. When 
this limit is reached, the extractant is then saturated with the metal ion 
a.nd is said to have reached its maximum loading. Maximum loading 
varies widely from one extractant to the other. The organic phase 
increases in viscosity with increasing metal ion loading and sometimes 
it is necessary to operate at a solvent loading substantially below the 
maximum loading of the extractant. Saturation concentration can be 
determined by contacting the organic phase several times with fresh 
aliquots of the aqueous phase until the amount of metal in the organic 
phase becomes constant. For example, Table 21.15 shows saturation 
data for the extraction of thorium from sulfuric acid solution by di-(2- 
ethylhexyl) phosphoric acid at different pH values. 

Table 21.15: Saturation of the organic phase in the extraction of thorium. Organic 
phase: 10 mL of di (2-ethylhexyl) phosphoric acid in kerosene; Aqueous phase: 10 
mL of 0.1 M H,SO* containing 2 g/L T h  (Tedesco et al., 1966). 

Weight of Weight of Th Molar ratio 

10 ml, mM mM D2EHPNTh D2EHpA’ D2EHPA in extracted, PH M 

1.5 0.407 4.07 1.07 3.80 
0.207 2.07 0.54 3.83 
0.120 1.20 0.3 1 3.87 

2.0 0.407 4.07 1.20 3.39 
0.207 2.07 0.64 3.23 
0.120 1.20 0.36 3.33 

2.6 0.407 4.07 1.20 3.39 
0.207 2.07 0.65 3.18 
0.120 1.20 0.37 3.24 

3.0 0.407 4.07 1.25 3.25 
0.207 2.07 0.59 3.57 
0.120 1.20 0.36 3.33 
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Nature of the extracted species 

Usually, at the saturation concentration, the molecular ratio 
extractant: metal ion extracted is a whole number, as can be expected 
from a reaction of the type: 

Mn+ + nHX MX, + nHi 

where n is an integer. However, the simultaneous extraction of other 
species may cause deviation from a whole number. For example, data 
in Table 21.15 show that the ratio extractant: metal ion extracted at 
saturation is about 3.8 at pH I .5 and about 3.3 at pH 2-3. This is due 
to the reactions: 

Th4+ + 4HX 

Tho2' + 2HX * ThOX2 + 2Hi 

ThX4 + 4H+ 

which occur simultaneously and are pH-dependent. According to the 
first reaction, the ratio is 4 and according to the second, it is only 2. 
Therefore, the value of the saturation concentration helps to throw 
light on the stoichiometry of the reaction and the nature of the 
extracted species. 

The saturated organic phase so obtained can be studied in a variety 
of ways. The simplest way is by heating it at low temperature and 
under vacuum to evaporate both the diluent and the uncombined 
extractant. The residue obtained, which may be a liquid or a crystal- 
line solid, is the extracted species, i.e., the compound between the 
metal and the extractant, which usually has a definite boiling or melt- 
ing point. Table 21.16 shows some examples of compounds isolated 
during extraction processes. It can be seen that some of these com- 
pounds contain water of crystallization. 

It should be pointed out that when micro amounts are extracted 
(trace concentrations), the extracted species may be different from 
those when macro amounts are extracted. For example, when trace 
concentrations of thorium were extracted from H2S04 solutions by 
primary octylamine, the extracted species was 2(RNH,)zS04. 
Th(S04),. When, however, macro amounts (0.0086-0.029 M) were 
extracted by the same solvent, the extracted compound, when sepa- 
rated from the organic phase, analyzed as (RNH3),.Th(S04)2. Infra- 
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red and  nuclear magnetic resonance measurements are used 
extensively to identify the nature of the extracted species in the organic 
phase. 

Polymerization of extractant 

Some amines tend to associate in polar hydrocarbon diluents and 
remain in stable colloidal dispersion. Dialkylphosphoric acids and the 
dialkylphosphinic acids are often dimeric in the organic diluent, pre- 
sumably by hydrogen bonding: 

Dialkylphosphoric acid dimer Dialkylphosphinic acid dimer 

In the case of the monoalkylphosphoric acids, ROPO3H2, and the 
monoalkylphosphinic acids, RP03H2, larger polymers have been 
found. Such polymerization directly affects cation exchange, since the 
hydrogen atoms are not free to react. 

IRole of diluents 

The diluents themselves are unable to extract metal ions from the 
aqueous phase, but they greatly affect the extraction behavior of the 
solvent (Tables 21.17 and 21.18). The reason is the interaction that 
may take place between the diluent and the extractant. Further, some 
ldiluents favor the polymerization of the extractants while others do 
not. Calorimetric measurements usually give a good indication about 
such interaction. For example, it was found that mixing tributyl phos- 
phate with heptane, nonane, and decane was accompanied by absorp- 
tion of heat, while mixing with chloroform and carbon tetrachloride 
was accompanied by liberation of heat. The endothermic effect in the 
first case is due to the dissociation of TBP dimers in the hydrocarbon 
diluent, while the exothermic effect in the second case is due to the 
association of TBP with the chlorinated hydrocarbons to form 



498 A Textbook of HydrometalLurpy 

CHC13 .TBP and CC14-2TBP Such a bond considerably reduces the 
effective concentration of TBP in the organic phase, which is the cause 
for the low extraction capability of TBP solutions in chloroform and 
carbon tetrachloride. 

Table 21.16: Examples of extracted species (Habashi, 1970). 

System Extracted species 

Th4+-H2S04-octyl amine Th(S04) 2 ( R " 3 )  2 
Fe3+-H2S04-di(3,5,5-trirnethylhexyl) amine FeOH(S04)2(R2NH2)2 
U0;+-H2S04-dioctylamine U 0 2 S 0 4 .  2(R2NH2),S04 

U0$+-H2S04-trioctylamine U 0 2 S 0 4  .2(R3NH),S04 
H2PtC1~-H2S04-trioctylamine PtCIG(R3NH)2 

U 0 2 S 0 4 .  2(R3NH),S04. 3 H 2 0  
U 0 2 S 0 4  .2(R3NH),S04. n H 2 0  

UO,(N03)4. (R3")2 
UO~+-HN03-trioctylamine UO2(NO3),.R3NH 

UO;+-HCl-trioctylamine U0,C14. (R3NH), 
U0$+-HN03-diethylether UO,(N03)2.3H20. (C2H5)20 

U02(N03), .  2 H 2 0 - 2 ( C 2 H 5 ) 2 0  
U 0 2 ( N 0 3 ) , . 2 H 2 0  .4(C2H5),0 

Cr(C1)-HCI-tributyl phosphate HCr03Cl. 2TBP 
La(N03)3-trib~tyl phosphate La(N03), STBP 
Mo(1V)-HC1-tributyl phosphate M o O ~ C I ~ .  2TBP 
Niobium fluoride-tributyl phosphate HNbF,. STBP 
NbCI5-HC1-tributyl phosphate HNbOC14.3TBP 
Pt(1V)-HCI-tributyl phosphate HPtCI5'3TBP 

HPtCI,. 2TBP 
Tantalum fluoride-tributyl phosphate H2TaF7. 2TBP 
Uranous nitrate-tributyl phosphate U(N03)4. 2TBP 
Uranyl nitrate-tributyl phosphate U 0 2 ( N 0 3 ) 2 .  2TBP 
UC14-tributyl phosphate UC!,. 2TBP 

V(V)-HCI-tributyl phosphate HV02C12. 2TBP 
W(VI)-HCI-tributyl phosphate W02C12. 2TBP 

UCI4. STBP 

Correlation between the effect of a diluent and its dielectric con- 
stant is sometimes feasible. In extraction by cation exchange mecha- 
nism, the diluents having the least dielectric constant, e.g., kerosene 
and CCl,, lead to the best extractions (Table 21.17). This is because 
such diluents do not favor polymerization of the extractant in the 
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organic phase through hydrogen bridges. The effect of diluent on 
amines is complex (Table 2 1.18) since some amines tend to polymer- 
ize, while others do  not polymerize in the same organic phase, 
depending on the structure of the amine. 

Table 21.17: Effect of diluent on the extraction of uranium from sulfate system by 
i32EHPA (Blake et al., 1958). 

Dielectric Distribution 
constant ratio 

Kerosene 2.0 135 
Carbon tetrachloride 2.2 17 
Benzene 2.3 13 
Chloroform 4.8 3 
2-Ethvlhexanol = 10 0.1 

Table 21.18: Effect of diluents on the extraction of uranium from sulfate system by 
different amines (Coleman et d., 1958). 

Dielectric Distribution ratio 

Primene JM-T Amine S-24 Tri-n-octylamine 
Kerosene 2.0 3 110 30 
Benzene 2.3 10 20 150 
Chlofororm 4.8 90 2 5 

]Effect of extractant concentration 

The distribution coefficient increases with increasing concentra- 
cion of the extractant in the organic phase. When 1ogD is plotted 
against the logarithm of extractant concentration, a straight line is 
obtained (Figures 21.33 to 21.35). This linearity can be interpreted as 
:follows: 

D = 

logD = n log(x] + constant 

This is an equation of a straight line with slope n. 
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Figure 21.33: Metal extraction from 0.5 M sulfate solutions with 
D2EHP in kerosene; aqueous pH = 1 (Blake et al., 1958). 

/ Slope = 2 

1 0-2 

0.1 1 .o 10 
TBP concentration 
in organic phase, % 

Figure 21.34: Extraction of uranyl nitrate by TBP in kerosene 
(McKay, 1956). 
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Figure 21.35: Distribution of 6oCo between triisooctylamine 
chloride and aqueous phase as a function of amine concentration 
(Brooks and Rosenbaum, 1963). 

Third-phase formation 

Some amines, particularly the tertiary, when in contact with min- 
eral acids, form salts which are insoluble in the organic phase, thus a 
i;hird-phase - liquid or solid - is formed during extraction. Third- 
phase formation also depends on the diluent. For example, in the 
extraction of HNO, by methyl dioctylamine, a third phase was 
formed when the amine was diluted with hexane, pentane, isopentane, 
;and cyclohexane, and no third phase was formed when the amine was 
(diluted with benzene, nitrobenzene, CHCI,, and CC1,. The addition 
(of a long-chain alcohol such as n-decanol overcomes this difficulty. 

The amount of decanol required to prevent the third-phase forma- 
tion can be determined in the following way: After equilibrating the 
organic phase with the aqueous phase and allowing it to settle, the two 
organic phases are separated and titrated with the alcohol till a single 
phase is formed. Usually, about 3% alcohol is sufficient to prevent 
third-phase formation. 
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THE AQUEOUS PHASE 

Effect of metal ion concentration 

For the process: 

it was shown that: 

where [XI is the concentration of free extractant at equilibrium. But: 

[XI = [SI - [MY.nX] 

where [SI is the total concentration of extractant, and [MY-nX] is the 
concentration of the extractant bound to the metal species. This latter 
concentration increases with increasing metal ion concentration in the 
aqueous phase. Therefore, [XI and consequently D should decrease 
with increasing metal ion concentration in the aqueous phase. This 
has been verified experimentally [Table 21.19). 

Table 21.19: Distribution of uranyl nitrate between 2 M HNO, and 40% vol. TBP 
in kerosene (Goldschmidt et al., 1956). 

Effect of foreign ions 

In ion-pair transfer, the addition of non-extractable electrolytes to 
the aqueous phase greatly enhances the extraction of the metal ion in 
question. For example, the addition of ammonium, aluminum, or cal- 
cium nitrates to nitric acid solutions containing uranium greatly 
enhances the extraction of uranium by ether, as shown in Figure 
21.36. These electrolytes are called salting-out agents, and they act 
mainly in suppressing the dissociation of the extractable species. 
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Figure 21.36: Extraction of uranyl nitrate by ethyl ether using 
various salting-out agents (Furman et d., 1950). 

In extraction by an ion exchange mechanism, the addition of elec- 
t rolytes has an opposite effect. Foreign ions in solution will compete 
with the exchangeable ions of the extractant and therefore reduce the 
distribution ratio. For example, in the extraction of uranium from sul- 
fate medium by tri-n-octylamine, D decreases with increasing concen- 
rration of foreign anions, as shown in Figure 21.37 (anion exchange). 
I[n the extraction of uranium from sulfate medium by octylphosphoric 
acid, D decreases with increasing concentration of foreign cations, 
cg., Fe3+, as shown in Figure 21.38 (cation exchange). 

Complex formation in the aqueous phase 

'phase: 
Highly charged metal ions are usually complexed in the aqueous 

Metal ion + Complexing agent Metal complex 

'The complex may be electrically neutral, anionic, or cationic. If it is 
'electrically neutral, then extraction by ion-pair transfer is favored. If it 
is electrically charged (positive or negative), then extraction by ion 
exchange mechanism (cationic or anionic, respectively) is favored. 
Complexing agents such as ethylene diamine tetraacetic acid, EDTA, 
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or ammonium thiocyanate are often added to the aqueous phase to 
facilitate extraction or separation of metal ions. For example, hafnium 
is extracted selectively by hexone from a hydrochloric acid solution 
containing both zirconium and hafnium to which ammonium thiocy- 
anate has been added. O n  the other hand, the presence of PO$- ions 
in the aqueous phase hinders the extraction of uranium by tributyl 
phosphate, due to the strong complexing action of phosphate ion. 
Both processes are ion-pair transfer. In the first case, hafnium forms a 
stable, uncharged complex with ammonium thiocyanate, and is there- 
fore easily extracted, while in the second case, phosphate ion forms a 
charged complex which cannot be extracted by TBP 

Figure 21.39 shows the effect of HN03 concentration on the 
extraction of uranium by TBI? It is seen that below 5 M HNO,, the 
extraction is favored due to the salting-out effect, but above 5 M 
HNO,, the value of D decreases for two reasons: 

HNO, itself is also extracted, thus competing with metal ion 
transfer to the organic phase. 

Great excess of nitrate concentrations promotes the formation of 
unextractable anions such as [UOz(NO,>3]-. 
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Figure 21.37: Effect of added anions on uranium extraction from 
sulfate solution by 0.1 M tri-n-octylamine-Amsco D-95; aqueous 
phase 1 M SO,, pH 1 (Coleman et al., 1958). 
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Figure 21.38: Effect of Fe3+ on the extraction of uranium from 
sulfate solution by OI'A (Ellis et al., 1955). 
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Figure 21.39: Extraction of uranium from HNO, solution by 
19% TBP in kerosene (Alcock et al., 1958). 

In the extraction of uranium from H3P04 solutions by OPPA, the 
value of D decreases with increasing H,PO,: the reason is that the 
process involves cation exchange and, at high H3P04 concentrations, 
uranium is complexed in the aqueous phase as uncharged species 
which cannot be extracted by a cationic reagent. An example of extrac- 
tion by anion exchange mechanism showing the effect of various acids 
is given in Figure 21.40. Numerous data are now available in form of 
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periodic tables showing the extraction of metal ions by different 
extractants. 

Acid concentration 
in aqueous phase, M/L 

Figure 21.40: Uranium extraction by 0.1M tri-n-octylamine in 
Amsco D-95 (Coleman et al., 1958). 
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Figure 21.41: Metal extractions from 0.5M sulfate solutions with 
0.1M D2EHPA in kerosene (Blake et al., 1958). 
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Effect of pH 

Extraction by cationic solvents is greatly affected by the pH of the 
aqueous phase (Figure 21.41) since H+ ions are taking part in the pro- 
cess: 

M2+ + H2X MX + 2H' 

Decreasing the hydrogen ion concentration, i.e., increasing the pH, 
shifts the equilibrium from left to right thus favoring the extraction. 
In many other cases, the variation of distribution coefficient with pH 
may be due to the effect of the latter on the stability of the complexes 
in the aqueous phase, as previously mentioned - for example, the 
extraction of uranyl ion from sulfate solutions by amines (Figure 
2 1.42). 

1000 
n 
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PH 

Figure 21.42: Effect of the pH on the extraction of uranium(VI) 
from sulfate solution by tri-n-octylamine (Coleman et al., 1958). 

:Effect of ion hydration 

It is reasonable to expect that strong hydration of an ion reduces 
its extractability into an organic phase. This has been verified in a 
number of cases. For example, Figure 21.43 shows the extraction of 
the alkali metals with 4-sec-butyl-2(a-methyl benzyl) phenol. The dis- 
tribution coefficient decreases in the order Na c K < Rb < cs ,  which is 
the reverse order of increasing ion hydration. Sodium, ion, being the 
highest hydrated ion in this series, has the lowest distribution coefi- 
cient. Also, in the extraction of lanthanides by tributyl phosphate and 
by ketones from nitric acid solution, the distribution coeacient was 
found to increase with increasing atomic numbers. 
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Figure 21.43: Effect of ion hydration; extraction of the alkali 
metals by 4-sec-butyl-2(a-menthylbenzyl) phenol (Arnold et al., 
1965). 

However, this assumption does not appear to be valid in all cases. 
Thus, it was found that the distribution coefficient for the extraction 
of the alkaline earth nitrates by di-(2-ethylhexyl) phosphate decreases 
in the order Ba < Sr < Ca < Be. Beryllium, being the most hydrated 
ion in this series, has, nevertheless, the highest distribution coefficient. 
The reason is that the factors which determine selectivity in extraction 
are many and they may interact in a very complex way. The character- 
istics that lead to a strong hydration may also lead to strong coordina- 
tion with an organic phase extractant, so that the net effect is difficult 
to predict. Thus, for example, it was found that the distribution coef- 
ficient in the extraction of the alkali metals by carboxylic acids goes 
through a maximum at potassium. 

Extraction of inorganic acids 

During the extraction of metal ions by organic solvents, it is found 
that most inorganic acids are extracted as well. Since metal ion extrac- 
tion is usually carried our from acid solution, it is important to con- 
sider in some detail the extraction of acids. Not only so, but there is 
interest at present to utilize this property to purifying acids by extrac- 
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tion with organic solvents. For example, phosphoric acid obtained 
from phosphate rock by leaching with acid can be extracted by an 
organic solvent to get pure H 3 P 0 4 ,  suitable for purposes other than 
for making fertilizers. Also, extraction of acids by organic solvents 
fiinds wide application in the recovery of acids from plating electrolytes 
and pickle solutions. 

Sulfuric acid is not extracted by ketones, ethers, or esters, but is 
extracted by alcohols. Hydrochloric acid is poorly extracted by ethers 
and only slightly extracted by alcohols, while nitric acid is extracted. 
Amines and organic phosphorus compounds also have the capacity to 
extract acids. 

Extraction of acids depends also on the nature of the diluent, as 
shown in Table 21.20. It is influenced too by the presence of extract- 
atble metal ions in the aqueous phase. Thus, the distribution of nitric 
acid between an aqueous phase containing uranyl ion and tributyl 
phosphate decreases with increasing uranyl ion concentration, which 
is also extracted by TBR as shown in Figure 21.44. Synergic effect was 
also observed when extracting an acid by mixed solvents, as shown in 
Figure 21.45. 
'Table 21.20: Effect of diluents on  the extraction of inorganic acids by 0.1 M 
il lamhe 336 (Ager et al., 1965). 

Yo extraction into: 
Acid 

Kerosene Benzene Chloroform 
HNO, 90.0 97.6 99.0 
HBr 82.8 95.2 98.5 
HCI 66.0 85.2 84.8 
H2S04 51.1 86.8 92.3 
HJ'OL 0.7 25.3 64.4 

Complexes are also formed between the extractant and the acid in 
the extraction process. For example, the extraction of nitric acid by 
tributyl phosphate can be represented by: 

HNO,(,) + TBP(,) * HNO,.TBP(,) 

D = K X  [TBP](,) 
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Figure 21.44: Effect of uranyl ion on the extraction of nitric acid 
by TBP; 0 2.5M " 0 3 ;  A 5.OM "0,. 

0 20 40 60 80 100% 
Diethyl ether Acetophenone 

Figure 2 1.45: Extraction of nitric acid by diethylether acetophe- 
none mixtures (Vdovenko and Krivokhatchii, 1960). 

Plotting D against [TBP](,) gives a straight line, as shown in Fig- 
ure 21.46, thus supporting the above mechanism. Table 21.21 gives 
selected data on the type of extracted species. 
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Figure 21.46: Effect of TBP concentration on the extraction of 
HNO, from the aqueous phase (Moore, 1951); 0 2.5 M "0,; 
A 5.0 M HNO,. 

Table 21.21: Species extracted by organic phase (Habashi, 1970). 

System Species 
HCI-TBP HCI. TBP 

H2S04-TBP H2S04 .TBP 

HF-TBP HF.TBP 

H, PO4-TOA H2P04 .TOAH 

"03-TBP HNO,.TBP 

HC104-TBP HC104 .TBP 

H,BO,-TBP H,BO,*TBP 

HPO,. (TOAH), 
HNO3-EHPA "0,. EHPA 
HCI-EHPA HCl. 2EHPA 
HClO4-EHPA HCIO4.2EHPA 

:Extraction of water 

During extraction processes, water is usually coextracted. Figure 
21.47 shows the water content of tributyl phosphate when contacted 
.with different mineral acids. Water content in the organic phase is 
usually determined by titration with the Karl-Fischer reagent. There 
appear to be no rules to predict the extractability of water (Figures 
21.48 and 21.49). While water is coextracted with uranyl perchlorate 
by tributyl phosphate, this is not the case with uranyl nitrate (Figure 
21.48). Extraction of water results in changes in volumes of the 
organic and aqueous phases. 
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Figure 21.47: Coextraction of water by TBP from acid medium 
(Hesford and McKay, 1960). 
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Figure 21.48: Water content of organic phase after extraction of 
uranyl nitrate and uranyl perchlorate solutions with tributyl 
phosphate (Hesford and McKay, 1960). 

APPLICATIONS 

Solvent extraction is used extensively in the following fields: 
Recovery of a metal from a leach solution. 
Separation of two or more closely related metals. 
Purification of a leach solution, i.e., removal of unwanted impu- 
rity such as iron. 
Production of pure acids, e.g., HjP04. 
Treatment of electroplating effluents, e.g., chromium electroplat- 
ing bath. 
Regeneration of pickle solutions. 
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Figure 21.49: Extraction of water during the equilibrium of 
HNO, solutions with tri-n-octylamine (Verstegen, 1964). 

Reprocessing of nuclear fuel element. 

Recovery 

Numerous metals are extracted on industrial scale by organic sol- 
vents; some details are given below. 

Beryllium 

The extraction of beryllium with amines and organophosphorus 
compounds from sulfuric acid solutions has been studied by a number 
of investigators. A characteristic of the phosphoric acid extractant is its 
low beryllium extraction rate, necessitating long contact times. Tri-iso- 
octylamine, as well as other tertiary, secondary, and quaternary ones, 
are unable to extract beryllium from sulfuric acid leach solutions. 
However, primary amines, especially 1 -(3-ethylpentyl)-4-ethylocty- 
lamine, can extract beryllium rapidly from sulfate solutions. 

With both amines and organophosphorus compounds, fluoride 
ion greatly decreases the extractability of beryllium. Iron is coextracted 
when present as Fe(II1) ion, but not as Fe(I1). Aluminum, the major 
impurity in leach solutions, is also coextracted to a lesser degree. To 
rninimize the contamination of aluminum, several suggestions have 
been made: 
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Fluoride ion interferes with beryllium extraction from pure solu- 
tions by primary amines, but its presence in solutions containing 
aluminum is desirable, since it complexes the aluminum in the 
aqueous phase and thereby reduces aluminum competition for the 
amine extractant. To improve the purity of beryllium, the addition 
of fluoride in amounts equivalent to the aluminum was therefore 
suggested. 

Prior to the extraction of beryllium from sulfuric acid leach solu- 
tion by organophosphorus compounds, it was suggested to add 
ethylenediamine tetraacetic acid to complex all the impurities. 
In the extraction of beryllium from sulfuric acid solutions by orga- 
nophosphorus compounds, it was suggested to strip the organic 
phase with 9 M H2S04. Under these conditions, beryllium is pre- 
cipitated as BeS04. 2H20 while aluminum remains in solution. 

Boron 

A process was developed for the recovery of borax from Searles 
Lake, California, by solvent extraction. The brine contains about 1 Yo 
borate and 35 Yo other dissolved salts (sodium, potassium, chloride, 
and sulfate). Extraction is carried out from the alkaline brines by poly- 
01s dissolved in kerosene: 

xQr 
R 

X 

1 
CH,OH + 

Boron is stripped from the organic phase by dilute sulfuric acid. 
The strip solution is passed over activated charcoal to remove traces of 
entrained organic phase. O n  evaporation of the purified strip solution, 
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boric acid crystallizes out and can be separated by centrifugation and 
then dried to yield a product containing 99.9% H,BO,,0.05% SO,, 
and 0.1 Yo Na. The mother liquor from the crystallization step is evap- 
orated further to crystallize and recover mixed sulfates of sodium and 
potassium. 

Cesium 

A process based on the use of a substituted phenol was developed 
for the extraction of cesium from pollucite ore. The extractant is 4-sec- 
butyl-2-(a-methyl benzyl) phenol, highly selective for cesium. Since 
the phenol can be used only in alkaline medium, the pollucite ore is 
opened by roasting with sodium carbonate, and it is then leached with 
water. The process was originally developed for extracting radioactive 
cesium from reactor waste solutions. 

Copper 

The recovery of copper from dump leaching solutions containing 
around 1 g/L Cu is usually achieved by displacing the copper ion by 
scrap iron - the cementation process. The cost of precipitation by 
this method is still high despite increased mechanization and better 
control techniques. Also, the process suffers from the introduction of 
ferrous ion in the solutions which are to be recycled in the dumps. 
Precipitated copper still has to be processed further to yield a market- 
a.ble product. It is not a particularly attractive material for handling 
because of its fineness and the difficulty of washing it free from acid. 
Solvent extraction with subsequent hydrogen reduction under pres- 
sure or electrodeposition of a marketable product offers a convenient 
rnethod of recovery. There is the added advantage that acid is liberated 
in the recovery step and can therefore be used as a stripping solution in 
the extraction process. The extractant commonly used is LIX-64 (see 
page 465). Figure 21.50 shows a scheme of copper recovery by dump 
l'eaching, solvent extraction, and electrowinning. 

Indium 

Indium is extracted on industrial scale from zinc sulfate leach solu- 
tions by di (2-ethylhexyl) phosphoric acid. 
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Figure 21.50: The recovery of copper from low-grade ores by 
leaching-solvent extraction-electrowinning; a widely used pro- 
cess. 

Rhenium 

Rhenium is recovered by VEB Mansfeld Kombinat in Germany 
from dusts collected in the copper smelter. The dust is dissolved in 
dilute acid at pH 3; it has the analysis shown in Table 2 1.22. Rhenium 
is extracted by an organic phase containing 1 % secondary aliphatic 
amine, 30 % aliphatic alcohol, and 65 Yo aliphatic hydrocarbon. 
Organic/aqueous phase 1/10. The organic phase is washed with 0.01 
M NH40H solution, then stripped by 2-4 M NH40H, organic/ 
aqueous 10/1 to get a solution containing 4-8 g/L Re from which 
ammonium perrhenate 95-97% obtained. 
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Table 21.22: Analysis of rhenium-containing solution. 

g’L 
Re 0.03-0.0 8 
Zn 8-1 2 
Cd 1-2 
TI 0.05-0.15 
As 0.02-0.05 
Cl 8-12 
Sulfur as SOZ- 4-6 

Thorium 

Thorium is recovered on a commercial scale as a by-product of 
uranium ore processing by extraction with an organic phosphorus 
compound. The effluent from the ion exchange columns is processed 
for thorium recovery. Thorium is also recovered by dissolving the tho- 
rium-rich precipitate, obtained from monazite sand leach solution, in 
nitric acid and then extracting the thorium with tributyl phosphate, 
the rare earths are left behind since their distribution coefficient is very 
low as compared to that of thorium. 

Tungsten 

The recovery of tungsten from wolframite concentrate by extrac- 
tion with amines is applied on a commercial scale. The concentrate is 
digested with NaOH solution, and filtered to remove the gangue; the 
leach solution is acidified with H2S04 to the proper pH; then tung- 
sten is extracted with the amine. Stripping is affected by NH4CI + 
NH4OH solution to yield a solution of ammonium tungstate. The 
main impurity in the leach solution is usually molybdenum and it is 
coextracted with tungsten by amines and is also co-stripped. Removal 
of most of the molybdenum is affected by evaporating the strip solu- 
tion to crystallize relatively pure ammonium tungstate. 

Uranium 

The application of solvent extraction to the uranium industry is 
one of the most important fields in this technology. Uranium is gener- 
ally extracted industrially from the following solutions: 

Su@~ic acid. These are the leach solutions of uranium ores. The 
most commonly used processes are the following: 
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Dupex Process. 3-5% D2EHP in kerosene and about the same 
concentration TBP (synergic effect). Stripping by 10 % Na2C03. 
Uranium is recovered from strip solution by precipitation with 
NaOH to obtain the yellow cake. 
DDPA Process. 0.1 M solution of DDPA in kerosene. Stripping by 
10 M HCl. Strip solution is evaporated to recover HC1, then ura- 
nium is precipitated by "*OH to obtain the yellow cake. 
Anzex Process. Secondary or tertiary lauryl amines are used as 
extractants. Stripping by dilute NaCl solution. Molybdenum is 
coextracted with uranium but is not stripped from the amine dur- 
ing uranium stripping. Sodium carbonate or ammonia strips 
molybdenum and prevents its buildup in the organic phase. 

Nitricucia! 
suitable for nuclear reactors: 

This acid is mainly used to get a high-purity uranium 

Sodium or ammonium uranate (yellow cake) obtained by process- 
ing the strip solutions of the above processes are dissolved in 
HNO,, then extracted by TBI? 
When uranium is recovered by ion exchange and the resin is 
eluted by nitrate-nitric acid solution, the eluate is treated with 
lime to pH 3.5 to remove sulfate as gypsum and precipitate iron 
and thorium. Uranium can then be recovered from the solution by 
TBP. In these process, uranium is stripped by water: Pure uranyl 
nitrate solution is obtained, which on evaporation and decomposi- 
tion yields a high-grade U 0 3  (orange cake). 

Phosphoric Acid. Wet process H,PO, obtained by dissolving sedi- 
mentary phosphate rock in H2S04 contains about 1 glL uranium 
which is recovered as a by-product of the fertilizer industry (see page 
347). At least three extraction processes are used commercially: 

OPPA Process. The extractant octyl pyrophosphoric acid extracts 
uranium in the tetravalent state; therefore, a reducing agent, usu- 
ally metallic iron, is added to the acid to reduce its uranium con- 
tent. Uranium is stripped from the solvent by concentrated 
hydrofluoric acid, yielding UF,. 
D2EHPA Process. The extractant di(2-ethylhexyl) phosphoric acid 
is used in conjunction with trioctyl phosphine oxide (TOPO) 
because the mixture exhibits a synergic effect. The mixture has 
also the advantage that it is stable and extracts uranium in the 
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hexavalent state. Uranium is stripped from the solvent by ammo- 
nium carbonate solution under conditions that result in the pre- 
cipitation of ammonium uranyl tricarbonate. 
OI'bPO Process. The extractant is a mixture of mono and 
dioctylphenyl phosphoric acids: 

0 
II 

HO-P-OR 
I 

OH 

0 
II 

HO-P-OR 
I 

OR 

where R is 

The extractant is used in conjunction with tributyl phosphate 
(TBP) because of the synergic action of the mixture. It is cheap, 
stable, available commercially, and has a high extraction coeff- 
cient than the previous mixture. It is, however, effective for 
extracting uranium in the tetravalent state. Uranium is stripped 
from this solvent by ammonium carbonate solution. 

Vanadium 

The association of vanadium with uranium in many ores, and the 
ease with which a separation by solvent extraction could be accom- 
plished, led to  commercial application. Vanadium is extracted 
together with uranium by DDPA or HDPA. The addition of tri-alky- 
lamine increases the extraction due to synergic effect. Vanadium is 
stripped first by 2 M HCl, and then uranium by 10 M HCl. The  
loaded extractant can also be stripped with Na2C03 solution to give a 
concentrated solution of uranium and vanadium, from which ura- 
nium can be precipitated by NaOH, leaving a solution containing 
sodium vanadate. 

During the treatment of bauxite by the Bayer Process, any vana- 
dium in the ore goes into solution together with aluminum. However, 
it does not coprecipitate with Al(OH),. When the alkaline solution is 
concentrated by evaporation, vanadium fluorocomplexes are precipi- 
tated. These are filtered, dissolved in dilute acid, and processed for 
vanadium recovery. The process is used in Lauta, Germany. The solu- 
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tion has a p H  5 and has the analysis shown in Table 21.23. The 
organic phase is composed of a mixture of 10% secondary aliphatic 
amine, 30% alcohol, and 60% aliphatic hydrocarbon as a diluent. 
Organic aqueous phase 1/4. After washing the organic phase with 
0.02 M ",OH at organic/aqueous phase 111, vanadium solution 
containing 30-35 g/L V205 from which ammonium metavanadate 
97-980!0 is obtained. 

Table 2 1.23: Analysis of vanadium-containing solution 

g'L 
v2°5 5 
'Z05 6-7 

F 1.5-2 
As 0.5 

Na 12-15 

Separation 

An important application of solvent extraction is its use in separat- 
ing a number of metals occuring together. This can usually be 
achieved by selecting the proper pH, adding a complexing agent in the 
aqueous phase, and above all choosing a solvent that shows more selec- 
tivity for one metal than for the other. For example, sulfuric acid leach 
solutions of monazite sand contain rare earths, thorium, and uranium. 
On examining the data shown in Table 21.24, it would be seen as pos- 
sible to devise a method for separation based on extraction by amines. 
Other examples of metal separation are given below. 

Co balt-n ickel 

Numerous schemes have been worked out to separate cobalt from 
nickel and an extensive literature is available. Figure 21.1 1 shows the 
use of octyl alcohol in separating the two metals from HC1 solution. 
Separation can also be achieved by using tertiary amines, Le., tri-iso- 
octyl amine. This separation is based on the fact that cobalt forms an 
anionic complex, [CoC14j4-, while nickel does not. Carboxylic acids 
are used, at the Nickel Refinery in Norilsk, Russia. 
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Table 21.24: Extraction of thorium, uranium, and lanthanides by amines. 

