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ABSTRACT .

The aim of this investigation was to extend the knowledge of the
bacterial leaching of copper and zinc sulphides into the area of

nickel sulphide leaching.

By far the major portion of both theoretical and practical
expertise which is available in the field of bacterial leaching
is based on the treatment of copper and zinc sulphides. As yet
there is little information available on the bacteriel leaching
of nickel sulphides to meet the growing interest in this field

both in South Africa and elsewhere.

To a large degree, it was necessary to start from basic principles
in this novel extension of bacterial leaching technology so that
the work covers a fairly wide field in general rather than one

particular aspect in detail.

A strain of 'nickel adapted' Thiobacillus ferrooxidans was

isolated from the tailings dam of a disused nickel mine. The
growth characteristics of this strain were studied in some detail
on sulphur using both batch and continuous techniques. This was
done as it was considered that growth on sulphur would provide

useful information which could be correlated with the mineral

leaching results.

The mineral pentlandite [NiFeSZ] was chosen as the one with which
to work because of its economic importance. This was prepared in

a highly purified form from a concentrate of the Rhodesian

Shangani/eeees..



Shangani deposit.

Bacterial leaching tests in both batch and continuous operation
were then carried out in order to define the effects of various
physico-chemical parameters on the leaching of nickel from this
mineral. As a preliminary to these tests, a detailed chemical
kinetic study in the absence of bacteria of the leaching of
nickel was carried out using similar physico-chemical conditions.
The results of the bacterial and chemical leaching tests were
then compared and used to postulate a mechanism and model for

the process.

It was found that the rate of leaching of nickel from pentlandite
in acid ferric sulphate solutions was directly proportional to
the concentration of ferric ions and speed of agitation of the
stirrer and to the square root of the oxygen concentration. The
form of the rate expression was interpreted in terms of a mixed

diffusive and chemical rate controlling mechanism.

Bacteriél growth rates on flowers of sulphur were found to be
controlled by the rate of dissolution of oxygen from the gas
bubbles into the bulk solution. When this latter condition was
made non-rate limiting, it was found that growth rates were still
dependent on the rate of agitation, implying mass transpart

control by another mechanism.

The batch bacterial leaching results showed a linear pattern of
nickel leaching and bacterial growth, with a marked dependence on

oxygen concentration and rate of agitation. A mechanism in

accordance/....
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accordance with the batch datea was postulated, which proposed
that the rate of bacterial leaching was proportional to the
concentration of bacteria attached at the mineral surface and

to the sguare of the oxygen concentration. The rates of
bacteriel leaching were computed by taking the difference between
the overall measured leach rate and the chemical leach rate based

on the chemical kinetic data.

The leach rates in continuous bacterial leaching were higher than
those predicted from the batch data. This effect was interpreted
in terms of higher specific growth rates being achieved in

continuous operation.

An economic assessment was made of the process based on the

optimum leach rates obtained in continuous leaching and found to

show some promise.
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NOMENCLATURE .

degrees centigrade,

calorie,

diameter,

dilution rate,

electron,

per cent extraction,
concentration of ferric ions.
gram .

hour,

activation energy,
concentration of hydrogen ions.
cathodic limiting current,
exchange current,

diffusive flux .

reaction rate constants,

area and volume constants for solids; e.g. area,
= K .

litre.

milligrams.

miililitre.

mass,

molar concentration,
activation overpotentials,

concentration of bacterial nitrogen .

-log [H'] |
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ppm

pm
H9» }.M etc

parts per million,i.e. mg per litre,
production rate of hydrogen ions.

partial pressure of oxygen, as a per cent.
gas constant ,

reaction rates,

concentration of sulphur,

specific surface area,

absolute temperature,

weight,

stirrer speed, revolutions per minute,
concentration of attached bacteria.
concentration of unattached bacteria _
saturation concentration of attached bacteria.

yield constant .,

Greek Symbols.

density ,

specific growth rate,
micrometer, 1078 of meter,
107° of respective quantity

circumference/diameter, 3,14159.ccuu..
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1. INTRODUCTION.

The role of microbes in causing disease and their use in
fermentation processes have been known since the time of Pasteur.
They are generally associated with purely organic mileaux and even
today it is not generally known that microbes can exist and
multiply in totally inorganic environments under relatively harsh
physico-chemical conditions. Indeed micro-organisms ére'known to

inhabit virtually every ecological niche in the biosphere.

Microbes exist and grow at great depths in the lithosphere and
tolerate extremes of temperature and pressure (1). They may be
resistant to high concentrations of metal ions in solution and to
a range of pH values. The scale of the geological action brought
about by microbial activity can be appreciated by considering the
extent of the fossil fuel deposits, the chert and kieselguhr beds
and coral formations. Not as obvious, however, is the action of
microbes in the slow weathering of rocks or in the secondary

enrichment and oxidation of sulphide deposits.

The pheriomenon of natural leaching or oxidation of sulphides has
been known for many years. Pliny (2) discusses the "vitriolus.
quasi vitrum" formed on rocks, while at Rio Tinto in Spain 17th
century records speak of acid copper-bearing ground waters {2}
This natural leaching of minerals, commonly called bacterial
leaching, is thus but one aspect of weathering processes in which
microbes are involved. Bacterial leaching is caused by the action

of microbes on iron sulphide ores which may bhe intermixed with the

sulphides/.eeeee..



sulphides of other metals such as copper. The bacteria are known
to catalyse the oxidation of both iron and sulphur, yielding acid
ferric sulphate solutions, often bearing other associated mefals
in solution. These bacteria, known as various species of
Thiobacilli, utilise the energy released from the oxidation
reactions to fix carbon and nutrients from dissolved inorganic
materials. In this way they grow and multiply in a similar
manner to that which a yeast cell or a cell of human tissue
utilises the emergy released in the catalytic (enzymatic)

oxidation of carbohydrates.

In recent times man has learnt to exploit the phenomenon of
natural leaching to help win metal from low gfade or waste ores (4)
Since the study of Colmer and Hinkle in 1947, (5) in which it was
conclusively shown that bacteria were indeed playing a fundamental
role in the leaching process, many studies have been catrried out

with the aim of improving the rates of metal leaching (6, 7.)

Copper sulphides and uranium oxide (mixed with iron sulphides) are
the only two ores being biologically leached on a significant
commercial scale at present. The ore being leached is usually in
the form of a large dump of waste material. (See Figure 1a).

Leach solutions are allowed to percolate down through the rock
where the bacterial activity occurs. A large number of studies
have been devoted to improving the technology of this dump leaching
process (8,9,10). Rates of extraction are slow, but because the
material is waste and overheads and operating costs are low, the

operation is profitable over periods of up to five years or more.

A similar/.ecescecss
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A similar procedure is used in the technigue of in-situ leaching.
The ore, which is usually of a low grade, is treated by allowing
leach solution to percolate from the ground level or by pumping
leach solution through injection drill-holes. (See Figure 1b.)
Solution is then recovered from tunnels undermining the orebody or
Froh adjacent drill holes. A pre-requisite of applying this
technique is sufficient porosity in the orebody, This can often
be improved by explosive shattering and tests of this nature with
nuclear explosives have recently been carried out in the U.S.A. (11)
The technique of in-situ leaching has found particular application
in the porphyry type copper deposits in North America and holds
great promise for the recovery of valuable metals from ores which
were Tormerly considered uneconomical to treat by conventional

mining-extraction methods.(12)

The extension of bacterial leaching to more snphisticatéd Processes
such as stirred tank leaching is yet in the developmental stage.
Workers at the British Columbia Research Council have been
particularly ective in this field and have developed methods of
biologically leaching copper and zinc concentrates in stirred
reactors which are claimed to compete economically with existing
extraction methods. (13, 14) The sulphides of various other
metals, e.g. nickel, arsenic, molyebdenum, antimony have been shown

in laboratory investigations to be amenable to bacterial leaching

treatment, (15, 16)

An undesirable aspect of natural bacterial oxidation of sulphides

iS thE/-...-----



is the acid mine drainage water which results from such leaching.
A new area of sophisticated technology to deal with this problem

is evolving in the U.S5.A. (52.)

Greater use of bioleaching may come about with changing economic
patterns and further understanding of, and improvements in
bacterial leaching technology. The aim of the present
investigation is to study the bacterial leaching of nickel
sulphide so as to obtain information on the mechanism of the
process and to utilise the data in assessing the commercial
feasibility of the process as a means of nickel winning. These
aims are discussed more fully in the final section of the
literature review where they are better appreciated in the light

of current literature.

16
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2. LITERATURE REVIEW.

2.1. Development of Bacterial Leaching Technology.

Since the early work of Taylor and Whelan (1943) (3) end
Colmer and Hinkle (1947) (5), numerous studies have been
carried out on various aspects of bacterial leaching.

Many of these are laboratory studies with little real
contribution to the knowledge of bacterial leaching;

they often merely report that leaching a specific sulphide
ore with bacteria yields rates higher than those obtained
in sterile controls (17.) Several others have made

significant contribution to the subject. (6, 7, 18, 19.)

More practical investigations deal with the technology of
dump and in-situ leaching operations (20, 21) or leaching

of concentrates in stirred tanks. (12)

As early as 1887, S. Winogradsky (22) had described a group

of bacteria able to oxidise elemental sulphur tao sulphuric
acid. Many reviwers claim that Colmer and Hinkle were first

to demonstrate the role of bacteria in metal sulphide leaching,
but as early as 1922 in their paper "Oxidation of Zinc Sulphide
by Microorganisms," Rudolph and Hellbronner (23] came to the

following interesting conclusions:-

L A
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"1) Microorganisms are able to transform zinc sulphide

to zinc sulphate.

2) The growth of these organisms is not inhibited by

the resulting soluble zinc.

3) The addition of elementary sulphur to impure
cultures increases the rate of solubility of zinc

blende.

4) The "Lipman" sulphur-oxidising organisms produce
sufficient H2504 from elementary sulphur to

render zinc carbonate and zinc silicate soluble,

5) A possible biological method can be worked out for
economical utilization of low-grade zinc sulphide

ores."