Thorium Uranium Rare earths 
Primary amines Very strong Moderate Moderate 
Secondary amines 
Straight chain or 

branching far from N-atom Strong Moderate Nil to weak 
branching near N-atom Weak Strong Nil 

Tertiary amines Nil Strong Nil 

Hafiium-zirconium 

The advantages of hafnium-free zirconium for nuclear reactors 
have resulted in the development and application of solvent extraction 
for the separation of the two metals on a commercial scale. Hexone is 
used to extract hafnium and some zirconium from a hydrochloric acid 
solution containing both metals, to which thiocyanic acid has been 
added. The organic phase is then stripped with HCI to remove zirco- 
nium, and then with H2S04 to remove hafnium. Both metals are next 
recovered from their respective aqueous solutions by precipitation as 
hydroxides by ammonium hydroxide. The hydroxides are filtered, 
washed, and then ignited to the oxides. 

Niobium-tantalum 

Columbite ore containing 58% Nb205  and 17% Ta205 is 
digested with 70% hydrofluoric acid, and the leach solution is then 
diluted and mixed with H2S04. Both metals are extracted simulta- 
neously by hexone leaving the impurities behind. The organic phase is 
then stripped with water whereby all the niobium and only a small 
amount of tantalum is transferred to the aqueous phase. Removal of 
this tantalum is achieved by further contacting the strip solution with 
fresh hexone. The organic phase, containing pure tantalum, is then 
stripped with water. Niobium and tantalum hydroxides are precipi- 
tated from the respective raffinates by NH40H. Both hydroxides are 
filtered, washed, and calcined to the respective oxides. Niobium oxide 
so obtained contains less than 0.03 % Ta205, and the tantalum oxide 
also contains a similar amount of Nb205. 
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Plutonium-uranium jssion products 

Reprocessing of spent nuclear fuel element has the following pur- 

Recovery of plutonium which is produced in small amounts dur- 
ing uranium fission. 
Removal of fission products which are produced during the fission 
process and tend to absorb the neutrons thus hindering the chain 
reaction. 
Recovery of high-purity uranium suitable for recycle in a nuclear 
reactor. 

Reprocessing by solvent extraction is based on dissolving the spent 
fuel element in nitric acid to get a solution containing about 1 part 
uranium, 0.003 parts plutonium, and 0.01 parts fission products. The 
following processes are used: 

Pwex PTocess. In this process, nitrous acid is added to the feed solu- 
tion to reduce Pu(V1) to Pu(IV), which then together U(V1) is 
extracted by TBP. The bulk of the fission products remain in the aque- 
ous phase. The  organic phase is then stripped in the following 
sequence: 

poses: 
* 

HNO, to remove any fission products extracted. 
HNO, + Fe2+ to remove plutonium. Ferrous ion is added to 
reduce Pu(1V) to Pu(IlI), which has a very low affinity for the 
organic phase. 
Water to remove uranium. 

Redox Pmcess. In this process, U(V1) and Pu(V1) are extracted by 
hexone, while the bulk of the fission products remain in the aqueous 
phase. The organic phase is then stripped in the following sequence: 
* Aluminum nitrate solution to remove any fission products 

0 

TTA Process. In this process, sodium nitrite is added to the feed solu- 
tion to reduce plutonium to Pu(IV) which is then extracted by 
thenoyltrifluoroacetone in benzene. Zirconium is coextracted, but 

extracted. 
HNO, + Fe2+ to remove plutonium. 
Dilute HNO, to remove uranium. 
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separation is readily achieved by selective stripping. Plutonium is 
stripped by an acid solution containing ferrous ion to reduce Pu(1V) 
to less extractable Pu(III), while zirconium is stripped by an oxalic 
acid-"0, mixture. The raffinate containing uranium and the rare 
earths is then contacted with a TTA-hexone mixture to extract ura- 
nium selectively, leaving the rare earths behind. 

Solution 

HCI 

& Extraction 

25 Extraction - Extraction kj]nTi- 
Extraction 

La Pr Nd Eu Sm Gd Effluent 

Y, DY, Er, 
Yb, Ho, Tb, Tm, Lu 

Figure 21.51: Separation of the lanthanides from bastnasite by 
extraction with D2EHPA (Molycorp Process). 

Lanthanides 

The scheme of separation of the lanthanides from leach solution 
of bastnasite concentrates by extraction with D2EHPA is shown in 
Figure 21.51. Cerium is already separated in the leaching step since it 
is transformed into soluble cerium(1V) compound and is recovered 
from the residue. Each extraction step in Figure 21.51 includes 
numerous stages of contact with the extractant and the stripping agent 
under certain conditions of organic/aqueous ratio, and extractant and 
stripping agent concentrations. The plant is computerized and is fully 
automated (Figure 21 52) .  
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Figure 21.52: Inside of Molycorp’s rare earths extraction plant at 
Mountain Pass, California. 

Scandium-umnium 

Small amounts of scandium are usually present in uranium ores 
and are dissolved during acid leaching, yielding up to 0.001 g/L 
Sc203. Scandium was found to follow uranium in an organic phase 
composed of dodecyl phosphoric acid and kerosene. However, it is not 
stripped with uranium in 10 M HC1. After several contacts of the 
extractant, scandium builds up into the organic phase and can be 
stripped with HE A fluoride precipitate analyzing approximately 10 % 
Sc203 and 20 Yo Tho2 is obtained. This is then purified by digestion 
in 15% NaOH to convert it into hydroxides, and then digested with 
hydrochloric acid, the p H  being adjusted to 4 to remove Ti, Zr, Fe, 
and SiO,. Scandium is recovered from the solution by precipitation 
with oxalic acid. The oxalate is calcined and the oxide is further puri- 
fied by dissolution in HCI and solvent extraction. 

In Australia, uranium is recovered from the leach solution by ion 
exchange. Scandium, yttrium, thorium, and the rare earths are not 
sorbed on the column and are therefore found in the effluent. A pro- 
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cess using di-(2-ethylhexyl) phosphoric acid to extract scandium was 
developed. 

Purification 

Di-isopropyl ether and secondary aliphatic amines are used to 
remove iron impurity from aluminum chloride solution obtained by 
leaching clays with HCI. 

Production of pure phosphoric acid 

Phosphoric acid and its salts needed for the food and detergent 
industries is usually prepared from elemental phosphorus produced by 
the reduction of phosphate rock with carbon in an electric furnace: 
Phosphate rock + P + P2O5 + H3P04. Wet process H3P04 pro- 
duced by leaching phosphate rock with H2S04 (page 343) is not suit- 
able for these purposes because of the impurities it contains. Since the 
production of elemental phosphorus is becoming more and more 
costly, attention was directed to the purification of wet process acid. 
Production of pure H3P04 from this source that is competitive with 
the thermal route acid is now achieved on a commercial scale using 
butyl alcohol as a solvent. Phosphoric acid is transferred to the organic 
phase leacing the impurities behind. Pure H3P04 is then recovered 
from the organic phase by stripping with a limited amount of water or 
by distillation of the alcohol under vacuum. 
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PRECIPITATION METHODS 

Precipitation is the final step in any hydrometallurgical process'; it 
can be physical or chemical (Figure 22.1). 

Physical 

In this method. no reagents are added. but the concentration and 
temperature are so adjusted that crystallization should take place . It 
can be represented by the equation: 

yMx' + XS + nH, 0 + M,,Ax*nH.O(. ) 

1 . It is also used as a purification step to separate impurities . 
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Figure 22.1: Methods of precipitation from an aqueous solution. 

It is usually a slow process and the crystals obtained have a high solu- 
bility in water and usually contain water of crystallization. Crystalliza- 
tion is a common procedure for obtaining pure salts, e.g., sodium 
chloride, borax, etc. It is used occasionally for recovering some metals 
from solutions, e.g., C u S 0 4 - n H 2 0  and N i S 0 4 . 4 H 2 0 .  Also, all 
methods for recovering alumina from non-bauxite sources are based - 
on a crystallization step. 

Chemical 

In this method, reagents are added to precipitate a specific com- 
pound. 

Hydrolysis 

When water is the only reagent added, the process is called hydrol- 
ysis and this usually leads to the precipitation of oxides, hydrated 
oxides, hydroxides, or hydrated salts. For example, the precipitation of 
hydroxides can be represented by: 
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Ionic 

It is evident that hydrolytic reactions can be enhanced if the H+ 
ions formed in the above reaction are neutralized by a base, i.e.: 

M"' + xOH- + M(OH), 

Reactions between ions like the above are ionic precipitation and have 
the general equation: 

yMX+ + xAF + MyAxw 

where A?- is an anion. Precipitation usually takes place rapidly because 
the compound formed has low solubility and is attached together by 
electrostatic forces. 

Reduction 

When precipitation involves electron transfer from different ions 
or from a solid, i.e., oxidation-reduction couples, the process is pre- 
cipitation by reduction. It can be homogeneous or heterogeneous. 

Homogeneous reduction. This process may be ionic or non-ionic. In 
both cases, a reducing agent is added which results in the precipitation 
of a metal and itself is oxidized: 

Mn+ + Reduced species + M + Oxidized species 

Ionic reducing agents. For example, ferrous ion, sulfite ion, hypo- 
phosphite ion, etc. The precipitation of silver from AgN03 by fer- 
rous ion is typical: 

Ag+ + Fe2+ + Ag + Fe3+ 
reduFed oxidized 
species species 

This is an oxidation-reduction process as follows: 

Fe2+ + Fe3+ + e- 
Ag+ + e- + Ag 

Non-ionic reducing agents. For example, hydrogen, carbon monox- 
ide, formaldehyde, or hydrazine; the oxidation process being: 

H2 + 2H+ + 2e- 
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CO + H20 + C 0 2  + 2H+ + 2e- 

HCHO + H 2 0  -+ HCOOH + 2H+ + 2e- 

H2N-NH2 + N2 + 4H' + 4e- 
Reduction of metal ions takes place as follows: 

Mn+ + ne- -+ M 
Oxides may also be precipitated in this way. 

Heterogeneous reduction. In these processes, the transfer of electrons 
takes place at a solid surface which may be itself the reducing agent 
(electrochemical process), or the cathode in an electrolytic cell (elec- 
trolytic process). 

ELectrocbemicaL processes. In this case, the reducing agent is acti- 
vated charcoal or a less noble metal than the metal ion in solution. 
In the first case, charcoal is oxidized to CO or C02:  

C + H20 -+ CO + 2H+ + 2e- 

C + 2 H 2 0  -+ CO, + 4 H +  + 4e- 

These reactions are specific for the precipitation of gold from chlo- 
ride solutions. In the second case, the less noble metal, X, goes 
into solution displacing the more noble metal as follows: 

X + Xn+ + ne- 

Mn+ + ne- --+ M 
For example, the precipitation of copper from copper sulfate solu- 
tion by metallic iron: 

Fe + Fe2+ + 2e- 

cuZ+ + 2e- + ~u 

These reactions are considered electrochemical because the trans- 
fer of electrons takes place at localized areas on the surface of the 
solid far from the area where the metal goes into solution. 
Ehctrolyticprocesses. In this case, precipitation of a metal from its 
aqueous solution is affected by imposing an outside electromotive 
force from a direct current source. This can be represented by: 

Mn+ + ne- + M 
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For example, copper, zinc, cadmium, and nickel are recovered 
industrially from leach solutions by electrolytic methods - a pro- 
cess called “electrowinning”. The aqueous solutions are electro- 
lyzed using inert electrodes; the pure metal is deposited on the 
cathode. 

Substitution 

Precipitation by substitution takes place in connection with the 
extraction of metal ions from aqueous solution by organic solvents. 
The organic phase loaded with metal by coordination is then sub- 
jected to stripping by hydrogen at high temperature and pressure in a 
pressure reactor whereby metal powders precipitate. The reactions can 
be represented by: 

H2(g) H2(org) 

R2M(O,R, + H2(0rg) + 2RH(org) + M(s) 

where RM is the organic solvent and M is a divalent metal. For conve- 
nience, this method of precipitation will be discussed under Reduction 
by Non-ionic Reducing Agents (non-aqueous medium) (see page 647). 

BASIC PRINCIPLES 

The precipitate 

The particle size and form of a precipitate depend upon the condi- 
tions under which it has been formed. 

Particle size. A freshly formed precipitate is sometimes described as 
amorphous or gelatinous because of the difficulty of separating it by 
filtration. The  particle size of such precipitate may be small and 
imperfect crystals due to the fast rate of precipitation. Precipitates usu- 
ally undergoes continuous recrystallizations when left in contact with 
the mother liquor; the process is calles “aging”. Ions continuously go 
into solution and redeposit on the surface of the solid and a state of 
equilibrium is achieved. The process is accelerated by heating. For 
example, a freshly precipitated hydroxide is difficult to filter and wash. 
O n  heating before filtration, it is converted into a non-gelatinous 
form rendering it easy to handle. Freshly prepared Fe(OH), undergoes 
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a process of condensation, whereby H 2 0  molecules are split, until 
finally water-free Fe203 is formed: 

2Fe(OH), 3 Fe203 + 3H20 

Crystalform. The crystal form of a precipitate may depend on the 
medium of precipitation. For example, P-FeOOH is formed when fer- 
ric ion is precipitated from chloride or fluoride medium while a- and 
y-FeOOH are precipitated from sulfate, nitrate, and bromide 
medium. Aluminum hydroxide precipitated by neutralizing alumi- 
num ion from acid medium is gelatinous, difficult to filter and wash 
free from impurities, while that precipitated from alkaline medium, 
e.g., sodium aluminate solution, is crystalline and readily filtered and 
washed. 

There are three forms of beryllium hydroxide depending on the 
method of precipitation: 

Amorphous Be(OH), - nH20.  This is precipitated when the sto- 
ichiometric quantity of alkali is added to cold beryllium salt solu- 
tion. It is gelatinous, has a high capacity to adsorb other ions from 
solution, is difficult to filter and wash free of the adsorbed foreign 
ions, and is soluble in ammonium carbonate solution, in dilute 
NaOH, and in acids. 

Crystalline a-Be(OH)z. A metastable hydroxide forms during the 
aging of the amorphous hydroxide. Aging takes place slowly in 
water or in air, and is facilitated by boiling. It is easily filtered, does 
not adsorb ions, is insoluble in ammonium carbonate and in 
dilute NaOH, and slowly soluble in acids. 

Crystalline P-Be(OH)Z. Formed when precipitation is carried out 
from alkaline solutions, e.g., by boiling a beryllate solution. It can 
be easily filtered and washed free from impurities. 

Calcium carbonate in form of calcite (rhombohedral) precipitates 
from cold solutions containing Ca2+ ions on addition of C0;- ions, 
and in form of aragonite (rhombic) if precipitation is conducted at the 
boiling point. The existence of a compound in more than a crystal 
foam is called polymorphism (see p. 55 1). 
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Precipitation 

Precipitation involves two steps: Nucleation and crystal growth. 
Factors favoring increased rate of nucleation are: concentrated solu- 
tion, high speed of agitation, and the presence of finely divided solid 
in the solution which act as nucleating agent. If the rate of nucleation 
is high, the precipitate will be finely divided. On  the other hand, if the 
rate of nucleation is slow, the precipitate will have large particle size. 
As a result, finely divided precipitates are obtained from concentrated 
solutions and coarse precipitates are obtained from dilute solutions. 
Rate of precipitation may also decrease as a result of the presence of 
certain metal ions or organic compounds in solution. 

Usually, precipitation is carried out under strict conditions to 
achieve the necessary separation from the other constituents. In gen- 
eral, the following factors control a precipitation process: 

Precipitation should be conducted within a certain p H  range, 
since most precipitates are redissolved outside this range. For 
example, Al(OH), precipitates from dilute solution at pH 4 but 
redissolves at pH 8. 

Precipitation should be conducted at an optimum temperature 
since most precipitates are more soluble in hot than in cold solu- 
tions. 

Coprecipitation 

Coprecipitation is the contamination of a precipitate by sub- 
stances that are normally soluble under the conditions of the precipita- 
tion. It can be used to advantage to precipitate an ion that is difficult 
to precipitate due to its very low concentration, e.g., radioactive trace 
amounts in leach solution, but it can be an inconvenience due to the 
difficulty of obtaining a desired pure precipitate. In the first case, a 
coprecipitant is added deliberately and is called a collector or carrier. 
Coprecipitation may result because of the following reasons: 

Occlu~ion. This results when trace impurities at the surface of a 
crystal become mechanically trapped as the crystal layers are 
deposited. This type of precipitate may be purified by repulping in 
water, filtration, and washing. 
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Adop ion .  This is especially important when a gelatinous precipi- 
tate with a large surface area is formed. Trace impurities are 
adsorbed on the surface. In some cases, the forces of adsorption are 
weak and the impurities may be desorbed by hot water. In others, 
surface reactions may take place and removing by washing is not 
possible. For example, when ferric hydroxide is precipitated, is 
usually adsorbs a number of other ions. This principle is some- 
times utilized in purifying leach solutions before electrolysis, e.g., 
ZnS04 leach solution. 
Formation of soLid solution. This takes place when the ionic radii 
are nearly the same thus an impurity ion can substitute an ion of 
the macrocomponent in the crystal lattice. Substitution takes place 
at random and therefore the impurity ion forms a solid solution 
with the macrocomponent. In this type, it is not possible to 
remove the impurity by washing. Use is made of this phenomenon 
to separate radium during the sulfuric acid leaching of uranium 
ores. This is achieved by adding barium chloride to the solution to 
form BaS04, which acts as a carrier for RaSO4. The precipitate 
can be represented by (Ba, Ra)SOd. 

* 

The precipitant 

the economic factor, on the following factors: 
The choice of a precipitant for a certain metal ion depends, beside 

It should be specific as far as possible so that pure precipitates can 
be obtained. 
It should form a precipitate consisting of crystals easy to filter and 
to wash. 
It should form a very insoluble precipitate so that quantitative 
recoveries are possible. 

It is comparatively rare to find a precipitant having all these 
requirements, and it is often that the precipitate obtained is only a 
crude concentrate which has to be redissolved and purified. 

The role of complexing ion 

The presence of a complexing ion in solution may prohibit the 
precipitation of an ion. For example, AgCl precipitates readily from 
silver nitrate solution on adding a chloride ion but not from a cyanide 
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solution since silver in such solution is complexed as [Ag(CN)2]-. 
This principle is often utilized to make separations. For example, by 
adjusting the pH of a solution to 10, using sodium carbonate, ura- 
nium remains in solution as a complex sodium uranyl carbonate, 
while aluminum and manganese are precipitated as hydroxides. If 
NaOH were added, then uranium together with other impurities 
would precipitate. 

The role of oxidizing and reducing agents 

Change in valency by adding an oxidizing or a reducing agent to 
the solution is sometimes exploited to effect selective precipitations. 
For example, both Co2' and Ni2+ ions precipitate as hydroxides at pH 
6.7, but Co3+ precipitates at pH 3. Therefore, to precipitate cobalt 
selectively from a mixture with nickel, oxidation of Co2+ to Co3+ prior 
to precipitation is conducted. 

The presence of a reducing agent may also be necessary for the for- 
mation of a precipitate. For example, most of the tetravalent uranium 
salts are insoluble in water while the hexavalent salts are soluble. 
Therefore, uranium(V1) in leach solutions may be reduced to ura- 
nium(IV) : 

UO$+ + 4" + 2e- + U4+ + 2H20 

so that in the presence of a precipitant, e.g., fluoride ion, an insoluble 
salt is formed. Similarly, cuprous salts are less soluble than cupric and 
therefore can be precipitated by adding a reducing agent: 

cu2+ + e- + ~ u +  

Cuprous ion may undergo hydrolysis to precipitate as an oxide, 
undergo disproportionation to produce a metal, or in presence of cer- 
tain ions, e.g., Cl- or CN-, precipitate to form an insoluble salt. 

Disproportionation 

This involves the simultaneous oxidation and reduction of an ion; 
application in hydrometallurgy is limited to cuprous ion which can 
lose an electron to become cupric, and gain an electron to become ele- 
mental copper simultaneously: 



Table 22.1: Summary of precipitation methods. 

Method Characteristics Reactions Examples 

Crystallization Slow, high solubility yM"' + XAY + n H 7 0  -+ CUL' + sop + 5H2O -+ C L I S O ~ . ~ H ~ O  
of salt MyAx, nH2O(s) 

Hydrolysis 

Ionic 

Slow, accelerated by 
nucleation 
Fast, low solubility of yM"' + xAY- -+ MA(,) 

M"' + xH20 -+ M(OH), + xH* Ti02+ + H 2 0  -+ TiO, + 2H' 
AO(OH)Y + HZO + AI(OH), + OH- 
Mg2' + 2 0 H -  + Mg(OH), 

CU' + ci -  + CUCl 
precipitation precipitate cu2+  + s2- -+ c u s  

Ionic Homogeneous, M"' + Reduced species -+ Au' + e- -+ Au 
reduction involves oxidation- M + Oxidized species Fe2' -+ Fe3' + e- 

reduction, reagent in 
ionic form Au' + Fe2' -+ Au + Fe3+ 

SO:- + H20 -+ SO? + 2" + 2e- 
Se0;- + 6H' + 4e- -+ Se + 3H20 

Se0;- + 2H' + 2SO;- -+ Se + 2SO;- + H 2 0  
Non-ionic Homogeneous, M"' + "/ZH, -+ M + xH' Ni2' + 2e- + Ni 
reduction involves oxidation- H2 --+ 2H' + 2e- 

reduction, reducing 
agent is non-ionic 

Substitution in 

200°C, 100 kPa 

Ni2+ + H2 -+ Ni + 2H' 
N ( 0 r g )  + "x,, -+ 

organic medium, RH2(0rg, + M(s) 



~ _ _ ~  

Method- Characteristics Reactions Examples 
A d +  + 3e- + Au 
C + 2 H 2 0  + CO, + 4H+ + 4e- 4M' + xC + 2xH20 + Electrochemical Heterogeneous, 

reduction involves oxidation- activated 
reduction charcoal 

4M + xC0,  + 4xH' 

Mn+ + X -+ M + Xn' 
less noble 

metal 

4Au3' + 3C + 6 H 2 0  + 4Au + 3C0, + 12" 

cu2+ + 2e- + cu 
Fe + Fe2+ + 2e- 

Cu2+ + Fe + Cu + Fe2+ 
Electrolytic Imposed EMF MX+ + xe- + M cu2+ + 2e- + cu 
reduction 



542 A Textbook of Hydrometallurgy 

Oxidation: Cu+ -+ Cu2+ + e- 

Reduction: Cu+ + e- + Cu 

Overall reaction: 2cu+  -+ c u  + cu2+ 

It can be seen from the overall equation that half the cuprous ion 
is precipitated as a metal and the other half remains in solution but at 
a higher valency state. In acid medium, this reaction is usually slow at 
ambient conditions; a temperature of 150 to 180 "C is needed to have 
appreciable transformation. However, in basic medium, when the 
cuprous ion is complexed, e.g., by ammonia, the reaction may be 
rapid at ambient conditions. Thus, on acidification of a cuprous 
ammine complex to pH < 3, disproportionation is instantaneous (see 
p. 626): 

[Cu(NH3)4]+ + 4H+ CU+ + 4NH4 

2Cu+ -+ c u  + Cu2+ 

SUMMARY 

Table 22.1 gives a summary of precipitation processes. 
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INTRODUCTION 

Crystallization from aqueous solution is a simple and old method 
for the recovery of metal values from purified leach solution or natural 
brines. It is a physical process' in which no reagents are added but the 
concentration and temperature of the solution are so adjusted to lead 
to the formation of an ionic solid crystalline phase which may contain 
water of crystallization. The process can be represented by: 

yMx' + xAY- + nH2O 3 MflX- TIH~O(,) 

In contrast to precipitation, the process is usually slow and the 
solid obtained is soluble in water. However, the basic principles of for- 
mation of crystals or precipitates are essentially the same: Nucleation 
and growth, formation of saturated solutions, the possible formation 
of solid solutions, perfect geometrical form, and lattice defects. It is 
only the speed with which crystals form and their high solubility in 
water that make the distinction with precipitation. That is why the 
engineering aspects in both processes are different. 

From production point of view, crystallization involves a much 
larger tonnage than precipitation. It is applied mainly in the recovery 
Of: 

Salts from surface waters 
Salts from leach solutions of saline deposits 
Metal values from ores or secondary leach solutions. 

CRYSTALS 

A crystal has definite geometrical form and is bounded by plane 
faces. The size and the external shape of the crystal of a given sub- 
stance may vary, but the angle between two corresponding faces is the 
same. The geometrical form of a crystal depends on the arrangement 
of the atoms or group of atoms throughout the crystal. The positions 
of the atoms in the crystal which determine the framework is known 
as the crystal lattice. The smallest unit of this lattice representing the 
relative positions of all the atoms or group of atoms is known as unit 

1. An exception is crystallization from a quaterny mixture whereby conversion may 
take place - a physicochemical process (page 566). 
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cell. There are only six crystal systems based on the position of the 
faces in relation to definite axes (Figure 23.1): 

Regular 
system 

Tetragonal Orthorhombic 
system system 

Monoclinic 
system 

Triclinic Hexagonal 
system system 

Figure 23.1: Crystal systems. 

Isometric or regulm. Three axes of equal length intersecting each 
other at right angles. There are three different space lattices in this 
system: 
- Simple cubic. One structural unit is at each corner of the cube. 
- Face-centered cubic. One unit at each corner and one in the 

center of each face of the cube. 
- Body-centered cubic. One unit is at each corner and one in 

the center of the cube. 
Tetmgondl. Two axes of equal length intersecting each other and 
third axis, either shorter or longer, at right angle. 
Ortborbom bic. Three axes of unequal length intersecting each 
other at right angles. 
Monoclinic. Three axes of unequal length, two intersecting each 
other at right angles, with the third axis perpendicular to only one 
of the two. 
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Triclinic. Three axes of unequal length intersecting each other at 
oblique angles. 

Hexagonal. Three axes of equal length in the same plane, intersect- 
ing each other at an angle of 60", and a fourth axis of different 
length perpendicular to this plane. 

Formation 

Crystallization like precipitation involves two steps: Nucleation 
and growth (page 537). The size of the deposited crystals depends on 
the rate of evaporation. Slow evaporation produces large crystals and 
vice versa, rapid evaporation produces small crystals. The crystal form 
depends on the manner in which the crystal is maintained in solution. 
When it is uniformly surrounded by solution as in an agitated tank, 
the crystal can grow in all directions. When the crystal is adhering to a 
solid surface or when certain organic compounds are added to inhibit 
surface nucleation, its growth will be limited to certain directions. For 
example, sodium chloride usually crystallizes in form of cubes but in 
presence of a small amount of urea, it takes the shape of regular octa- 
hedron. Although the two shapes look different, actually they are geo- 
metrically related as shown in Figure 23.2; the angle between the faces 
of the octahedron is always the same. Hence, on crystallization, 
sodium chloride does not change its form due to inhibited surface 
nucleation, it simply changes its habit. The external shape and appear- 
ance of a crystal is called habit. Figure 23.2 shows also the relation of 
the tetrahedron to the cube. 

Surface nucleation causes twinned or multicrystal growth (Figure 
23.3). Both are undesirable because: 

They entrap mother liquor and become difficult to wash thus 
affecting purity 

They lead to breakage during handling thus producing fines. 

That is why it is undesirable to have single crystals during crystal- 
lization, and these are obtained when all surface nucleation has been 
suppressed. 
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Figure 23.2: The relation of the tetrahedron and the octahedron 
(bottom) to the cube. 

Figure 23.3: Top: Needle, chanky, and platelet single crystal 
forms. Bottom: Single, multi-, and twinned crystal habits. 



548 A Textbook of Hydrometallurgy 

Water of crystallization 

Ions in solution are hydrated, i.e., they are surrounded by water 
molecules. A cation is surrounded by water molecules whose oxygen 
atoms, which have a slight negative charge, are directed at the positive 
ion while an anion is surrounded by water molecules whose positively 
charged ends point toward the anions. Cations are much smaller than 
anions and therefore the charge is more concentrated on their surfaces. 
As a result, cations attract much more water molecules than anions. 
This is especially the case for highly charged cations. The number of 
water molecules held by an ion is called the coordination number of the 
ion. Thus, the coordination number of Be2+ is 4 because it is associ- 
ated with 4 H 2 0  and for Mg2+, which is larger than Be2+ ion, it is 6 
because it is associated with 6H20 as shown in Figure 23.4. 

In many cases, cations hold water so tightly that the water mole- 
cules accompany the cations when ionic solids crystallize from aque- 
ous solution. This water is called water o f  crystallization. Many 
crystalline salts, especially those of dipositive and tripositive cations, 
have stoichiometric quantities of water of crystallization. Three types 
may be identified: 

The cation retains all its water of hydration when the salt crystal- 
lizes. For example, BeSO4 .4H2d, MgCl2- 6H20, Fe(N03)2. 
6HZO. 

Figure 23.4: Hydrated metal ions in aqueous solutions: Be2+ and Mg2’ 
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The cation retains all its water of hydration with an additional 
water molecule retained by the anion. For example, in FeSO4. 
7H 0, six H20  are retained by Fe2+ ion and one H20 retained by 
SO$- ion. 

The cation retains only a part of its water of hydration. For exam- 
ple, MgS04*H,O. 

Acids in crystals 

Hydrated crystals formed from acidic solutions usually contain 
acids that cannot be washed away by water, i.e., it is not a superficial 
layer of the mother liquor. 

H ygroscopy, deliquescence, and efflorescence 

The absorption of water from the air by a crystal is called hygros- 
copy (from Greek, to become wet). This is usually the case of highly 
soluble crystals, e.g., NaOH or salts capable of forming crystals con- 
taining water of crystallization, e.g., anhydrous CuSO4. When crystals 
continue to absorb water until the hydrate dissolves, the process is 
called deliquescence (from Latin, to become liquid). For example, the 
anhydrous salt CaCl, absorbs enough water from the air to form first 
the hydrate CaC12.6H20, and then continue to absorb water to form 
a solution. 

The reverse process, i.e., the loss of water from a crystalline solid, 
is called efflorescence (from Latin, to blossom, because of the appear- 
ance of the crystal after losing water that look like a flower). This is 
usually the case of crystals containing a large number of molecules of 
water of crystallization, e.g., Na2C0,. 10H20, Na2S04.1OH20, or 
Na2HP04. 1 2H20.  These phenomena are related to the actual water 
pressure in the atmosphere with respect to that of a saturated solution 
of the crystal. If the vapor pressure in the atmosphere is higher than 
the vapor pressure of the saturated solution of the salt, then the crystal 
deliquesces, and vice versa. These phenomena are important in han- 
dling and storage of crystals. 
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Dehydration, pyrohydrolysis, and oxyhydrolysis 

Crystalline solids lose their water of hydration when heated, and 
the loss usually takes place in stages. For example, C u S 0 4 - 5 H 2 0  loses 
two moles H,O at about 90 "C, another two at 110 "C, and the last 
mole at 250 OC (Figure 23.5): 

CuSO4-5H2O + C U S O ~ - ~ H ~ O  + 
C U S O ~ - H ~ O  + CUSO~ 

f 

I I I I I I I I I I 

0 100 200 300 400 500 
Temperature, "C 

Figure 23.5: Dehydration of CuSO,. 5H20 thermograms show- 
ing the stepwise loss of water. 

This shows that the water of hydration is not equally bound in the 
crystal. Some hydrates, however, hydrolyse during dehydratation and 
the process is known as pyrohydrolysis, for example, AlCl,. 6H20: 

AlCl, . 6H20 -+ AlCl, . "/,H,O + 9/2H20 

2 ~ 1 ~ 1 ~ .  3 / 2 ~ , ~  + A,O~ + 6HCl 

To obtain an anhydrous material in this case, it is necessary to conduct 
the dehydration in presence of a gas flow of HCl. 

If the metal ion in the crystalline salt is susceptible to react with 
air, then oxidation takes place during pyrohydrolysis and the process is 
called oxyhydrolysis, e.g., on dehydration of ferrous chloride: 

FeC1,. 4 H 2 0  + FeC1,. H20 + 3HZO 

2FeC12.H20 + 1/202 + Fe203 + 4HC1 
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Other reactions may take place during dehydration, e.g., oxidation- 
reduction (see page 565). 

Isomorphism 

Crystals of different composition but having the same form are 
called isomorphs and the phenomenon is called isomorphism. For 
example, crystals of MnCO, and CaCO,, or M n S 0 4 . 7 H 2 0  and 
FeS04.7H20 are isomorphs. The similarity in crystal form is due to 
the similarity in the way the crystals are built. Isomorphous crystals 
usually have similar formulas and when allowed to crystallize together 
from a mixed solution, they form solid solution, i.e., single crystals 
containing both substances provided that the different ions are of 
nearly equal size. For example, MnCO, and CaCO, form solid solu- 
tions in which the Mn2+ and Ca2+ ions are arranged at random in the 
positions occupied by one kind of ion alone in a pure substance. 

Substitution of an ion by another in a crystal is a general phenom- 
enon that takes place from an aqueous solution provided the radii of 
both ions are near to each other, and regardless of similarity in chemi- 
cal properties, valency, or even crystal structure. For example, Ag+ ion 
substitutes Pb2+ ion in lead sulfide although PbS and Ag2S have dif- 
ferent crystalline forms and Ag+ and Pb2+ ions have different valency. 
They only have similar ionic radii, 1.26A and 1.20A respectively. The 
excess charge due to Pb2+ results in a cation vacancy, i.e., Ag+ + cation 
vacancy = Pb2+. Because such limited substitution does not change the 
crystal form of the macrocomponent, it is called isomorphous substi- 
tution, and is in effect another form of coprecipitation (see page 537). 