Tn 1933 Carpentor and Herndon (24) were unsuccessful in showing
that microbes were at least in part responsible for the acid-
sulphate content of some mine waters. Colmer and Hinkle were
however able to show this in 1947 when, with the use of
antiseptics and biological filters they were able to inhibit

the oxidation of iron. This led to the inferesting discovery

that/en.ounu-
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that in addition to the ability to oxidise sulphur to
sulphuric acid, the organism was able to oxidise ferrous iron
to the ferric state . This, in turn, gave rise to the name

Thiobacillus ferrooxidans. A period of isolation and

classification testing followed.

In 1957 vishniac and Santér (25) published a comprehensive
review of the Thiobacilli which helped rationalise
classification within the genus. Further study of the
physiology of the Thiobacilli was facilitated by the
development of an improved growth medium and cell harvesting

technique by Silverman and Lundgren. (26)

It has been conclusively shown that under the appropriate
growth conditions, certain Thiobacilli can greatly increase
the rate of metal leaching from a wide range of metal
sulphides, Most of the work, however, has concentrated on

the sulphides of copper and iron because of the economic
importance of the former and of the relevance of the latter

in acid mine drainage and in uranium leaching. Two

techniques are used in bacterial leaching studies, the air
1lift percolator and the ecologicel shake flask. (See Figure 2.)
The former has the advantage of simulating to a certain degree

the operation of a dump leach, but often rates are limited by

OXygen/eeeeeesa
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oxygen availebility. The latter method provides a repid end
reliable means of assessing the importance of a number of
parameters such as temperature, pH, nutrient strengths etq,
and has been extensively used and developed by the workers of
 the British Columbia Research Council. (12, 13) The SK
medium of Silverman and Lundgren (26) is generally used in
bacterial leaching work as it provides an adequate supply of

inorganic nutrients.

Generally it may be said that in order to ensure rapid

leaching, the following are necessary:-

1) A good supply of axygen; (enhanced by adeguate agitation).

2) A supply of carbon dioxide; usually concentrations found
in air are adequate, but increasing the level up to about
2 per cent may be beneficial.

3) A pH value between 2 and 3.

4) A temperature range of 30°C to 40°C,

Usually the exact optimum conditions for leaching are specific
for a single ore~type because of the effect of the
mineralogical structure on the leach rate. Ferric ion is
known to be a good oxidant of, and hence leachant of, sulphide
ores. This effect has given rise to two schools of thought on
the mechanism of bacterial leaching, with two mechanisms

having been postulated, the direct and the indirect. (27)

In the direct mechanism, it is considered that bacterias oxidise

the/l.--l.n
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the reduced sulphur species and in so doing facilitate the
solubilisation of the associated metal. The mere production
of acid is not of primary importance because most sulphides
leach comparatively slowly in acid. The acid would help in
maintaining the metal cetion in a stable soluble form, but it
seems that the chief role played by the bacteria in this
direct mechanism is a catalytic action at the mineral-solution
interface. The exact nature of this catalysis is, as yet,
unknown, although the previous work of Corrans, Harris and
Ralph (28) suggests that it is related to cathodic
depolarisation. There is strong evidence that during
leaching the bacteria are firmly associated with the mineral
surfaces, but the first steps in the metabolism of sulphur
are as yet not clear. Roy and Trudinger (29] have suggested
that most evidence points to a reaction between sulphur and a
cellulaer component at the surface of the bacterial.cell. This
contact mechanism is supported by the fact that wetting agents

can facilitate sulphur oxidation by bacteria.

The indirect mechanism of bacterial leaching involves ferric
ion as the primary leaching agent with the function of the
bacteria being the reoxidation of the ferrous ions to the
ferric state. TIron sulphides are virtually always found
associated with other metal sulphide ores in nature so that
soluble iron will report in leach solutions. It is this very
fact which has probably given rise through evolution to the

ability of Thiobacillus ferrocoxidans to derive energy for

gTDwth/..-..-...
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growth from both the oxidation of sulphur (or sulphide) and

ferrous ions,

In practice, both mechanisms probably function simultaneoﬁsly.
The relative importance of each will be decided by the ore-
type and the physico-chemical conditions of the leaching
environment. The study of Corrans, Harris and Ralph (28) in
which synthetic, iron-free, copper sulphides were leached
using bacterie, helped to clarify the nature of these two

mechanisms.

Dump or heap leaching technology has been developed largely
in the mid-Western U.5.A. The low grade waste rock is dumped
to form a heap 10 to 20 metres high and leach solution
allowed to percolate through the rock. The economics of
these processes have been reviwed by Shoemaker (30).

Important parameters to be considered include:

1) The rate of percolation.
2) Rock size, i.e. exposed surface area.

3) Porosity of the rock.

Bacteria will normally grow spontaneously in the dump,
provided sulphide mineral surfaces and sufficient dissolved
oxygen are available to them. Nutrients such as nitrogen
and phosphorus are usually available in sufficient guantity
from the gangue material of the rock. Acid consumption of

the gangue is important in determining the economics of the

operation/.....
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operation. Harris (31) and others have shown that mass
transport of dissolved oxygen is the rate limiting step in
heap leaching. By treating the heap as a pseudo—particle,
Harris has developed a useful chemical engineering approach
to leaching, At British Columbia Research Council ( 73) and
at Kennecott Research (74) in Salt Lake City extensive
studies are being carried out with a view to modelling the

dump leaching operation.

Studies of the Physiology and Morphology of the Bacteria.

Colmer and Hinkle (5) were first to classify the bacteria

responsible for acid mine draining as Thiobacillus

ferrooxidans, because of the observed ability to oxidise-

both sulphur and ferrous iron. Later workers doubted the
ability of the organism to oxidise sulphur so that a separate
genus Ferrobacillus, was proposed. (32). The validity of this
genus has since been gquestioned as it has been found that the
sulphur oxidising capacity may be latent in the organism,

needing only a time of adaption to manifest itself.

The most useful work on classification of the Thiobacilli in

general and T.ferrooxidans in particular was carried out by
Hutchinson and co-workers, (33) using a statistical approach
to the problem. A wide range of metabolic properties was
tested and organisms classified according ta the results of
these numerous tests. This is a far more logical method of

classification than choosing one property as a criterion for

specification/....
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specification. There is no sharp distinction in properties,
but a gradual change in degree of activity. Organisms with

a large number of similar properties are then classified as a
single 'strain.' A new method of classification based on the
fatty acid composition of the cells has recently been

developed.(34)

T. ferrooxidans is widespread in nature and is usually found

wherever natural or artificial leaching produces acid-sulphate

waters.,

T. Thiooxidans is a similar organism which is often associated

with T. ferrocoxidans. It lacks the ability to oxidise iron,

but can oxidise a wider range of sulphur compounds, including
thiosulphate which appears to be a variable property in

T. ferrooxidans. These properties are summarised in Table 1.

T. Concretivorus operates at a higher pH than T. ferrooxidans.

Other species include T. Thioparus, T. Nouellus and several

‘others described by Trudinger (35) in & recent review of the
Thiobacilli. A thermophilic organism has recently been

isolated by Williams. (40)

Thiobacilli are small gram negative rods, about 1—2‘pm long
and 0,5 - O,B‘ym diameter. Two or more cells are often joined
end to end, especially during active growth. The cell wall and
fine structure appear to be fairly typical of gram negative

organisms. Motility may occur at certain stages during growth,

but/.----.-o



Members of this genus are gram negative rods measuringD;S/umle— %um. All are capable of autotrophic growth and

oxidise sulphide, sulphur or thiosulphate to sulphate.

Organism Habitat General Characteristics

T. ferrooxidans Acid mine and Strict aerobe, pH range 1,5 - 5,8. Also oxidises Fe .
soil waters

containing HZS'

T. thiooxidans Soil Strict aercbe, pH range around 2, withstand 5% H2804

T. concretivorus Corroding con- Similar to T. thiocoxidans.
crete structures

T. thioparus Canal water, Generally aerobic, pH range 4,5 - 7,8. Anaercbic in presence of NOS'
mud, soil

T. neapolitanus Sea water, corrod-|Strict serobe, similar to T. thioparus.

(Thiobacillus X) ing concrete.

T. denitrificans Canal, river watery pH range near neutrality. Utilises NO3 in absence of air.

salt water, peat,
composts, mud

T. novellus Soils Facultative autotroph, pH range near neutrality.

T. intermedius Fresh water mud Facultative autotroph, pH range 2 - 7.

T. thiocyanoxidans| Gas works liguor, |Similar to T. thioparus, can oxidise thiocyanate.
sewage effluent

T. perometabolis Soil Needs yeast extract or casein hydrolysate for growth.

TABLE 1 ; THE THIOBACILLI.
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but the presence of flagella has not been conclusively shown.

Thiobacilli are grouped with organisms called autotrophs.
(Autotrophs derive all their requirements for growth from
inorganic materials.) They are known as chemolithic
autotrophs, indicating that they derive energy by chemical
oxidation as opposed to photosynthetic organisms, such as the
algae, which utilise the energy of sunlight. It is known
that certain species of Thiobacilli can derive energy from
oxidation of organic materials and thus exhibit heterotrophic

characteristics. Whether this is true of T. ferrooxidans is

not yet clear as conflicting reports appear in the literature.
Silver and co-workers (36) demonstrated the inhibitory
effects of organic compounds on the oxidising ability of

T. ferrooxidans and this has recently been supported by the

work of Tuovinen (37) and co-workers in Finland. This
Jatter work concludes that it would be impossible to utiliss
organic wastes, like sewage, to supply nutrients for the

growth of T. ferrocoxidans. This finding, however, has been

contradicted by Shafia (38) who has studied the transition

of what he classifies as a Ferrobacillus species from

chemolithotrophy to organotrophy.

The metabolism of these organisms is being studied by a large
number of workers at present, judging by recent reports
appearing in the literature, (39, 40, 41) and has been well

reported in recent reviews. (42, 35, 29, 43, 37). The major



unsolved metabolic problem is the path whereby solid sulphur
or sulphide is taken up by the cells. Roy and Trudinger (29)
infer that the uptake mechanism probably involves.direct
contact at the cell wall. The majority of the work certainly
supports this postulation. A recent study by Moriarty (44)
at the University of Adelaide has shown that an early
intermediate in the pathway of sulphide oxidation is bound

to the membrane and contains a linear polymerised form of

sulphur rather than the stable 88 ring.

Carbon dioxide uptake by Thiobacilli is via the Calvin cycle,
as occurs in green plants. Two recent studies have shown
that the enzyme, carbonic anhydrase, is involved in the

assimilation of carbon dioxide. (45, 46)

The pH requirement of T. ferrooxidans is known to be in the

range 2 - 3. Other species can oxidise sulphur compounds at

higher pH values, e.g. T. thiopares. (See Table 1.)

T. thiooxidans has also been shown to oxidise Sulphur at a

pH as high as 7, but loses its ability to fix carbeon dioxide
at the high pH level. 1In nature, acid ferric sulphate

solutions are well buffered at pH 2,5 so that T. ferrooxidans

has evolved in this pH region.

The electron transport system of Thiobacilli appears to be by

a typical cytochrome system. Moriarty (51) has shown that

T. concretivorus (similar to T. Thiooxidans) contains

cytochromes/....
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cytochromes of the types b, c, a, and d, and suggests that
flavine and ubiquinone may also be components of the electron
transfer chain. The Glycolytic pathway operates in Thiobacilli
and most of the enzymes involved have been identified in these

organisms.(48)

An important practical aspect of the growth of T. ferrooxidans

is its ability to tolerate and grow in high concentrations of
cations which are normally toxic to other organisms. This is
no doubt also an evolutionary conseguence. Using bacteria,
Duncan and co-workers (12) have leached copper and zinc
concentrates yielding solutions containing up to 25 g/1 copper
and 120 g/1 zinc. 1In general it can be said that high levels

of the cations Cu++, Zn++, Ni++. Fe++, Co++, mntT and ATy

may be tolerated. Cations of silver, molybdenum and mercury
are toxic in fairly low concentrations as are anions of
tellurium, arsenic end selenium.(49) The exact levels of
tolerance depend on the strain of Thiobacillus and the period
of adaption of the culture. Light has also been reported to

inhibit growth, (50) although this has not been observed for

all species.

The growth reguirements of T. ferrooxidans were first

investigated in depth by Silverman and Lundgren (26) who
developed the 9K medium. (See Table 2.) This medium was

found to yield high growth rates and cell concentrations. A
more recent study of nutrients was carried out by Tuovinen (37)

and co-workers, who concluded that sulphate ion was essential

and/annocl



TABLE 2 : 9K MINERAL SALTS MEDIUM.

Salt Amount
(NH,4 )5 SO, 3g
K2HPOa 0,59 .
KC1 O,lg
MgSO4 7H20 0,5g
Ca(NUa)z 0,01g
H25El4 to give desired pH
Water up to 1 litre
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and that nitrate and chloride ions were inhibitory at certain

levels.

Studies of Nickel Leaching.

Nickel sulphides are leached on a commercial scale in a large
number of localities. The Sherrit-Gordon process involves
leaching a concentrate of nickel and cobalt sulphides in
ammoniacal solution.(53) Other processes for leaching mixed
sulphides of nickel in acid solution use high temperature-
pressure (autoclave) conditions. These processes are

discussed in most texts on hydrometallurgy. (54, 55)

The bacterial leaching of nickel sulphides would appear from
an examination of the literature to have received virtually
no attention. This is probably due to the lack of low grade
or waste nickel sulphide rock in ereas where heap ieaching
could be suitably carried outj in regions of Canada for
example, it would be too cold for adequate bacterial growth.
Recently there has been a growing interest in the possibility
of heap leaching nickel sulphides in areas such as Australia
and Southern Africa, where large tonnages of waste are
anticipated from the developing nickel mines. At the
University of New South Wales, Ralph (82) has reported a
growing interest by Mining Corporations in Western Australia
in the recovery of nickel from pyrrhotite wastes. A similar
interest is being displayed by the Johannesburg Consolidated

Investment Company in view of the anticipated open pit mining

operations/......

28
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operations at the Shangani nickel deposit.

The chemicel reactions whereby pentlandite dissolves in acid
ferric sulphate solutions are complex. Little work on this
subject has been reported in the literature. Klets et al (70)
have shown that during the leaching of a pentlandite-pyrrhotite
mixture with ferric chloride solutions, elemental sulphur was
formed in the surface layers. Phases such as millerite (NiS)
beyrichite (NiS) and troilite (FeS) were also formed and
jarosite (KFe3 (804]2 (OH)E) was precipitated from solution
at low acid concentrations. Shneerson et al (71) studied the
autoclave leaching of pentlandite under oxygen pressure. The
activation energy was found to be 14 k cal/mole and the order
with respect to oxygen pressure was 3. Millerite was formed
as an intermediate phase. The interpretation of these
results is complicated by the fact that the stoichiometry of

the pentlandite was not known or is not given.

Aims of the Present Investigation.

The aims of the present study are:-

(1) To carry out an experimental investigation of the

bacterial leaching of nickel from the nickel sulphide,

pentlandite.

(i1) To obtain new information on the mechanism whereby
nickel is leached from pentlandite.

(iii) To evaluate the feasibility of using bacterial leaching

for the recovery of nickel from pentlandite.

b ;7 SR
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It was hoped to enhance the practical relevance of this work
by using a pentlandite of current interest from the Shangani

orebody in Rhodesia.

In this investigation care has been taken to accurately

define the organisms, the mineral substrate and the
experimental procedures, so allowing a thorough interpretation
of the results. The organism used was a strain of

Thiobacillus ferrooxidans, carefully isolated from a pentlandite

leaching environment and malintained as a stock culture using
standard microbiological techniques. Its growth on a varilety
of substrates was tested. The mineral used was purified and
accurately defined both analytically and mineralogically.
Experimental techniques were carefully chosen and controlled
and use was made of methods, such as polarisation and electron

probe analysis, in order to gain deeper insight into the

process.



3. EXPERIMENTAL.

3.1. Materials and Methods.

3.1.1. Apparatus.

Shake Flasks.

The ecological shake flask, shown in Figure 2a provides a quick
and accurate means of carrying out growth tests and initially
assessing the effect of a wide range of parameters on bacterial
leaching. The growth medium and substrate were placed in the
conical flask and inoculated with bacteria. The neck of the
flask was sealed with a rubber bung, having a small orifice
plugged with cotton wool to allow oxygen into ths flask. The
flasks were agitated on a shaker with an orbital motion.
Temperature was controlled using a thermostated space heater. A
disadvantage of this method is the difficulty of continuously

measuring pH or oxygen tension in a large number of flasks.

Instrumented Reactors.

The most accurate methods of studying bacterial leaching on a
laboratory scale are by the use of instrumented reactors. In this
investigatiom two reactor sizes were used, 0,25 litre and 5,5
litre, the instrumentation being the same in each case. A

typical system is shown in Figure 3 and illustrated in Plate 1.

Temperature was controlled by a custom-made transistorised

proportional controller. Sensing was by means of a thermistor

and/---o---...



Figure 3. Instrumented Reactor
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and heating by infra-red lamps. pH was monifored'and controlled
using a Radiometer model 26c pH meter coupled to a Radiometer
automatic titrator model TTTllb. Agitation was carried out using
a Heidolf continuously variable stirrer through a Quickfit stirrer
gland number ST4. Dissolved oxygen was measured using a
Hadiometer Makereth-type electrode. During continuous opération,
medium was added ﬁsing a Sigmamotor peristaltic pump No.T8. Air,
oxygen and carbon dioxide were sterile filtered through a 0,22 om
membrane and metered to the reactors using rotameters. A ground
glass fitted 1lid carried the various sensors and a reflux condenser
through which the exit gas was passed to minimise evaporation

losses.

Stirred Flasks.,

Conical flasks of 250 ml capacity were specially adapted to allow
the entrance of gas and the taking of samples. (See Fiéure 4.)
The temperature was controlled by immersing the flasks in a water
bath. Agitation was by means of Heidolf continuously variable
stirrers via a Quickfit gland number ST4. The gas exit from each
Flask was connected to a reflux condenser in order to maintain a

constant volume of solution during the tests.

3.1.2. Materials.

Growth Medium,

The 9K growth medium developed by Silverman and Lundgren was used in
the present study (26). The composition of this material is shown

in Table 2. Essential trace slements were supplied as impurities

in the/.....



Figure 4. Stirred Flasks used in

Kinetics and Leaching.
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in the make-up tep water and as impurities in the chemicals used.
One of the following sukbstrates was added to this basal medium:-
(1) 2% ~ Sh Fes0,,7H,0 at a pH of 2,5.

or (ii) Sk - 20% elemental sulphur.

or (iii) Metal sulphides, e.g. pentlandite.

or (iv) 2% Sodium Thiosulphate.
The ferrous sulphate medium was sterilised by filtration through
a O,gum membrane filter using aseptic technigue. The sulphur
medium was sterilised by steaming for 1 hour on three successive
days; autoclaving cannot be used because of the low melting point
of sulphur. The thiosulphate medium was sterilised by autoclaving
at 120°C for 30 minutes as was the sulphide mineral. The mineral

was then added to the sterile gruwth'medium when cold.

Solid medium was prepared by adding 1 per cent ion agar to 5 per
cent sodium thiosulphate in 9K medium or 5 per cent ferrous
sulphate in 9K medium at pH 4,5. 7his medium was sterilised by
autoclaving at 120°C for thirty minutes.

Standard texts on microbiological methods were used as references

for this preparation work (56, 57)

Preparation of Sulphide Minerals.

A high purity pentlaendite was prepared from Shangani flotation
concentrates the composition of which is shown in Table 3a. The

concentrates were first passed over a laboratory-size gravity

concentration/....
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TABLE 3

DETAILS OF PENTLANDITE CONCENTRATES.

A. Low Grade Concentrate.

Chemical Assay:

Total per cent

Ni

Fe Cu

18,27

37,03

1,5

33,7

Mineralogical (X-rdy diffractometric analysis.)