Polymorphism 

A compound may crystallize in one form under certain conditions 
and in a different form under other sets of conditions. For example, 
the blue tetragonal NiS04.6H20 changes to the green monoclinic 
form at 53.5 "C. It is similar to the formation of precipitates in differ- 
ent polymorphic forms. 
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Isomerism 

Crystals having the same number and kind of atoms (formula) but 
different structures may form on crystallization; these are called iso- 
mers and the phenomenon is called isomerism. Few inorganic com- 
pounds exhibit this phenomenon as compared to organic compounds. 
Isomers differ in physical and chemical properties, e.g., water solubil- 
ity, absorption spectra, and reaction with chelating ions. The follow- 
ing types are common: 

Structam I isomerism 

This results from the different ways in which the atoms can be 
attached to each other. For example, when ammonium cyanate is dis- 
solved in water and the solution is evaporated, crystal of urea (also 
known as carbonic acid diamide or carbamide) are formed: 

NH4 + CNO- + (NH2)zCO 

Geometric& I isomerism 

In this case, the isomers have the same structural formula but the 
atoms have a different distribution in space. When the like groups are 
close together, they are called the cis form, and when far apart, they are 
called the trans form (from Latin cis = on the same side, and trans = 
across). Geometrical isomerism is possible in square planer and octa- 
hedral complexes but not in tetrahedral arrangement because in the 
latter case all four coordinating groups are equidistant from one 
another. For example: 

Square planer complexes. When NH, is added to a solution con- 
taining PtC& ions and the solution is evaporated, the crystals 
obtained differ in physical properties from those obtained when 
HC1 is added to a solution containing [Pt(NH3)dI2+ ions and the 
solution similarly evaporated: 

PtCIZ- + 2NH3 + [Pt(NH3),C12] + 2C1- 

[Pt(NH3)4I2+ + 4HC1+ [Pt(NH3)2C12] + 2NH4Cl + 2H+ 

Both crystals obtained have the same chemical composition, the 
difference is attributed to different geometrical orientation. In the 
first case, the cis-isomer is formed while in the second, it is the 
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trans as shown in Figure 23.6. It can be ssen that the four coordi- 
nating groups are equidistant from the central atom, but they are 
not equidistant from one another. 

I - -M- 

b 
cis 

a 
trans 

cis-, or 1,2 trans-, or 1,6 

Figure 23.6: Cis- and trans-isomers. Top: Square planar com- 
plexes. Bottom: Octahedral complexes. 

Octahedral complexes. Cobalt(II1) chloride forms two different 
crystalline ammine complexes. Green crystals are obtained when 
NH, is added to a CoC12+ solution and the solution is evaporated, 
while violet crystals are obtained when HC1 is added to a solution 
of [CO(NH~),]~ '  and the solution similarly evaporated. The dif- 
ference is attributed to different geometrical orientation. The 
green crystals are the cis-isomers while the violet are the trans (Fig- 
ure 23.6). When the crystals are dissolved in water, only one third 
of the chloride ion can be precipitated by Ag+, thus indicating the 
coordination of the other two chloride ions with the Co3+ ion. 

Chromium(II1) chloride, CrC1,. 6 H 2 0 ,  and chromium(II1) sul- 
fate also from different octahedrally coordinated isomers which 
vary in color from violet to green as shown in Table 23.1. Only the 
C1- or SO$- ions that are not coordinated to Cr3+ ion can be pre- 
cipitated by Ag+ or Ba2+ ions, respectively. The change in color 
from violet to green takes place by dissolving the crystals in water 
and warming. The reaction is reversed by cooling. 
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Table 23.1: Chromium (111) salts. 

SOLUBILITY DIAGRAMS 

Solubility diagrams are constructed to show the solubility of a 
pure salt or a mixture of salts as a function of temperature at equilib- 
rium. Each point on the diagram represents a saturated solution, i.e., a 
solution which is in equilibrium with undissolved salt. Supersaturated 
solution are sometimes obtained; these represent unstable solutions 
which contain more than the equilibrium concentration of the solute. 
This commonly arises when a solid is dissolved in water and the solu- 
tion is cooled without shaking or stirring. The solution remains super- 
saturated as long as there are no nuclei upon which crystallization can 
start. 

Pure salts 

A typical solubility diagram for a pure salt is shown in Figure 23.7, 
from which it can be seen that the solubility increases as the tempera- 
ture of the solution rises. For example, at 60 "C, 108 g of solid KNO, 
will dissolve in 100 g of water to produce a saturated solution. Any 
point on the curve represents the concentration of an unsaturated 
solution. For example, the point marked x represents a saturated solu- 
tion containing 68 g of KN03 dissolved in 100 g of water at 65 "C. If 
the temperature of this solution is gradually lowered, in accordance 
with the broken horizontal line leading left from point X, the solution 
will become saturated at 42 "C. If the temperature is lowered further 
to 30 "C, 46 g of KNO, will remain in solution and 22 g of crystals 
will come out of solution (68 - 46 = 22). Any point above the curve 
represents the concentration of a supersaturated solution. For exam- 
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ple, at the point marked x', the solution would contain 55 g of KNO, 
dissolved in 100 g of water at 25 "C, whereas the saturation tempera- 
ture for this concentration is 35 "C. If a crystal of solid KNO, is 
dropped into this supersaturated solution at 25 "C, the concentration 
will fall to that of a saturated solution at this temperature, i.e., 37 g of 
KNO, in 100 g of water. Consequently, 18 g of KNO, will crystallize 
out of solution (55 - 37 = 18). 
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Figure 23.7: Solubility curve of a salt in water. 

Solubility diagrams may be plotted in form of a phase diagram as 
shown in Figure 23.8 for the system MgC12-H20. It can be seen that 
different hydrates form, and a mixture of ice and MgC1,. 12H20  has 
a melting point of -40 "C (hence the use of salts for the preparation of 
freezing mixtures). The marked fields in the diagram are as follows: 
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Figure 23.8: The system MgCI,-H,O. 

Solution + ice 

Solution + MgCl, . 12H20 

Ice + MgC1,. 12H2O 

MgC1,. 12H20 + MgCl, . 8H20 

Solution + MgCl,. 8H,O 

Solution + MgC12.4H,0 

MgC1,.8H20 + MgC12-4H20 

Transition temperature 

While the solubility of most salts increases with temperature (Fig- 
ure 23.9), there are few that are less soluble with increased tempera- 
ture. For example, sodium sulfate shows a decreased solubility above 
32.4 "C (Figure 23.10). The temperature at which a salt changes its 
solubility is called the transition temperature. Above 100 "C, when 
heating of solution is conducted in an autoclave, the solubility of most 
salts decreases and at about 250 "C, it becomes practically nil (Figure 
23.1 1). 
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Figure 23.9: Increase in the solubility with increasing temperature. 
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Figure 23.10: Solubility of sodium sulfate in water. 

Effect of temperature 

Crystallization of a salt can be predicted from its solubility dia- 
gram: 
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Figure 23.11: Crystallization of sulfates at high temperature. 

While cooling saturated solution of KNO, will effectively lead to 
the crystallization of the salt, cooling of saturated solution of NaCl 
will not be effective because the solubility of this salt is practically 
unchanged with temperature. Therefore: 

- When there is a large increase in solubility with temperature, 
crystallization can be effected by cooling a hot solution. 

When there is a small increase in solubility with temperature, 
crystallization can best be effected by evaporation. 

- 

Differences in solubilities may be used for separating salts by crys- 
tallization provided no interaction takes place during the process 
(see Binary Mixtures). For example, at 10 "C, NaNO, is about 
four times more soluble than KNO, (Figure 23.12). Therefore, 
KNO, containing NaNO, as an impurity can be purified by dis- 
solution and cooling at 10 "C to crystallize pure KNO, leaving 
behind NaNO, in solution. For example, if 100 g KNO, contain- 
ing 1 % NaNO, is dissolved in 100 g hot water and the solution is 
cooled to 10 "C, 80 g of pure KNO, will crystallize. The mother 
liquor will contain 20 g KNO, and 1 g NaNO,. If the crystals are 
removed and the solution concentrated by evaporation then 
cooled again to 10 "C, more KNO, will crystallize out substan- 
tially free of NaNO,. 
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Figure 23.12: Purification by crystallization based on differences in solubility. 

A hot concentrated solution of sodium sulfate when cooled to 
50 "C and held at this temperature for some time will form the 
anhydrous salt Na2S04, but when cooled to 30 "C and held at 
this temperature will form the hexahydrate, Na2S04.1 OH,O. 

Hydrolysis may take place during evaporating a salt solution to 
dryness which results in the formation of water-insoluble residues. 
For example, on evaporating a solution of magnesium chloride to 
dryness, it is not possible to get the anhydrous salts due to hydrol- 
ysis. 

Mg2+ + 2H2O + Mg(OH)2 + 2Ht 

Effect of common ion 

Solubility of most salts decreased in presence of acids with a com- 
mon ion. For example, when concentrated H2S04 is added to copper 
sulfate solution crystals of CuSO4. H 2 0  deposit because of decreased 
solubility of copper sulfate (Figure 23.13). 



560 A Textbook of Hydrometallurgy 

50 

45 

40 
8 

35 

2 30 

2 25 

0 
15 

10 

5 

0 

y 20 

0 5 10 15 20 25 30 35 40 45 50 55 
H2S04, % 

Figure 23.13: Solubility of copper sulfate in sulfuric acid solutions. 

Effect of organic solvents 

Solubility of most salts decreases in presence of miscible organic 
solvents such as alcohol and acetone. These solvents have lower dielec- 
tric constant than water. Hence the electrostatic forces between the 
anions and cations decrease and precipitation takes place. 

CRYSTALLIZATION OF A BINARY MIXTURE 

Solubility diagrams 

A binary mixture is a solution containing two salts with a com- 
mon ion, e.g., two sulfates or two chlorides; or a sulfate and a chloride 
of a same metal. 

In the rectangular cordinates, the concentration of one component 
is plotted on the horizontal axis and that of the other on the vertical 
axis at different temperatures. The following cases are considered: 

Each salt decreases the solubility of the other differently. This is 
the most common case. For example, in the system NaC1-KC1 
(Figure 23.14). The solubility diagram is represented by two 
curves AB and BC. It can be seen that the solubility of NaCl 
decreases with increased concentration of KCI (curve AB) and at 
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the same time the solubility of KC1 decreases with increased con- 
centration of NaCl (curve BC). 
One salt decreases the solubility of the other while the solubility of 
the other is not influenced. For example, in Figure 23.15 which 
shows the system FeSOd-CuSO4, the solubility of FeS04 
decreases with increasing CuSO4 concentration (curve AB) while 
that of CuSO4 is not influenced by FeS04 (curve BC). 

0 4 8 12 16 20 24 28 32 36 40 
Solubility of KCI, g/lOO g H2O 

Figure 23.14: Solubilities in the system KCI-NaCI. 

0 10 20 30 40 
cUso4.5H20, % 

Figure 23.15: Solubility diagram of the binary system FeSO4- 
CuSO4 in rectangular coordinates (Agade and Barkholt, 1926). 
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e Each salt equally decreases the solubility of the other, for example, 
in the case of FeC12-FeC13, NiSOq-ZnSOq, and A12(S04)3- 
Fe2(S04)3. In these cases, a single straight line is obtained as 
shown in Figure 23.16. The solubility of any mixture of the two 
components will fall on this straight line. 

0 10 20 30 40 50 60 70 
g NiS04 / 100 g H20 

Figure 23.16: Solubilities in the system NiSOq-ZnSOq (Jangg 
and Gregori, 1967). 

The rectangular coordinate diagram for the first two cases have the 

The point B represents a solution saturated with respect to both 
salts and the area ABCO represents a homogeneous solution, 
while the area outside ABC can be divided into three regions a, 6, 
and c. For example, in the case of NaC1-KC1: 
- 

- 

following characteristics: 

Solid NaCl in equilibrium with its saturated solution. 

A heterogeneous mixture of NaCl and KC1 in equilibrium 
with a saturated solution of both salts of one composition. 
Solid KC1 in equilibrium with its saturated solution. - 

When the solubility isotherms are represented at different temper- 
atures, the breaking points at different temperatures on the dia- 
gram fall on the same curve. 
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KCI 

Figure 23.17: The system NaC1-KCI. (a) Solid NaCl in equilib- 
rium with its saturated solution. (6) A heterogeneous mixture of 
NaCl and KCl in equilibrium with saturated solution of both 
salts. (c) Solid KC1 in equilibrium with its saturated solution. 

Figure 23.18: Separation of KCI from NaCl. 

If a solution of composition M is evaporated (Figure 23.18a), the 
concentration of both salts increases in the same ratio until the 
composition Q is reached. Here, the solution is saturated with 
respect to KCl. Further evaporation precipitates KCl and the com- 
position of the solution moves from Q to D. Cooling the solution 
crystallizes KC1, and the line segment DH represents the amount 
of KCl crystallized on cooling to 20 "C. No NaCl is crystallized 
because of the increased solubility of NaCl as KCI is removed from 
the solution, indicated by the line CD. 
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* If a solution of composition H is evaporated [Figure 23.18b), it 
begins to deposit NaCl at composition R and continues to the 
point D. If the deposited NaCl is filtered off and the solution 
cooled from D to H, another crop of KC1 can be obtained. In this 
manner, the original solution can be separated into its components 
KCI, NaC1, and H20. 

Products of crystallization 

On crystallizing a binary mixture, three types of crystals may be 
obtained: 

Heterogeneous crystu Is 

In this case, a heterogeneous mixture of crystals composed of the 
two original salts is obtained; they can be either anhydrous or 
hydrated. For example, when a mixture of NaCl and KC1 is dissolved 
in water and the solution allowed to crystallize, the solids obtained 
will be a mixture of NaCl and KCl as can be identified by the individ- 
ual X-ray diffraction pattern of each salt, i.e., each salt has preserved its 
identity during dissolution and crystallization. This is because the 
ionic radii of Na+ and K+ are different and therefore no chance of one 
ion taking place of the other in the crystal lattice. Other systems that 
form heterogeneous mixtures are CuS04-Li2S04-H20, CuSO4- 
A12 ( SO4) 3-H20,  and CuS 04-CdS 0 4 - H 2 0 .  

In these systems, it is usually possible to separate one salt from the 
other because of differences in solubilities with respect to temperature. 
Thus KC1 can be separated from NaCl by cooling a hot solution satu- 
rated with both salts; KC1 crystallizes out while NaCl remains in solu- 
tion because the solubility of KC1 decreases greatly with decreased 
temperature but that of NaCl remains practically the same. In some 
cases, however, it is not possibie. For example, in the system ZnS04- 
NiS04 where one salt equally decreases the solubility of the other 
(Figure 23.16). The composition of the aqueous phase is the same as 
that of the solid phase, i.e., when crystals separate from an aqueous 
solution of the two salts, it will be found that the ratio of one compo- 
nent to the other in the solid phase is the same as that in the aqueous 
phase. Thus, it will not be possible to separate the two components by 
crystallization. 



Physical Precipitation: Crystallization 565 

Solid solution 

In this case, homogeneous crystals are obtained in which the ratio 
of the components salts is variable. For example, when crystals of 
FeS04. 7H20 and CuSO4. 5H20 are dissolved in water and the solu- 
tion is allowed to crystallize, a homogeneous crystalline solid is 
obtained in which the copper and iron ions are irregularly distributed, 
i.e., there will be crystals of CuSO4 n H 2 0  incorporating iron in their 
structure and crystals of FeS04. n H 2 0  incorporating copper in their 
structure. Such mixture may be represented by (Cu, Fe)S04.nHzO 
which indicates the isomorphous substitution of the two ions. The X- 
ray diffraction pattern of the mixed crystal will be similar to the origi- 
nal salts but the diffraction lines are slightly shifted. The color of the 
product is also different from that of the mechanical mixture of the 
individual hydrated components. Thus, while CuS04.5H20 is dark 
blue and FeS04.7H20 is pale green, the mixed crystals are pale blue. 
In this case, the two salts did not preserve completely their identity 
during dissolution and crystallization because the ionic radii of Cu2+ 
and Fe2+ are nearly similar. Other systems that form mixed crystals 
are: CuS04-ZnS04-H20, CuS04-MnS04-H20, and CuSO4- 
NiS04-H20. 

Hydrated mixed crystals may undergo interaction between the 
component metal ions on dehydration. For example, on dehydrating 
(Cu, Fe)S04.nH20 in an inert atmosphere at 300 "C, partial oxida- 
tion of ferrous to ferric and reduction of cupric to cuprous takes place: 

Cu2+ + Fe2+ + Cu+ + Fe3' 

The valency change is manifested by a color change: While the 
anhydrous individual crystals are colorless, the anhydrous mixed crys- 
tals in this case are violet. 

Double salts 

This is a compound formed from the two salts which has a distinct 
X-ray diffraction pattern and chemical properties. For example, when 
FeS04.7H20 and (NH4),S04 are dissolved in water and the solution 
allowed to crystallize, a compound having the formula FeS04. 
(NH4)2S04 .6H20  and known as ferrous ammonium sulfate is 
obtained. While FeS04 oxidizes readily in the air, ferrous ammonium 
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sulfate is quite stable, that is why it is usually used in analytical chem- 
istry to prepare solutions of ferrous ion. Double sulfates are more 

I 111 valent and a divalent metal or M M (S04)2.nH20 for a monovalent 
and a trivalent metal. A group of double sulfates having the formula 

use of in hydrometallurgy (Table 23.2). 

Table 23.2: Alums of importance in hydrometallurgy. 

exactly represented by the formula M2M I I1 (S04),-nH20 for a mono- 

M I M I11 (S04)2. 1 2 H 2 0  is known as alums and are sometimes made 

Formula Application 
Aluminum (NH,),SO4.Al2(SO&. 24H20 Separation of aluminum from 

Chromium (NH,),SO*. Cr2(S04)3 e 24H20 Separation of chromium in 
or NH&(S04)2. 12H20 

or NH&r(S04)2. 1 2 H 2 0  

beryllium in treatment of beryl 

treatment of chromite 

Formation of double salts may be a function of temperature. For 
example, in the system NaS04-MgS04-H20, the double salts astra- 
khanite, Na2S04-MgS04.4H20 forms above 21.4 "C but not below 
this temperature (Figure 23.19). Other examples of systems that form 
double salts are: CuS04-Na2S04, CUSO~-K~SO~, CuSO4-Rb2SO4, 
and CUSO~-(NH,)~SO~.  

0 Na2S04 . 1  OH20 0 NapSO4'10H20 

Figure 23.19: Solubility diagrams of the binary mixture 
Na2S0,. 1 0 H 2 0  and MgS04.7H20 at 10 "C (left) and at 27 "C 
(right). The  double salt astrakhanite Na2S04 .MgS04.4H,O 
forms above 21.4 "C. 

CRYSTALLIZATION OF A QUATERNARY MIXTURE 

A quaternary mixture is a solution containing two salts without a 
common ion, e.g., a solution of KCl and MgS04,  or KC1 and 
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NaNO3. On crystallizing such mixtures, complex products are usually 
obtained which may contain four or more different species. For exam- 
ple, on crystallizing a mixture of KC1 and MgS04, the following equi- 
librium will be established: 

2KCl+ MgS04 * K2S04 + MgC1, 

and therefore the crystals obtained will be composed of KCl, MgS04, 
K2S04, and MgC1,. 

Conversion reactions 

Under certain conditions, a conversion reaction takes place in a 
quaternary mixture resulting in two salts only. The reason is that in 
aqueous solutions, the salts are completely ionized and the less soluble 
salt will crystallize first. Three types of conversion reactions can be 
identified: 

A system without a transition temperature 

In the quaternary system NH4HCO3-NaC1, it is possible to crys- 
tallize NaHCO, by cooling because of its lowest solubility (Figure 
23.20) : 

NH4HC03 + NaCl * NaHCO3 + NH4C1 

This is the basis of Solvay Process for the manufacture of Na2C03 
which is then obtained by the decomposition of NaHCO,. 

A system with a single transition temperature 

Na2S04. 10H20 and keep MgC1, in solution (Figure 23.21): 
In the quaternary system NaCl-MgS04, it is possible to crystallize 

MgS04 + 2NaCl+ 10H20  * Na2S04- 1 0 H 2 0  + MgC12 
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Figure 23.20: Solubility data for the system N H 4 H C 0 3  + NaCl 
NaHCO, + NH4C1 
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Figure 23.21: Solubility of salts in the quaternary system NaC1- 
MgS04. 

This takes place only if crystallization is conducted below the tran- 
sition temperature of sodium sulfate since under these conditions 
Na2S04. 1 OH,O has the lowest solubility. Crystallization above the 
transition temperature results in the deposition of NaCl while MgS04 
remains in solution because under these conditions, it is NaCl that has 
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the lowest solubility. This method is used industrially to transform 
MgS04 into MgCl,. 

A system with two transition temperatures 

In the quaternary system NaNO,-KCl, it is possible to transform 
KCl into ISNO, (Figure 23.22): 

NaNO, + KCl KNO, + NaCl 

180 

160 

0, 140 
I 
Dl 120 
00 
2 100 
I 

v- 

E 80 

60 

40 

E 
9 - 
0 

20 

0 10 20 30 40 50 60 70 80 90 100 
Temperature, "C 

Figure 23.22: Solubility data for the system NaNO, + KCI 
KNO, + NaC1. 

This takes place only if crystallization is conducted either below 
20 "C or above 32 "C, the two transition temperatures that control the 
formation of KNO,. If crystallization is conducted below 20 "C, then 
under these conditions KNO, has the lowest solubility and therefore 
will be the first to crystallize. If crystallization is conducted above 
32 "C, NaCl will have the lowest solubility and therefore will crystal- 
lize first. The  first temperature represents the intersection of the 
KNO, and KC1 solubility curves, while the second represents that of 
NaCl and KCl. It is evident, therefore, that either below 20 "C or 
above 32 "C the above equilibrium will be shifted to the right. This 
reaction is used industrially to convert the naturally occurring sodium 
nitrate into potassium nitrate using the naturally occurring potassium 
chloride (sylvite). It is conducted in the following way: A mixture of 
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NaNO, and KC1 is dissolved in hot water. The solution is allowed to 
crystallize above 68 "C to deposit NaCl which is removed by centrifu- 
gation. The mother liquor is then cooled to below 32 "C to crystallize 
KNO,. 

FRACTIONAL CRYSTALLIZATION 

This is one of the oldest methods for the separation of compounds 
of chemically similar metals. It depends on small differences which are 
magnified by repeated operations. Although in recent years it has been 
extensively replaced by ion exchange and solvent extraction which are 
faster and less tedious, nevertheless, the method still finds application 
particularly as a method of purification. Two conditions, however, 
must be satisfied for the salt to be purified: 

It must not interact with the impurity, i.e., it does not form a solid 
solution or a double salt. 

It must be more soluble at high than at low temperatures, other- 
wise much of it will remain in solution upon cooling, i.e., the yield 
will be low. 

To obtain a pure sample by a single fractional crystallization, the 
amount of impurity must be relatively small. If this is not the case, 
then the process must be repeated many times, i.e., dissolution and re- 
crystallization. 

ENGINEERING ASPECTS 

A selected method of crystallization depends on the nature of the 
solution available. For example, refrigeration is necessary to crystallize 
Glauber's salt, Na2S04. 1 OH,O, while the following methods of crys- 
tallization by evaporation are widely used. 

Solar crystaiiizers 

This method is used for evaporating sea water or brines from wells 
for the large recovery of sodium chloride or other salts. For this pur- 
pose, large ponds are constructed adjacent to the source of the brine. 
The following points are worth noting: 
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Ponds are prepared on compacted clay surface and may be lined 
with plastic layers to prevent leakage; then they are filled with 
brine. 

Evaporation of water from the brine takes place at a rate depend- 
ing on the weather conditions. The climate in the region must 
show high yearly evaporation and low rainfall. A region where 
there is 1 cm evaporation per acre is equivalent to 550 000 liters or 
550 tons of water. 

In hot regions, e.g., in Utah, it has been estimated that 5000 kilo- 
calories of energy per day per square meter is available. 

Lake brine is fed into the ponds by gravity or by pumping depend- 
ing on the elevation. 

When solids build up to a certain degree, the mother liquor in the 
pond is pumped into an adjacent pond, and the solids are col- 
lected. 

When the separation of certain impurities is possible, evaporation 
is conducted until a certain concentration is reached, the solution 
is then pumped forward to another pond to allow impurities to 
crystallize out. The saturated solution is then pumped again to 
crystallization ponds of much smaller size where continued evapo- 
ration drops the crystals to the bottom. 

Solids deposited are collected by special machines called “harvest- 
ers” (Figure 23.23) and then stockpiled. These are usually crushed, 
mixed with a saturated brine then pumped as a slurry to storage 
tanks. 

Vacuum crystallizers 

Crystallization in this method takes place by vacuum evaporation. 
Equipment for this purpose may be a single-effect (Figure 23.24) or a 
multiple-effect evaporator (see page 172). Due to convection currents, 
the solution is continuously moving and as a result the crystal nuclei 
produced in these evaporators are uniformly surrounded with satu- 
rated solution and hence they grow in their normal form. Agitation 
keeps the crystals suspended in the solution where growth can occur. 
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Figure 23.23: Equipment for harvesting deposited solids from solar ponds. 
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Liquor 
inlet 

Figure 23.24: Vacuum crystallizer. 

Spray drying 

In this method, the brine solution is sprayed in chambers heated 
with exhaust gases from gas-fired system. The crystals formed are col- 
lected at the bottom of the chamber while the exit gases are passed in a 
heat exchanger to recover their heat. 
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Submerged combustion 

In this method of evaporation, a carbonaceous fuel is burned 
below the surface of the brine. The resultant water vapor and combus- 
tion gases leave the vessel together. These can be passed in a condens- 
ing tower-heat exchanger to condense the water vapor and recover the 
sensible heat in the combustion gases. 

APPLICATIONS 

Crystallization processes are conducted industrially on the follow- 
ing solutions: 

Surface and subterranean waters 
Leach solutions of salt deposits 
Hydrometallurgical solutions 

The following points are worth noting: 
The first two processes are major operations and each usually pro- 
duces a multiple of products. Crystallization of salts of non-fer- 
rous metals is of minor importance and is largely displaced by 
solvent extraction. 
The production of sodium carbonate from these sources displaced 
the synthetic material made by the Solvay Process in USA. 
While lithium and magnesium are produced industrially from 
other terrestrial non-salt sources, such as spodumene (a silicate) 
and dolomite (a carbonate), respectively, boron, potassium, and 
sodium are only produced from surface waters and salt deposits. 
Another noted magnesium recovery operation is that by precipita- 
tion as a bydraxide from sea water. 
A salt deposit may contain brines on top or below. For example, 
Searles Lake in California is a dry lake, but about 40 meters below 
the surface there is a large body of complex brines from which 
many chemicals are extracted. 
The same product may be obtained either from surface and sub- 
terranean waters or from leach solutions of a salt deposit, e.g., 
Na2C03, Na2S04, and others. 
Brine from one edge of a large lake may be treated for one product 
while from another edge of the same lake another product is 
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obtained because of the irregular composition of the lake. For 
example, at Searles Lake or the Great Salt Lake, different products 
are obtained at different points. 

A deposit may be in form of a lake in the wet season and as a salt 
deposit during the dry hot season. 

Composition and salinity of a lake may vary with depth, for exam- 
ple, in the Dead Sea. 

Composition of a saline deposit in contact with brine changes 
with change of season because of changes in solubility and double 
salt formation as a function of temperature. 

Surface and subterranean waters 

A variety of salts are recovered from surface and subterranean 
waters. For example, sodium chloride, magnesium chloride, sodium 
borate (borax), and lithium chloride. Tables 23.3 to 23.5 give analysis 
of some natural brines. In addition, some subterranean brines and oil 
well brines are a source of iodine, for example, in USA. Seawater con- 
tains about 0.05 ppm of iodine which is too low for economic recov- 
ery. However, some seaweeds extract iodine from seawater and 
accumulate it in their cell structure. When they are burned properly, 
the resulting ash contains 1.4-1.8 % iodine. Iodine also occurs in the 
caliche deposits in Chile in two crystalline forms: lautarite, Ca1206, 
and dietzeite, 7Ca120 - 8CaCr04. This was a major source of the ele- 
ment as a by-product of the sodium nitrate industry until the 1960s. 

Sodium chloridefiom the sea 

Typical analysis of sea water is given in Table 23.3. From this ionic 
composition, a large number of compounds can be obtained. In gen- 
eral, the insoluble carbonates precipitate first, then the sulfates gyp- 
sum and anhydrite. The halite, NaCI, precipitates only after 91.7% of 
the sea water has evaporated. Along with the halite crystallization, the 
other minerals such as sylvite, KC1, carnallite, KCI -MgCl,. 6H20, 
and langbeinite, K2S04-MgS04, are formed. Table 23.6 shows analy- 
sis of salt from sea water. 
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Table 23.3: Composition of some natural brines. 

Great Salt Searles Lake, Dead Sea Sea water 
Lake, Utah California 

YO YO YO YO 

Na' 8.6 9.3 3.4 1.06 
Mg2' 0.9 - 4.1 0.13 
K' 0.5 2,I 0.7 0.04 
Ca2+ - __ 1.6 0.05 
B r- - 0.1 0.6 0.01 
CI- 14.8 10.3 20.5 1.90 
so2- 2.2 3.9 0. I 0.26 

- - c0:- __ 2.2 
B40;- - 1 .o - 0.002 
Pol- - 0.1 

Total dissolved solids, g/100 g 28.0 3.4 
- - 

Table 23.4: Typical analysis of Searles Lake brine, pH 9.8, density 1.305. 

YO 
NaCl 17.0 
Na2S04 7.6 
KCl 4.3 
Na2C03 4.2 
Na2B407 1.2 
Na2S 0.2 
NaLi2POq 0.07 
Na3P0, 0.07 

Table 23.5: Average brine composition in the nucleus of the Salar de Atacama, 
Chile; density 1.226. 

d L  
Na+ 93.18 
K' 21.95 
Li' 1.96 

12.26 Mc Ca 0.30 
sei- 23.29 
c1- 192.00 
B 0.84 
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Table 23.6: Composition of salt from sea water. 

% 
Na+ 30.61 

3.69 Mc Ca 1.16 
K+ 1.10 
c1- 55.04 
soz- 7.64 
HCOT 0.41 

Lithium porn natural brines 

Lithium in brines can be as low as 200 ppm and still the occur- 
rence be a viable reserve (Table 23.7). The other elements that are 
present in brine restrict the ease of recovery. Lithium chloride is more 
soluble than many other chlorides. The concentrated LiCl solution 
obtained is then treated chemically to precipitate Li2C03 (see page 
616). 

Table 23.7: Lithium content in natural brines. 

Origin and location g'L 
Brines associated with oil wells 
USA 
Geothermal brines 0.2 
Imperial Valley, California 
Subsurface brines 0.3 
Clayton Valley, Nevada 
Salt lakes 

0.1-0.5 

Salar de Atacama, Chile 1.3 
Salar de Uyuni, Bolivia 0.3 
Searles Lake, California 0.07 
Great Salt Lake, Utah 0.04 

Salar de Atacama, Chile. The brine contains about 2 g/L Li. A non- 
porous polyvinyl chloride liner is used in the solar pond (Figure 
23.25). The brines are mixed from different locations to precipitate 
gypsum and produce essentially a chloride brine. During evaporation 
halite, sylvinite, carnallite, and bischofite precipitate and the lithium 
concentration increases to 20% LiCl (43 g/L Li). The precipitated 
salts are removed and stockpiled. 
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Figure 23.25: Crystallization of lithium salts by solar evaporation 
at Salar de Atacama, Northern Chile; 252 acres lined with polyvi- 
nyl chloride (Foote Mineral Company). 

Mugnesium chloride 

Magnesium chloride is found in many brines in association with 
KC1 and NaCI. The  basis of separating KC1 from MgC1, can be 
understood from Figure 23.26 showing the system KCl-MgCl,-H,O 
and Table 23.8. All solutions are unsaturated within the boundary line 
AEFB, outside are heterogeneous mixtures of salts and solution. If a 
solution of composition X is evaporated isothermally at 25 "C, the 
concentration of the solution increases until line AE is reached. Fur- 
ther evaporation deposits KCI until the composition of the solution 
reaches E where carnallite forms. If the deposited KC1 is not removed, 
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ii; is dissolved and redeposited as carnallite. Carnallite is deposited 
until F is reached where MgC12.6H20 also is deposited along with 
the carnallite. Potassium chloride can be separated from carnallite by 
adding sufficient water to dissolve all the MgC12 and form a solution 
of composition E. This dissolves only about 7.5% of the KC1 present 
and the other 92.5% remains behind as a solid which can be sepa- 
rated. 

Table 23.8: Composition of the solid phases in the system KCI-MgC1,-H20. 

moles/l 000 moles HZO 
Point Solid phases 

K2C12 MgC'2 
A KCl 44 0 
B MgCl2 * 6HZO 0 108 
E KC1 + carnallite 5.5 72.5 
F MgC12. 6 H 2 0  + carnallite 1 105 

KCI 
0 

Figure 23.26: Solubility diagram in the system MgC12.6H20 
and KC1; formation of the double salt carnallite KCl.MgCI,. 
6 H 2 0  at E and F (see Table 23.8). 

DeadSea. A typical composition of Dead Sea brine is in g/L: 41 
Mg2+, 17 Ca2+, 40 Na+, 7.5 K+, 215 C1-, 5 Br-, and 0.65 Sol-; Sp. 
gr. 1.220. A flowsheet for processing the sea water is shown in Figure 
23.27. The water of the Sea is pumped into large evaporation basins 
which cover an area of about 130 km2. When the total salt concentra- 
tion reaches about 350 g/L, NaCl begins to crystallize and continues 
to do so during further evaporation until the volume of the water has 
diminished to about half of its original value. At this stage, about 90% 
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of the NaCl and more than 95% of the CaS04 are crystallized. The 
brine (mother liquor) is then transferred to other basins where evapo- 
ration is continued, and carnallite (KC1 -MgC12 6H20)  together with 
some NaCl begins to separate. A carnallite slurry containing 10-20% 
solids (crystals), is then pumped to thickeners and then vacuum filters. 
This filter cake forms the basis for recovering MgCi2 and KCl. 