Approx

%

%

Pentlandite Pyrrhotite Pyrite Talc | Dolomite | Chlorite
60 20 10 5 trace trace
Calculated mineralogical composition.
Pentlandite Pyrrhotite Pyrite Chalcopyrite Gangue
55,5 19,8 11,6 4,4 8,7
B. High Grade Concentrate.
Chemical Assay.
Fe Ni Cu S
Total per cent a3 30,6 0,5 34,3
Mineralogical (X-ray diffractometric analysis. )
Pentlandite Pyrite Chalcopyrite Talc
fajor Minor Trace Trace
Calculated Mineralogical Composition.
Pentlandite Pyrite Chalcopyrite Gangue
90,0 641 1,5 2,4
Screen Analysis. (Mesh size)
+35 | -35+48 | -48+65 | -65+100 | -100+150 | -1504200 | -Po04325 =325
0 0 0,1 297 8,3 19,1 32,4 37,4




concentration table (Wilfley table) to remove most of the

residual gangue and obtain a sulphide-rich fraction. This
fraction was then passed through a wet magnetic separator (sala.
laboratory model) to remove the magnetic pyrrhotite (FeS) fraction.
Finally, a flotation at pHS was carried out to remove some of the
residual pyrite (FeSz). The composition of the final pentlandite
concentrate is shown in Table 3b. This material was found to be

about 90 per cent pentlandite (NiFeS with about 6,1 per cent

1,8)
pyrite (FeSz].

3ele3. Procedures.

Isolation of Nickel Leaching Strain of Thiobacillus Ferrooxidans.

A sample was taken using aseptic technique from the acid drainage
water leaving the tailings dam of the Pilansberg Nickel Mine near
Rustenburg. The sulphide content of the tailings contained
pyrrhotite and pentlandite, similar to the Shangani ore;type. The
drainage water was found to contain 170 ppm nickel and 23 500 ppm
iron and had a pH of 2,4. Microscopic examination at a
magnification of XB00 using phase contrast optics showed the

presence of a number of short rod-shaped bacteria resembling

Thicbacilli.

A 2ml sample of this water was inoculated into 50 ml of sterile 9K
medium at pH 2,5 containing 5 per cent pentlandite concentrate.
This was incubated fof three weeks at 30°C during which time the
oxidation of iron was evident and about 500 ppm nickel was leached
into solution. The pH rose to 3. The bacterial population was

also observed to increase considerably during this period. This

inoculation/...cc...
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inoculation-incubation procedure was repeated four times at two-
weekly intervals and then serial dilutions of the culture were
plated out on ferrous sulphate solid medium. After five days,

brown colonies about 0,5 cm diameter had formed. A plate was then
chosen which displayed relatively few discreet colonies and a single
colony selected>to re—inoculate a ferrous sulphate medium. This was
chosen as the stock culture of the nickel leaching strain of

Thiobacillus ferrooxidans and used in the investigation. The

culture was maintained on slopes of ferrous sulphate solid medium
which were re-inoculated from a mixed ferrous sulphate-pentlandite

medium every three months.

The graowth of the strain was then tested on chalcopyrite (Cu,FeSz)
and pyrrhotite and found to be positive in each case after a short

period of adaption. Growth was also positive on elemental sulphur

and this was later investigated in some detail. (see section 4.1)

Electron Probe and Optical Microscopy.

Sintered discs of pentlandite concentrates and mounted polished
specimens of the mineral were examined after leaching using both
opfical techniques and a JEOL model JXA 3SM electron prohe analyser,
Useful information on mineralogical and chemical transformations

during leaching were obtained using these techniques.

Bacterial Assays.

A micro Kjeldahl method was used to determine bacterial nitrogen,

This method was based on work described by Davis et al (58) and

standard/..c.eev..



standard micro Kjeldahl technigues. Samples of 1 ml were
centrifuged to crop the bacterial cells which were digested in
. sulphuric acid. Nitrogen was then determined spectrophoto-

metrically.

A direct Bacterial counting technigue was also used, employing a
Petroff-Hausser bacterial counting chamber. When solid substrates,
like sulphur were being used, the sample was agitated vigorously
for five minutes with 2 or 3 drops of i-propanol to detach the
bacteria from the sulphur. The solids were allowed to settle for
five minutes and counting done on supernatant liquid. With
practice, one could distinguish fairly accurately between bacteria

and fine sulphur particles under the phase contrast microscope.

Chemical Assays.

Leach solutions were assayed on a routine basis using a Techtron
model AAS atomic absorption analyser. At other times, use was made
of the analytical services at the J.C.I. Minerals Processing
Research Laboratories, which included classical wet methods and

instrumental technigues.

Mineralogical Assays.

The services of the Mineralogical section of the J.C.I. Minerals
Processing Research Laboratory were employed. These facilities

included classical optical methods, X-ray diffractometric analysis

and electron probe analysis,

Experimental/.....
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Experimental Methods in Chemical Kinetic Studies.

Leaching was carried out by mixing the crushed pentlandite
concentrete as a 10 per cent slurry in the leach solution. The
mineral used was the high grade Pentlandite, prepared as described

in section 3.1.2.

The prepared pentlandite was screened to minus 200 plus 325 mesh
and was washed in 1 M H2804 for 5 minutes and dried with acetone
just prior to use, to remove the surface oxide layer. (This
procedure was found to give a more reliable leach curve by
eliminating the initial rapid release of surface nickel oxide into
solution.) Leaching was carried out in 250 ml stirred conical
flasks containing 150 ml of the appropriate leach solution and

15 g of the mineral. Samples of 1 ml were taken from the flasks
at regular time intervals. These were filtered and the.nickel
concentration measured using atomic absorption spectrophotometry.
Usually five samples were taken over four hours, but for those
tests where leach rates were very low, sampling was carried out
over a period of twenty hours. The concentration-time curves
obtained were linear (within limits of experimental errors) and
the slopes of these lines, representing initial leaching rates of
nickel were computed using a linear regression programme based on
least squares fit. | Each test was done in triplicate and, if more
than 20 per cent variance was obtained between between two of the

calculated rates, the test was repeated.

Experimental Methods used in Bacterial Growth and Leaching Studies.

The desired quantity of sulphur or pentlandite was added to the

leach/.veee..

37



38

leach solution, which was normally the 9K medium. After mixing
for a few minutes the bacteria were added as a washed cell
suspension prepared from the stock culture. Strict aseptic
technique was not followed in these tests because of the highly

selective nature of the growth medium.

In the growth tests on sulphur the pH was automatically controlled
by adding a standard solution of KZCDB' The rate of hydrogen ion

production was then computed according to the relationship:-
4
KGOy + 2H = HC0, + 2K N )

This relationship was checked by carrying out a blank titration in
9K medium to assess the possible effects of pH buffers in the

medium, The results are shown in Figure 5 from which it is seen

that:-

4
1M K004 = 2,02 M H R )

Experimental Methods Used In Polarisation Experiments,

Sintered discs of pentlandite concentrates were prepared by pressing
the mineral in a 25 mm diemeter die under a pressure of 500 bars.
The "green" disc was sintered under an atmosphere of hydrogen
sulphide for 12 hours at 800°C. Aftér this treatment the disc was

firm and could be readily handled. The disc was attached to a

holder as shown in Figure 6a. The disc was then immersed in the

leach/.euus.
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Figure 6aMounting for Sintered Discs
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leach solution in a flask as shown in Figure 4. The back of the
disc was electrically connected to a polarisation circuit for the
purpose of measuring the current-voltage characteristics of the
pentlandite disc-electrode under different conditions (75, 76.)
The reason for using a disc of mineral which can be rotated, is
because the hydrodynamic eguations relating to mass transfer at

the surface may be readily solved, as described by Levich (72.)
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4, RESULTS AND DISCUSSION.

4,1. Preliminary Experiments.

4.1.1. Chemical Kinetic Studies on the Leaching of Pentlandite

in Acid Ferric Sulphate Solutions.

The most important physico-chemical parameters involved in the
chemistry of heap leaching are considered to be: (68, 67, 68.)
i) Ferric ion concentration, [Fe+++1 - molar
ii) Oxygen concentration, p02 - per cent partisl pressure.
iii) Temperature. °C |
iv) Hydrogen ion concentration, [H+] - molar
v) Mass transport, i.e. rate of stirrer rotation, W - r.p.m.
These are not all easily ¢0ntr011able in a heap leaching operation,
but informatiﬁn on their effect on leach rate contributes to the
overall picture of the process. There are other faﬁtors involved,
but these are outside the scope of this initial investigation,
.which was aimed at providing a background to the bacterial

leaching studies.

A 25 factorial experiment was carried out to investigate the
effects and interactions of the above five factors on the
leaching of nickel from the mineral pentlandite in acld ferric
sulphate solutions., This was followed by a conventional kinetic
investigation of the leaching of pentlendite in acid ferric

sulphate solutions.

Factorial Experiment/.......



41

Factorial Experiment.

The values chosen for each factor are shown in Table a, and
y . .

the complete factorial design of the 2 experiment, together

with the results, is shown in Table 5. The detailed

experimental leach data are given in Appendix 1.

The measured rates of nickel leaching (shown in Table 5) were
processed according to the method described by Mendelowitz (69)
to find the average effect for each factor and combination of
factors. The details of this method together with an example

of the calculations are given in Appendix 2.

The results of the factorial experiment may be summed up as

follows:-

1) Temperature increase between 30°C and 80°C has the greatest
average positive effect on leach rate. The average increase
in the leach rate due to increasing the temperature from

30°C to 80°C was 113,88 ppm Ni*'/hr.

2] The average effect 1n increasing the ferric ion
concentration from 0,01 M to 0,25 M was an increase of
85,98 ppm Ni*t/hr. This is approximately the same as the

average effect of the combination ferric ion-temperature;

viz. 84,42 ppm Ni*t/hr.
3) Other factors and combinations showing lesser significant
average effects are i) P,
ii) w

1ii)/eeene.



TABLE 4 : VALUES OF FACTORS TESTED.
Level
Factor

0
Fe' Tt 0,01M 0,25
p02 1% 100%

o o
Temperature 30°C 80°C
Ht 2 x10™% | 2,0
Agitation rate 0O r.p.m, 400 r.p.m.




TABLE 5i DESIGN AND RESULTS OF FACTORIAL EXPERIMENT.