Dead sea brine 

Solar evaporation 
~ a ~ i ~ k  (first stage) 

HCI 
47 

Figure 23.27: Processing of Dead Sea brine. Carnallite = 

KCI. MgC12. 6 H 2 0 ,  Bischofite = MgC12. GH20, Sylvinite = KC1 
+ NaCl. Flotation is an option for separating KC1 and NaCl. 

At first, MgC12 is removed by water leaving behind a solid phase 
of sylvinite (KC1 + NaCl). Two methods are used for separating NaCl 
from KCI. In one method, the mixture is slurried and long-chain fatty 
amines are added to float KC1. In the other method, the salt mixture is 
leached by a hot saturated solution of NaC1. After thickening and cen- 
trifugeing, the hot brine, now saturated with respect to both salts, is 
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allowed to cool; only KC1 crystallizes out because its solubility in water 
rises steeply with temperature whereas that of NaCl is almost constant. 

When the MgCl, brine is evaporated, bischofite (MgC1, - 6H20) 
is  formed. O n  heating the hexahydrate, the solid dissolves in its own 
water of crystallization. This brine is then thermally hydrolyzed in a 
spray reactor at 800 "C to form MgO and HC1. Other chlorides 
which include NaC1, KC1, and CaCl, are not decomposed. They are 
removed from the MgO by washing, which in turn is converted to 
Mg(OH),. It is then dried, calcined back to MgO, then sintered. Bro- 
mine is also recovered as a by-product of this process. 

&at Salt Lake. The brine contains about 1 % Mg; it is concen- 
trated in a system of solar evaporating ponds to about 7.5% Mg2+, 
4% SOi-, 0.5% Na', 0.7% K+, 0.1% Li+, and 20% C1-. The solu- 
tion is then treated with CaC1, to precipitate CaS04, KC1, and NaCl 
which are removed in a thickener. Anhydrous magnesium chloride is 
then obtained from this solution by spray drying evaporation. The 
product is used directly for the electrolytic production of magnesium. 
Hn Utah, solar evaporation is possible only through the summer 
imonths. About 50% of the magnesium chloride is recovered in this 
way, the rest precipitates as other salts of magnesium. Figure 23.28 
shows the Amax Magnesium operation on the shores of the Great Salt 
Lake. 

Sodium sulfdte 

Natural sodium sulfate is extracted from brines in California, 
'Texas, and Utah. In Saskatchewan and Alberta, sodium sulfate is 
recovered by solution mining. There are also some natural sodium sul- 
fate processing in Russia, Spain, and Mexico. The usual method of 
recovering Na2S04 in Canada has consisted of pumping strong brine 
from the surface of the deposit during the summer and storing it in 
large ponds. When the cold weather comes in late fall, the brine in the 
pond cools sufficiently to allow a crop of Glauber's salt crystal to form 
and sink to the bottom. The mother liquor, which contains some 
Na2SO4 as well as other salts, is either run back to the deposit or to a 
disposal area. During the winter, the salt in the pond is bulldozed in 
trenches to allow some liquor drainage and then trucked to storage. 



Figure 23.28: Crystallization of magnesium chloride on the shores of the Great Salt Lake, Utah (Amax). 
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In-situ leaching with hot water at about 38 "C is conducted in 
some mines in Canada to get a solution rich in Na7,S04. Water for 
leaching is heated by the hot gases produced from the submerged 
combustion evaporators used to crystallize sodium sulfate. Dehydra- 
tion of Glauber's salt is usually achieved in fluidized bed, rotary kilns, 
or other equipment. 

Leach solutions of salt deposits 

Surface salt deposits are generally mined, dissolved in water, then 
filtered to separate insoluble gangue minerals. The clear solution is 
then evaporated to crystallize the desired salt. Underground deposits 
may be mined, brought to the surface, and treated similarly, or directly 
leached in situ and the solution then allowed to crystallize. Typical 
operations are the recovery of potash, trona, borax, sodium chloride, 
sodium sulfate, and carnallite. 

.Potash 

Potash is the commercial name for potassium salts and is usually 
expressed as K 7 0 .  Almost a11 commercial sources of potash contain 
:;odium chloride as the major impurity, together with varying amounts 
of calcium and sodium sulfates, and magnesium chloride. In potash 
recovery, the slurry is pumped to hydrocyclones to separate calcium 
:sulfate as an overflow. The underflow is then floated using amines and 
oil. The concentrate obtained is leached with a minimum amount of 
water to remove sodium chloride, then dried, and transported to stor- 
age silos. Figure 23.29 shows a view of a potash recovery plant in Can- 
ada. 

Potassium sulfate is produced from kainite, KCl. MgSOh. 3H70, 
by first treatment with a solution of MgS04 to  transform it to 
schonite, K7S04.MgS04. 6H70. Schoenite is then decomposed with 
water to get solid K,SO* and a solution of MgS04 for recycle. 
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Trona 

The mineral trona, Na7<CO3 - N a H C 0 3 . 2 H 2 0 ,  because of its 
bicarbonate content, could have precipitated in nature only in the 
presence of abundant CO,. This was provided by the by-product of 
decaying organic remains of plants and animals which sank to the 
stagnant, reducing lake bottom. The CO, in the air also aided in this 
formation. Trona is usually converted into Na2C03 by two methods: 

'The monohydrateprocess. The crushed trona is calcined in a rotary 
kiln to remove H70  and CO,, the product is then dissolved in water, 
filtered to remove insoluble impurities, then heated in triple-effect 
evaporators whereby Na7C0,. H 7 0  crystals form. These are then cal- 
cined to anhydrous Na2C03 which is known in industry as the dense 
soda ash. 

The sesquicarbonate process. In this process, the crushed trona is first 
dissolved to remove insoluble impurities and the solution crystallized 
to form the sesquicarbonate which can be used as such or calcined to 
soda ash of light or intermediate density. 

The complex brines of the lower level of Searles Lake are also 
treated for Na2C03 recovery. This is usually done by first treating the 
lbrine with CO; to crystallize the bicarbonate: 

Na2C03 + C02 + H20 + 2NaHC0, 

'This is then calcined to Na2CO+ A second dissolution and crystalliza- 
tion may be necessary to get a high-purity product. 

Borax 

Borax or sodium borate, Na7B407- 1 OH,O,  and other boron 
minerals are found in surface mines in California (Figure 23.30), 
underground mines in Turkey, or in surface waters, e.g., Searles Lake, 
Great Salt Lake, and Salar de Atacama. Surface or underground ore is 
purified by dissolution in water and filtration followed by vacuum 
crystallization. Boric acid is produced by acidification of the purified 
solution: 

Na2B407 + H 9 0 4  + 5H2O + 4H3BO3 + Na2S04 
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Figure 23.30: Mining and processing of borax at the US Borax 
Mine, Boron, California. 

Borax is also recovered from the upper level of Searles Lake by 
cooling to about 15 "C. After separating these crystals, a second cool- 
ing to about 5 "C is carried out to crystallize Glauber's salt. 

Caliche 

Caliche or huanu, natural sodium nitrate deposits found in Chile, 
were once an important source of nitrate fertilizers and nitric acid 
manufacture before the NH, synthesis process. The deposits contain a 
variety of other salts; NaCl, CaC12, MgS04, KNO+ NaC1, NaIO?, 
Na2B407, as well as sand and clays. It is usually purified by dissolu- 



Pbysical Precipitation: Cystallization 587 

tion, filtration, and crystallization. The deposits are also an important 
slource of iodine. 

Carnallite 

For many years, Germany monopolized the potash industry until 
potassium salts were discovered in Searles Lake in 1930. The German 
deposits at Stassfurt contained mainly carnallite, KCl MgC17 6H7,0. 
The salt is dissolved in water, filtered to remove insoluble impurities, 
then evaporated to crystallize KCI. The  mother liquor contains 
IvIgCl,, RbC1, and KBr from which they are also recovered. 

13 ydrometdurgical solutions 

Few metal recovery operations involve crystallization from leach 
solutions; some have been displaced by solvent extraction methods. 
1 ndustrial sulfates are also prepared from hydrometallurgical solutions. 

.4luminumjom clay 

Methods for the recovery of aluminum from clay are based on the 
crystallization of an aluminum salt from the leach solution; this is then 
decomposed to A1201 (see chapter 16). Aluminum sulfate for water 
weatment is also prepared from clay. 

IChrome alum 

When chromium ores are leached for the production of metallic 
chromium or its salts, separation from leach solution is usually 
achieved by adding an ammonium salt and crystallization of chrome 
;alum (see chapter 11). 

.Nickel sulfdte 

An important amount of nickel sulfate used by the electroplating 
industry is recovered as a by-product of electrolytic copper refining. 
Nickel impurity in the copper is solubilized during refining and is 
recovered from a bleed solution of the electrolyte by crystallization. 
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Copper sulfdte 

Copper sulfate for industrial purposes is prepared by dissolving 
copper in aerated H7S04 followed by crystallization of the pentahy- 
drate. It is also a by-product of electrolytic refining of copper. 

Ferrous sulfdte 

Ferrous sulfate is prepared by dissolving scrap iron in dilute 
H7S04 followed by crystallization of the heptahydrate. It is also a by- 
product of numerous hydrometallurgical operations, e.g., ilmenite 
leaching. 

Preparation o f  anhydrous beryllium fluoride 

Formation of double salts is applied in hydrometallurgy as a mean 
of obtaining certain anhydrous salts. Preparation of pure anhydrous 
halides is an important step in the metallurgy of reactive metals since 
these compounds can be reduced directly to the metals. Anhydrous 
beryllium fluoride cannot be prepared by dissolving Be(OH), in HF 
solution, because on evaporating the solution, a tetrahydrate 
(BeF, . 4H20) crystallizes, which on drying hydrolyzes to the oxyfluo- 
ride 5BeF7 -2Be0. However, on evaporating a solution containing an 
equimolecular amount of beryllium fluoride an an alkali fluoride, e.g., 
NHdF,  crystals of  anhydrous  a m m o n i u m  fluoroberyl late ,  
(NH,J7BeFq, are obtained from which anhydrous BeF, can be 
obtained by thermal decomposition: 

(NH4)2BeFq + BeF2 + 2NH4F 

Separation of the lantbanides 

The great similarity in chemical properties of the lanthanides has 
made their separation a problem of extraordinary difficulty, and sepa- 
ration by fractional crystallization was the earliest method attempted. 
The solubilities of some salts of the lanthanides which have been 
extensively used for separations are shown in Table 23.9. The general 
scheme for carrying out fractional crystallizations is shown schemati- 
cally in Figure 23.31. The solution is evaporated till crystals are sepa- 
rated. It is then filtered, the mother liquor is evaporated further till 
more crystals separate, while the crystals from the first step are dis- 
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solved in water and then evaporated till crystals again separate. Crys- 
t,als from the second crop are combined with the mother liquor of the 
least soluble fraction, and evaporated. The process is repeated many 
times until finally three fractions are obtained; one containing the 
least soluble constituents, a second containing the most soluble con- 
stituents, and a third containing constituents of middle solubility. 

The  initial material for the preparation of concentrates of lan- 
thanides is monazite sand, xenotime, or bastnasite. A lanthanide oxide 
is obtained, which is dissolved, and the lanthanides are separated from 
it by fractional crystallization. 

Separation o f  cobultfom nickel 

Cobalt and nickel are separated from solutions containing equal 
amounts of the metal sulfates by the so-called pentammine complex 
process (see page 644). The separation is based on the fact that cobalt 
in the trivalent state is not decomposed by H , S 0 4  while nickel is. 
Consequently, when NH3 is added to a solution containing cobalt and 
nickel sulfates, and air is bubbled through, cobalt(I1) ammine is oxi- 
dized to the stable cobalt(II1) pentammine complex, [Co(NH,),]”. 
’When dilute H2S04 is then added, nickel ammine complex decom- 
poses forming nickel ammonium sulfate which crystallizes out, while 
cobalt(II1) pentammine remains in solution: 

[ N i ( N H 3 ) 4 ] S 0 4  + H 2 S 0 4  + N i S 0 4 - ( N H 4 ) , S 0 4  + 2NH3 

Table 23.9: SolubiIities of some lanthanide compounds. 

M7(SOd)?-8H70 M(BrO&. Dimethyl 2M(NO?)?* 
g/100 g HZO at 20°C 9H20 phosphate 2Mg(N03),.24H20 

Pr 12.74 196.1 64.1 7.70 
Nd 7.00 151.3 56.1 9.77 
Sm 2.67 117.3 35.2 24.55 
Eu 2.56 
Gd 2.89 110.5 24.2 35.23 
Tb  3.56 132.2 12.6 
DY 5.07 8.24 
Ho 8.18 
Y 9.75 3.53 
Er 16.00 3.36 
Yb 34.78 1.35 
Lu 47.27 
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Solution 

Least soluble Most soluble 
constituents constituents 
Sm, Eu, Gd Pr, Er, Yb, Lu 

Middle fraction 
Nd, Dy, Ho, Y 

= dissolves in water - 
I-, = evaporates to crystals 

o = mother liquor 

=crystals 

=combines 

Figure 23.31: Fractional crystallization of the salts of the rare earths. 
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Figure 23.32: Solubility of complex fluorides in 1N HE 
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Separation of niobium fiom tantalum 

The difference in solubilities of K2TaF7 and K2NbOF5 has been 
used successfully to separate niobium from tantalum (Figure 23.32). 
The slurry containing the metal oxides is dissolved in 70% hydrofluo- 
ric acid, diluted, and heated near boiling. A potassium salt is added in 
sufficient quantity to form the complex fluorides of the niobium and 
tantalum present. The  solution is filtered and allowed to cool. At 
room temperature, most of the tantalum salt crystallizes out while the 
niobium remains in solution. 

Separation o f  zirconium ?om hafiium 

Zirconium ores usually contain about 1 Yo Hf. Separation can be 
achieved from HF leach solution by crystallization of the double fluo- 
ride K2ZrFG. The hafnium salt is more soluble and remains in solu- 
tion. A pure airconium salt can be prepared by recrystallization (Figure 
23.33). 
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Figure 23.33: Separation of hafnium from zirconium by recrys- 
tallization of potassium fluorozirconate (Sajine and Pepeliaeva, 
1955). 
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INTRODUCTION 

Ionic precipitation is based on the fact that when a reagent is 
added to a solution containing metal ions. a compound is formed 
whose solubility is very low under these conditions that precipitation 
takes place immediate1 y. For example. when sodium sulfide is added to 
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a solution of CuSO4, immediate precipitation of CuS takes place 
because Cu2+ ions and S2- ions react to form a compound of very low 
solubility. 

cu2+ + s2- + c u s  

This makes the difference between ionic precipitation and crystal- 
lization - in crystallization the compound precipitated has a high sol- 
ubility and the proper conditions have to be found to allow it to form. 
The reagent used to effect the formation of a precipitate is called apre- 
+tant. A variety of ionic precipitation methods are available. 

The presence of phosphate ion in solution leads to the precipita- 
tion of most metals as phosphates: 

3MX+ + xPOZ- + M,(P04)x 

This is undesirable since the phosphates produced must be pro- 
cessed further to separate the phosphate ion. The presence of arsenic 
in ores is also undesirable since it may contaminate the precipitates or 
cause disposal problems of solutions because of its toxicity. Therefore, 
its precipitation is of certain concern in hydrometallurgy. This is usu- 
ally accomplished by precipitation as calcium or iron arsenate: 

2AsOj- + 3Ca2+ + Cag(As04)2 

As02- + Fe3+ + FeAs04 

Table 24.1 gives the solubility of some phosphates and arsenates. 

Table 24.1: Solubility of selected phosphates and arsenates. 

Compound Solubility 
moles/ 1000 g HZO 
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Figure 24.1: Effect of pH on the separation of metal hydroxides 
by flotation, using an ammonia collector; solutions contain 0.3 g/ 
L metal ion (Bearson and Ray, 1965). 

Table 24.2: Flotation of metal ions with soaps (Poltaramine, 1963). 

Flotation t ime 
PH minutes 

Metals in 
solution 

Fe 3.54.0 3 
c u  5.0-6.0 5 
Zn 6.3-7.3 5-7 
c o  8.5-10.0 7-10 
Ni 9.0-1 0.0 15-20 

595 

Ionjotation is a technique that permits the recovery of metal ions 
from solution through the introduction of an appropriate cationic or 
,anionic surface-active agent into the solution. The surface-active 
,agent, called a collector, is added in stoichiometric amounts in relation 
to the metal content of the solution. It reacts with the metal ion to 
form an insoluble soap, and is levitated to the surface by gentle bub- 
bling of air to form a foam which collapses into an insoluble scum. 
'The optimum conditions for the ion flotation with soaps of Clo to 
C16 fatty acids are shown in Table 24.2. When a metal is precipitated 
as the hydroxide, as little as one hundredth the stoichiometric amount 
of the collector, would be required to cause complete flotation of the 
precipitated hydroxide (Table 24.3). It is possible to affect selective 
separations between different metals in solution by incremental pH 
control and stage flotation, the selectivity depending on the difference 
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in pH values at which the metals precipitate and on the relative con- 
centrations of the metals in solution (Figure 24.1). 
Table 24.3: Floatability of metal hydroxides (Baarson and Ray, 1965). 

Concentration Flotation Floatability Pr Collector index ecipitant 
g'L PH 

Metal 

Nickel 3.0 8.8 ArmeenC Fair ",OH 
Cobalt 3.0 9.1 Nro Fat 265 Fair ",OH 
Iron 0.25 5.8 Neo Fat 265 Excellent NaOH 
Chromium 0.48 6.0 ASLAa Excellent NaOH 
Magnesium 0.125 10.8 ASLAa Good NaOH 
Zinc 0.1 10.0 NeoFat265 Good NaO H 

a. Alpha-sulfolauric acid. 

OXIDES, HYDRATED OXIDES, HYDROXIDES, 
AND HYDROXY SALTS 

Metal ions in aqueous solution are highly solvated, Le., they are 
bound to a number of H2O molecules so oriented that the negative 
end of water dipole is directed toward the positively charged metal 
ion. The  loss of Hf from the bound water molecules takes place 
readily. That is why salt solutions are acidic. Stepwise dissociation of 
H+ from the coordinated water molecules results in the successive 
replacement of H20 molecules by OH- groups. Each hydroxyl ion 
reduces the charge of the metal ion by one. For example, ferric ion 
reacts as follows: 

[Fe(H20)6I3+ + [Fe(H20)5.0H]2+ + H+ 

or simply: 

Fe3+ + H 2 0  + FeOH2+ + HC 

This process known as hyd~olysis continues until an uncharged spe- 
cies is formed: 

FeOH2+ + H 2 0  + [Fe(OH)2]+ + H+ 

[Fe(OH)2]+ + H 2 O  --+ Fe(OH), + H' 

When metal ions become electrically neutral, the ionic forces keeping 
them apart are thus removed, and therefore precipitation takes place. 
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It is evident that precipitation of a hydrolytic product can be 
favored by adding OH- ions which react with H+ ions formed thus 
shifting the equilibrium to the right. When, however, the OH- ion 
concentration is high, some insoluble metal hydroxides react further 
to produce negative ions which are again soluble, e.g., aluminum and 
zjnc hydroxides. 

For each hydroxide there is, therefore, a narrow pH range within 
which its precipitation normally takes place from dilute solutions, as 
shown in Table 24.4. According to this Table, separation of metals can 
be achieved by making use of the differences of pH at which the 
hydroxide precipitates. It should be noted, however, that the pH val- 
ues given in Table 24.4 apply only to 0.02 molar solutions at room 
temperature. The relation between the pH at which the hydroxide 
precipitates and the concentration of the metal ion in solution can be 
derived from the following equilibrium: 

Mn+ + nOH- M(OH), 

l?om which the equilibrium constant is given by: 

-r 1 
K =  

[ M"+] [OH-] " 

hence -log[Mnf] = n x pH + constant 

'Table 24.4: pH for hydroxide precipitation from 0.02 molar solutions. 

Metal 

Mg 
Ag 
Mn(I1) 
La 
CeUII) 

Nd 
Zn 

PH 
10.5 
8.0 
8.5 
8.4 
7.4 
7.3 
7.1 
7.0 
7.0 

Metal 
Co(I1) 
Y 
Cd 
Ni 
Pb 
Be 
Fe(I1) 
Cu(I1) 
Cr 

P* 
6.8 
6.8 
6.7 
6.7 
6.0 
5.7 
5.5 
5.3 
5.3 

Metal 
AI 
Th 
In 
Co(II1) 
Ce(1V) 

Sn 
Zr 
Fe(II1) 

Hg(IOb 

PH 
4.1 
3.5 
3.4 
3.0 
2.7 
2.0 
2.0 
2.0 
2.0 

.a. From chloride solution. 
b. From nitrate solution. 
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Figure 24.2: Relation between pH and metal ion concentration 
for the deposition of hydroxides. 

Therefore, the plot of -log[Mn+] against the pH gives a straight line 
with slope 1, 2, or 3 for mono-, di-, ot trivalent metals, respectively. 
This is illustrated in Figure 24.2. 

Hydrolytic reactions may lead to the precipitation of oxides, 
hydrated oxides, hydroxides, or hydroxy salts depending on tempera- 
ture, concentration of solution, and the characteristics of the metal ion 
itself. High temperature increases greatly the rate of hydrolysis. Some- 
times, the reaction is conducted in an autoclave to withstand the high 
pressure generated due to the vapor pressure of water when hydrolysis 
is conducted above the boiling point. 

Oxides 

The most important oxide precipitated industrially is Ti02 and to 
a minor extent Cu20. 

Titanium dioxide. One method of preparing pure T i02 ,  used as a 
white pigment, is based on the hydrolysis of titanyl ion Ti02+ which 
is obtained by leaching the titanium raw material such as ilmenite or 
titanium slag. The hydrolytic reaction is: 

Ti02+ + H 2 0  + TiO, + 2Ht 
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Hydrolysis is usualy conducted by adding a seed of freshly precipi- 
tated T i 0 2  from a previous batch to the solution and agitating the 
slurry for few hours at room temperature. When precipitation is com- 
plete, the slurry is filtered and the solids are dried. Figure 24.3 shows a 
typical TiO, powder as needed by the pigment industry. Titanium 
dioxide precipitated from sulfate medium is in form of anatase (den- 
sity 3.84, refractive index 2.554). To obtain the rutile form which has 
a higher density (4.26) and a higher refractive index (2.903) and thus 
more suitable as a pigment, the anatase must be heated at 800 "C to 
effect this phase transformation. 

Figure 24.3: Finely divided TiO? precipitate (average particle size 
0.24 microns) needed for the pigment industry. Magnification 
20 000 (Tioxide Canada). 

Cuprous oxide. 
ide precipitates red cuprous oxide: 

Cuprous chloride when reacted with calcium hydrox- 
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CUCI(,) -4 c u +  + c1- 

Cu+ + OH- -+ CuOH 
2CuOH -+ CUZO + H2O 

The process was used on a commercial scale in Germany. 

Hydrated oxides 

Niobium and tantalum ores are usually leached with hydrofluoric 
acid then hydrated oxides are precipitated by adding ammonium 
hydroxide, e.g.: 

NbFi  -+ Nb5+ + 6F- 

2Nb5+ + (5 + n ) H 2 0  + Nb205.nH20 + lOH+ 

2NbF; + 10OH- + nH2O -4 Nb205-nH20 + 12F- + 5H20 or 

Hydroxides 

Precipitation of hydroxides represents a major hydrometallurgical 
operation since aluminum is precipitated in this form and a large ton- 
nage of this material is produced. Other hydroxides produced indus- 
trially are those of beryllium, magnesium, and cobalt. 

Aluminum. In the Bayer Process for leaching bauxite, an alkaline 
sodium aluminate solution is obtained from which aluminum hydrox- 
ide is precipitated: 

[AIO(OH)2]- + H,O 4 Al(OH), + OH- 

The basis of this process is obtaining a crystalline product (Figure 
24.4) easy to filter and wash so that it  is of the highest purity. The 
alkaline medium is the only medium suitable for obtaining the desired 
product. To obtain a thoroughly crystalline precipitate, the aluminate 
solution is stirred with a large excess of aluminum hydroxide “seed”. 
The seed has two functions: 

It reacts with the OH- ions thus shifting the above equilibrium to 
the right and favoring precipitation. 
It acts as a nucleus on which AI(OH), precipitates. 
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Figure 24.4: Electron photomicrograph showing the crystalline 
nature of aluminum hydroxide precipitated from the alkaline 
solution (Bayer Process). The edge of the hexagon is about 8 p 
and its thickness is about 4 p (Alcan). 

The solution together with a seed is left in the vessel for about 4 
days (Figure 24.5). Continuous agitation and cooling to 25-35 "C is 
necessary to permit the formation of coarsely crystalline products. A 
finely crystalline product is undesirable since it causes excessive dust- 
ing during calcination. In practice, the operation is conducted as fol- 
lows: The slurry after precipitation is allowed to settle. The finely 
suspended crystals are recycled as seed, and coarsely settled crystals are 
withdrawn, filtered, washed, and calcined. The mother liquor is evap- 
orated, and its alkalinity is adjusted and recycled for leaching another 
bauxite batch (Figure 24.6). 
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Figure 24.5: Precipitating tanks for aluminum hydroxide. 

A highly charged ion such as Ai3+, in acidic solution will be 
hydrated by six water molecules. Each hydrated water molecule will be 
hydrogen-bonded to other water molecules. If base is added to the 
solution, hydronium ions are removed and the positively charged 
hydrogen atoms on the hydrate water molecules progressively release 
electrons to the Ai3+ and transfer through the hydrogen bond to a 
neighbor H20  (or OH-) to form either H30+ to be neutralized or  
H 2 0  directly. When three protons have been stripped from the 
hydrated ion in this way, it no longer has any net charge. The absence 
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olf electrostatic repulsion allows the Al(OH)3(H20)3 molecules to 
agglomerate through shared OH units and hydrogen bonding, which 
can include intermediate water molecules. Such a structure does not 
have the symmetry of a crystalline hydroxide. Since the hydrogen 
bonds are much weaker than covalent bonds or ionic attraction, the 
agglomerate is soft and ill-defined. In an alkaline medium, however, 
aluminum is present as [Al(OH)*]- ion. The hydrolyzing power of 
A13' is nullified by the excess negative change. Therefore, aluminum 
precipitates as a crystalline material. 

Sodium aluminate 
solution 

I n  

Recycle 
to leaching Settling I 

Pure AI,O, 

(seed) 1 

Figure 24.6: Precipitation of Al(OH), from sodium aluminate solution. 

Beryllium. Beryllium is usually recovered from acid leach solutions 
by precipitation as a hydroxide. To get the crystalline hydroxide, pre- 
cipitation should be carried out from alkaline medium. This is 
achieved by dissolving the hydroxide in excess alkali then boiling the 
beryllate solution to precipitate the crystalline hydroxide as follows: 

Be2+ + 2 0 H -  + nH2O + Be(OH),. nH2O 
amorphous 

Be(OH),.nH20 + OH-+ [Be(OH)3]- + n H 2 0  

Boiling 
[Be(OH)& + Be(OH), + OH- 

crystalline 
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Separation of beryllium from aluminum, the major impurity in 
beryllium ores, is achieved by adding ethylene diamine tetraacetic acid 
(EDTA) together with N a O H  to form beryllium and aluminum 
hiydroxides which redissolve on adding excess NaOH. On  boiling the 
solution, only P-Be(OH), is precipitated, while aluminum is not, due 
to the presence of EDTA. 

IMapesium. 
sium recovery is achieved by precipitation as a hydroxide: 

Sea water contains about 1.3 g/L magnesium. Magne- 

Mg2+ + 2 0 H -  + Mg(OH), 

The precipitating agent may be either lime prepared by calcining oys- 
ter shells, or calcined dolomite (i.e., CaO-MgO). The suspension is 
delivered to settling tanks (Figure 24.7). There, the precipitated mag- 
nesium hydroxide settles and is drawn off as a slurry containing about 
1.2% Mg(OH),. The slurry is filtered, and the filter cake, containing 
aibout 25 Yo Mg(OH),, is either dried and calcined to MgO for use as 
EL refractory, or neutralized with HC1 to get MgCI, solution; the metal 
is prepared by the electrolysis of fused anhydrous MgC1,. Figure 24.8 
sihows a flowsheet of a typical operation. 

Cobalt. 
cipitation as a hydroxide: 

Cobalt is usually recovered from acid leach solutions by pre- 

Co2+ + 2 0 H -  -+ Co(OH), 

Since the pH of precipitation is about 6.8, the solution must be puri- 
fied of all metal ions that precipitate below this pH to avoid contami- 
nation. This is usually conducted by adding lime at pH 3 to 
precipitate iron and aluminum hydroxides. Thus, from the cobaltifer- 
rous copper ores of Katanga, cobalt is leached together with copper 
but not deposited during the electrolytic recovery of copper. The solu- 
tion leaving the electrolytic cells contains 25 g/L Cu and 15-25 g/L 
(20. It is purified from iron and aluminum by precipitation with lime 
at p H  3 ,  then decopperized by cementation with metallic cobalt. 
Cobalt hydroxide is then precipitated by lime at pH 6.8 (Figure 24.9). 
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Figure 24.8: Recovery of magnesium from sea water. 

Speiss leach solution containing Ni, Cu, Ag, Fe, as well as Co, is 
purified by adding NaCl to precipitate AgC1, metallic iron to precipi- 
tate copper, and lime to precipitate iron (some Co and Ni are also pre- 
cipitated). A typical solution contains about 10 g/L Co and 3 g/L Ni. 
Separation of cobalt from nickel is usually achieved by oxidizing co2+ 
to co3+ using chlorine; co3+ ion precipitated at p H  3 which is much 
lower than that necessary for ~ i ~ + :  
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Co3+ + 30H- + Co(OH), 

Under these conditions, about 90 % of cobalt is precipitated free 
firom nickel. Also, cobalt is sometimes precipitated as the hydroxide 
fiom pyrite cinder leach solutions. 

Cobalt-copper 
oxide ore 

H2SO.4 

Gangue 

Copper 

c o  

Fe, AI 
hydroxides Filtration 

Decopperising + 
Filtration Copper 

Solution 
to waste 

c o  (OH), 

Figure 24.9: Recovery of copper and cobalt from Katanga ore. 
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Hydroxy salts 

Under certain conditions of pH, temperature, and concentration 
of metal ion in solution, hydroxy or basic salts are obtained instead of 
hydroxides. For example, pale blue hydroxy copper sulfate is precipi- 
tated according to: 

2Cu2+ + SO?- + 2H2O -+ Cu(OH),-CuS04 + 2H+ 

Similarly, the hydroxy chlorides and hydroxy carbonates: 

2Cu2+ + 2Cl- + 2H2O -+ Cu(OH)2.CuC12 + 2Ht 

2Cu2+ + C0:- + 2H2O -+ Cu(OH)2.CuC03 + 2H+ 

Hydroxy carbonates are also precipitated when a metal ammine 
complex in a ammoniacal ammonium carbonate solution is heated to 
distill off NH,: 

2[M(NH3)J2+ + 40H- + (NH4)2C03 + 
M(OH),-MCO3 + 2(n + I)", + 2 H 2 0  

A variety of hydroxy salts can be obtained, and many of these 
occur in nature either as anhydrous or as hydrated salts; Table 24.5 
lists some of these. The precipitation of hydroxy iron sulfates has 
received the greatest attention since they are applied as a mean of elim- 
inating iron from leach solutions because these compounds are crystal- 
line and easy to filter and wash. For example, ferrihydroxy sulfate 
precipitates according to: 

3Fe3+ + 3SOi- + 3H20 + Fe(OH)3.Fe2(S04)3 + 3" 

Table 24.5: Hydroxy salts of divalent metals. 

Medium Hydroxy salt Examples 
Carbonate xM(OH), .yMCO, Cu(OH), .CUCO, 

Zn(OH), .ZnCO? 
Ni(OH)i .  NiCO; 

Sulfate XM (OH), .yMS 0 4  CU( OH), . CUSO, 
Chloride xM(OH),.yMCI, ~ C U ( O H ) ~ . C U C I ~  

This precipitate can also be represented as: Fe203. 2S0, H 2 0  or 
Fe(0H)SOd. In fact, there are numerous hydroxy ferric sulfates that 
form under different conditions and can be represented by the for- 
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nnula Fe203 .xS03 .yH20 as shown in Table 24.6. At the special com- 
position when x = 4/3 andy = 3,  the compound formed is known as 
hydronium jarosite'. In this compound, monovalent ions such as Na', 
E?, NHZ, or Ag+ may replace the hydrogen while divalent ions such as 
Pb2+ and Hg2+ may replace the iron as shown in Table 24.7. Under 
such circumstances, the formation of jarosite may be a nuisance 
because it represents a loss of the non-ferrous metal and a contamina- 
tion of the ferrihydroxy sulfate. Figure 24.10 shows the conditions for 
the precipitation of hydroxy salts of iron. 
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Figure 24.10: Conditions for the precipitation of iron oxide, 
oxide hydroxide, hydroxide, and hydroxy salts from 0.5M ferric 
sulfate solution (Babcan, 1971). 

Table 24.6: Typical compounds derived from hydronium jarosite. 

Jarosite Formula 

a. Does not occur in nature. 

1. The mineral alunite KA13(S04)2(OH)6 is andogous to potassium iron jarosite 
KFe,(SO&(OH)6. 
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Table 24.7: Stable solid compounds in the system Fe203-S03-H20 at Fe3' ion 
and H2S04 concentrations below 100 g/L in the temperature range 75-200°C. 

Solid phase 
Fez03.xSOg.yH20 Formula Name 

0 0 Fe203 Fe203 Hematite 
0 1 Fe203 .H20  FeOOH Goethite 
1/2 5/2  Fe203. '/2s03.5/2H20 FeqS04(OH)10 Glockerite 
4/3 3 Fe20g.4/3S03.3H20 (H30)Fe3(S04)2(OH)6 Hydronium 

jarosite 

Some hydroxy salts are easily reduced to metal, e.g., copper 

200 "C 

hydroxysulfate: 

CU(OH),.CUSO~ + 3Hz + ~ C U  + SO2 + 4H2O 

or decomposed to oxide: 
Ni(OH)2-NiC03 3 2Ni0 + C 0 2  + H20 

POLYACIDS AND THEIR SALTS 

Anions like carbonate, nitrate, manganate, and perchlorate always 
exist in this simple form; all other ions undergo a process of limited or 
extensive condensation to form polyions. For example, sulfate ion 
forms the disulfate, chromate forms dichromate, and uranate forms 
diuranate. These polyions are formed from the condensation of two 
anions with the loss of oxide ion, e.g.: 

2s042- - 02- -3 s20;- 
or from the condensation of two acid molecules with loss of water: 

2H2S04 - H2O + H2S207 
Other anions capable of extensive condensation are phosphate, sil- 

icate, vanadate, molybdate, tungstate, borate, and others'. Of metal- 

1. When condensation of two different anions takes place, the product is a het- 
eropoly ion, e.g., condensation of phosphate with molybdate leads to phospho- 
molybdate, [ P ( M O ~ O ~ ~ ) ~ ] ~ - .  Thus, ammonium phosphomolybdate, 
(NH4)3[P(Mo3010)4] . 6 H 2 0  IS a yellow precipitate known in analytical chemis- 
try for determination of phosphorus. 
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lurgical importance are those polyions that are insoluble in water or 
that can be crystallized readily and hence can be used for metal separa- 
tion. 

Vanadates 

Vanadate ion, VOI-, is stable at pH 12. When the pH is gradually 
decreased by adding acid, divanadate and other polyions are formed 
until at pH of about 12 the tetravanadate is precipitated: 
Anion V O b  + V,O;- -+ V4Oz -+ V6O;f; -+ V O -+ VO; 

l?H 

When the pH is decreased further, the tetravanadate dissolves 
forming pervanadyl ion, VO;. In industry, vanadium in ores is solubi- 
lized in form of sodium vanadate and precipitated as sodium tetravan- 
adate known as red cake: 

colioidal 
11-12 9-1 1 7-9 2.2 1.3 0.5 

6VOl- + 4Na+ + 14H+ + Na4V6017 + 7H2O 

This is filtered, washed, and dissolved in NaOH then saturated with 
ammonium chloride to precipitate ammonium vanadate: 

4 V O t  + 4NHJ + 8H+ + (NH4)4[V4012] + 4H2O 

,4mmonium vanadate is then decomposed by heating to vanadium 
pentoxide the product of commerce: 

(NH4)4[V*012] + 2V205 + 4NH3 + 2H2O 

Molybdates 

Molybdate ion, MOO:-, is stable above pH 7. When the pH is 
,gradually decreased, insoluble polyions are formed: 

Anion MOO$- + Mo3O;f; -+ H,Mo~O& 
PH 14-6.5 6.5-4.5 4.5-1.5 

Molybdenite, MoS2, the major source of molybdenum, is usually 
oxidized to MOO,, and the oxide is dissolved in excess ammonium 
hydroxide to form molybdate ion: 

Moo3 + 20H- + MoOi- + H20 
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The solution obtained is subjected to a purification step which 
involves acidification to precipitate a series of hexaammonium molyb- 
dates: 

6MoOZ- + 3NHZ + 9H+ + (NH4)3[H3M~G021] .3H20 

6MoOZ- + 4NH.4 + 8H' + ( N H ~ ) ~ [ H ~ M o G O ~ ~ ]  .3H,O 

GMoOZ- + 5NHZ + 7H' -+ (NH~)~[HMo,O~,] -3H2O 

These precipitates may be considered to be composed of: 
x(NH4)2M004 *yH,M004 

where x = 1.5,2, and 2.5 when y = 4.5,4, and 3.5, respectively. This is 
a commercial product which can be thermally decomposed to pure 
oxide then reduced to metal (Figure 24.1 1). 

MoS~ 
I 

Air T*-so2 Oxidation 

",OH Impure MOO, 

Gangue 

(",)MOO, 
solution 

Filtration Solution 

H2 Pure MOO, 

Mo 

Figure 24.11: Recovery of molybdenum from molybdenite con- 
centrate via the precipitation of complex ammonium molybdate. 
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Tungstates 
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Tungstate ion, WOi-, is sta,-,: at pH > 8. When the pH is gradu- 
ally decreased by adding an acid, numerous polyions form: 
'Anion WOi- + W20f + W30& -+ W40& -+ WO,.nH,O 
, PH > 8  < 1.5 

Before the precipitation of the hydrated oxides, however, tungstic acid 
a.nd hexatungstic acid are supposed to form first by polymerization 
a.nd splitting of water: 

H2w04 H12W6024 + H24W12048 + H10W12041 

since stable crystals of sodium paratungstate, Na10W12041 .28H20,  
have been isolated (industrial product). In practice, wolframite con- 
centrates, FeW04, are leached with alkali to form the soluble tung- 
state ion which is filtered then acidified to form hydrated tungsten 
oxide: 

WO& + 2Hf + xH20 + H2W04.xH20 + W 0 3 - n H 2 0  

Scheelite concentrates, CaWO4, are digested with acid to form WO,. 
nH20 which is filtered, washed, and purified by dissolution in alkali 
ithen precipitation by acid (Figure 24.12). 

'Uranates 

Uranates, MUO4, and diuranates, M2U2O7, are insoluble in 
'water. The diuranate is obtained by adding an alkali hydroxide to a 
uranyl ion: 

2UO;' + 6OH- + 2Na+ + Na2U207 + 3H20 

Magnesium oxide may also be added to neutralize the acid (H2S04) 
and to precipitate magnesium diuranate: 

MgO + 2H' + Mg2+ + H2O 

2UO;' + 3Mg0 + MgUZO7 + 2Mg' 
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Figure 24.12: Recovery of tungstic oxide from wolframite and scheelite. 

Precipitation takes place at p H  6.5 and under these conditions most of 
the impurities are also precipitated. Lime cannot replace magnesia 
because calcium sulfate will also precipitate. Precipitation as uranates 
is mostly suitable for carbonate leach solutions, since sodium carbon- 
ate is regenerated and can be recycled: 

2[U02(C03)3]4 + 6OH- + 2Na+ -+ 
Na2U207 + 6CO;- + 3H20 

A relatively pure uranate can be precipitated from eluate solutions of 
ion exchange or solvent extraction separation; in this case, ammonium 
or sodium hydroxide are used as a precipitating agent, e.g.: 

2U0,2+ + 2 N H i  + 60H- -+ (NH4)2U,07 + 3HzO 

Uranates are bright yellow in color and that is why they are known 
as yellow cake. This is usually the product of a uranium leaching plant 
(Figure 24.13); the yellow cake is then sent to the refinery where it is 
dissolved in "0, and purified by solvent extraction or other meth- 
ods to get pure UF4, the green salt, used for preparing the metal. 
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Figure 24.13: Production of yellow cake from uranium ores. 
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Dialuminates 

Aluminate ion, [AlO(OH)&, tends to polymerize to the dialumi- 
nate ion: 

2[AlO(OH)2]- + 2H2O + [Al2(OH)7]- + OH- 

This polymeric ion can be crystallized from dilute aluminate solution 
containing Li+ ion in form of the slightly soluble lithium dialuminate, 
LiA12(OH)7.2H20. This is the basis for a method suggested for the 
recovery of lithium from brines. The Dead Sea, for example, is rela- 
tively rich in lithium; it contains 20-50 ppm Li. The recovery of lith- 
ium can be achieved by adding an aluminum salt to the water 
followed by limewater. 

CARBONATES 

Lithium carbonate is the least soluble alkali carbonate (Table 24.8) 
and its solubility decreases with increasing temperature (Table 24.9). 
This is the basis of lithium recovery from solution: 

Table 24.8: Solubility of alkali carbonates in water at 20 "C. 

g/1OO g solution 
Li2C03 1.31 
Na2C03 17.6 

53.2 
very soluble Rb2C03 

cs,co3 very soluble 

K2C03 

Table 24.9: Effect of temperature on the solubility of lithium carbonate. 

"C g/100 g H,O 
0 1.54 

20 
50 
100 

1.33 
1.08 
0.72 

Lithium-containing solutions are obtained by treating spodumene 
ores or certain saline brine, e.g., in Nevada. Saline brine containing 
0.25% LiCl is pumped from wells 90-250 meters deep to a multiple 
of solar evaporation ponds in series. When LiCl content increases to 
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0.8%, the brine is transferred to 50-acre ponds, where lime is added to 
precipitate magnesium and the concentration of LiCl reaches 2 %. It is 
then transferred to a series of 10-acre ponds, where LiCl content 
reaches 6%.  In these ponds, KC1 and NaCl crystallize and precipitate. 
The concentrated brine is then transferred through heat exchangers to 
a series of rubber-lined tanks equipped with agitators, where sodium 
carbonate is added to precipitate lithium carbonate (Figure 24.14). 

Magnesium may also be precipitated as a carbonate. Leach solu- 
tion of the waste discarded by the talc or asbestos industries is some- 
times treated in this way. 

Underground water 
containing 
0.25% LiCl 

U) 

-E 
0 

0.5 % LiCl 
a 

Mg(OH)2 

0 ... 2 % LiCl 

Heaters 4 Y '  
Precipitation a 

Washing ril 
Drying 6 

Figure 24.14: Recovery of lithium carbonate from subterranean water. 
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OXALATES 

Separation of thorium and the lanthanides from sulfuric acid leach 
solution of monazite and xenotime concentrates is based on oxalate 
precipitation: 

Th4' + Z(C204)2- + Th(C204) 

Uranium is not precipitated. T h e  oxalate filter cake is then digested 
with NaOH solution to convert the oxalates into hydroxides and 
recover sodium oxalate for recycle: 

Th(C204)2 + 40H- -+ Th(OH)* + 2(C204)2- 

Ln2(C204)3 + 6OH- + 2Ln(OH), + 3(C20*)2- 

The hydroxides are then calcined, and the resulting oxides dissolved in 
nitric acid for later separation of thorium by solvent extraction (Figure 
24.15). 

PEROXIDES 

Precipitation as peroxides is used mainly for uranium and Pluto- 
nium. A yellow precipitate of uranium peroxide is obtained when 
hydrogen peroxide is added to a uranium(V1) solution: 

UO;+ + 0;- + 2H20 + U 0 4 - 2 H 2 0  

In the pH range 1.5-2.5, the reaction is quantitative. Traces of Zr, Hf, 
Th, and V may contaminate the precipitate. An insoluble green perox- 
ide is formed when plutonium(1V) solution is treated with H202: 

Pu4+ + 20;- -+ PuO4 

HALIDES 

Chlorides 

The solubility of cuprous chloride in water is low, about 0.062 g/ 
L, and this property is sometimes utilized to separate copper from 
leach solutions, since the precipitation is selective for copper: 
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Figure 24.15: Recovery of thorium and rare earths from monazite 
sand by precipitation as oxalates. 

Cu' + Cl- -3 C U C ~ ( ~ ~ ~ . )  

AgC1 and Hg2C12 are the only other insoluble chlorides (PbC12 par- 
tially soluble). Since copper is usually present as cu2+ ions in leach 
:solutions, reduction to Cu+ is necessary before precipitation. This is 
:achieved by heating with SO2 or metallic copper in absence of air: 

Precipitation of cuprous chloride is practiced at Mantos Blancos in 
Chile (Figure 24.16) since copper ore there contains appreciable 
amounts of chlorides and at Duisburger Kupferhiitte in Germany for 
copper recovery from pyrite cinder leach solution. 
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Platinum is precipitated from solution as the ammonium 
h exachloroplatinate: 

PtCI4 + 2NH,C1+ (NHd),[PtCl6] 

and the metal is recovered by thermal decomposition of the precipi- 
t.ate. 

Fluorides 

Preparation of anhydrous metal fluorides is an important step in 
the extraction of metals, since fluorides can be reduced to metals, or in 
the case of uranium, beside reduction to metals, it is processed further 
to UFA for isotope separation. There are two methods for preparing 
fluorides: 

'1 Reaction of hydrogen fluoride gas with the oxide at high tempera- 
ture 

41 Precipitation from aqueous solution. 

The second method is more convenient since it is usually carried 
out at low temperature and in less corrosive media. Thus, plutonium 
trifluoride is prepared industrially by adding hydrofluoric acid to plu- 
tonium nitrate solution: 

Pu3+ + 3HF + PuF, + 3H' 

'Table 24.10: Uranium fluorides precipitated from aqueous solutions. 

Temperature Precipitating Fluoride 
"C agent Properties 

25 H F  UF, .'/,H20 Green, gelatinous, difficult to 

90-100 HF UF, . 3 /4H20  Green, dense, granular, easy to 
filter and wash. 

NaF N ~ ~ U F ~  filter and wash. 

NH,F ("4)2UF6 

Large crystals are obtained which are easily filtered, washed, and dried, 
,and the anhydrous salt obtained is pure enough for subsequent reduc- 
tion to plutonium metal. When, however, hydrofluoric acid is added 
to a uranous ion solution, different hydrates are formed depending on 
the conditions of precipitation (Table 24.10). These hydrates, how- 
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ever, are difficult to convert into the anhydrous form without side 
reactions: 

UFq + 2H2O + UO, + 4HF 

2UF4 + 0, + 2H2O + 2UO2F2 + 4HF 

unless drying is carried out under high vacuum. To overcome this dif- 
ficulty, the complex fluorides are usually prepared, since they precipi- 
tate without water of hydration, and therefore can be dried without 
decomposition. For example, sodium uranous fluoride is prepared by 
the reduction of uranyl ion with formic acid and SO2, which, in the 
presence of an alkali fluoride, is precipitated as a complex fluoride: 

U4+ + 6NaF + Na2[UF6] + 4Na+ 

The complex fluoride can be reduced by calcium to uranium 
metal. In a similar way, the complex ammonium fluorides can be pre- 
pared: 

U4' + 6NH4F -+ ("4)2[UF6] + 4NHi 

U4+ + 5NH4F + NHd[UF,] + 4NHi 

which can be decomposed to UF, by heating and the volatilized 
NH4F recycled, e.g.: 

NH,[UF,] + UF4 + NH4F 

CYANIDES 

In acidic or neutral medium, cuprous cyanide is practically the 
only cyanide insoluble in water. Consequently, processes have been 
suggested for copper recovery from a leach solution by precipitation as 
cyanide, as follows: 

The low-grade ore is leached with sulfuric acid, SO2 being added 
to the leach solution to reduce cupric to cuprous sulfate; then 
HCN is passed through the solution to precipitate cuprous cya- 
nide: 

HCN e H+ + CN- 

Cu+ + CN- + CuCN 
The low-grade ore is leached by sodium cyanide solution: 



Hydrolytic and Ionic Precipitation 623 

Cu20 + 6CN- + H2O + 2[Cu(CN)3I2- + 2 0 H -  

O n  acidifying the leach solution with dilute sulfuric acid, CuCN 
is precipitated, with simultaneous generation of HCN for recycle: 

[Cu(CN),I2- + 2H+ + CuCN + 2HCN 

There is interference, however, in this case due to traces of iron 
vvhich may co-precipitate as copper ferrocyanide, Cu2 [Fe(CN)6], and 
contaminate the product. This can be minimized by careful pH 
a.djustment to isolate the complex cyanide prior to precipitating 
CuCN . 

Cuprous cyanide is a white, easily filterable precipitate. Both 
methods are based on processing CuCN to metallic copper by reduc- 
tion with hydrogen at about 400 "C, whereby H C N  is regenerated for 
recycle: 

2CuCN + H2 + ~ C U  + 2HCN 

SULFIDES 

Metals such as copper, nickel, cobalt, and zinc are sometimes pre- 
cipitated from leach solutions as sulfides when their concentration in 
ithe solution is low. This process is used as a purification as well as 
irecovery step. Hydrogen sulfide, ammonium sulfide, and sodium sul- 
fide are the most common precipitating agents used for this purpose. 
Figure 24.17 shows sulfide precipitating agents as a function of pH. 
Hydrogen sulfide is a poisonous and corrosive gas. In certain concen- 
trations, it explodes in air. In precipitating metal sulfides by H2S, the 
following points should be taken into consideration. 

Acidgenerution. Acid is generated during precipitation: 

M2+ + H2S + MS + 2H+ 

and can be used in the leaching circuit, or must be neutralized 
before disposal. 



624 A Textbook of Hydrometallurgy 

100 

80 
8 
r^ 
.c 60 

C 
8 40 
C 
0 
0 

20 

H c 

0 
0 2 4 6 8 1 0 1 2 1 4  

PH 

Polymorphic precipitates. Cobalt and nickel sulfides exist in several 
polymorphic forms with different solubilities. The alpha forms, 
obtained by precipitation from basic solutions, are amorphous and 
soluble in dilute acids. The beta forms, precipitated from weakly 
acid solutions, are crystalline and only slightly soluble in 0.1 M 
HC1. 

Catalysis. Precipitation may be greatly accelerated by the addition 
of a catalyst. Thus, the precipitation of nickel sulfide from weakly 
acidic solution is extremely slow, but the addition of small 
amounts of iron or nickel powder accelerates the reaction greatly 
especially at high temperature and pressure. A process developed at 
Moa Plant in Cuba for recovering nickel and cobalt was based on 
this principle. The ore containing 1.35 % Ni and 0.15 % Co is 
leached with sulfuric acid, filtered, and the solution treated with 
H2S at 120 "C and 1000 kPa in the presence of iron powder as 
catalyst to precipitate NiS and COS. Precipitation is conducted in 
pressure reactors. The mixed sulfide is then filtered, dried, and 
shipped for further processing. 
Flotation ofprecipitates. Sometimes, it is desirable to float the pre- 
cipitated sulfide to economize the cost of filtration. This is espe- 
cially the case when leaching low-grade copper ore containing fine 
particles (slimes). Precipitation can be conducted directly in the 
slurry and CuS is recovered by flotation thus by-passing a filtra- 
tion step. 
Selectiviq. Precipitation of sulfides can be selective. For example: 

Figure 24.17: Sulfide precipitating agents as a function of pH. 

* 
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- At Outokumpu, in Finland, pyrite cinder is leached with 
water to get a solution at pH 1.5 analyzing 20 g/L Co, 6-8 Ni, 
7-8 Cu, 10-12 Zn, and trace amounts of iron. The solution is 
purified by selective precipitation with H2S to remove first 
copper, then zinc, nickel, and finally cobalt sulfides. 

- At Nicaro, in Cuba, the ammoniacal solution containing 
nickel and cobalt in the ratio 15/1 is treated with a dosed 
amount of ammonium hydrogen sulfide to precipitate all the 
cobalt and a relatively small amount of nickel so that the pre- 
cipitate contains nickel and cobalt in the ratio 3/1, and the 
solution contains only nickel. 

SULFITES 

Copper sulfites (Table 24.1 1) are of interest in hydrometallurgy 
because they can be readily precipitated from leach solutions in a pure 
form and can be treated in a variety of ways to yield pure metallic cop- 
per. 

‘Table 24.1 1: Copper sulfites of interest to hydrometallurgy. 

c u ,  % s, % ” 3 ,  % 
CU~SO, ’ 7(NH4)2SO3 * 10H2O 10.6 21.4 19.9 
C U ~ S O ~ .  (NH4)2SO3 39.3 19.8 10.5 
Cu2S03.CuS03. 2H20 (Chevreul’s salt) 49.2 15.5 nil 

Ammonium copper sulfites 

Ammonium sulfite solution (natural pH about 8) extracts copper 
from oxidized copper ores. When SO2 is bubbled through the solu- 
tion at room temperature until pH 7 is reached, the cupric species are 
reduced to the cuprous. The same behavior takes place when SO2 is 
bubbled into a copper ammine solution (pH 10.5). The dark blue 
solution becomes colorless because of the oxidation-reduction reac- 
tions: 

SO, + H2O + H,S03 + SO:- + 2H+ 

SO:- + H2O + SOi- + 2Hf + 2e- 
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[Cu(NH3)4I2+ + e- + [Cu(NH3)4]+ 

[Cu(NH3)4]+ + 4H+ * Cu+ + 4NHZ (pH 7, sulfite medium) 

blue colorless 

Two products can be obtained from these solutions: 
By cooling, a double salt of cuprous ammonium sulfite having the 
composition C U ~ S O ~ . ~ ( N H ~ ) ~ S O ~  * 1 OH20 is formed. These are 
water-soluble transparent needle crystals (Figure 24.18); when 
acidified, they precipitate metallic copper by disproportionation: 

2Cu+ + c u  + cu2+ 
while the sulfite ion forms SO,: 

SO:- + 2Hf + SO, + H20 
When SO, is bubbled further until pH 3, then a double salt hav- 
ing the composition Cu2S03. (NH4)2S03 is formed. These crys- 
tals are cream colored shiny hexagonal platelets that are insoluble 
in water (Figure 24.18). When acidified, they also precipitate 
metallic copper by disproportionation: 

C U ~ S O ~  - (NH4)2S03(s) + 4H+ -+ 
Cu + Cu2' + 2S0, + 2"; + 2H2O 

When heated with water at 150 "C in an autoclave in absence of 
acid, complete conversion to metallic copper takes place: 

Cu+ + e--+ Cu 

SO:- + H20 -+ SO% + 2H+ + 2e- 

SO:- + 2H+ + SO, + H2O 

Overall reaction: 
Cu2S03 (",),SO, -+ 2Cu + SO2 + 2NHJ + SO& 

Chevreul's sa l t  

Named after its discoverer the French chemist Michel Eugkne 
Chevreul, the salt is a red crystalline solid having the composition 
Cu2S03. CuSO,. 2 H 2 0  (copper present in two valency states). It can 
be obtained in a variety of ways. For example: 
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Figure 24.18: Cuprous ammonium sulfites (Habashi). Top: 
Cu2S03 .7(NH&S03. 10H20; Bottom: Cu2S03 + ("&SO3. 
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When copper oxide ore is dissolved in sulfurous acid, then the 
solution is heated: 

CuO + H2S03 -+ Cu2+ + SO;- + H20 

SO;- + H20 -+ Sol- + 2H+ + 2e- 

cu2+ + e- -+ c u +  

Overall reaction: 
Heat 3CuS0, + 3H20 4 Cu2S03.CuS03-2H20 + H2S04 

When NaHSO, is added to CuSO4 leach solution at p H  1 to 3 
then heated to 80 "C. 
When 1.5 M (NH4)$03 is added to 1 M CuSO4 solution at 
60 "C: 

3Cu2+ + 4SO:- + 2H2O -+ 
Cu2SO3. CuS03*2H,O + Sol- + SO2 

The salt can be decomposed at 200-300 "C in absence of air to 
yield oxide: 

C U ~ S O ~ . C U S O ~ * ~ H ~ O  3 C U ~ O  + 2H20  + 2S02 

METALLOIDS 

Red amorphous selenium is usually purified by dissolution in 
sodium sulfite solution to form sodium selenosulfate (similar to thio- 
sulfate Na2S203). On acidification, pure selenium precipitates: 

SeSOz- + H+ -+ Se + HSOF 

HSOT + Hf 3 H2S03 3 H 2 0  + SO2 

Overall reaction: 

SeS0:- + 2H+ -+ Se + SO2 + HZO 

A similar equation can be written for the acidification of sodium thio- 
sulfate (Products: S, SO2, and H20). 
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Table 24.12 gives a summary of hydrolytic and .mic precipitation 
methods. 

Table 24.12: Summary of hydrolytic and ionic precipitation methods. 

Examples Precipitating 
agent 

- 
Precipitate 

- 
Oxides, hydrated oxides, H 2 0  
hydroxides OH- 

TiO,, Al(OH),, Be(OH)2 

]Hydroxy salts OH- + Anion 
Polyacids and their salts: 

Vanadates H' 
Molybdates H' 
Tungstates H' 

Sulfides S2- 

Uranates OH-, MgO 
Dialuminates OH- + Cation 

Carbonates c0;- 
Chlorides c1- 
Cyanides CN- 
Fluorides F- 
Oxalates ( c ~ 0 4 ) ~ -  
Peroxides 0;- 
Sulfites ("4)2S03 Copper ammonium sulfites 

Selenium from selenosulfate solution Metalloids H' 

a. Ln = Lanthanide or rare earth metal. 
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In precipitation by reduction, the precipitating agent does not 
combine with the metal ion in solution to form an insoluble product 
as in ionic precipitation, but rather it is transformed into a higher oxi- 
dation state and at the same time reducing the metal ion in solution, 
i.e., it is an oxidation-reduction process: 

Oxidation: Reduced species + Oxidized species + ne- 

Reduction: Mu+ + ne- + M 
Overall reaction: 

Mu+ + Reduced species + M + Oxidized species 

'The process may be homogeneous (the reduced species is ionic or non- 
ionic) or heterogeneous (reduction takes place on a solid surface). Het- 
erogeneous processes may be electrochemical or electrolytic. 
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IONIC 

Table 25.1 shows examples of metal precipitation by reduction of 
their aqueous solutions by ionic reducing agents. Reducing agents 
commonly used are ferrous, sulfite, dithionite, hypophosphite, for- 
mate, and oxalate ions. 

Table 25.1: Precipitation by ionic reduction. 

Reducing ion Reaction Application 
Ferrous 

Sulfite 

FeL+ -+ Fe'+ + e- Au5+ + 3e- -+ Au 
Ag+ + e- -+ Ag 

SO$ + H20 -+ SOi- + 2" + 2e- Cu2+ + 2e- + Cu 
Se0;- + 6" + 4e- + 

Se + 3H2O 
Dithionite cu2+  + 2e- + cu 
Hypophosphite H2P0, + HzO + Ni2+ + 2e- -+ Ni 

co2+ + 2e- + co 
Formate pt4+ + 4e- --+ Pt 
Oxalate Pd2+ + 2e- -+ Pd 

Au3+ + 3e- -+ Au 

~ ~ 0 4 2 -  + 2 ~ 0 ,  + 2e- 

H2P03 + 2H+ + 2e- 
HCOO- + CO, + H+ + 2e- 
~ ~ 0 4 2 -  -+ 2 ~ 0 ,  + 2e- 

Sulfite ion 

Sulfite ion may be used as an aqueous solution of sulfur dioxide: 

S O 2  + H 2 O  -+ H 2 S 0 3  + 2H+ + SO$- 

SO#- + H 2 0  + Sot- + 2H+ + 2e- 

Precipitation o f  copper 

On passing SO, into a solution of copper sulfate at room temper- 
ature, copper sulfite will precipitate. However, if precipitation is car- 
ried out at 150 "C and 350 kPa, metallic copper is precipitated 
according to: 

Cu2+ + SO:- + H 2 0  + Cu + 2H+ + SO;- 

The drawback to this process is the low yield of copper as shown in 
Figure 25 .1 ;  the corrosion problems due to the acidic environment, 
and the presence of small amounts of sulfur in the copper produced. 
The low yield may be due to the intermediate formation of cuprous 
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ion which disproportionates precipitating half of the copper and 
regenerating the other half as cupric ion: 

cu2+ + e- + CU+ 

2Cu+ 4 c u  + cu2+ 

0 1  2 3 4 5  
Time, hours 

Figure 25.1: Precipitation of metallic copper from CusO4 solu- 
tion by SO, (Okabe and Ito, 1964). 

The decomposition of sulfurous acid at the reaction temperature to 
H2S04 and elemental sulfur according to the equation: 

3H2S03 + 2H2SO.4 + S + H,O 

accounts for the presence of small amounts of sulfur in the copper 
produced. 

This process can be improved by adding an ammoniacal solution 
of ammonium sulfite instead of SO,, i.e., neutralizing the acid as soon 
:as formed. The following reaction takes place: 

Cu2+ + SO;- + 2NH3 + H2O + Cu + 2NHZ+ Sot- 
‘This results in complete precipitation of copper and has the advantage 
of operating under basic conditions thus eliminating corrosion prob- 
lems. However, it has the inconvenience of producing ammonium sul- 
fate which has to be marketed as fertilizer. 

In a similar way, cuprous ion in a copper ammine sulfite solution 
can be reduced to metallic copper when the pH is adjusted to 3 by sul- 



634 A Textbook of Hydrometalhby 

furous acid to precipitate the double salt Cu2S03. (",),SO3 which, 
when slurried with water and heated at 150 "C in an autoclave: 

Cu+ + e- + Cu 

SO;- + H 2 0  -+ Sol- + 2H' + 2e- 

SO:- + 2H+ -+ SO2 + H2O 

Overall reaction: 

C U ~ S O ~ - ( N H ~ ) ~ S O ~  'Yc 2Cu + SO2 + 2"; + SO& 

Precipitation o f  selenium 

Sulfite ion in form of sulfur dioxide is also used to precipitate ele- 
mental selenium from selenous acid: 

SO:- + H20 + SO& + 2H+ i- 2e- 

Se0;- + 6H+ + 4e- -+ Se + 3H20 

Overall reaction: 

Se0:- + 2H+ + 2SO:- -+ Se + 2SOi- + H,O 
H2Se03 + 2S02 + H2O 4 Se + 2H,S04 or 

Selenous acid is obtained by water scrubbing of S e 0 2  fumes 
evolved during the treatment of anodic slimes of copper electrolysis. 
During the Precipitation of selenium, the temperature of the solution 
should be kept at 25-30 "C so that selenium settles as a loose sludge 
which can be easily discharged. Above this temperature range, the 
sludge becomes plastic and is difficult to remove from the precipita- 
tors. The sludge obtained is then boiled to coagulate the red amor- 
phous selenium and to convert it to the crystalline modification. 
Solutions of selenous acid usually contain tellurium in solution; the 
precipitation of selenium is, however, selective. 

Hypophosphite 

The reducing power of hypophosphite is due to the reaction: 

H,PO.j + H20 + H2P03 + 2H+ + 2e- 
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Nickel and cobalt are precipitated by hypophosphite: 

Ni2+ + H2POi + H20 + Ni + 2H+ + HlP03 

The reaction is vigorous and hydrogen gas is evolved by the side reac- 
tion: 

Nickel is obtained mainly as a dark powder, but occasionally it 
deposits on the walls of the container as a mirror, which is gradually 
detached and broken into thin flakes. These reactions are used at 
present to deposit nickel or cobalt films on articles equivalent to those 
obtained by electroplating. The process is thus known as electroless 
electroplating or chemicalplating. Nickel produced from neutral solu- 
tions contains as much as 12% P in form of nickel phosphide, Ni3E 
Ammonium salts decrease the rate of cobalt deposition to a great 
extent. Also, cobalt is not deposited from acid solution while nickel is 
deposited, thus a separation can be achieved. Complete precipitation 
of nickel powder can be achieved from solutions containing 50 g/L 
sodium hypophosphite and 200 g/L NH4C1. 

Others 

Ferrous, oxalate, and formate ions are used to precipitate precious 
metals from chloride leach solution of gold bullion: 

AuCIZ + 3Fe2+ + Au + 3Fe3+ + 4C1- 

2Au3+ + 3c20,& + 2Au + 4H+ + 6 C 0 2  

Pt4+ + 2HCOO- + Pt + 2H+ + 2C02 

Pd2+ + HCOO- + Pd + H+ + C02 

Based on these reactions, gold and the platinum metals are separated 
on a commercial scale from the spent electrolyte during the electro- 
lytic refining of gold (Figure 25.2). Figure 25.3 shows a scanning pho- 
tomicrograph of gold powder precipitated from gold chloride solution 
by ferrous sulfate solution. 
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Figure 25.2: Separation of gold and platinum metals from spent 
electrolyte. 

Dithionite precipitates copper from CuSO4 solutions: 

~ ~ 0 4 2 -  +  SO, + 2e- 

cu2+ f 2e- -+ cu 

Overall reaction: 

cu2+ + s,042- -+ c u  + 2 s 0 ,  

NON-IONIC 

Non-ionic reducing agents are hydrogen, carbon monoxide, form- 
aldehyde, and hydrazine (Table 25.2). Their action may be repre- 
sented by the equations: 
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Figure 25.3: Scanning electron micrograph of gold powder pre- 
cipitated from gold chloride solution by ferrous sultate. Magnifi- 
cation 1000 x (courtesy Gold Bulletin). 

H2 + 2H+ + 2e- 

CO + H20 + C02 + 2H+ + 2e- 

HCHO + H20 + HCOOH + 2H+ + 2e- 

N2H.NH2 += N2 + 4H+ + 4e- 

'Table 25.2: Precipitation by non-ionic reduction. 

Reducing 
agent Reaction Application 

Hydrogen 
Carbon 
monoxide 
Formaldehyde 

Hydrazine 

H L  -+ 2H+ + 2e- 
C O  + H20 -+ C 0 2  + 2H+ + 2e- 

H C H O  + H20 -+ HCOOH + 2H+ + 2e- 
H C H O  + 3 0 H -  -+ HCOO- + 2 H 2 0  + 2e- 
H2N.NH2 -+ N2 + 4" + 4e- 
2H2N.NH2 -+ N2 + 2NHZ + 4e- 

NiL+ + 2e- -+ Ni 
Ag' +e-  -+ Ag 
c u 2 +  + 2e- -+ cu 
Cu2+ + 2e- -+ Cu 

c u 2 +  + 2e- -+ cu 
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Hydrogen 

Hydrogen at high temperature and pressure leads to the precipita- 
tion of metals or oxides. Cobalt, nickel, copper, and uranium dioxide 
are precipitated on industrial scale by this method. Reduction is usu- 
ally carried out in horizontal stainless steel autoclaves equipped with 
agitators, baffles, heating or cooling coils, and the necessary connec- 
tions for feed and gas inlets and outlets. The product of this technique 
is a high-purity powder that can be used as such, or in case of metals, 
hot pressed and rolled in form of strips. Precipitation may be con- 
ducted from aqueous as well as from non-aqueous media. 