1,19 3,55| 85,28| 280 50 | -281 54 256 11 | 16,01
23,29| 130,04 4,88| 743 22 | -106 51 724 11 | 45,26
22,44(198,74 | -12,08| 463 26 | =297 38 206 23 | 12,89

0 1,08| 44,54| 324 43 | =100 77 590 51 | 36,91
135,95 4,10| 518,24| 216 26 | =315 08 269 39 | 16,84
116,93| 97,15| 31,51 555 94 -41 29 598 35| 37,40
537,26| 124,29 | 216,19| 254 14 | -256 84 221 83 | 13,86

3,02| 1,19 2y75| 7699 | =54 97 | =246 23 | -15,39

4,29 0,85 €8,70| -16 96 | =279 96 | =190 87 | -11,93
18,77 135,95 3,02( 473 70 | -108 17 | =214 31 | -13,39
20,05/ 420,33 27,14| 184 68 | =301 80 | -215 55 | -13,47
15,80| 1,27| -2,04| 6595 | =93 95| -224 99 | -14,06

131,101 1,28| 284,38| 24 12 | -289 02 | -193 63 | -12,10
110,85| 115,60 0,01 286 42 | —41 83| -195 07 | 12,19
251,94/ 141,09| 25,49| 2548 | -260 94 | =219 11 | -13,69

Leach

Test No|1|2|3| 4|5 Z?;?hr 1 2 3 4 5 Effect
1 0 0 0,80| 9,89 355 25| 67519 |2 067 77 | 129,24
2 0 0,80 9,09 345,36| 319 94 |1 392 58 | 1 375 61 | 85,98
3 0 2,77|130,04| 19,72| 837 06| 559 75| 896 85| 56,05
4 0 6,32| 215,32 | 300,22| 555 52 | 815 86| 409 45| 25,59
5 1 0 7,42| 46,92| 333 13 86 37 | 1 822 45 | 113,88
6 1 130,04| 12,30{ 790,14| 226 62 | 810 48 |1 350 77 | 84,42
7 1 8,29/ 156,15| 46,13| 556 62 | 101 61 | 718 41| 44,50
8 1 207,03( 144,07 | 509,39 259 24 | 307 84 | 401 97| 21,12
9 0 4,28 1,19| 4,35| 93 57| 615 97| =316 85 | =19,80
10 0 3,17 45,73| 328,78 =7 20 |1 206 48 | -403 89 | -25,24
11 0 8,20/135,95| 5,18| 562 78 | 540 69 | -415 85 | -25,59
12 0 4,10/ 654,19 221,44| 247 70 | 810 08 | -298 13 | -18,63
13 1 29,50 7,31| 0,34 7145| 60 03| =334 93 | -20,93
14 1 126,65| 38,82| 556,28| 30 16 | 658 38 | -409 97 | -25,62
15 1 9,89| 146,60 | 2,55 282 34 90 07 | -382 97 | -23,94
16 1 134,18| 362,79 | 256,69 25 50 | 311 90| =302 77 | -18,92
0 0 0,80 8,29/ 33547 | -3531| 717 39| 44,84

0

0

0

1

1

1

1

0

0

0

0

k2

l_J

J
H O+ O+ OHFHOPFOHOUKEODOD-RORFOHFEODOGRFORO H~HOEMFEORO H O
H HF DO+ HOOKKHOOOQOWRKKMFHFODODHNKOOHRKOG OUKPMHOGOG O H O O
H P HH MK MHMOODODOOODOO OGO O HRHKHMKMMERHKGPPFHP HOOI OGO OTG OGO OO O
H H H - H MM R MR B2 O0O0DODOOOO©OT® OGOGOOIOT® G®OTO OO O

o

See Appendix 2 for further details of the calculations
of the veffectwy.
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iii) pO, - W
iv) p0, - Temperature

+
4) A surprising result is the negative average effect of [H']

in the range tested.

5) The leach rate is optimised under the conditions of test
24, i.e. high levels of all factors excepting [H+]. The

relative importance of facteors is as follows:-

i) temperature - positive
ii) [Fe '] - positive
iii) p02 - positive
iv) W - positive
v) [H+] ' - negetive

6) All combinations with [H+] have negative average effects.

All other combinations have positive average effects.

- Kinetic Experiment.

It is well established that the rates of leaching of most
sulphides in acid ferric sulphate solutions are controlled by
the cathodic reactions of the electro-chemical couples.(77)
This appears to be true in the case of pentlandite as well,
especially considering the dramatic increases in leach rate
obtained when using ozone as described later in this section.
Two electron acceptors are available in the present leaching

experiments, viz oxygen and ferric ions, so that the overall

rate 1s probably composed of two separate rates:-

HUverall/.......
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R vosd
OVErall = R1 + R2 essseceonOBOOEBNA )

Rl = rate due to cathodic ferric reduction

H2 = rate due to cathodic oxygen reduction; i.e.

Fertt + e = Fe''

Ty &

1 +
202 + 2H + 28 = H20 sSessensesREBERRBBEN 5)

Ingraham and co-workers have studied the kinetics of leaching
of a variety of copper sulphides under similar conditions to
those used in the present experiments. For covellite (CuS)
these investigators found the activation energy of leaching

to be 22 k cal/mole, indicating strong rate control by
chemicai processes.(66) On the other hand for chalcocite
(Cu2 S) they found the activetidn energy of leaching to he

5 k cal/male and the rate controlling step to be diffusion of*
reactanté through boundary layers into the solid—liquid
interface.(67) The mineral chalcopyrite was found to have

an activation energy of leaching of 14 k cal/mole, a value
lying between those for chemical and mass transport as rate
control.(68) These workers postulated that in the leaching of
chalcopyrite, the mechanism involves the diffusion of reactants
through a film of surface sulphur. This sulphur is formed as
a result of the leaching and its thickness increases
continually. This explained the parebolic nature of the
kinetics observed. The rate limiting step is diffusion of
ferric sulphate through the layer of sulphur. At high
concentrations of ferric sulphate, the reverse diffusion of

ferrous sulphate is rate limiting. Agitation was found to

have/..s.



have no effect on leach rate. 1In many respects the process

resembles pore diffusion in catalyst particles.

In the present investigation the observed activation energy
of nickel leaching was 14 k cal/mole, (See Figure 11) the
same magnitude as Ingraham and co-workers observed in the
case of the leaching of chalcopyrite. It is not likely
however that the mechanisms are the same. In the leaching of
pentlandite, it was found that the sulphur did not accumulate
on the mineral surface, but readily detached and became
suspended in the leach solution. The observed kinetics were
also linear. The value of the activation energy, would thsn
seem to indicate a 'mixed' mechanism in which both chemical

processes and mass transport phenomena are rate controlling.

This is consistent with the postulate that the overall rate
is comprised of two separate rates, since it is most likely
that the ferric reaction is mass transport controlled, while
the cathodic oxygen reduction is chemical rate controlled.
The Former reaction is known to be kinetically and thermodyn-
amically more favourable than the oxygen reduction reaction
in sulphide léaching. (This is also consistent with the
results of the factorial experiment where it is shown that
ferric ion concentration has a greater positive effect on
leach rate than oxygen concentration.) In the rate

expression, ferric concentration and agitation would be

44

grouped together as would oxygen and hydrogen ion concentration.

Thus the following rate expression is proposed:-

Roverall/.....



+++ - a b C d
W o+ K [H )
Roverall = 1 ] 2 DDZ - +]

where K. and K., are rate constants.

1 2

Effects of Ferric Ion Concentration on Leach Rate:

When the effect of ferric ion on leach rate was measured,
keeping other parameters constant, the rate expression gould

be reduced to the form;

++4+ o 8
= K
Roverall K3 . [ Fe ] + 4
b _
Where K3 = K1 . W ’ w =200 r.p.m,
C +- D
Ka = K2 . D02 . [_H ]
o + -2
PO, = 50%, [H] 2 x10 " M.

=+t
A plot of log (Hoverall —K4) versus log [Fe ' ] would have
a slope of 'a' and an intercept eguivalent to KB' This is
shown in Figure 7a, where K4 was obtained by extrapolation

to zero concentration on the plot of Hovarall versus [Fe"'[

shown in. Figure 7b.

K4 was found to be egqual to 23 ppm/hr. This represents the
rate of leaching when [Fe+++] = 0, p02 = 50% and [H+]

=2 X 10_2M.

In Figure 7a the data are compared with a line of slope 1,0

and/..lll.l
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Figuré 7a. logR, vs logFe™"]
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+++
and are consistent with this 1ine up to about 0,1 M Fe ’

after which the rate would appear to be independent of
[Fe+++] . .(At this point the reaction is probably
controlled by the diffusion of some other reactant or
product.) These data are further discussed later in this

section.

Effect of Agitation on Leach Rate.

J
Figure Ba ahows a plot of log (R Ka) versus log W, where

overall ~
K4 was taken to be 23 ppm/hr from Figure 7b. Again a line
of slope 0,833 has been drawn through the data for purposes
of the discussion later in this sectior. The data are
reasonably consistent with this line. K4 was also estimateq

from these data by means of a linear plot of R Versus

overall
W. (See Figure 8b.) K4 was found in this case to be 23 ppm/hr,

in good agreement with the previously measured value.

Effect of Oxygen Concentration on Leach Rate.

In this case the rate expression was reduced to:-

Hoverall = KS + K? . pO2

where K6 = K1 _[Fe|II a. wb, equivelent to the rate of

leaching when p02 = 0, l’_FeIII = 0,122 and W = 200 r.p.m.

K, = Ky, [H'] 9,

A plot of log (Roverall —KG) versus log pO, would have &

slope of 'c'. This is shown in Figure 9a. K6 was obtained

fmm/l'.l'.ull'u



Figure 8a. logR, vs logW
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A1

from the intercept of the plot of Roverall Versus p02 shown

in Figure 9b;K; is estimated to be 20 ppm/hr from this plot.

The data in Figure 9a are compared with a 1ine of slope 0,5.

Effect of LH+] on Leach Rate.

: +
In this case a plot of log (R K versus [H' ] would

6]

have a slope equal to 'd'. The value of K6 measured

overall

: . . +
previously was used since in practice [H ] cannot be zero.

Figure 10 gives the value of 'd' = 0,1 for pH4 to pH 0,75

and 'd' -1,0 for pH 0,75 to pH -0,75.

Effect of Temperature.

The Arrhenius plot for the leaching of pentlandite in acid
ferric sulphate solutions is shown in Figure 11. From the
slope of this graph, the ectivation energy was calculated to

be 14 k cal/mole. (See Appendix 3.)

Detailed experiment data for these kinetic tests are gilven in

Appendix 4.

Leaching with Ozone.

A series of emperical tests were carried out to test the
effects on leaching of a wide range of chemical compounds.
The aim of this exercise was purely of a practical nature to
see whether some reasonably cheap additive could be found

which would enhance leach rates in practical situations,

such/eeesnns
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such as dump leaching.