Pyecipitation o f  metals fiom aqueous medium 

For the reaction: 

M2+ + H2 -+ M + 2" 

the equilibrium constant is given by: 

K =  

Figure 25.4: Precipitation of nickel from nickel sulfate solution 
by hydrogen at 3,500 kPa, [(NH&S04] = 112 g/L, equilibrium 
conditions (Schaufelberger and Roy, 1955). 
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Figure 25.5: Precipitation of cobalt and nickel from acid solu- 
tion, temp. 190 "C, H, pressure 3500 kPa, [(NH4)$04] = 112 
g/L (Schaufelberger and Roy, 1955). 

'Therefore: 

log[M2+] = -2pH - (logK+ logpH2) 

This means that when precipitation is carried out a t  constant hydro- 
gen pressure and constant tem erature, then at equilibrium there is a 
1.inear relation between log[M ] and the pH of the solution, and the 
dope of this straight line equals -2. This was confirmed for the precip- 
itation of nickel from NiS04 solution, as shown in Figure 25.4 and 
for cobalt as shown in Figure 25.5. 

The precipitation of copper from CuSO, solution takes place 
through the disproportionation of cuprous ion which has been identi- 
fied in the course of reaction: 

zp, 

2Cu2+ + H2 + 2Cu+ + 2H+ 

2Cu+ + c u  + Cu2+ 

This leads to low yields of metal. 
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It is clear from the above equacion that more metal will be depos- 
ited if the hydrogen ions are removed as soon as they are formed. For 
copper, nickel, and cobalt, this is conveniently done by operating in 
ammoniacal medium: 

[M(NH3)J2+ + nNH, + M2' 

M2++ H2 -+ M + 2H' 

H+ + "3 + NHZ 

It can be seen that increasing the ammonia concentration has two 
opposing effects: 

Precipitation is favored due to the neutralization of the liberated 
acid. 

Precipitation is hindered because of the decrease in the reducible 
metal ions M2+ due to the complexing action. 

Therefore, there must be an optimum [NH3]/[M2+] ratio at which 
these opposing effects are balanced. In the precipitation of nickel, the 
optimum molar ratio was found to equal two, which agrees with the 
overall reaction: 

Ni2+ + 2NH3 + H2 4 Ni + 2"; 

The amount of ammonia in solution also influences the rate of precip- 
itation. In the case of cobalt, the rate of precipitation achieves a maxi- 
mum when [NH3]/[Co2'] = 2, as shown in Figure 25.6. Similar 
results were also reported for copper. 

Another way of removing the hydrogen ions as soon as they are 
formed during reduction is by reducing hydroxide slurries: 

M(OH), M2+ + 20H- 

M2+ + H2 + M + 2Hi 

OH- + H+ + H2O 

Overall reaction: 
M(OH)2 + H2 -+ M I- H2O 
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Molar ratio [NH3] / [Co2*] 

Figure 25.6: Effect of the molar ratio [NH ]/[co2+] on the rate 
of precipitation: temp. 200 OC, catalyst H $ ~ C I ~  5.8 X 10-5 M, 
H2  pressure 3000 kPa (Wimber and Wadsworth, 1961). 

For nickel and cobalt, it was found that this reaction takes place at 
270 "C which is a much higher temperature than normally used, but 
the product is of extremely fine particle size. 

~Vucleation. In some cases, the presence of a solid surface for precipi- 
t:ation is essential; such a solid is termed a catalyst1. 

If no catalyst were provided, the internal surface of the autoclave 
itself acts as a catalyst and deposition of metals takes place on the 
walls or on stirrers. Deposition of metal on the internal surface of 
the reactor is undesirable because it causes operating difficulties in 
collecting the metal. 

A catalyst may be needed in one medium but not in another. For 
example, a catalyst is needed for precipitating cobalt and nickel 
from an ammoniacal sulfate but not from an acid medium. Nickel 
is precipitated catalytically from an ammoniacal sulfate medium 
but not from an ammoniacal carbonate medium. 

'B Precipitation of a metal may be autocatalytic. Thus, while copper 
can be precipitated from ammoniacal solution without the need of 
a catalyst, yet the deposited metal accelerates the process. A differ- 
ence between the two processes however is that in non-catalyzed 
reduction, the rate depends on the initial metal ion concentration, 

1. Strictly speaking, the process is heterogeneous (contact catalysis) but is different 
from the heterogeneous process described later. 
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while in catalyzed reduction it does not, but depends on the sur- 
face area of the catalyst. 
The commercial precipitation of nickel from the ammonium sul- 
fate system nucleation is induced by adding a small amount of fer- 
rous sulfate which, upon heating to the reaction temperature, 
hydrolyzes to ferrous hydroxide thus furnishing the catalytic sur- 
face required. Nickel deposited in the first step acts as a catalyst for 
the next. After each reduction, the nickel particles are allowed to 
settle to the bottom of the autoclave, while the spent solution is 
drawn off and replaced with fresh pregnant solution. In this way, 
the nickel particles grow to the desired size, at which point the sus- 
pension is discharged and the nickel powder then separated. 
There is no need for the ferrous sulfate catalyst in the ammonium 
carbonate system; as a result, the nickel powder produced in this 
medium has a lower sulfur and iron impurity level than powder 
produced from the ammonium sulfate system. 

Role of additives. The presence of certain organic or inorganic sub- 
stances in the aqueous phase greatly affects the physical nature of 
metal precipitated. It is possible to precipitate metal powder of certain 
physical property by simply adding a certain amount of additive. 
However, when organic additives are used, the carbon content in the 
powder produced is increased and a special heat treatment is necessary 
to lower it to 0.01 %. Additives may be used for the following pur- 
poses: 

Anti-qglomeration. Agglomeration of the precipitated metal parti- 
cles may take place, especially at high temperature. This is unde- 
sirable because the agglomerated particles entrap solution causing 
an impure product. Reagents are therefore added to control the 
particle size. These are the same as those commonly used to pro- 
mote uniform growth of cathodes in the electrowinning of metals, 
e.g., ammonium polyacrylate, arabic gum, gelatin, dextrin, dex- 
trose, and fatty acids such as oleic and stearic. These additives are 
adsorbed on the individual particles, thus preventing their 
agglomeration. 
Smooth surfceformation. When anthraquinone or its derivatives is 
added during reduction, nickel particles produced are smooth and 
regular because of uniform deposition while in the absence of 
anthraquinone, they are coarse and irregular (Figure 25.7). 
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Anthraquinone has no effect on the precipitation of cobalt. The 
addition of this additive to ammoniacal nickel sulfate or carbonate 
solutions also accelerates the precipitation, and this effect increases 
with increasing anthraquinone concentration up to a certain value, 
beyond which it has no further effect. 

Cystdine product. Figure 25.8 shows hexagonal platelets of metal- 
lic cobalt precipitated in presence of a suitable additive. 

Figure 25.7: Effect of anthraquinone on the shape on nickel pow- 
de r  (320 x); ( a )  n o  an th raqu inone ,  ( 6 )  in  presence of 
anthraquinone, cross section through smooth nickel sphere after 
40 successive depositions (Meddings and Mackiw, 1965). 

Copper. Copper scrap or cement copper is dissolved either in ammo- 
niacal ammonium carbonate at 60 "C at atmospheric pressure with 
continuous aeration, or in dilute sulfuric acid. When ammoniacal 
medium is used, the molar ratio [NH3]/[Cu2'] should be equal to 2.4. 
After filtration to remove insoluble material, a small amount of anti- 
agglomerating agent is added, then solution is heated to 200 "C under 
6000 kPa hydrogen. The copper powder precipitated is filtered off, 
washed, and then dried in a reducing atmosphere at 600 "C. 
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Nickel 
Coarse, rough Fine, irregular rough powder Smooth, 10 p spheres 
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Figure 25.8: Different varieties of metal powders obtained by pre- 
cipitation from aqueous solution by hydrogen (Mackiw, Benz, 
and Evans, 1961). 

Cobalt and nickel. At the Sherritt-Gordon Plant (Figure 25.9); the 
purified leach solution obtained by ammoniacal pressure leaching of 
nickel-cobalt sulfide concentrate contains 45 g/L Ni, 1 g/L Co, 350 g/ 
L ammonium sulfate, and enough free ammonia to give a [",I/ 
[Ni2+ + Co2+] molar ratio of 2. The purified solution is reacted with 
hydrogen at 3500 kPa and 200 "C. Nickel is precipitated prefentially 
until its concentration is reduced to about I g/L, while all the cobalt 
remains in solution (Figure 25.10). The spent solution containing 1 g/ 
L Ni and 1 g/L Co is then treated with H,S at 80 "C and atmospheric 
pressure, and the precipitated Ni-Co sulfides are filtered off for recov- 
ery. The solution is then evaporated to crystallize ammonium sulfate 
fertilizer. The mixed sulfides precipitated earlier are leached with 
H$04 at 120 "C in presence of air at 7200 kPa; acid is used instead 
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o’f ammonia to avoid the formation of lower oxidation products of sul- 
5ur. The solution is purified from traces of iron by adjusting the pH to 
51 and filtering off ferric hydroxide. 

Solution containing 45 gR Ni 
and 1 g/L Co obtained by ammoniacal 

leaching of N’Xo  sulfide ore 

* 
I Filtration b Nickel 

powder 

1 g/L Ni and 1 gR Co 

To ammonium 
sulfate recovery 

H2S0, 
Air 

F W H h  
containing 
Ni and Co; 
for recycle 

Cobalt oxidation 

sulfate 
precipitation 

Nickel ammonium 
sulfate for nickel 
recovery 

Cobalt 
powder 

Cobalt 
powder 

Ammonium 
sulfate 

Figure 25.9: Recovery of nickel and cobalt by precipitation with 
hydrogen: the Sherritt-Gordon process. 
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Figure 25.10: Precipitation of cobalt and nickel from ammonia- 
cal solution by hydrogen under pressure (Forward and Halpern, 
19 5 6- 1 957). 

The nickel-cobalt separation is carried out by oxidizing Co(I1) to 
Co(II1) to 70 "C by air at 700 kPa and in presence of excess ammonia: 

[Co(NH3),I2+ -+ [Co(NH3)5I3+ + e- 

'J2O2 + H,O + 2e- -+ 20H- 

O n  acidification, nickel ammine complex decomposes and precipi- 
tates as the double salt nickel ammonium sulfate: 

[Ni(NH3)J2+ + nH+ -+ Ni2+ + nNHZ 

while cobalt remains in solution. The slurry is then filtered to recover 
nickel. The filtrate, containing cobalt in the cobaltic state, is converted 
back to the cobaltous state by cobalt powder. This step is essential oth- 
erwise a black precipitate of hydrated cobaltic oxide will precipitate 
during heating. Traces of iron are precipitated by ammonia as ferric 
hydroxide and separated. Metallic cobalt is then precipitated at 
175 "C by hydrogen at 2000 kPa in the presence of 25 g/L Co powder 
as catalyst. After filtration, the solution is then evaporated to crystal- 
lize ammonium sulfate. Table 25.3 gives analysis of nickel and cobalt 
produced by this process. 
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Table 25.3: Purity of nickel and cobalt produced by hydrogen reduction. 

Nickel Cobalt 
Ni 99.7-99.85 CO 95.7-99.6 
c o  0.1-0.2 Ni 0.1-0.5 
c u  0.01 c u  0-0.02 
Fe 0.02 S 0.02-0.05 

Copper und zinc. A flotation concentrate of copper-zinc-iron sulfide 
is leached with ammonia at 90 "C under an air pressure of 700 kPa. 
Copper and zinc pass into solution as ammines, while iron is precipi- 
tated as hydrated ferric oxide and filtered. Sulfamates formed during 
leaching are oxidized and hydrolyzed to sulfate at 230 "C and 3500 
ErPa with air. Prior to reduction by hydrogen to precipitate copper, the 
molar ratio of free ammonia to copper is decreased to 3/1 by adding 
sulfuric acid to the autoclave. Small amounts of ammonium polyacry- 
late are added to permit control of the physical characteristics of the 
powder produced. The solution is then treated with carbon dioxide 
under 700 kPa at 37 "C to precipitate zinc hydroxy carbonate, which 
is then filtered off: 

2Zn(NH3)2S04 + C 0 2  + 3H2O + 
Z ~ I ( O H ) ~ . Z ~ C O ~  + 2(NH4),S04 

The clarified solution is evaporated to crystallize ammonium sulfate 
which is marketed as a fertilizer. 

Precipitation o f  metals ?om non-aqueous medium 

Many metal ions are extracted by organic solvents by forming a 
coordination bond. When this loaded organic phase is treated by 
hydrogen at high temperature and pressure in an autoclave, the metal 
precipitates in powder form and the organic phase is regenerated. The 
process may be described as precipitation by substitution since no ionic 
species are taking part in the reaction as compared to precipitation by 
hydrogen from an aqueous phase. The substitution reaction can be 
represented as follows: 
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where RH is the organic solvent and M is a divalent metal. A typical 
example is the precipitation of metallic copper powder from hydroxy- 
quinoline-kerosene phase containing copper: 

Precipitation of oxides 

Uranium dioxide is recovered from the uranyl carbonate leach 
solution by precipitation with hydrogen under pressure: 

[ u o ~ ( c o ~ ) ~ ] ~ -  + UO;' + 3~0:- 

Overall reaction: 

[ u o ~ ( c o ~ ) ~ ] ~ -  + Hz -+ U 0 2  + 2HCOF + CO:- 

At Kalna in Yugoslavia, the reaction is conducted at 150 "C and 1500 
kPa in vertical autoclaves containing pellets of partly sintered U 0 2  as 
catalyst. The precipitate builds up on the catalyst pellets and each 
tower is operated continuously until 10 tons of product has accumu- 
lated. The reduction end solution which contains only 3 to 5 mg/L 
uranium is recycled to the pressure leaching state. The precipitation of 
the following oxides has been studied: 

Manganese dioxide from potassium manganate solution: 

M n 0 4  + 4 H +  + 3 e  --+ Mn02 + 2H20 

Molybdenum dioxide from ammonium molybdate solution: 
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MOO;- + 4NHi + 2e- + MOO, + 4NH3 + 2H2O 

Carbon monoxide 

Carbon monoxide has been used for preci itating silver from 
&NO3 solution and copper from [Cu(NH3)4]' solutions obtained 
by leaching brass scrap in ammoniacal ammonium carbonate': 

[CU(NH~) , ]~+  + Cu2+ + 4NH3 

Cu2+ + CO + H2O + Cu + CO, + 2Ht 

I'recipitation takes place at 150 "C with CO partial pressure of 5,000 
@a. The solution is then boiled to precipitate zinc as basic carbonate. 
I'recipitation of metals by CO is much slower than by hydrogen. This 
may be due to the fact that CO first reacts with water to form hydro- 
gen: 

CO + H2O + H2 + C02 

Formaldehyde 

Formaldehyde, HCHO, is a water-soluble gas produced industri- 
ailly by the oxidation of methyl alcohol which in turn is produced from 
coal or petroleum gases. It is mainly used for the manufacture of syn- 
thetic resins and as a reducing agent. It is effective in acid and in alka- 
line medium. In acid medium, formic acid is formed: 

HCHO + H20 -+ HCOOH + 2H+ + 2e- 

while in alkaline medium, formate ion forms: 

HCHO + 30H- + HCOO- + 2 H 2 0  + 2e- 

Formaldehyde sodium sulfoxylate, known in industry as Rongalit 
(2, is a crystalline solid having all the reducing properties of formalde- 
hyde but the convenience of being easily handled. It is prepared by 
reacing formaldehyde with sodium sulfoxylate in alkaline medium: 

I.. An ammoniacal solution of cuprous chloride or cuprous formate can absorb a 
large amount of C O  under pressure and can desorb it on reducing the pressure; 
CuCl. CO crystals form as intermediate product; a method used industrially to 
remove CO from gases for ammonia synthesis. 
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QSONa / / O  / 

\ H  \ H  
HC + NaHSO, + 2 H 2 0  + HC-OH . 2 H 2 0  

Hydrazine 

Hydrazine, H2N-NH2, is a powerful reducing agent prepared 
industrially by the oxidation of ammonia by hypochlorite via the 
intermediate formation of chloramine: 

NH, + OCI- + NHZCL + OH- 

NH, + NH,Cl+ OH- + HZN-NH, + CI- + OH- 

Aqueous solutions of hydrazine are capable of reducing many metal 
ions to a lower valency state or to metals: 

H2N-NH2 + N2 + 4H+ + 4e- 

2H7N-NH2 Y 4 N2 + 2"; + 2e- 

Because of its high cost, its use in metallurgy is limited. 

ELECTROCHEMICAL 
Electrochemical reduction is a heterogeneous process in which the 

reducing agent is activated charcoal or  a metal less noble than the 
metal ion in solution. Reactions take place through transfer of elec- 
trons at the surface of the solid. 

Activated charcoal 

The preparation and properties of activated charcoal have been 
described earlier (pp. 386-392). Activated charcoal has been used for 
many years for precipitating gold from solutions obtained by leaching 
gold ores with chlorine water: 

AuC14 Au3+ + 4C1- 

Au3+ + 3e- + Au 

C + 2H2Q + CO, + 4H+ + 4e- 
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Overall reaction: 

4Au3+ + 3C + 6H20 + 4Au + 3co2 + 12H+ 

Gold precipitated on the surface of charcoal and was recovered by 
burning the charcoal. The process was abandoned in favor of the cya- 
nide solution because chlorine water was incapable of solubilizing sil- 
ver present in the ore. 

Metals 

Precipitation of a metal from an aqueous solution of its salts by 
amother metal is known as cementation, because the precipitated metal 
is usually cemented on the added metal. The process can be predicted 
in terms of electrode potentials: The metal with the more positive 
(oxidation) potential, as given in Table 25.4 of the electromotive 
series, will pass into solution and displace a metal with a less positive 
potential provided the solutions are dilute and the metal ion is 
uncomplexed. The process is electrochemical in nature as shown in 
Figure 25.1 1. 

A metal may also be recovered from an aqueous suspension of one 
of its insoluble salts by this method, e.g., silver from silver chloride: 

2AgCl + Fe(,) + 2Ag(,) + FeCl,(,,) 
slurry 

M M 

e-( 

Metal 
surface 

metal 
(a) 

MX+ 

Figure 25.1 1: Representation of electrochemical precipitation 
reactions. (a) Displacement by metals; the Less noble metal X dis- 
solves. (6) Displacement by hydrogen; the metal surface acts as a 
nucleating agent. 
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Table 25.4: Electrode potential series at 25°C and 1 M solutions. 

Element Volts Element Volts 
LilLi' + 3.045 InlInj+ + 0.335 
Cs/Cs+ 
Rb/Rb+ 
K/K+ 
Ra/Ra2+ 
Ba/Ba2+ 
Sr/Sr2+ 
Ca/Ca2+ 
Na/Na+ 
~ a / ~ a ~ +  
ce /ce3+ 
Mg/Mg2' 
YlY3' 
sc/sc3+ 

UIU3' 

Th/Th4' 
Be/Be2+ 

HfIHP' 
AI/AP+ 
Ti/Ti2+ 
zr /zr4+ 
U/U4+ 
MnlMn2' 
v/v2+ 
Nb/Nb3+ 
Cr/Cr2+ 
Zn/Zn2+ 
c r /c r3+  
Ga/Ga3+ 
GalGa2' 
Fe/Fe2+ 
Cd/Cd2' 

+ 2.923 
+ 2.925 
+ 2.925 
+ 2.92 
+ 2.90 
+ 2.89 
+ 2.87 
+ 2.713 
+ 2.52 
+ 2.48 
+ 2.37 
+2.37 
+ 2.08 
+ 1.90 
+ 1.85 
+ 1.80 
+ 1.70 
+ 1.66 
+ 1.63 
+ 1.53 
+ 1.4 
+ 1.19 
+ 1.18 
+ 1.1 
+ 0.86 
+ 0.763 
+ 0.74 
+ 0.53 
+ 0.45 
+ 0.44 
+ 0.402 

TI/TI+ 

Ni/Ni2+ 
Mo/Mo3' 
In/In+ 
Sn/Sn2+ 
Pb/Pb2+ 
Fe/Fe3+ 

Sb/Sb3+ 
Bi/Bi3+ 

c u / c u 2 +  
c0/cO3+ 
Ru/Ru2+ 
Cu/Cu+ 
Te/Te4+ 
Tl/TI3+ 
2 Hgl Hgz 
Ag/Ag+ 

Pb/Pb4+ 

HglHf' 
Pd/Pd + 

C0/Co2+ 

H2/2H+ 

ASIAS~+ 

R~/RP+ 

OS/OS2' 

1~ /1~3+  
Pt/Pt2' 
Ag/Ag2+ 
Au/Au3+ 
ce /ce4+ 
AuIAu' 

+ 0.335 
+ 0.30 
+ 0.25 
+ 0.2 
+ 0.14 
+ 0.140 
+ 0.126 
+ 0.036 
0.000 
- 0.1 
- 0.2 
- 0.3 
- 0.337 
- 0.4 
- 0.45 
- 0.52 
- 0.56 
- 0.71 
- 0.792 
- 0.800 
- 0.8 
- 0.80 
- 0.85 
- 0.854 
- 0.987 
- 1.15 
- 1.2 
- 1.369 
- 1.50 
- 1.68 
- 1.68 

Although AgCl is insoluble in water, yet a certain amount of Ag+ 
ions do exist in solution and their continuous removal by metallic iron 
shifts the equilibrium: 

to the right resulting in the ultimate disappearance of AgC1. Similarly, 
copper may be recovered from cuprous chloride suspensions by metal- 
lic iron: 
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2CuC1 + Fe(,) + Cy,) + FeC12(,,) 
slurry 

In some cases, the metal to be precipitated exists in solution as a 
complex ion, e.g., gold or silver in cyanide solution exist as the com- 
plex cyanide ions [Au(CN)~]- and [Ag(CN),]- respectively. Precipita- 
t ion by metallic zinc takes place as a result of displacing the 
equilibrium of the complex ion according to: 

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

2Au' + Zn + 2Au + Zn2+ 

Zn2+ + 4CN- + [Zn(CN)4I2- 

Overall reaction: 

2[Au(CN),]- + Zn + 2Au + [Zn(CN),I2- 

Iron used for cementation of copper is in form of scrap, cans, or 
sponge. Cans are heated in a rotary kiln to remove the tin plating and 
paint from the surface, and the solder from the seams. They are then 
passed through a hammer mill, a toothed roll, or a shredding machine 
to make them more compact and less bulky. Stockpiling of iron usu- 
ally presents a problem: it occupies large areas and it oxidizes with 
rime. This oxidation not only means an iron loss, but also a decrease 
in the quality of cement copper produced from such material. 

Applications. 
poses: 

8. 

Cementation process is applied for the following pur- 

Recovery of a metal from a leach solution, e.g., copper from sulfu- 
ric acid leach solution (Figure 25.12) and gold and silver from cya- 
nide solution (Figure 25.13). 

Purification of a leach solution with the simultaneous recovery of 
the impurity, e.g., removal of cadmium and thallium from a zinc 
sulfate solution. In this case, it is very convenient to use metallic 
zinc as a cementing metal, since the zinc that goes into solution 
will be recovered at a later stage. Similarly, gallium can be recov- 
ered from aluminate leach solution by adding aluminum powder. 

. 
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Figure 25.12: The recovery of copper by cementation. 
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Figure 25.13: Recovery of gold from its ores by cyanidation and 
precipitation with zinc. 

Separation of two metals in leach solution, e.g., a leach solution 
containing cobalt and copper, is treated by adding metallic cobalt 
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to precipitate copper, or, when the solution contains nickel and 
copper, nickel is added to precipitate copper. In both cases, the 
metal added to cement the copper is recovered at a later stage. 

Side reactions during p recipitation 

The following side reactions take place during cementation: 
Excessive dissolution o f  the precipitating metal. A part of the precipi- 
tating metal usually dissolves by a secondary reaction without 
affecting precipitation, thus increasing metal consumption. For 
example, in the precipitation of copper by iron from sulfate solu- 
tion, appreciable amounts of iron dissolve in the acid present with 
generation of hydrogen: 

Fe + 2H+ -+ Fe2+ + H2 
The presence of ferric ion in solution may also contribute to the 
dissolution of iron by the reaction: 

Fe + 2Fe3+ + 3Fe2' 

In practice, two to four times the theoretical amount of iron is 
consumed. In the precipitation of gold and silver from cyanide 
solution by metallic zinc, some zinc dissolves as a result of the high 
pH of the solution: 

Zn + 20H- + Zn0;- + H2 

In all cases, more metal dissolves when it is in powder form than 
when it is coarse. 
Re-dissolution of tbe precipitated metal. Unless precautions are 
taken, the precipitated metal may re-dissolve on standing. For 
example, in the precipitation of copper by iron, copper may dis- 
solve by the following reactions: 

1' 

c u  + cu2+ + 2Cu+ 

Cu + 2H+ + ' / 2 0 2  + Cu2+ + H2O 

Therefore, the precipitate should be removed as soon as possible 
from the solution, and excessive agitation should be avoided since 
it enhances these reactions. In the precipitation of gold and silver 
from cyanide solution, the solution must first be deaerated by 
applying vacuum to the tank containing the solution for few min- 
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Utes to remove any dissolved oxygen thus preventing the re-disso- 
lution of the metals. 

Precipitation o f  bydrdyticproducts. If the p H  of the solution is not 
carefully controlled, precipitation of hydroxides or basic salts may 
take place and contaminate the metal precipitated thus decreasing 
its purity. For example, in the precipitation of copper by iron, the 
pH should be about 2 to prevent the hydrolysis of Fe2+ and Fe3+ 
ions. 

Formation of  toxic gaJes. Due to the presence of trace amounts of 
arsenic and phosphorus as impurities in some of the precipitating 
metals, the conditions are favorable for the formation of arsine, 
ASH,, and phosphine, PH,, by the following reactions: 

M 3 h 2  + 6H+ + 3M2+ + 2 h H 3  

M3P2 + 6H+ + 3M2+ + 2PH3 

where M is a divalent metal, e.g., iron or zinc. Both gases are 
highly poisonous and were detected when using iron for precipi- 
tating copper, or zinc for precipitating cadmium. 

Formation o f  alloys. Under certain conditions, an alloy is precipi- 
tated instead of the pure metal. For example, when cadmium is 
added to AuC1, solution, AuCd, is. precipitated. During the pre- 
cipitation of copper by iron, the main impurity is iron. There is an 
indication that this iron impurity occurs in alloy with copper. 
Cement copper containing 2% Fe is magnetic, and it is not possi- 
ble to separate iron selectively by magnetic methods. 

Table 25.5: Effect of [Cu2'] on the particle size of copper precipitated by iron 
(Groves, 1964). 

cu2+ concentration, g/L 

3.7 15.0 27.0 
+ 100 mesh 7.7 4.1 1.6 
- 100 to + 150 11.6 9.2 6.0 
- 150 to + 200 15.7 11.3 11.3 
- 200 to + 270 14.0 10.8 12.2 
- 270 to + 325 5.4 5.1 6.5 
- 325 45.6 59.5 62.4 

Screen analysis, Yo 
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Figure 25.14: Morphology of copper precipitate from sulfate 
solution (a) aluminum, (6) iron (Murr et al., 1979). 

Factors affecting the physical properties ofprecipitated metals 

For the cementation of copper by iron, a finer powder is obtained 
at high Cu2+ ion concentration, as shown in Table 25.5. Further, at a 
constant Cu2+ ion concentration, a fine powder is obtained at high 
H2S04 concentration, as shown in Table 25.6. Also, the form of the 
metal precipitated depends on the precipitating metal as shown in Fig- 
ure 25.14. 
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Table 25.6: Effect of HzS04 on the particle size of copper precipitated by iron 
(Groves, 1964). 

HZS04 concentration, g/L 

8.9 16.4 29.9 
+ 100 mesh 3.5 4.6 3.3 

Screen analysis, % 

- 100 to + 150 8.6 8.8 2.9 
- 150 to + 200 13.4 12.0 11.9 
- 200 to + 270 13.4 12.3 11.4 
- 270 to + 325 6.5 5.8 6.4 
- 325 54.6 56.5 64.1 

Purity and disposal ofproducts 

The metal precipitated usually contains appreciable amounts of 
the precipitating metal and therefore must be treated further to 
remove it. This is usually done by acid leaching. For example, excess 
zinc precipitated with gold or cadmium during cementation is 
removed by leaching with H 2 S 0 4 .  The  metal is then melted and 
refined either pyrometallurgically or electrolytically 

Cementation of copper from dilute leach solutions is conducted 
on a large scale a5 a cheap and rapid method of metal recovery. The 
product is an impure powder which is usually compacted and melted 
in a copper smelter. The process is now being challenged by solvent 
extraction-electrowinning. In some cases where the leach solution 
contains slimes, it is desirable to avoid the filtration step and therefore 
a process known as L-P-F, i.e., leach-precipitate-float is used. In this 
process, the leach solution containing slimes is contacted with iron to 
precipitate copper which is subsequently recovered by flotation. Dry- 
ing cement copper is not an easy operation because of its tendency to 
form oxide. Typical analysis of cement copper produced by precipita- 
tion with scrap iron from leach solution is given in Table 25.7. In few 
cases, cement copper is purified and marketed as a powder. Purifica- 
tion methods yielding powder are: 

Dissolution in H 2 S 0 4  in presence of oxygen thereby Fe2+ is con- 
verted to Fe3+ which can be precipitated and filtered off. The pure 
copper sulfate solution is then treated by hydrogen under pressure 
and high temperature to yield pure copper powder. 
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Table 25.7: Typical analysis of cement copper. 

Launders, Yo Cone precipitation, Yo 
c u  83.0 90-95 
Fe 2.4 0.1-0.2 

1.15 0.1-0.2 

= 10 

CaO 0.08 
S 0.52 

SO2 0.42 0.1-0.2 

H2O 
balance oxygen balance oxygen 

Digestion with CuSO4 solution, thus displacing the iron content 
by copper. 

In the precipitation of gold from cyanide solution by zinc, mer- 
cury, if present in the ore, will also be co-precipitated. Its removal 
from the filter cake is usually achieved by distillation. 

Bitumen insulation 

Figure 25.15: A rotating drum for cementation of copper. 
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Methods and equipment 

Small scale cementation reactions are usually conducted in agi- 
tated tanks or rotating drums. When agitated tanks are used, the leach 
solution is mixed with a certain amount of the precipitating metal 
powder in a mechanically agitated tank. When reaction is complete, the 
charge is emptied and filtered to recover the precipitated metal. This 
rnethod is used for precipitating cadmium from zinc sulfate solution 
and gold and silver from cyanide solutions by zinc dust. In case of gold 
and silver, the solution must first be deaerated as mentioned earlier. 
Precipitation in rotating drums is a continuous process using pear- 
shaped vessels (Figures 25.15 and 25.16) charged from time to time 
with the precipitating metal in pieces. Due to the rotation, the precip- 
itated metal flows out with the exit solution and is collected by filtra- 
tion. 

Large-scale cementation reactions are conducted principally for 
the recovery of copper from dilute solutions using scrap iron. This is 
conducted in launders or in the inverted cone reactors. 

Figure 25.17: Precipitation of copper by iron cans in launders. 

Launders. These are narrow tanks about 170 m long, 1.3-3 m wide, 
,and 0.3-1.3 m deep, laid at a slope of about 2%. The launders are 
continuously charged with scrap iron cans, and the copper-bearing 
,solution flows by gravity at the upper end of the launder (Figures 
25.17 and 25.18). Fire hoses or hydraulic slushers are used to agitate 
the cans, knock the cement copper from the cans, and slush the cop- 
per along the launders to the settling tanks, where cement copper is 
then collected. The flow rate of the solution through the launder has 
an important effect on the quality of cement copper produced. A high 
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flow rate helps to produce a uniform movement of solution through 
the iron in the launder. This prevents the formation of low-acid stag- 
nant areas which favor deposition of hydrolytic products. Further, 
since the cementation reaction is fast, slow flow rate of solution will 
result only in excessive dissolution of iron by the acid. 

Figure 25.18: Crane with electromagnet loads scrap iron into 
cementation tanks where a reaction between iron and CuSO4 
solution produces “cement” copper (Anaconda). 

Inverted cones. The precipitation cone is a continuously operated 
unit. The vessel in Figure 25.19 consists of a tank of 4.2 m diameter 
and 7.3 m tall, into which is mounted an inverted cone of 3 m diame- 
ter and 3 m high. The outer tank contains a 45O-sloped false-bottom 
floor from one side of the tank to a bottom side discharge at the oppo- 
site side. The annular space between the inner cone and the tank is 
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covered by a stainless steel screen mounted as a continuation of the 
cone and is anchored to the cone and tank. The cone supports a series 
olf pressure nozzles arranged in such a manner as to create a vortex 
when the copper-bearing solution is pumped into the cone. The inner 
cone and the area of the tank above the stainless steel screens are filled 
with shredded detinned iron scrap. The injection of the solution 
through the mass of iron has the effect of not only rapidly precipitat- 
ing copper, but also removing the metallic copper from the iron sur- 
face, thereby exposing clean, fresh iron. The pressure and velocity of 
the solutions in the lower conical section move the copper precipitated 
upward and out of the cone into a reduced velocity zone created by 
the larger diameter of the holding tank. The  copper settles down 
through the stainless steel screen and accumulates on the sloped false 
bottom of the tank. Copper can then be discharged either intermit- 
tently or continuously. Table 25.7 compares the analysis of cement 
copper produced in launders with that produced in cones from which 
i t  can be seen that the product from cones is purer than that from 
launders. 