The experimental conditions were similar to those used in

the chemical kinetic studies with air being bubbled into

the solution. The various materials added wsre.—

1) 1g MnO,-

2) 1g Activated Carbon.
3) 1,65g finely divided platinum.
4) 10 ml NaOCl solution.

5) 1g KC10,.

6) 1 ml 30 per cent HO

22"
7) 1g E.D.T.A.
8) 1g NaCl.

9) 1g Na,CO.,.

10) Ozonised oxygen bubbled into leach solution during

leaching.

A control test was also carried out,

All the tests except numbers 2 and 10 gave results

equivalent to or less than the control leach.

In the case of

test 2 (activated carbon), the leach rate was about 25 per

cent higher than the control. With the use of

ozonised

oxygen in test 10, the leach rate showed a dramatic increase;

about ten times greater than the control. These data are

given in Appendix 5,,

This discovery was followed up and @& patent has been applied

for, entitled "Improvements in Hydrometallurgy,

using/sa.
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using Ozone." (83). This improvement in leach rate due to
the use of ozone was in fact found to hold for a wide range

of sulphide minerals.

The action of ozone supports the postulate that cathodic
reactions ars rate limiting in sulphide leaching. It is
probable that the ozone is readily providing powerful electron
acceptors in the form of atomic oxygen at cathodic sites on
the mineral surface. This is discussed more fully in Section
3.2.2. in conjunction with the postulated mechanism of oxygen

reduction on the surface of the mineral pentlandite.

Activated carbon, being a powerful adsorbent of gas, probably
helps provide atomic oxygen af the mineral surface. It would
be expected that H202 would also show some positive effect on
leach rate because of the evolution of atomic oxyjen. The
relatively long periods of leaching, up to 72 hours or more,

would probably negate any effect which may be due to the rapid

release of oxygen from this compound.

Mechanism of Chemical Leaching.

Examinations of leach residues from the present experiments
using optical microscopy, X-ray diffraction and electron

probe analysis have shown that two intermediate phases,
pyrrhotite (in small amounts) and elemental sulphur (in
stoichiometric amounts,) are formed. Jarosite is precipitated

from solution at pH values above 4,5. The unleached pentlandite

WS/ e cenencanne



was covered with a thin, loosely bound layer containing
pyrrhotite and sulphur, The leached surface was cracked
and pitted showing that dissolution occurred preferentially
at regions of crystal imperfections end grain boundaries.
When a sintered disc of pentlandite was electrolysed in
sulphuric acid solution at pH3 for 24 hours by maintaining
a voltage of +5v 6n the disc with respect to a nlatinum
electrode, the molar ratio of nickel to iron dissolved was
1,05:1. The disc was found to be covered with a loose
layer of pyrrhotite and a small amount of sulphur. Most of
the sulphur detached from the specimen and reported as an

amorphous suspension in the solution.

Considered together, these results suggest that pentlandite
dissolves in acid solutions by an electrochemical mechanism
with the following sequence of anodic reactions®(taking the

stoichiometry of the pentlandite to be as shown.)

++
N
iFeSl'B Ni + F.:-::sl'8 % B peseseraiine 2

(4]
FEIE:?J_'8 = .Fe'H' + 1,88 - . TP RN -

Discussion of Chemical Kinetic Studies.

It was proposed earlier in this section that the rate of

nickel leaching from pentlandite follows a rate equation

which has the form:-

Rover'all = R1 * i

E 1 | S
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In this model R1 was considered to represent the rate of
leaching due to the cathodic reduction of ferric ions at

the mineral surface and was represented by the term;

+H+. a b
K1. [Fe ] W

It was postulated that the rate of ferric leaching was mass

transport controlled.

H2 was considered to rebresent the rate of leaching due to
the cathodic reduction of oxygen at the mineral surface and

was represented by;
c +-d
K2. p02 o
In general terms Fick's Law of diffusion may be written;

V‘d_C = k‘A_(C —Ci) sasessvensnsaa 9)
dt

where V is the volume of solution
A is the interfacial area
C is the bulk liquid concentration of diffuéing species
Ci is the interfacial concentration of diffusing species.

k 1is the mass transfer coefficient.

When applied to ferric ions, Ci = 0 and C may be assumed

constant, equal to [Fe o y Ssince the leaching was followed

for a relatively short time only.

... V_d_C_ = kA rFBH] sasnaeasaseaassesesy 10)
dt

. 4+

l.8, H1 a kA[Fe ] sesassencecncnscessce 11)

Barker/.eeceeeess



52

Barker and Treybal (84) have shown that mess transfer
coefficients for suspended solids dissolving in agitated

liquids vary as the speed of stirrer rotation to the power

0,833.
i'EI k w0'833 P s 8 B OO0 OGOCEESESDRTDE S RN 12)
S, R« [Fet]  wi®P creresnracasenss 13)

Schneerson (71) in a study on the autoclave leaching of
pentlandite, has shown that the rate of leaching is

a
proportional to p022.

The leaching of nickel from pentlandite takes place
according to the following overall reaction when oxygen is

the terminal electron acceptor:-

Ni Fe S + 0. + ot = wmt

++
1,8 o + Fe  + 1,8 + 2H20

ceeeassrasssenes 14)

The following mechanism is proposed as representing the
individual steps in this scheme:- (For the sake of simplicity
pentlandite is represented as MS where M represents the total
metallic portion. This is valid, as nickel and iron were

leached in squivalent amounts. )

1 slow :
-3 (02)dissolved ——— (O)adsorbed (rate controlling)
fast ++ =
M+ (0) _icorbed ——> M+ 8° + (07)
= + —— H.0
(0%) ot fast 1

therefore/...
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therefore:
d g¥++] = 2q 5§i++1 2. 2 dED] adsorbed
o [02]% dissolved
i.e. Ry a pUZ% yan sl aaenvuscnosssoascens 15)

The mechanism of oxygen adsorption is supported by the fact that when
ozone was used in place of oxygen (as discussed previously in this
section) dramatic increases in leach rates were obtained. It is
probable that the atomic oxygen derived from ozone is more rapidly

adsorbed onto the mineral surface; i.e.

fast

0 —_— o, + (o) R 1) |

adsorbed

Thus the proposed model is:-

+++] 0,833 3t eea17)
Hoverall K1 [Fe B * K2 DUZ [H ]

This model has been compared with the experimental data in Figures
7a, Ba, 9a and 10 by superimposing lines of the appropriate slope
on the experimental points. It is considered that the model is

consistent with the experimental data.

A comparison between experimental data and calculated data based on

the model is given in Figure 12. Good agreement between the model

and the experimental data was found.

K1 and K2 were calculated from the experimental results, as shown

in Appendix 15, and found to be

K1 = 3,2 mg/hr - mole - r‘.p.m.O’BB:3

1

= 2
K, = 3,3 mg/hr - pO= - ¢ .,
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These are not absolute constants but apply to the conditions
of mineral particle size, pulp density, temperature, etc.

used in these particular experiments.

The specific surface of the sample used was estimated from
the size distribution curve and using the shape factor for
crushed quartz. (See Appendix 6.) This was calculated as

300 mz/g. The units of R are ppm/hr, i.e. mg/2-hr.

overall

This may be converted to absolute units:-

I
Sa

Sa = sgpecific surface

Rabsolute = Roverall

=~

= ;0 w/g
M = mass of mineral per litre

= .100 at 10%pulp density.

Rabsolute . Roverall mg/m%-hr
30 x 103

Thus in absolute terms the individual rate consténts at 50°C

are:-—

FaS
n

-5 ; '
1 10167 X lo mg-E/m%-hr-mOIE-r.D-m.D'eaa ..-..-.520)

~
]

, -3 2 %
2 0!11 X 10 mg‘e/"l-hr.pozz l.llllllllll.l.llllzl)
These may be corrected for different temperatures from the

activation energy data on Figure 18, i.se.

log K = 11,36 - 3!18 X 103 s cscsssccsronNensON e 22)

T

4.1.3/vinnen.



4,1,2., Polarisation Studies.

When an electrode is in equilibrium with ions in solution,
the partial current of anodic dissolution is equal and
.cpposite to the cathodic current. The exchange current
density, io’ is defined by the magnitude of the currents and
the electrode area. The current density is determined by
the concentration of metal ions and the activation energy of
dissolution. A low activation energy will generally mean a

high exchange current.

If the potential drop across the double layer associated
with the electrode is altered by superimposing an external
E.M.F., then the electrode is said to be polarised. If the
potential is made more positive, then an increase of
electrical energy of ions in the electrode will result and
the anodic current will rise. The activation enérgy is
correspondingly decreased. Similarly the cathodic current
will decrease and there will be a net anodic current.

The Tafel (75) equations relate the change in potential

across the double layer to the current density:-

Ma L] Aa + ba log i l-..-..llllol-----n--o----.23)

MC = AC + bC 10gl ..lIIIllll.l'.'.llllli'llllza)

where Ma is the anodic activation over-potential; MC is the
cathodic activation overpotential.
i is the current density.

Aa' ba' Ac’ bC are constants.

Aplot/..ll..



A plot of potential (equilibrium potential + M) versus log
current density should thus be a straight line. (See
Figure 13.) Departures from linearity occur at high
current densities because of concentration overpotentials
where mass transport effects (e.g. diffusion) become rate

limiting.

Metal sulphides are generally good electrical conductors
so that polarisation curves may be obtained for these in
solutions containing the corresponding metal ions (76).
The idea behind a polarisation study of bacterial leaching
was to compare the values of the exchange current density
for oxidation of pentlandite in the presence of bacteria
to the values obtained in contreol leaches. This would
indicate what effect, if any, the bacteria were having on
the activation energy of the oxidation reaction. Changes
in limiting current values would show an effect on mass

transport.

Polarisation During Chemical | eaching.

A series of polarisation tests were carried out using discs of
sintered pentlandite. The discs were immersed in acid ferric
sulphate leach solutions and the experimental conditions were
such that concentration of ionic species were virtually
unchanged over the test period; i.e. up to four weeks. The

_ typical current voltage relationships obtained are shown in

Figure 13 and the detailed experimental data are given in

Appendix 12/...4..