Figure 25.19: Inverted cone precipitator (Kennecott). 
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Figure 25.20: Inverted cone precipitator (Kennecott) 

 ELECTROLYTIC^ 
In precipitation by electrolytic reduction, inert electrodes2 are 

immersed in the solution and a direct current is passed through. The 
reactions taking place for the precipitation of a metal can be repre- 
sented by the equation: 

Cathodic: Mn+ + ne- -+ M 

1. This is a specialized area of metallurgy - Electrometallurgy - and will be only 
briefly outlined. For more details, consult F. Habashi, Principles of Extractive Met- 
allurgy: Volume 4 - Amalgam and Electrometalhrgy, 1999 (available from Laval 
University Bookstore). 

gam Metallurgy - and will not be discussed here. 
2. The use of mercury as cathode is a specialized area of electrometallurgy - Amal- 
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Anodic: H20  + 1/202 + 2H+ + 2e- 

For example, copper, zinc, cadmium, manganese, chromium, nickel, 
cobalt, antimony, gold, silver, and tellurium are recovered industrially 
from leach solutions by this method - a process called electrowinning. 
Thus, the overall reaction for the electrowinning of copper from cop- 
per sulfate leach solution is: 

Cu2+ + H 2 O  + Cu + ' / 2 0 2  + 2H+ 

c) r CuSOq + H 2 O  CU + ' / 2 0 2  + H 2 S 0 4  

Sulfuric acid regenerated at the anode is recycled to the leaching step. 
Copper deposited on the cathodes is melted and casted. 

In some cases, e.g., in the electrowinning of zinc, the ZnSOq leach 
solution must be extensively purified to avoid hydrogen evolution by 
the decomposition of water. The most important property that deter- 
mines whether a metal can be deposited from aqueous solution is the 
relation of its potential to that of hydrogen. Metals having deposition 
potentials very much less noble than hydrogen cannot be deposited, 
because hydrogen is discharged preferentially and the cathode poten- 
iial required for their deposition cannot be attained. It is true that due 
1.0 the phenomenon of overvoltage, hydrogen does not discharge on 
inany metals until the cathode potential is several tenths of a volt less 
noble than the reversible potential of hydrogen. That is why for exam- 
ple the deposition of zinc or manganese is possible from aqueous 
imedium although they are deposited at about 0.5 volt more negative 
(less noble) than the equiIibrium potential of hydrogen. However, 
imany metals are apparently so much less noble than hydrogen that 
even the resistance of hydrogen over-voltage does not suffice to enable 
their deposition potentials to be attained. 

Another factor which may be responsible for the failure to deposit 
some metals, especially beryllium and aluminum, from aqueous solu- 
tions is the extremely small size of the ions of these metals and the 
large positive charge associated with them resulting in their excessive 
hydration. Dehydration prior to neutralization of the charge at the 
cathode may be an extremely slow step that hydrolysis, instead, takes 
place, resulting in the precipitation of the hydroxide instead of the 
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metal. Table 25.8 gives a summary of methods for precipitation of 
metals by electrolytic reduction. 
Table 25.8: Precipitation of metals by electrolytic reduction. 

Metal Electrolyte Cathode Remarks 
Antimony NaOH + Na2S Steel 
Cadmium 
Chromium 
Cobalt 

Copper 

Gallium 

Gold 

Manganese 
Nickel 
Silver 
Tellurium 
Zinc 

Sulfate 
Sulfate 
Sulfate 

Sulfate 

NaOH 

Cyanide 

Sulfate 
Sulfate 
Nitrate 
NaOH 
Sulfate 

Aluminum 
Hastalloy 
Stainless steel 

Copper 

Stainless steel 

Steel wool 

Stainless steel 
Nickel 
Silver or graphite 
Stainless steel 
Aluminum 

By-product of zinc. 

Co-product with copper in 
Zaire. 
Leach solutions, or after 
concentrationlpurification 
by organic solvents. 
By-product of aluminum 
production from bauxite. 
After enrichment on acti- 
vated charcoal. 

NaOH Stainless steel Product in powder form 
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INTRODUCIION 
Laboratory autoclaves for hydrometallurgical investigations are 

available in a variety of sizes, models, and materials of construction. 
'They vary in sizes from 25 mL to 2 liters for laboratory studies and 5 
1-0 50 gallons for pilot plant work. They are essential tools for studying 
dissolution of minerals at high temperature and pressure, and hydro- 
thermal precipitation reactions. They can be equipped with gas inlet 
tube, cooling coil, agitators, etc. They may also incorporate an inter- 
changeable chemically resistant lining covering all interior surfaces. 
]Reactor operates up to 20 000 kPa and 250 "C. Berghof developed a 
special conical flange closure which assures uniform tightening and a 
reliable seal by means of two simple handscrews. 

The Zipper Clave reactor by Autoclave Engineers is manufactured 
in %, 1, 2 and 4 liters. It is claimed to be the fastest, easiest opening 
and closing pressure vessel ever offerred. No bolts to torque, no clamps 
or rings. Instead, just raise the body and push the spring section to 
(close the cover. To open, just pull the spring and lower the body. 
(Cover remains stationary, so there is no need to break cover connec- 
tions. Closure is effected by resilient spring member (The Zipper) 
inserted through a circumferential groove in body and cover. Simply 
release the safety sleeve and pull the Zipper to remove the cover. A 
quick release/safety lock and cover safety device are provided to ensure 
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that the spring is fully inserted. The maximum pressure and tempera- 
ture at which any reactor can be used will depend upon the design of 
the vessel and its material of construction since all materials lose 
strength at elevated temperatures. Autoclave design is under continu- 
ous improvement for better reliability. 

MATERIALS OF CONSTRUCTION 

The choice of the material of construction (Table A. 1) of an auto- 
clave depends on the operating medium whether acidic or alkaline, 
the temperature range, and the presence or absence of oxidizing atmo- 
sphere. Table A.2 provides a set of multipliers which can be used to 
convert 350 "C pressure ratings for any T316SS vessel to higher or 
lower temperatures. It can also be used to determine the correspond- 
ing ratings for vessels of the same design made of other materials. No 
pressure vessel should be operated above these maximum temperature 
limits. 

Table A. 1: Materials of construction for Parr laboratory autoclaves. 

Major elements, % 

Fe Ni Cr Mo Mn Other 
T316 Stainless Steel 65 12 17 25 2.0 Si 1.0 
Carpenter 20Cb3 35 34 20 25 2.0 Cu 3.5, Nb  

1.0 max. 
Monel400 1.2 66 Cu 31.5 
Inconel 600 8 76 15.5 

Hastelloy C-276 6.5 15.5 16 1 W 4.0, Co 

Nickel 200 99 
Titanium Grade 4 Commercially pure titanium Ti 99 min. 
Zirconium Grade 705 

Hastelloy B-2 2 66 1 28 1 Co 1.0 

2.5 

Zr 95.5 min, Hf 4.5 max,Co 2.5 

Stainless Steel316 Sulfuric, phosphoric, and nitric acids readily 
attack T3 16SS at elevated temperatures and pressures. Halogen acids 
attack all forms of stainless steel rapidly, even at low temperatures and 
in dilute solutions. Although T3 16SS offers excellent resistance to sur- 
face corrosion by caustic, stress corrosion cracking can occur. This 
phenomenon begins to appear at temperatures just above 100 "C. 
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1'316SS offers good resistance to ammonia and to most ammonium 
compounds. Halogen salts can cause severe pitting in all stainless 
steels. Chlorides can cause stress corrosion cracking. 

Table A.2: Pressure rating of reactors (Parr Instrument Company). 

Temperature, "C 
Material 

25 100 200 300 350 
T 3  16 Stainless Steel 1.13 1.13 1.09 1.04 1 .oo 

Ihconel600 1.20a 1.20a 1.20a 1.20a 1 .20a 

Hastelloy B-2 1.20a 1.20a 1.20a 1.20a 1.20a 

IHastelloy C-276 1.20a 1.20a 1.20a 1.20a 1.20a 

- 

ILlonet 400 1.20 1.20 1.20 1.20 1.19 

Nickel 200 0.60 0.60 0.60 0.60 0.60 at 316 "C 
(Carpenter 20Cb3 1.20 1.20 1.17 1.16 1.16 
Titanium Grade 2 0.75 0.64 0.51 0.36 0.34 at 316 "C 
'Titanium Grade 4 1.20 1.20 0.81 0.63 0.60 at 16°C 

Zirconium Grade 705 1.20 0.98 0.76 0.65 0.61 

a.. Standard designs cannot be rated higher than 1.20 without checking all aspects of the 
design. 

Carpenter 2OCb-3. Carpenter 20Cb-3 is an enriched grade of stain- 
less steel, designed specifically for use with dilute (up to 30 %) sulfuric 
acid at elevated temperatures. It can also be used for nitric and phos- 
phoric acid systems as well as for all systems for which T3 l6SS is suit- 
able. 

,Wonel 400. Monel400 is an alloy of two-thirds nickel and one third 
copper. For many applications it offers about the same corrosion resis- 
1:ance as nickel, but with higher maximum working pressures and tem- 
peratures and at a lower cost because of its improved machinability. It 
is used for caustic solutions because it is not subject ot stress corrosion 
cracking in most applications including the presence of chloride ions. 
[t is also an excellent material for fluorine, hydrogen fluoride and 
hydrofluoric acid systems. As would be expected from its high copper 
{content, Monel 400 is rapidly attacked by nitric acid and ammonia 
systems. 

lnconel600. Inconel 600 is a high nickel alloy offering excellent 
resistance to caustic and chlorides at high temperatures and high pres- 
,sures when sulfur compounds are present. Although it can be recom- 
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mended for a broad range of corrosive conditions its cost often limits 
its use to only those applications where its exceptional characteristics 
are required. 

Hastelloy B-2. Hastelloy B-2 is an alloy rich in nickel and molybde- 
num which has been developed primarily for resistance to reducing 
acid environments, particularly hydrochloric, sulfuric and phosphoric. 
Its resistance to these acids in pure form is unsurpassed, but the pres- 
ence of ferric and other oxidizing ions in quantities as low as 50 ppm 
can dramatically degrade the resistance of this alloy. 

Hastelluy C-276 Hastelloy C-276 is a nickel chromium-molybde- 
num alloy having a broadest general corrosion resistance of all com- 
monly used alloys. It was developed initially for use with wet chlorine, 
but it also offers excellent resistance to strong oxidizers such as cupric 
and ferric chlorides, and to a variety of chlorine compounds. 

Nickd200. Nickel 200 is one of the designations of commerically 
pure nickel. It offers the ultimate in corrosion resistance to host caus- 
tic environments, but its applications are severely restricted because of 
its poor machinability and resultant high fabrication costs. 

Titanium. Titanium is an excellent material for use with oxidizing 
agents, such as nitric acid, aqua regia, and other mixed acids. It also 
offers good resistance to chloride ions. Sulfuric and hydrochloric acids, 
which have high corrosion rates in their pure form can have their cor- 
rosion rates in titanium reduced if small quantities of oxidizing ions, 
such as cupric and ferric are present to act as corrosion inhibitors. This 
phenomenon leads to many successful applications where sulfuric acid 
is used to leach ores and the extracted ions act as corrosion inhibitors. 

It should be remembered, however, that titanium will burn vigor- 
ously in the presence of oxygen at elevated temperatures and pressures. 
While there have been many successful applications in hydrometal- 
lurgy where oxygen and sulfuric acid are handled in titanium equip- 
ment, the danger of ignition is always present and must be protected 
against. 

Commercially pure titanium is available in several grades. Grade 2 
is the material most commonly used for industrial equipment since it 
can be fabricated by welding. Grade 4, which has slightly higher trace 
levels of iron and oxygen, has higher strength than Grade 2 but it is 
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not suitable for welding. Since Parr vessels are not welded, they usually 
are made of Grade 4 to obtain higher working pressures than can be 
obtained with Grade 2. Grade 7, containing small amounts of palla- 
dium, and Grade 12 containing small amounts of nickel and molyb- 
dlenum, offer enhanced resistance to certain environments and can be 
used for Parr reactors and pressure vessels if suitable billets can be 
obtained. 

Zirconium. Zirconium offers excellent resistance to hydrochloric and 
sulfuric acids but as with Hastelloy B-2, oxidizing ions such as ferric, 
cupric, and fluorides must be avoided. Zirconium also offers good 
resistance to phosphoric and nitric acids, and to alkaline solutions as 
well. Grade 702 containing hafnium is the standard commercial grade 
offering the best resistance to most corrosive agents. Grade 705 con- 
taining small amounts of both hafnium and niobium has better 
strength than Grade 702, allowing higher working pressures, but the 
corrosion resistance of Grade 705 is not as good as Grade 702. 

ENGINEERING ASPECTS 

iYigh-torque magnetic drives. These magnetically coupled systems use 
high energy permanent magnets in sealed enclosures with no rotating 
seals to eliminate the troublesome leakage problems which sometimes 
arise with a packing gland in severe service, permitting long continu- 
ous runs at pressures up to 30 000 kPa with little or no attention to 
the gland and drive. A water cooling sleeve attached to each drive pro- 
tects the components from excessive temperatures arising from the 
reactor. The stirring shaft rotates in PTFE bearings and is rigidly con- 
inected to the internal magnet. Both of these components are inside 
i;he pressure vessel. The external magnet is supported by bearings and 
rotates outside the pressure chamber. As a result of the optimally uti- 
llized lines of force of the magnetic field, the internal magnet rotates in 
synchronization with the external magnet. 

vdlves. Valves used in autoclaves have non-rotating stems to mini- 
mize leakage. Because stem tip does not rotate on contact with body 
seat, the 2-piece Non-Rotating Stems designed by Autoclave Engi- 
neers eliminate the galling and scoring of stem and seat usually associ- 
,ated with conventional rotating stem valves. Thus, one of the major 
(causes of valve leakage and failure is avoided. 
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Accessories. The safety head houses the rupture disc. To prevent the 
action of corroding vapors, the discs can be coated on one or both 
sides with Teflon or gold. Such coatings and lining increase the mini- 
mum rupture ratings available in a given disc. A dial thermometer and 
a connecting tube are also shown. 

ACID DIGESTION BOMBS 

The acid digestion bombs are small non-agitated autoclaves that 
are meant for conducting rapid semi-quantitative tests at high temper- 
ature and pressure. They may be equiped with a heating mantle but 
more often they can be heated in a laboratory oven thus the tempera- 
ture inside the bomb is not precicely known. 

Parr bombs contain a Teflon cup and are available in two sizes: 25 
mL and 125 mL (Table A.3). They can be heated in an oven. The 
125-mL bomb has a safety rupture disc built into the head which 
protects the bomb and the operator from the hazards of an unex- 
pected explosion from accidental overloading. Should the pressure 
in the bomb accidentally reach the 23 000 kPa range, a pair of 
thin, frangible discs (Inconel + stainless steel) will rupture. 

Berghof bomb is a stainless steel pressure vessel with 10 mL Teflon 
sample holder, heated from below by a heating coil. Operating 
temperature up to 180 "C. 
Microwave acid digestion bombs are made of a microwave trans- 
parent polymer which has good mechanical strength at tempera- 
tures up to 150 "C, and serves as a heat insulator for the Teflon 
sample cup. Since heating is developed internally within the cup, 
temperatures in the outer, high strength body will seldom exceed 
50°C. This type of autoclave is characterized by fast digestion 
times, can operate at temperatures up to 250 "C, and pressures to 
8000 kPa. 

Table A.3: Parr acid digestion bombs. 

Maximum working Maximum working 
pressure, H a  temperature, "C Size, mL 

8 000 

125 14 000 

150-250 

150-250 
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ADDRESSES OF SUPPLIERS 

Parr Instrument Company 
21 1, Fifty-third Street 
Moline, Illinois 6 1265 
USA 
Tel.: (309) 762-7716 

Autoclave Engineers, Inc. 

Fax: (309) 762-9453 

The Fred Gasche Building 
2930 West 22nd Street 
Erie, Pennsylvania 165 12 
USA 
Tel.: (814) 838-5700 
F a :  (814) 838-5855 

I?ressure Products Industries, Inc. 
900 Louis Drive 
Warminster, Pennsylvania 18974 
USA 
Tel.: (215) 675-1600 
Fax: (215) 443-8341 

IBerghof America, Inc. 
64550 Research Road 
Bend, Orgon 97701, USA 
Tel.: (503) 389-4620 
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Pressure gage has stainless 
steel tube and socket 

Safety ruphre disk protects 
against accidental aver-pressure 

Compressed gas connection is  m 
to lhreaded opening in valve bc 

Cones of a TeClon-base 
plastic form gas-tight 
gland on stirrer shaft 

Gas release valve 

Water connection to 
cooling channel around 

--Gas inlet valve 

,Liquid sampling valve 

Bomb head is clamped 
to  cylinder by tighte 
six cap screws En pair 
of steel ring sections 

Two-piece threaded adapters 
seal valves and gage to 
head, facing in correci 

- Cylinder is  machined from 
solid hot-rolled bar of 
T316 stainless steel, also 
from other corrosion-resistant 
metals and alloys 

Stirrer shaft turns 
in replaceable Teflon 

Thermowell extends to bottom 
of  cylinder for temperature 
measurements with either a 
thermometer or a thermocouple 

Gas inlet and liquid 

Two &blade propellers 
agitate the reactants 
with a turbulenf down- 
fhrust. Propellers are 
adjustable on stirrer shaft 

gtirrer bearing bracket 
is  clamped to thermowell 

ade 

W O  LITERS PARR AUTOCLAVE 
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connected to boththegas~nlezand hq- 
uid sampling valves 

AUTOCLAVE HEAD 
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Bomb Closure Details 
- 

677 

ASSEMBLED UNITS 
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!b In order to carry away friction heat generated a t  the 
packing, the drive shaft is drilled out, and by means of 
a rotor seal, a constant flow of water is circulated 
through the drive shaft in the packing section. 

1 

Heavy duty thrust bearings insure long-life operation. 
fiOnsiOn is made for packing tension take-up, which 
daws for W Y  maintenance and long life. 

oil seal helps protect the 
Pr-ure gauge against corrosive 

The standard closure 
bolted confined gasket type 

Electric heating or vapor jackets 

A thermocouple within a thermocouple well . .  

Blow pipe or drain connection can be provided for emptying 
the autoclave without removal of cover. 

This is a turrhe- 

AUTOCLAVES ENGINEERS I 
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1 LITER 1 GALLON 
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5 GALLONS 
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10 GALLONS 
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1/2 NPT Y 

Y 
60 QRlT FINIS1 

MFFLE BARS 
316 s.s 
DWG * 

SA240 TYPE 
316 SS 

314 DU (4 HOLE 
90' AWRT 

A Textbook of Hydrometallurgy 

THERMOWELL -316 SS 

24 STRIP WATERS-loo0 WATTS 
E w t i  - WIRED IN 2 BANKS 

I 

34-1/2 BC 

36" 

30 GALLONS 
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In-line 

500 ml model 

e 
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benguard needed) 

500 ml ZipperClave system 
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EXHAUST 
VALVE 

MANIFOLD 

GASKET 

ROTOR 

STIRRER 

LINER 

PRESSURE GAUGE 

RUPTURE DISC 

Q BERGHOF 
America, Inc. 
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AMERICAN INST 
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PRESSURE 
GAUGE 

MM016 

MIXER 
I 

689 

Pressure Products Industries, lnc. 
2000 psig (138 bar) @ 350" C 

ReaCIir tom 300 ml* 500 ml 1,2, and 4 liter sizes. 
As the mmr cover and body are bolM together. the metal seal ring 
seats 
seal ring. assuring a tight, leak-free seal. Metal real ring 

"0" tian g r w n  

Remw body 

Intemal aesSUre hueam the seal load and energizes 
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External Drrvcr Magnet Assembly (as seen 
from above) cons!s?s of an outer steel Rous- 
ing :hat corlains four equally spaced per- 
manent magnets with attracting poles on 
their inner faces 

In operation. the Driver Magnet Assembiy 
$6 rotated by a motor-driven V.belt. and the 
Driven Magnet Assembly rotates in re. 
sponse This action drives the rotor shaft to 
whteh the agitator is connected. 

internal Driven Magnet Assembly is totally 
encapsulateo i t  IS made up of circular. 
ceramic-type permanent magr,ets encasing 
a square rotor shaft and enclosed in a leak- 
proof housing. 

NiagneDrrve 
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DESIGNER HANDLE 

NON-ROTATING STEM VALVE 
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1 14.76 3'16" mm) I 
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25 ml 

125 ml 
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MICROWAVE 
Acid Digestion Bombs 
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DIGESTION BOMB 
Handle 
Screw Cap 
Pressure Spring 
Teflon Cap 

Stainless Steel Pressure 
Bomb 

Teflon Reaction Vessel 

Regulation Range: 20°C to 220°C 

Cooling Chamber 

HEATING MANTLE 

I Receptacle for Temperature Sensor 
Heating Coils 

BERGHOF/AMERICA 



698 A Textbook of Hydrometallurgy 

Autoclave assembly unit in operation. 
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High-pressure hydrometallurgical laboratory. 
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A miniplant with a total operating volume of about 100 litres in four 
stages, and can operate at pressures up to 18 bar and temperatures of 
180 "C. The capacity is 40-60 L/h of feed, or about 7-10 kg/h of sul- 
fide concentrate. Both oxidative and non-oxidative leaching can be 
performed. [MINTEK, South Africa] 
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Questions and Problems 

1. General aspects 

1.1 What are the advantages and disadvantages of hydrometallurgy 
in comparison to pyrometallurgy? 

1.2 Write balanced equations showing: 
a) The hydrolysis of ferric ion 
6) The reaction of limestone with sulfuric acid 
c) The oxidation of ferrous ion with oxygen 
d) The reaction of H2S with CuSO4 solution 
e) The dissolution of a sulfide mineral in ferric chloride solu- 

tion 
jj The reaction of hydrochloric acid with a solution of silver 

nitrate 
g) The formation of a complex ion between CuSO4 solution 

and ammonia. 

2. Leaching 

2.1 Discuss the mechanism of the following reactions: 
a) Covellite (CuS) with ferric chloride solution 
6) Aluminum hydroxide with NaOH solution 
c) Zinc sulfide in dilute H2S04 in presence of oxygen 
d) The aqueous oxidation of pyrrhotite (FeS) in presence and in 

absence of oxygen 
e) The dissolution of gold in cyanide solution. 

2.2 What are the factors that influence leaching in general and in 
what way? 

2.3 Discuss the reasons for which one is obliged to conduct certain 
leaching operations under pressure. 

Make a diagram for a pressure-leaching plant. Show the essential 
equipment. 

2.4 
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2.5 

2.6 

2.7 

2.8 

2.9 

Describe how certain ores can be leached without their transpor- 
tation from the mine. 

Write some notes on the utilization of flash tanks in hydrometal- 
lurgy and make a sketch of a typical equipment. 

While sulfuric acid is the least expensive leaching agent, one is 
obliged to use other more expensive reagents; 
a) Explain why. 
6) Give two examples to illustrate your answer. 

Make a diagram showing an industrial process for the recovery of 
gold from its ores. 

Describe an experiment showing the electrochemical nature of 
the dissolution of gold in cyanide solution and give the reactions 
involved. 

2.10 Discuss the action of the following reagents on pyrrhotite (FeS): 
a) Water saturated with oxygen 
6)  Dilute H2S04 
c> Dilute H$04 and oxygen under pressure in 110 “C. 

2.1 1 Discuss the utilization of NH, in hydrometallurgy. 

2.12 a) What are the industrial processes used for treating uranium 
ores? 

b) What are the environmental problems involved? 
c) How can such problems be solved? 

2.13 a) What are the manganese nodules? 
6 )  Discuss two methods for the selective recovery of nickel, 

cobalt, and copper from these nodules. 

2.14 a) What is “synthetic rutile” and how can it be produced in 
industry? 

6) Why is it necessary sometimes to produce this material? 

2.15 A pyrrhotite ore analyzes 57% Fe, 37% S, 0.8% Ni, and the rest 
is gangue. Propose an economic method for the recovery of 
nickel . 

2.16 Explain how elemental s u h r  can be produced from pyrrhotite. 
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2.17 Discuss the action of H2S04 on CuS under the following condi- 
tions: 
a) Dilute, in absence of oxygen 
6) Dilute, in presence of oxygen 
c) Concentrated, at room temperature 
d) Concentrated, at 150 "C 
e) Concentrated, at 280 "C. 

3. Applications 

3.1 Discuss the recent tendency in the hydrometallurgy of zinc sul- 
fide concentrated to liberate the zinc industry from the produc- 
tion of fertilizers. 

3.2 What are the actual problems today in the zinc industry and how 
can hydrometallurgy contribute towards a solution? 

Describe an industrial hydrometallurgical process for the treat- 
ment of a nickel sulfide concentrate. 

3.4 Discuss the role of the following leaching agents: 
a) NaOH 
6) Na2C03 
c) Dilute H2S04. 

a) What are the most favorable conditions leading to the for- 
mation of elemental sulfur during the leaching of sulfides? 

6) Give an industrial example in which these conditions are 
applied. 

c) What are the advantages of this technology? 

3.6 Describe an industrial hydrometallurgical process for: 
a) The recovery of nickel from laterites, 
6) The separation of nickel from copper from a mixture of their 

sulfides. 

3.7 Write short notes on: 

3.3 

3.5 

a) Leaching under pressure 
6) Leaching in situ 
c) Leaching in vats 
d) Autotrophic bacteria 
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e) The role of Ca(OH), in cyanidation 
f) Leaching of copper with ammonia 
g) Redmud 
h) Gallium 
;> Gibbsite 

j) 
k) The Pachuca tank 
I )  Aqua regia 
m) The production of NaOH from sodium carbonate 
n) The precipitation of aluminum hydroxide. 

3.8 Discuss how tungsten minerals can be treated for tungsten recov- 
ery. 

North America is one of the largest producers of aluminum, 
although the raw material is nearly all imported. What do you 
think of this problem and what is the possibility of becoming 
independent of importation? 

3.10 What is monazite sand and how is it beneficiated and treated 
industrially? 

The synthesis of nitric acid 

3.9 

3.1 1 Explain why there is interest recently in the treatment of: 
a) Clays 
6)  Asbestos tailings. 
How can these materials be processed for recovering valuable 
products? 

3.12 Pyrite is used extensively in the chemical industry. Explain how 
it can be treated to recover completely all its components. 

3.13 The residues accumulating from the recovery of asbestos fibers 
represent a health hazard. Expose the problem and propose a 
solution. 

3.14 Phosphate rock is an important source of uranium. Explain in 
what form it is present, how it can be determined, and how it 
can be recovered. 

3.15 a) Explain the distribution of uranium, radium, and fluorine 
during the treatment of phosphate rock by different acids. 
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6) How can the uranium and fluorine be recovered without dis- 
turbing the process for fertilizer production? 

4. Concentration/Purification 

4.1 What is activated charcoal? How is it produced industrially? 
What is its main application in hydrometallurgy? 

4.2 What are the different methods practiced today in gold recovery 
plants using activated charcoal? 

4.3 What is the mechanism by which gold is recovered from cyanide 
leach solutions using activated charcoal? 

What equipment are used industrially for extracting metal ions 
from leach solutions by organic solvents? 

Make a schematic diagram for the process of solvent extraction 
in hydrometallurgy. 

4.6 How can de-ionized water be prepared? 

4.7 Discuss the concentration/purification of uranium from its leach 
solutions. 

Compare ion exchange with solvent extraction with respect to: 
a) Equipment 
S) Mechanism. 

4.9 What are the principal materials used in ion exchange processes? 

4.1 O Write short notes on: 

4.4 

4.5 

4.8 

a) Diluents and their role in solvent extraction 
6) Swelling of ion exchange resins 
c) Activated charcoal as compared to graphite 
d, Synergism in solvent extraction 
e) Third phase formation in solvent extraction 
A Mixer-settler 
g) Pulse column 
h) Purification of mineral acids by organic solvents. 
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5. Precipitation 

A Textbook of HydrometaLurgy 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

Describe the following recovery processes: 
a) Magnesium from the sea 
6) Selenium from aqueous solutions of selenious acid 
c) Uranium from a uranyl sulfate solution 
d) Lithium from LiCl solution 
e) Cadmium present in a zinc sulfate solution 
8 Gold from cyanide solution 
g) Copper from H2S04 leach solution. 

In the precipitation of certain hydroxides, it is important to 
obtain crystalline products. 
a) Explain why. 
6) What are the conditions necessary for achieving this goal? 
c) Give TWO examples in which these conditions are applied 

industrially. 

Describe three possible methods for separating Cu2+ and Fe2+ 
from an acidic solution containing both. Write balanced equa- 
tions. 

Write some notes on the use of hydrogen in hydrometallurgy. 

Compare the behavior of activated charcoal towards gold from 
chloride and from cyanide media. 

Compare the recovery of copper from sulfuric acid and leaching 
solution by cementation with iron versus solvent extraction-elec- 
trowinning. 

6. Problems 

6.1 The p H  scale is widely used to indicate acidity or basicity of a 
solution. What is the pH of a 0.05 M HC1 solution? 

Solution: 

pH = -log[H+] = --lo& X 
= -log5 - loglo- 2 = -0.7 + 2 = 1.3 
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6.2 Calculate the pH of a solution containing 0.2 M KCN given 
that KHCN = 4 x 1O-l'. 

Solution: 

[H+l[CN-l = 4 lo-lo 
KHcN= [HCN] 

HCN + Hf + CN- 

H,O + H+ + OH- KH = [H+][OH-] = 

CN- + H,O --+ HCN + OH- 
(0.2 -x) X X 

X 2  

0,2 - x 
K= - = 0.25 x lo4 

Therefore: 
2 = 5 x 10" x = 2.236 x lov3 

Le.: [OH-] = 2.236 x 
Therefore: 

14 [H'] X 2.236 X 

[H+] = 4.47 x 
= 10- 

pH = -log[H+] = -log(4.47 X = 11.3 

6.3 Commercial chemically pure hydrochloric acid contains 37 % 
HCI by weight. If the density of the acid is 1.2 g/mL, what will 
be the concentration expressed in g/L? 

Solution: 
Weight of one liter acie = 1000 mL x 1.2 g/mL 

37 Weight of HC1 of 1 liter = 1000 mL x 1.2 g/mL x - 
100 

Concentration = 444 g/L 
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6.4 Calculate the volume of H2 gas generated during the dissolution 
of zinc in 25 mL of 44% H2S04 solution. Density of acid used = 
1.343. 

Solution 

Weight of acid = 25 mL x 1.343 glmL x 0.44 = 14.8 g 

Zn + H2S04 + ZnSO, + H, 
1 mole 22.4 L 

14.8 - moles 
98 

X 

14.8 
98 

x = - X 22.4 = 3.38 L 

6.5 In the first step in the production of aluminum, bauxite is 
leached with NaOH solution at 180 "C. The aluminum mineral 
in bauxite is Al(OH),. Calculate: 

a) The solubility of Al(OH), in water 
6)  The solubility of Al(OH), in a 1 M NaOH given that the 

solubility product of Al(OH), is 1.9 x and the insta- 
bility constant of aluminate ion is 4.75 x Note: Alu- 
mina te  ion  may be represented as [Al(OH)*]-  o r  
[AlO(OH)21-. 

Solution 

a) The solubility of aluminum hydroxide in water can be calcu- 
lated from the solubility product: 

Al(OH),(,, +A13++30H- 
X 3 x  

At equilibrium, x grams of AI3' ion and 3% grams of OH- ion are 
present. 
The solubility product: 

K =  [AI3+] [OH-], = x x ( 3 ~ ) ~  = 1.9 x 

i.e.: 27x4 = 1.9 x 
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x = 2.9 x lo-’ mol/L 

= 2.9 x lo-’ x molecular weight ofAl(OH), 
= 2.9 X lo-’ X 78 
= 2.2 x 10-7 g/L 

The solubility of aluminum hydroxide in water is very low. 
6) Aluminum hydroxide forms a stable aluminate ion in NaOH 

solution: 

Al(OH),(,) +A13+ + 30H- 
Kl = [A13+][OH-]3 = 1.9 x 

Al(0H)Z * A13+ + 40H- 

Al(OH)3(S) +OH--+Al(OH)i 

At start 1 .o 0 
At equilibrium 1 -x X 

[Al(OH&I - q 
[OH-] K2 

K= - -  

- 1.9 x 10-33 
4.75 x 10-35 

- 

= 40 
Substituting the concentrations of OH- and Al(0H)Z into the 
equation: 

= 40 K =  - -  
1 -x 

[ ~ ( O W i I  - x 

r OH-] 

gives x = 40 - = 0.98 mol/L 41 
= 0.98 X 78 = 76.4 g/L 
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where 78 is the molecular weight of Al(OH),. Aluminum 
hydroxide has a high solubility in 1 M NaOH. 
The same result could be obtained in another way. Aluminum 
hydroxide in an amphoteric hydroxide that gives aluminate ion 
according to: 

Al(OH),(,) AlO(0H)T + 3H+ 

Kl = [AIO(OH)?][H+] = 4 x 

H+ + OH- -+ H20 

K2 = [H+][OH-J = 

AI(OH),(,) + OH- -+ AIO(OH), 

At start 1 .o 0 
At equilibrium 1 - x X 

[OH-] 
- 4 x 10-13 

10-14 
= 40 - 

Substituting into the equation for K 
X - = 40 =40  

1 -x 

40 
41 x = - = 0.98 M 

= 0.98 x molecular weight of Al(OH), 
= 0.98 X 7 8  = 76.4 g/L 

6.6 Some hydrometallurgical reactions are conducted at high tem- 
perature and pressure in closed reactors (autoclaves). It would 
therefore be necessary to determine the vapor pressure of water at 
high temperature. If the vapor pressure of water at 100 "C is one 
atmosphere, and the molar heat of vaporization is 9720 cal/mol 
for the temperature range 100-120 "C, what will the vapor pres- 
sure of water be at 120 "C? 
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Solution: 
The variation of vapor pressure with temperature is governed by 
the relation: 

AHv T z -  T I  
log- = - P, 2.303RX T I T 2  

= 1.95 atm. p2 9.720 X (393 - 373) log- = 
1 2.303 x 1.987 x 393 x 373 

6.7 Calculate the pH at which: 
a) Ferric hydroxide precipitates from a 0.1 M ferric sulfate solu- 

tion. 
6) Magnesium hydroxide precipitates from a 0.1 M magnesium 

chloride solution. 

Solution 
The dissolution of a hydroxide in water (the reverse process of 
precipitation) is determined by the solubility product equation. 
a) For ferric hydroxide: 

Fe(OH), * Fe3' + 3 0 H -  

K =  [Fe3'][OH-I3 = 1.5 x 
Substituting 0.1 for the concentration of ferric ion gives: 

0.1 x  OH-^ = 1.5 x 10-36 

[OH-] = 2.5 X 

pH = 2.4 
6) For magnesium hydroxide: 

Mg(OH), Mg' + 2 0 H -  

K =  [Mg2'][OH-I2 = 1.5 X lo-'' 
Substituting 0.1 for the concentration of magnesium ion gives: 

0.1 x [0H-l2 = 1.5 x 

[OH-] = 1.2 x 
pH = 9.1 

Note the great difference in the pHs necessary for precipitating 
these ions. 
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6.8 From conductivity measurements, the ionization constant of 
pure water was found to be 1.008 x 1 0-14 at 25 "C and 0.69 x 

at 20 "C. Calculate the heat of neutralization of a strong 
acid with a strong base. 

The neutralization of an acid with a base is the reverse of the 
reaction for the ionization of water. The ionization of water is 
represented by the equation: 

Solution 

H 2 0  T+ H+ + OH- K =  [H+][OH-] 
The neutralization of an acid with a base is the reverse process: 

H+ + OH- 3 H,O 
The equilibrium constant of this reaction is the inverse of that 
for the ionization of water. The heat of a reaction is related to the 
change in equilibrium constant of that reaction as a function of 
temperature by the Vant Hoff equation: 

Therefore: 
298 - 293 
293 X 298 

X 
0.69 x 10-14 - AH - 

log 1.008 x 10-14 

AH = -13 750 calories 

2.303 X 1.987 

This is an excellent agreement with the directly determined 
value. 
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Chalcosiderite 249 
Charcoal 386 
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Electrolytic reduction 541, 664, 666 
Electrolytic refining 327 
Electrolytic zinc 9 
Electromotive series 651 
Electron exchangers 4 17 
Electron transfer 533 
Electro-oxidation process 96 
Electrostatic separation 352 
Electrowinning 665 

of metals 642 

acid 

534 

ofNaCl 86 
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Elemental sulfur 290,306,309 

Elovich equation 398 
Elution 382, 386,399,426 

of uranium sulfate 43 1 
Enargite 335 
Energy consumption 18 
Engineering aspects 163 
Enrichment factor 445 
Enstatite 360 
Enzymic processes 196 
Equilibrium constant 41 
Esters 474 
Ethers 455,489,491,  502 
Ethylene diamine tetraacetic acid 59, 

503,5 14,605 
2-Ethylhexanol 457,499 
Evaporating sea water 570 
Evaporation 314, 603 
Exchange capacity 418,420 
Extractant polymerization 498 
Extractants 453 
Extracted species 496,498 
Extraction by chelation 455 
Extraction isotherms 449 
Extraction mechanism 489 
Extraction of inorganic acids 508 
Extraction of lanthanides 507 
Extraction of water 

viscosity 294 

5 1 1 

F 
Face-centered cubic system 545 
Falconbridge process 299 
Faraday's laws 54 
Fatty acids 469,642 
Fayalite 360 
Feldspars 358 
Ferric arsenate 321 
Ferric chloride 98, 31 1 
Ferric ion 98 
Ferric sulfate 
Ferrihydroxy sulfate 608, 610 
Ferrite problem 269 
Ferrites 269 

98, 3 1 1 

Ferrochromium 280 
Ferrous ion 533 
Ferrous sulfate 258, 588 
Fertilizers 34 1 ,  633 
Fick's law 118 
Filter press 184 
Filtration 176, 18 1 
Fineness of gold 224 
Fission products 522 
Flash evaporators 174, 175 
Flash tank 297 
Flotation 580 

of metal ions 595 
of precipitates 624 

Fluorescence of resins 427 
Fluorides 40, 621, 629 
Fluorine 341 
Fluoroapatite 342 
Fluorosilicate ion 349 
Fluorosilicic acid 82, 107, 368 
Fluosilicic acid 349 
Fly ash 364, 365 
Foaming 68 
Foote Mineral Company 578 
Formaldehyde 533,637,649 
Formaldehyde sodium 

sulfoxylate 649 
Formation of a lead-gold alloy 214 
Formation of calcium peroxide 216 
Formation of solid solution 538 
Formation of thiocyanate 2 16 
Formation of toxic gases 656 
Forsterite 358, 360 
Fractional crystallization 570, 588, 

Framework structure 358 
Frankolite 342, 343 
Free energy change 56 
Fresenius, Carl Remigius 62  
Freundlich adsorption isotherm 393 
Fullerene 386 
Fuming 270 
Furaldehyde 459 
Furfural 459 
Fused salt electrolysis 313 

590 
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G Hall, Charles Martin 8 
Harvesters 571 Galena 212 

Gallium 248, 666 Hayyan, Jabir Ibn 4 
Galvani, Luigi 52 HCI recovery 56 

H C N  recovery 218 Galvanic cells 117 
Galvanic processes 52 Heap leaching 349 

Gamma activity 348 Heap leaching, see Dump leaching 
Heat economy 170 Garnierite 361, 362 
Heat exchangers 171, 573 Gelatin 642 
Heat transfer 170 Geometrical isomerism 552 
Heavy lanthanides 435 Geometrical orientation 552 
Hematite 271, 610 Geothermal brines 577 

Hemihydrate process 344 Germanium 268 
extraction 440 Hemihydrate-dihydrate process 344 

Hemimorphite 360, 362, 374 Gibbsite 242 

Henglein, Friedrich August 9 Glauber’s salt 570, 581 ,  586 

Henkel Corporation 464, 477, 481, Glauberite 7 0  

484 Glockerite 6 10 
Heptane 497 Goethite 271, 610 
H&roult, Paul 8 process 271 

Gold 85,  11 I ,  204,481,666 Heterogeneous crystals 564 
Heterogeneous reduction 534 fineness 224 

Heteropoly ion 6 10 ores 137 

Heterotrophic bacteria 195 precipitation 636 
recovery 654 Hexaammonium molybdates 61 2 

Hexagonal system 546 refining 224, 225 

Hexane 454,501 Gold bead 112 

Hexatungstic acid 613 Gold electrode 2 13 

Hexavalent uranium 430 Gold leaf test 212, 217 

Hexone 460,461,504,521 Gold oxide 2 17 

High-gold alloys 227 Gold xanthate film 217 

High-grade bullions 224 Graphite 386 

High-pressure membrane pumps 168 Gravity concentration 352 
Great Salt Lake History ofsolvent extraction 440 

Homogeneous reduction 533 582, 585 

Hot filtration 297, 313 Green acid 344 

Huanu 586 Green salt 614 

Gypsum 575,577 Hvdrarnillite 242 

process 271 

575, 576, 577, 581 ,  

J V  

Hydrated ionic volumes 420 H Hydrated metal ions 548 
Haber, Fritz 8 Hydrated oxides 600, 629 
Hafnium 462, 504, 521, 591 Hydrated silicates 362, 363 
Halex process 308 Hydrated tungsten oxide 61 3 
Halides 618 Hydration 43 
Halite 70, 575 ofions 39 
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Hydrazine 533, 637,650 
Hydroaromatics 454 
Hydrochloric acid 75,259,345,370 
Hydrochloric acid regeneration 279 
Hydrocyanic acid 92 
Hydrocyclone 178 
Hydrofluoric acid 82, 107,282, 521, 

Hydrofluosilicic acid, see Fluosilicic acid 
Hydrogen 533,535,637,638 

under pressure 9,  235,658 
Hydrogen bond 494 
Hydrogen chloride 75 
Hydrogen cyanide 93, 209 
Hydrogen ion concentration 45 
Hydrogen peroxide 
Hydrogen sulfide 25 1,623 
Hydrolysis 

Hydrolytic products 656 
Hydronium ion 35 
Hydronium jarosire 609, 610 
Hydrothermal methods 4 1 1 
Hydroxides 40, 598, 600, 629 
Hydroxy copper sulfate 608 
Hydroxy iron sulfates 271, 608 
Hydroxysalts 608,610,629 
Hydroxyapatite 342 
Hydroxybenzophenone oximes 465, 

Hydroxyoximes 464 
8-Hydroxyquinoline 468 
Hydroxyquinoline-kerosene 648 
Hydrozincite 268 
Hygroscopy 549 
Hypochlorite 94 
Hypophosphite 634 

591,600,621 

98, 207, 61 8 

43,  55, 280, 532, 540, 
596 

466 

ion 533 

I 
Ignition temperature 454 
Ilmenite 276, 279,285, 352 

Ilmenite leaching 76 
Imperial Chemical Industries 465 

leaching 588 

In situ leaching 265 
Indanes 455 
Indian Rare Earths 279 
Indium 268, 515 
Information sources 19 
Infrared magnetic resonance 496 
Infrared spectra of resins 428 
Injection technique 127 
Inorganic acid extraction 508 
In-situ leaching 129,349, 583 
Intec Copper 308 
Interatomic forces 392 
Intermediate-control processes 1 19 
Inverted cones 662 
Iodine 341, 575, 587 
Ion exchange 9 ,  190,381, 570,615 
Ion exchange columns 435 
Ion exchange membrane 4 15 
Ion exchange system 94 
Ion exclusion 429 
Ion flotation 595 
Ion hydration 507 
Ion pair transfer 489 
Ionic bond 32 
Ionic crystals 38 
Ionic precipitation 533, 540, 593 
Ionic radius 42 1 
Ionic reducing agents 533 
Ionic reduction 540 
Ionic-covalent solids 102 
Ionization 35 

inside the resin 420 
Ionization constant 37 
Ipatieff, Vladimir 9 
Iron 525 
Iron arsenate 594 
Iron-nickel alloy 369 
Isobutyl alcohol 457 
Isomerism 552 
Isometric system 545 
Isomorphism 55 1 
Isomorphous substitution 55  1 
Isopentane 501 
Isopropyl carbinol 457 
Isopropyl ether 457 
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J 
Jarosite 271, 609 
Johnson Matthey Refinery 230, 231 

K 
Kainite 70,  583 
Kaolinite 
Karl-Fischer reagent 5 1 1 
Keelex-100 469 
Keelex- 120 469 
Kennecott 663,664 
Kernite 7 0  
Kerosene 454, 455, 499 
Ketakaolin 364 
Ketones 460, 461, 491,493 
KeyLake 263 
Kowa-Seiko process 376 
Kunskite 342,343 

247, 358, 361, 362, 364 

L 
Laboratory autoclaves 667 
Langbeinite 7 0 ,  575 
Langmuir adsorption isotherm 394 
Lanthanides 

Laterites 
Launders 661 
Lautarite 575 
Le Chatelier, Louis 8 
Leachpad 135 
Leach residues 266 
Leaching agents 69 
Leaching bauxite 148 
Leaching clays 525 
Leaching equipment 16 1 
Leaching in a reducing 

atmosphere 260 
Leaching in place 123, 253 
Leaching in situ 123 
Leaching methods 16 1 
Leaching of ilmenite 76 
Leaching of pyrite 198 
Leaching pyrite 3 18 
Leaching-precipitation-flotation 249 

341, 521, 523, 588, 618 
extraction 507 

149, 236, 254, 257, 273 

Leach-precipitate-float 658 
Lead membrane 153 
Lead salts in cyanide solutions 
Lead sulfide concentrates 3 12 
Les Beaux 241 
LCtrange, L. 9 
Leucite 361 
Liberate gold prior to cyanidation 
Libethenite 249 
Light lanthanides 435 
Lignosol 292 
Limonite 254 
Linarite 249 
Liquid sulfur 293 
Liroconite 249 
Lithium 574, 577 
Lithium aluminum silicate 373 
Lithium carbonate 616 
Lithium carbonate solubility 616 
Lithium chloride 575 
Lithium dialuminate 61 6 
Lithium recovery 616,617 
LIX-63 464 
LIX-64 465,466,5  15 

2 13 

I52 

LIX-64N 464,465,466 
LIX-65N 465,466,468 
LIX-70 465,466 

LIX-73 466 

Loeweite 70 
Low-gold bullion 225 
Low-grade ore treatment 19 
LPF process 249 
Lurgi 155, 157, 159, 175 

M 
MacArthur, John Stewart 5 , 6  
Magnesite 358 
Magnesium 574 

from sea water 604, 606 
Magnesium carbonate 617 
Magnesium chloride 575, 578, 582 
Magnesium diuranate 613 
Magnesium hydroxide 605 

LIX-71 466 

LIX-860 467 



7 3  1 

Magnetic separation 352, 371 
Magnetite 352 
Malachite 249, 273 
Malzac, M. 8 
Manganese 666 

nodules 236, 257, 259, 273 
ores 257 

Manganese carbonate 260 
Manganese dioxide 97, 1 13,648 
Manhattan project 3, 9 
Mantos Blancos 6 19,620 
Marcasite 288 
Material handling 17, 13 5 
Materials of  construction 68, 168 
Maximum loading 495 
Maximum selectivity 420 
McArther River 263 
McCabe-Thiele diagram 450, 452 
Mechanism of extraction 489 
Melting 363 
Membrane piston pump 169, 170 
Mercury 659 
Metal electrowinning 642 
Metal ion flotation 595 
Metal powders 535,644 
Metallic bond 32 
Metallic chromium 282 
Metasilicates 360 
Methyl isoamyl ketone 461 
Methyl isobutyl ketone 460,461,462 
Methylethylcarbinol 457 
Methylnaphthalenes 455 
Mica group 36 1 
Michigan Chemical Corporation 435 
Microorganisms 195 
Mindigite 252 
Mineral structure 32 
Mineral wool 369 
Minimum viscosity 296 
Mirabilite 7 0  
Mixer settlers 439 
Mixing 169 
MoaPlant 624 
Mobile positive ions 
Molybdates 61 1, 629 
Molybdenite 302,306,3 1 1,316,611 

4 1 1 

Molybdenum 25 1,482 
recovery 612 
removal 440 

Molybdenum dioxide 648 
Molybdenum sulfide 302 
Molybdic acid 3 16 
Molycorp Process 523 
Monazite 341, 352, 589, 618 
Monazite sand 86 
Monoalkylphosphinic acids 497 
Monoalkylphosphoric acid 489 
Monoalkylphosphoric acids 497 
Monoammonium phosphate 344 
Monocalcium phosphate 349 
Monoclinic system 545 
Monohydrate process 585 
Monohydric alcohols 458 
Montmorillonite 361, 362, 365 
Morin 488 
Morphology o f  copper 

precipitate 657 
Mountain Pass, California 524 
Multicrystal growth 546 
Multiple extractions 447 
Multiple-effect evaporator 173, 571 
Muscovite 361 

N 
Nahcolite 7 0  
Naphtha 454 
Naphthenes 455 
Naphthenic acids 472,473, 489 
Naphthenic compounds 455 
P-Naphthol 272 
Native copper ore 236 
Native platinum 228 
Natron 70 
Natural gums 4 19 
Nepheline 361,362,364,365 
Nernst, Walther 117 
Nernst’s equation 49, 52 
Neutral esters 478 
Neutral phosphoric acid esters 489 
Neutralization 103 
Niccolite 335 
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Nickel 459,520, 589,638,644,647, 
666 

in asbestos tailings 369 
powder 635 
precipitation 638-640 
recovery 440,645 

Nickel ammine complex 646 
Nickel ammonium sulfate 589, 645, 

Nickel phosphide 635 
Nickel precipitation 646 
Nickel sulfate 587 
Nickel sulfide 309,624 

precipitation 624 
Niobium 521, 591 
Niobium-tantalum 462 
Niter 7 0  
Nitrate fertilizers 586 
Nitrates 40 
Nitric acid 8,78,265,296,316,345,  

646 

518 
manufacture 79  

Nitric oxide 78  
Nitrobenzene 501 
Nitrogen oxide 8 1 
Nitrophosphate 345 
Nitrosonaphthols 488,491 
Nitrosyl chloride 85 
Nitrous acid 522 
Nonane 497 
Non-bauxitic sources 364 
Non-catalyzed reduction 64 1 
Nonenzymic processes 196 
Non-ionic crystals 38 
Non-ionic reducing agents 533, 636 
Non-ionic reduction 540 
Non-oxidizing acids 7 I 
Nonpolar molecules 38 
Nuclear magnetic resonance 497 
Nucleating agent 65 1 
Nucleation 537, 641 

0 
Occlusion 537 
Octahedral complexes 553 
Octahedron 547 

1-Octanol 457 
n-Octyl alcohol 458 
Octyl pyrophosphoric acid 475, 518 
Oil well brines 575 
Olivenite 249 
Olivines 357 
Olympic Dam 263 
Opal 361 
Operating line 452 
OPPA, see Qctylpyrophosphoric acid 
Orange cake 5 18 
Ore stock-piling 135 
Organic exchangers 4 12 
Organic matter 247, 400 
Organic phase 495 
Organic phosphorus 

Organic sulfides 487 
Organic sulfoxides 487 
Organic sulfur 323 
Organometallic complex 438 
Organophosphorus compounds 5 13 
Orpiment 335 
Orthoclase 358, 361 
Orthorhombic system 545 
Orthosilicates 360 
Osmosis 419, 425 
Overvoltage 665 
Oxalate ion 1 13 
Oxalates 6 18, 629 
Oxalic acid 258, 524, 636 
Oxidation 47, 105 

of a divalent metal ion 

pond 654 

compounds 348,475 

55  
ofCo2+ 539 

Oxidation-reduction 258, 533 
Oxides 113, 598, 629 

precipitation 648 
Oxides and hydroxides 273 
Oxidizing acids 71 
Oxidizing agent 97 
Oxidizing agents 97 
Oximes 463,491 
Oxine 468,491 
Oxygen 97 
Oxyhydrolysis 55,78,  189,279,304, 
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550 
Ozone 97,217 

P 
Pachuca tanks 144, 145,253 
Packed column 439 
Palladium 48 1 
Palmitic acid 469 
Paradise Peak mine 2 19 
Partial leaching 276 
Parting alloy 225 
Patera process 205 
Pedro Sotto Alba 255 
PCligot 440 
Pentane 501 
2,4-Pentanedione 461 
Pentavalent arsenic 336 
Pentlandite 369 
Percent extraction 445,446 
Perchloroethylene 292 
Percolation leaching, see Vat leaching 
Percolation tanks 253 
Peroxide ion 290 
Peroxides 61 8,629 
Pervanadyl ion 6 1 1 
Phase diagram 555 
Phase ratio 444 
Phase transformation 373, 599 
Phenol formaldehyde resins 4 12 
Phenols 473 
o-Phenyl phenol 474 
Phosphate rock 82,341 
Phosphates 40,  594 
Phosphine 656 
Phosphine sulfides 478 
Phosphogypsurn 348 
Phosphomolybdate 610 
Phosphoric acid 509, 518, 525 
Phosphorus 343, 525 
Physical adsorption 395 
Physical processes 1 O 1 
Pickling of steel 76 
Pirotecbnia 4 
Pirssonite 70 
Pisanite 249 

Pitchblende 261, 262 
Placer deposits 204,228 
Platinum 481, 621 
Platinum metals 228 

precipitation 636 
Platinum sponge 229 
Plattner process 205 
Plutonium 462,482, 522 

separation 440 
Plutonium peroxide 6 18 
Plutonium trifluoride 621 
Poisoning 427 
Polar molecules 35, 38 
Polarity 425 

Pollucite 
Polyacids 610, 629 
Polyhalite 7 0  
Polyions 610, 61 1 ,  613 
Polymerization of extractant 497, 
Polymorphic precipitates 624 
Polymorphism 536, 55  1 
Polyol 473,474, 514 
Polystyrene resins 4 13 
Polysulfide 303 
Polythionate 295 
Ponds 571 
Porphyry copper ores 
Porphyry ores 248 
Portlant cement 364 
Potash 5,70,124,583,584 
Potassium 574 
Potassium chloride 579 
Potassium iron jarosite 609 
Potassium manganate 648 
Potential-pH 29 1 

diagram 5 1  
Pourbaix diagrams 50 
Powellite 276 
Precipitants 538, 594 
Precipitate flotation 624 
Precipitating tanks 602 
Precipitation 62, 537 

ofwater 36 
361, 362, 373, 5 15 

250, 25 1 

by ionic reduction 632 
by non-ionic reduction 637 
by reduction 533, 631 

498 
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by substitution 647 
methods 531, 540 

of cobalt 639,646 
of copper 632,639 
of cuprous chloride 61 9 
of metals from aqueous 

medium 638 
of metals from non-aqueous 

medium 647 
of nickel 638-640,646 
of nickel sulfide 624 
ofoxides 648 
of selenium 634 
with hydrogen 645 
with oxalic acid 435 
with zinc 654 

Pressure filters 183 
Pressure hydrometallurgy 9, 223 
Pressure leaching 
Pressure reactors 624 
Primary amyl alcohol 457 
Primene JM 482,483 
Primene JM-T 486,499 
Products of crystallization 564 
Propylcarbinol 457 
Protonation 105 
Prussian blue 92 
Pugmills 157, 158 
Pulp density 165 
Pulp leaching 140 
Pulse column 44 1 
Pumping 168 
Pure Ti01 278,280 
Purex process 522 
Purple ore 376 
Pyridine oxides 487 
Pyrite 135, 212,287, 317, 323 

Pyrite cinder 375, 619, 625 
Pyrochlore 276, 28 1, 285 
Pyrohydrolysis 550 
Pyrolusite 257, 273 
Pyrometallurgy 16 
Pyrosilicates 360 
Pyrrhotite 212, 309, 323 

ofAl(OH), 603 

144, 276, 329, 337 

leaching 198 

concentrate 237 

Q 
Quartz 247, 361 
Quaternary ammonium 

compounds 482 
Quaternary ammonium salt 484 
Quaternary mixture 

Quenching 363 
Quinolines 468 

crystallization 566 

R 
Radioactive pollution 266 
Radioactivity-free gypsum 350 
Radium 266, 348, 538 
Radium sulfate 75 
Radon 75,266 
Raoult’s law 493 
Rare earths 281, 590 

recovery 619 
separation 440 

Rare-earth-conraining clays 94 
Rate 164 
Realgar 335 
Recovering HCI 56 
Recovery 163 

ofcopper 619 
by cementation 654 

ofgold 654 
of gold and platinum metals 
of lithium 616, 617 
of molybdenum 61 2 
ofnickel 645 
of rare earths 6 19 
of thorium 619 
of tungstic oxide 614 
of uranium 429 

Recovery of HCN 2 18 
Recrystallizations 5 3 5 
Recycle of leach solution 188 
Red amorphous selenium 634 
Redcake 611 
Red mud 244,246 
Redox couple 4 17 
Redox process 522 

440 
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Reducing acids 7 1 
Reducing agent 97,258,  637 
Reducing agents 97 
Reducing ion 632 
Reduction 47, 533 

Refining of gold 224 
Reflux condenser 283 
Refractory gold ores 

Refrigeration 570 
Regeneration of leach solution 188 
Removal of arsenic from solution 
Removal of molybdenum 440 

of hydroxide slurries 640 

221, 222, 223, 
317 

440 

Reprocessing of spent nuclear 
fuel 522 

Residue disposal 187 
Resin-in-pulp process 408 
Rhenium 250,251,482,  516 
Rhenium in molybdenite 303 
Rhodonite 360, 362 
Role of additives 642 
RongalitC 649 
Rotary drum vacuum filter 185 
Rotarykiln 157, 158, 160,270 
Rotary leaf filter 186 
Rotating autoclaves 154 
Rotating drums 66 1 

for cementation 659 
for copper precipitation 660 

Rotating-disk column 442 
Royal water, see Aqua regia 
Rutile 276, 352, 599 

S 
Salar de Atacama 576,577, 578, 585 
Salar de Uyuni 577 
Salicylaldoxime 464 
Saline brine 616 
Salt lakes 577 
Salting-out agents 502 
Saltpeter 4 
Sand filter 183 
Saturated solution 554 
Scandium 351,440, 524 

Scheelite 276, 283, 285 
concentrates 613 

Schonite 70,583 
Seawater 576 

Searles Lake 
Seaweeds 575 
Secondary butyl alcohol 457 
Sedimentary phosphate 347 
Seed 599,600 
Selective sorption 43 I 
Selectivity 42 1 
Selenides 327 
Selenium 327,628,629 

precipitation 634 
recovery 332 

Selenous acid 634 
Semipermeable membrane 4 15 
Separation factor 445 
Separation of hafnium and 

zirconium 433 
Separation of KCI from NaCl 
Separation of lanthanides 434 
Separation of niobium from 

tantalum 440 
Separation of plutonium 440 
Separation of rare earths 440 
Separation of transition metals 433 
Serpentine 108,358,361,362, 369 
Sesquicarbonate process 585 
Shale 364,365 
Shell Chemicals 472 
Sherritt Gordon 307 
Sherritt Gordon, see Dynatec 
Sherritt-Gordon Mines 15 1 
Sherritt-Gordon Plant 644 
Sherritt-Gordon process 303, 305, 

645 
Siderite 247 
Silica 358 
Silica gel 108 
Silicates 40, 107, 109 
Siliceous shale 374 
Silicon tetrafluoride 349 
sill process 338 
Sillimanite 360 

evaporation 570 
574, 576, 577, 585, 587 

563 
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Silver 204, 481, 666 
from AgN03 649 

Single crystals 546 
Single-effect evaporator 172 
Site sharing 423 
Skutterudite 335 
Slimes 178 
Slimy ores 400 
Smaltite 335 
SME529 467 
Smithsonite 268 
Soapstone 36 1 
Sodaash 585 
Soda niter 7 0  
Sodalite 361 
Sodium 574 
Sodium aluminate 600 
Sodium aluminosilicate 248 
Sodium borate 575,585 
Sodium carbonate 91, 574 
Sodium chlorate 99 
Sodium chloride 93, 575 

electrolysis 86 
Sodium cyanide 252 
Sodium formate 636 
Sodium hydroxide 86 

Sodium hypochlorite 3 16 
Sodium hypophosphite 635 
Sodium jarosite 27 1 
Sodium nitrate 99 
Sodium nitrate industry 575 
Sodium nitrire 522 
Sodium paratungstate 6 13 
Sodium selenosulfate 628 
Sodium sulfate 581 
Sodium sulfide 93, 623 

Sodium sulfite 628 
Sodium tellurate 332 
Sodium tetravanadate 6 1 1 
Sodium thiosulfate 94, 205, 238 
Sodium uranous fluoride 622 
Sodium vanadate 
Sodium wolframate 284 
Solar crystallizers 570 

process 355 

process 300 

26 1 ,6  1 1 

Solar evaporation 580 
ponds 616 

Solar pond 577 
Solar ponds 572 
Solid oxidants 99 
Solid solution 5 5 1 ,  565 

formation 538 
Solubility 38 

data 40 
diagrams 554, 560 
of copper sulfate 560 
of cuprous chloride 6 18 
of lithium carbonate 616 
system FeSO,-CuSO, 561 
system KCI-NaCI 561 
system NiSO4-ZnS04 562 

Solubility product 4 1 
of sulfides 106 

Solution mining 123, 581 
Solvation 4 19 

mechanism 494 
ofions 425 

Solvay process 92, 567, 574 
Solvent extraction 

614,615,618,658 
Solvent loading 450 
Sorption of uranium 430 
Sources of information 19 
Soxhlet extractor 296, 297 
Specific resins 4 16 
Speiss 339,606 
Spent nuclear fuel reprocessing 522 
Sphalerite 273 

9, 366, 381, 570, 

Spodumene 108,360,362,363,373, 
574,616 

Sponge model of exchangers 407 
Spray drying 573 
Spraying technique 125 
Square planer complexes 552 
Stearic acid 469 
Steel pickling 76  
Steel wool cathodes 401 
Steelmaking 272 
Stibnite 212 
Stockpiling crushed ore 135 
Stoichiometry of cyanidation 207 
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Stripping 382, 438,490 
Stripping coefficient 443 
Strong-acid cation exchangers 4 14 
Strong-base anion exchangers 4 I 5  
Structural isomerism 552 
Structure of minerals 32 
Submerged combustion 574 
Substituted hydrocarbons 454 
Substitution 535, 540 

mechanism 494 
reaction 647 

Subsurface brines 577 
Subterranean water 575, 617 
Sulfamates 647 
Sulfarsenides 335 
Sulfates 40, 610 
Sulfides 40, 114,629 
Sulfite ion 533, 632 
Sulfites 625, 629 
Sulfohalite 7 0  
Sulfonated coals 386,4 12 
Sulfones 487 
Sulfoxides 487 
Sulfoxylate 295 
Sulfur 292 
Sulfur dioxide 258 

generation 17 
Sulfur pellets 297 
Sulfuric acid 72,  343 

manufacture 7 2  
Sulfurous acid 
Sulfurous acid decomposition 633 
Superphosphate 343 
Supersaturated solution 554 
Surface complexes 388 
Surface nucleation 546 
Surface oxides 389 
Surface waters 575 
Surface-active agent 595 
Swelling 419 
Sylvinite 70 ,  580 
Sylvite 7 0 ,  569, 575 
Synergic action 5 19 
Synergic effect 509 
Synergism 491 
Synthetic resins 412 

83, 113, 252, 628 

Synthetic rutile 277, 278, 279 
System Fe203-S03-H20 6 10 
System KCI-MgCI,-H20 578,579 
System KCI-MgS04 567 
System NaCI-KCI 563 
System NaCl-MgSO, 567 
System NaS04-MgS04-H20 566 
System NH4HC03-NaCI 567 

T 
Talc 361, 617 
Tantalite 276,281,285 
Tantalum 521,591 
TBP, see Tributylphosphate 
Tectosilicates 361 
Tellurides 327 
Tellurium 327,634,666 
Tenorite 249 
Tertiary butyl alcohol 457 
Tetrachloroethene 292 
Tetragonal system 545 
Tetrahedron 547 
Tetralin 455 
Tetravalent uranium 430 
Tetravanadate 61 I 
Thenardite 7 0  
Thenoyl trifluoro acetone 460,49 1, 

522 
Theoretical stage 453 
Thermal decomposition 366 
Thermonatrite 7 0  
Thermophilic bacteria 197 
Thickening 180 
Thin layer leaching 139 
Tbiobacillus ferrooxidans 195 
Tbiobacillus tbiooxidans 195 
Thiocyanate formation 21 6 
Thioethers 487 
Thionates 305 
Thiosulfate 295, 303, 305 
Thiosulfates in waste solutions 320 
Thiourea 205 

Third-phase formation 50 1 
Thorite 360 

process 218 
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Thorium 341, 440, 482, 517, 521, Tungsten 440, 482, 517 
618 Tungstic acid 6 13 

recovery 619 Tungstic oxide recovery 614 
Thucholite 262 Turquoise 249 
Tilting pan vacuum filter 187 Twinned crystal habits 547 
Tin slags 282 
Tincal 70  U 
Tincalconite 7 0  
Tioxide Canada 599 
Titanium dioxide 598 
Titanium slag 276, 280 
Titanium-lined autoclaves 256 
Toluene 454 
Top-blown rotary converter 33 1 
TOPO,  see Trioctylphosphine oxide 
Torbenite 249 
Toxic gas formation 656 
Tragacanth 4 19 
Transfer of electrons 108 
Tranr-isomer 553 
Transition temperature 556 
Transmutation 3 
Treadwell process 3 14 
Treatment of complex ores 18 
Treatment of low-grade ores 19 
Tremolite 360 
Tributyl phosphate 440,455,476-??, 

478, ??-480, 489, 492,497, 504, 
507 

Tributyl phosphine oxide 492 
Triclinic system 546 
Tricuite 252 
Triisooctylamine 484,485,491, 501, 

520 
Trimethyl carbinol 457 
Tri-n-octylamine 484, 499 
Trioctyl phosphine oxide 476, 477, 

Triple-effect evaporators 585 
Tritiated water 129 
Trivalent arsenic 336 
Trona 7 0 ,  124,585 
TTA process 522 
Tube autoclave 154, 157, 159 
Tungstates 613, 629 

518 

Ulexite 7 0  
Unit cell 544 
United McGill 156 
Uranates 610, 613, 629 
Uraninite 26 1 
Uranium 10, 250, 341,451, 462, 

482,492,499, 502, 504, 506, 
517, 521,522,524 

from wet process phosphoric 

ores 137, 260, 273,615 
recovery 347,429 
sorption 430 

acid 440 

Uranium dioxide 113,638,648 
Uranium fluorides 6 2  1 
Uranium peroxide 61 8 
Uranium sulfate elution 431 
Uranyl ion 429 
Urea 552 
US Borax Mine 586 

V 
Vacuum crystallization 585 
Vacuum crystdlizers 571, 573 
Vacuum evaporators 172 
Vacuum filters 184 
Vanadates 6 1 1 ,  629 
Vanadium 248,342,451, 519 

minerals 261 
recovery 440 

Vanadium fluorocomplexes 5 19 
Vanadium pentoxide 61 1 
Vat leaching 138,349 
Venturi 173 
Vereinigte Aluminium Werke 159 
Versatic acid 469 
Viscosity of elemental sulfur 294 
Vivianite 342 
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W 
Waelz process 269 
Washing 176 
Waste disposal 19 
Water as a leaching agent 
Water extraction 5 1 1 
Water jet venturi 173 
Water of crystallization 548 
Water of hydration 44 
Water treatment 189, 587 
Water-soluble minerals 7 0  
Wavellite 342 
Weak-acid cation exchangers 4 13 
Weak-base anion exchangers 414 
Willemite 362, 374 
Wolframite 86,276, 283, 285 
Wolframite concentrates 61 3 

69 

X 
Xenotime 341,351, 589,618 

X-ray diffraction of resins 428 
Xylene 454,485,486 

Y 
Yellow cake 518,614, 615 

Z 
Zeolites 4 1 1 ,4  19 
Zinc 472,647, 666 

dust 661 
from pyrite cinder 440 

Zinc blend 212 
Zinc hydroxy carbonate 647 
Zinc oxide ores 268 
Zinc sulfide 306,3 1 5  

concentrate 268 
Zincite 268 
Zircon 352,360,362 
Zirconium 462,482, 504, 521, 522, 

59 1 
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