Figure13. Polarisation(Current-Voltage) Curves -

Chemical Leaching.
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Appendix 12. No significant changes in the shape of the
curves could be detected during the test period, although
examination of the surface showed that leaching had, in
fact, taken place. The limiting cathodic current was
found to be greatly affeCfed by disc rotation speed in

the presence of ferric ions.

Polarisation During Bacterial Leaching.

These tests proved to be completely negative. Current-
voltage curves similar to those measured in chemical
leaching were obtained and no significant difference could
be detected due to bacterial growth. A typical current
voltage curve is shown in Figure 14 and the experimental

data are given in Appendix 12.

CONCLUSION.

It may be that the sintered disc is unsuitable for carrying
out this type of electro-chemical study and that it is
necessary to use large single crystals of mineral as
described by Wright (76). As this work was an adjunt to the

main theme of the present investigation, the problem was

not pursued further.

One useful observation was the increase in limiting cathodic
current obtained when the disc rotation speed was increased,
praviding Fe was present. This finding supports the
postulate made in the previous section that ferric ion is

rete controlling by a mass transport mechanism.

4-1-2/-...-



Figure14. Polarisation(Current-Voltage) Curves -

Bacterial Leaching.
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4.1.3 BACTERIAL GROWTH ON SULPHUR.

It is probable that bacterial growth on elemental sulphur
resembles in many ways growth on metal sulphides. Sulphur is
often produced during the leaching of metal sulphides so that
in the micro-environment of the bacterial cell, it may well
be that even during growth on a metal sulphide the bacterial
cell is in contact with §° species only. This proposed
mechanism may not apply in all cases of sulphide leaching,
but certainly suggests that some detailed study of the growth
éf bacteria on elemental sulphur is warranted, if only from a
comparative point of view. (It was felt that a similar
detailed approach to the growth on ferroﬁs sulphate was not
justified although the bacterial oxidation of ferrous to
ferric ion plays an important role in biological leaching.
The subject of ferrous oxidation has been well studied
recently (59, 60.) It was considered that a repetition of
this work was not warranted as, unlike growth on sulphur,

use could be made of the available information.)

Initially the batch growth characteristics of the strain of

T. ferrooxidans were studied, followed by continuous growth

experiments.,

Batch Test No.l.

This initial test was carried out to measure the rate of acid
production by the bacteria growing on sulphur. The results

are given in Appendix 7 and are shown graphically in Figure 15.

w7 T
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The form of the curve is typical of batch growth of
microorganisms, showing a lag phase, a growth phase and
finally a stationary phase. One major difference is apparent
i.e. the linear portion during the growth phase. This
feature is discussed in conjunction with further data in

Section 4.2.

Batch Test No.Z2.

A second batch growth experiment was conducted to test the
relationship between acid production and bacterial growth in
9K medium. The growth was carried out in the larger reactor,
to reduce the effects of sampling. Flowers of sulphur (2% w/v)
and Tween 20 (a surfactant) were added at a rate of 0,1 ml per
50g of sulphur to help 'wet' the sulphur and reduce the
flotation of sulphur caused by the air bubbles. Tween 20 was
tested and was found to have no inhibitory effects'on the
growth, unlike other surfactants which markedly reduced the
growth rate. (See Appendix 8. Tween 20 has also been found to

assist in the bacterial leaching of copper. (61) )

The results of this test are given in Appendix 7 and are

shown graphically in Figure 16.

An interesting feature displayed in Figure 14 is the apparent
linear production rate of hydrogen ions and bacterial nitrogen
which was also noted in test 1. {c.f. Figure 13.) The

maximum rate of hydrogen ion production in this case is 0,66

J moles/ml-hr.,

A best/.eueesns



Figure16. Batch Growth Test'Z on Sulphur.
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A best fit of the results for nitrogen production gives a

maximum production rate of:-

0'16 ,.lg/ml-hr‘ nucn-c--lcoo-oolzs)

d N

dt
Thus:
d [N = Y xdH] I <13))
dt dt
where Y = 0,24g nitrogen/mole Ht (yield

constant ) cerrersnansseen 27)

This yield constant is used in the analysis of data for

leaching of pentlandite in Section 4.2.3.

The nitrogen production rate does not appear to be quite as
linear as the hydrogen ion production rate, but when
considered in the light of the estimated accuracy (10 per
cent Jof the Micro-Kjeldahl method, this observation is not

significant. (See Figure 14.)

Continuous Growth on Flowers of Sulphur.

The batch growth described above was used to start a constant
volume continuous culture, run as a chemostat, the results of
which are given in Appendix 7 and are shown graphically in
Figure 17. After two reactor volumes of feed had passed into
the vessel, steady state condition had been obtained as
evidenced by the measured rate of acid production and data
were taken after this period. Extreme difficulty was

experienced in continuously adding 2 per cent flowers of

sulphur..,
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sulphur in the feed. The sulphur blocked the tubing of the
peristaltic pump and attempts at adding the sulphur
separately also failed. Instead it was decided to add a
bulk gquantity of sulphur and surfactant every 24 hours
directly into the reactor. The amount of sulphur to be
added was calculated from the formula [SO -S)V, where S is
the calculated present concentration of sulphur, SO is the
calculated level to which the sulphur concentration is to be
raised to yield a mean value of 2 per cent over the next 24
hours and V is the reactor volume. The derivation of this

formula is given in Appendix 9.

Relationship Between Bacterial Nitrogen and Cell Count.

The measurement of bacterial nitrogen is a tedious procedure
so that a test was carried out to see if this could be
replaced with direct counting. Twelve samples were taken at
different stages of the continuous culture operation and
analysed for bacterial nitrogen. The same samples were also
used to carry out a direct bacterial count using the Petroff-

Hausser bacterial counting chamber and the following

relationship established:-

7 gl :
1,27 XlD CBllS: 1}.‘9 + 0’15 nltI‘Dgen......-.-.--.ZB)
The twelve sets of results shown in Appendix 10 did not

differ by more than 15 per cent from this average value.

Continuous Growth on Sulphur Prills.

It was noted during these growth tests on sulphur that the

oxygen/ ...
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oxygen concentration in solution was generally well below

the air saturation level. This would seem to indicate that
the rate of growth was being limited by the transfer of
oxygen from the air bubbles into the liquid phase and would
explain the linear nature of the growth curves in Figures 13
and 14. It was decided to carry out a growth test in which
the rate limiting feature was not the transfer of oxygen from

gas bubbles.

If the available surface area of sulphur is extremely high,
as is the case with finely powdered flowers of sulphur, then
the oxygen demand is very high and one has to use extremely
vigorous rates of agitation before mass transport can be
rendered non-rate~limiting. Such conditions can for example,
be achieved using sonic energy or high freguency vibromixing.
Several workers have pointed out that under such éonditions
the bacterial growth may be affected because of the prevention
of the necessary close contact between bacteria and solid
substrate. (61, 62). One way to overcome this dilemma is
thus to decrease the sulphur surface area so that mass
transport from gas bubbles may become non-rate-limiting at a

lower input of mechanical enery per unit volume of solution.

To decrease the surface area, molten sulphur was poured into
cold water to form uniform spherical prills. The prills were
screened to -4 +8 mesh. The prilled sulphur was subjected to

X-ray diffractometric analysis in order to check that the

crystealline/.....
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crystalline structure had not been altered by this treatment
and thus introduce an unknown parameter. The structure was
found to be completely orthorhombic, the same structure as

the original flowers aof sulphur.

To further ensure that the availability of éome nutrient in
the 9K medium was not rate-limiting, it was decided to carry
out the growth test in a continuous pH-stat operation rather
than run the reactor as a chemostat. In chemostat operation,
medium is added to the reactor at a fixed dilution rate and
the culture is allowed to select its own growth rate. (63)

It is possible in this system that at low dilution rates when’
the bacterial population is high, some nutrient may become-
rate-limiting. With the pH-stat system the dilution rate is
automatically selected according to the rate of production of
hydrogen ions. The automatic titrator was used to'control the
system at pH 3. Fresh medium was added af a pH of 7,26. As
hydrogen ions were produced in the reactor as a result of
bacterial growth on the sulphur prills, so the automatic
titrator would add fresh medium at the higher pH to compensate
for the drop in pH in the reactor. Thus an equilibrium
dilution rate was selected by the culture according to the

rate of production of hydrogen ions which is directly related

to the rate of bacterial growth.

The conditions of the experiment were as in the case of batch

test 2. Five hundred grams of sulphur prills were added to 9K

medium/..eeae



medium in the 5,5 £ reactor. The prills displaced 300 ml so
that the effective solution volume was 5,2 £. The stirring
rate was varied from 1 to 1 000 r.p.m. At least two volume
equivalents were allowed to enter the reactor before the
equilibrium dilution rate was measured at each rate of
agitation. The effect of agitation on dilution rate, i.e.
growth rate, is shown graphically in Figure 18 and the data
are tabulated in Appendix 7. The results show that under
the conditions of the experiment, agitation has a marked
effect on the dilution rate. Dissolved oxygen was metered
at all levels of agitation and found to correspond to the

saturation value in each case.

The rate of production of hydrogen ions and hence bacterial

growth rate may be calculated from the dilution rate by

64

carrying out a mass balance on hydrogen ions. (See Appendix 135

This gives the relationship:-

P = DX5,3X10_3 leeS/'e'hr Ssesosacsunesssneenan 29)

o
L]

rate production of hydrogen ions

=)
Il

dilution rate.

The relationship in Figure 18 between dilution rate and rate

of agitation may be written as:-

D = k.wW 0,27

cesesssreecsiesaness 30)

where k is a constant

and W is the angular velocity of the stirrer.

From/eeeseeenss



Figure 18 Dilution Rate vs. Agitation Rate
(Continuous Culture, run as pH Stat)
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From eguation 27,

d [H'] = P = (5,3x10—3)_kvw 7 moles/¢-hr...31)

dt

From equation 24,

> - 0,27
d [nN] = (53x10 3) 0,24 _k W '’ }Jg/e-hr....SZ)

dt

The exponent on W is 0,27 compared to 0,833 found for chemical
leaching pentlandite. However under the agitation conditions
of this experiment complete suspension of the sulphur prills
was not achieved, unlike the total suspension attained with

the =200 mesh pentlandite.

Discussion of Growth Tests on Sulphur.

An apparent linear growth pattern was found in these growth
studies; 'apparent' because the intrinsic mechanism must

still be exponential in that one cell divides to form two
cells. The linear characteristics mean that the doubling

time is determined by the rate of dissolution of oxygen from
the gas phase into the growth solution. It was found

when using sulphur prills as the growth substrate that
although mass transfer of oxygen from the gas bubbles into the
bulk of the solution was non-rate-limiting, agitation still
had an effect on growth rate. This implies that mass transport
by another mechanism was now the rate limiting step. This
mechanisﬁ is probably the transfer of some nutrient, possibly

oxygen, to the growth sites on the surface of the sulphur

prills.

It was/..os s
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It was clear during these growth tests on sulphur that some
of the bacteria were attacﬁed to sulphur surfaces while other
cells were freely suspended in the liquid. To investigate
this effect an experiment was carried out using ordinary
flowers of sulphur in batch growth. The concentration of
unattached bacteria was measured at different rates of
agitation up to 1400 r.p.m. with a propellor stirrer. The
concentration of unattached bacteria remained constant up to
this rate of agitation, but when a vibromixer was used for
vigorous agitation, the concentration of unattached bacteria

increased.

It would seem that only when extremely violent agitation is

used, are the bacterie prevented from attaching to the

sulphur,

In the classical model developed by Monod (65) and others (63)
for the operation of a continuous culture, it is assumed that
“the bacterial population as é whole 1s in statistical
equilibrium. When dealing with growth on a solid substrate,
this model may not be valid, especially when one considers

that a certain fraction of the bacterial population is attached
to the sulphur surface and one can envisage an equilibrium
between cells actively growing on sulphur surfaces and others
detached from sulphur surfaces. The equilibrium condition is

probably a complex function of agitation, surface,

tension/...evene
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tension, bacterial numbers, surface area of substrate and
other factors. To test the above hypothesis the classical
Monod relationships were applied to the results of the

continuous growth test.

The culture was kept growing at egquilibrium (on sulphur
prills) for 1 week, running as a pH-stat with D = 0,013 P,
The rate of production of hydrogen ions, P, was calculated to be
0,065 x 10—3 moles/m1~hf. A 25/um membrane filter was
attached to the outlet of the vessel. This allowed bacteria
and solution to leave as overflow, but retained sulphur in

the vessel. The equilibrium bacterial count in the overflow

was;(i.e. concentration of unattached bacteria) X, = 1,6 WE Y.

cells/ml, equivalent to a rate of cell production;

{%%% measured = 20,8 x 10'7 cells/4-hr .....,........33)

Using equations 26 and 28 the rate of bacterial cell
production can be calculated from P :- (The assumption was

made that the batch yield constant applies.)

d

- -3 7
Eafgcalculatad = (0,068 x 10 ~) x 0,24 x 34 x 1D

11 x 106

19,75 X 107C8115/‘e—hr s ffeeneceaese 34)

This value exhibits a reasonable agreement with the measured

rate of bell production.

At the end of the run when equilibrium conditions still

applied, the contents were stirred vigorously for 1 hour with

a vibromixer/..eeee..
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a vibromixer and a representative sample taken for a
bacterial count as describéd in section 3.1.3. The total
number of bacteria was found to be 8,1 x 10'7 cells/ml,
assuming that ali attached bacteria are displaced by the

vibromixer, the number of attached bacteria, XA iszs=-

= (8,1 - 1,6) x 107

= 6,5)(107 Cells/ml TR SesESSEBEBPOOLEDN RS 35)
A mass balance on bacteria at steady state gives:-

Rate of growth of bacteria = Rate of washout of bacteria
i.e./pxA = Dxu s Since growth is controlled by Xa

where/u = specific growth rate of bacteria.

1 sesveasevessescaas 36)

", P = 0,013 x 1,6 x T - 0,0032 hr

This value of/u does not correspond with the measgred value
of D = 0,013 hr Y. Tt appears then that the classical Monod
model (65) which gives y = D at steady state does not hold
for growth on solid sulphur. (The Monod model is based on
Chemostat operation and although this test was operated as a
pH stat, once equilibrium is established, it is in effect a
chemostat.) A more complex situation exists where an
equilibrium is established between cells attached to the

surface and cells freely suspended in the medium.

Obviously more detailed work could be carried out to study the
growth of the bacteria on sulphur, both in batch and continuous

operation. The main aim of the present investigation however,

WasS/ cssesans



4.2.

was to study the bacterial leaching of nickel sulphide
(pentlandite) and the growth tests on sulphur were

terminated at this stage.

Bacterial Leaching of Pentlandite Concentrates.

4,2.1. Batch Leaching.

A wide range of parameters was initially tested using
batch culture in order to establish the relative
importance of these in the bacterial leaching of nickel

from pentlandite concentrates. The higher grade
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concentrate, assaying 30 per cent nickel, was used in these

tests so that unknown factors arising from the presence of
gangue materials could be minimised. Conical flasks of
250 ml capacity similar to those employéd in the chemical
kinetic tests were used in these batch leach experimenfs.
The concept of the tests in the bacterial leaching work
was, however, entirely different to that in the chemical
kinetic studies. 1In the latter, the leach rates were
measured over a very short period of time as the interest
was solely in the initial rate of leaching. In the case
of the bacterial leaching tests, the period of leaching
was extended because growth conditions were necessary for

the bacteria to function.

The use of bacterial concentrates under non-growth
conditions in the kinetic experiments was in fact carried
out. It was found that no significant effects were
obtained under these conditions and it was concluded that

bacterial leaching could only be studied under conditions

in which the cells were growing.

Bl . e anns
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A typical batch growth curve for bacteria is shown in

Figure 19. The curve is characterised by:i-

1) An initial lag phase in which the bacterial cells
are preparing for growth.

2) A growth phase in which the cells multiply. In this
phase the cell numbers continuously double after a
fixed period of time, called the generation time.
This is the average time between cell divisions. The
shape of the growth curve is usually sexponential
during this phase.

3) A stationary phase in which some nutrient in the

growth medium is exhausted.

From the previous discussion it would appear that bacterial
leaching of nickel is growth-associated so that one would
expect the batch leach curves to have a similar shape to a
typical batch growth curve. A typical experimental leach
curve is shown in Figure 22. It is seen that in this
curve and the subsequent experimental leach curveS'(Shown
in Figures 23-25) the various phases discussed'previously
are not clearly defined. It is not possible to tell
whether the 'growth' phase is exponential or linear. The
curves generally show a 'kink' near the beginning of the
leach period, after which the nickel concentration
increases steadily until a stationary phase is reached.
The significance of this stationary phase is discussed

later on in this section.

Exponential/....



Figure 19 Typical Batch Bacterial
Growth Curve.

A= Lag Phase.

B= Growth Phase(exponential).

C= Stationary Phase.

Bacterial Numibers or Mass.

Time
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Exponential type growth is obtained if the growth rate
is controlled by the number of bacteria. The growth
pattern is linear if growth is limited by the
availability of some nutrient at the surface of the
bacteria. From the experimental data in Figures 22-25
one cannot say if the growth, or leaching, is of a
linear or exponential nature. The leach rate is seen to
drop when the nickel concentration reaches about 20 g/e
Ni++; (unless the extraction approaches 100% prior to
this.) It is considered that this ceiling value of

20 g/¢ may be due to a toxicity effect of the Nitt ions.
If this ceiling value could be removed it may be possible
to obtain more data points and hence determine with mdre
confidence whether the leach pattern is expaonential or

linear.

An experiment was therefore designed to remove soluble
nickel and iron from the leach solution so that the form

of the leach curve may be resolved. This was accomplished

using dialysis as described below.

Leaching —~ Coupled with Dialysis of the Nickel.

This experiment was carried out to establish whether or not
the'nickel cations were having eny inhibitory effects on
the growth of the bacteria prior to the toxic limit of
approximately 20 g/€. To do this the nickel which was

leached was continuously removed by dialysis through a

028 s v s
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0422 um pore-size Millipore membrane andg -

collected on Dowex-850 ion-exchange resin. .

The batch growth was carried out in the 5,51£reaCtor and
solution was circulated continuously using a peristaltic
pump to the dialysis chamber (see Figure 20.) The
membrane was held in position in a teflon holder, made in
two halves and clamped together. A closed loop containing
9K solution at the same pH (2,5 approximately) as that in
the reactor was circulated on the ion exchange side of the
membrane. The ion exchange columns were packed with S00g
of resin and stripped with 15% w/w sulphuric acid every

2 or 3 days. After stripping the columns were re—loaded
with a 9K solution, so that no 9K salts were rempved from

the leaching system.

Prior to this procedure, a 1,0 um pore-size membrane was
used. The bacterie were found to enter the ion exchange
circuit and were adsorbed onto the resin. This problem

was overcome using the smaller pore-size membrane.

Pentlandite concentrates were leached at a pulp density
of 5 per cent, at 30°C aﬁd at a pH of 2,0 to 2,5.
Agitation was et 200 r.p.m. using a propellor-type
stirrer and air was added to the reactor at a rate of
500 ml/min. The oxygen céncentration in solution. was

metered and found to be at air saturation throughout the

experiment/....
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experiment. _The solution was inoculated with bacterial
concentrates prepared from an active culture growing on
pentlandite. Bacterial numbers were counted daily while
the total amount of nickel leached was calculated from the
guantity of nickel collected on the ion—exchange columns.
The theoretical concentration of nickel (i.e. the
concentration of nickel in the reactor had the nickel not
been removed by ion-exchange) was calculated and used to
plot a leach curve. The results are shown graphically in
Figures 2la and 21b and the detailed experimental data

are given in Appendix 13.

It may be seen that after a lag of about 100 hours the
bacterial numbers started to increase. Up to 400 hours
there was a general linear increase in bacterial numbers
up to about 130 x 107 cells per ml. Thereafter there
was a noticeable levelling-out of the rate of increase of

bacteria.

The calculated nickel concentration initially rose rapidly
to ahout 1 500 mg/¢ (due to the leaching of oxidised

nickel at the surface,) and then increased slowly for

200 hours. After this the rate of nickel leaching increased
and reached a constant value (linear kinetics) of about

8,5 ppm/hr which was maintained up to 600 hours. The nickel
leaching appeared to lag slightly behind the bacterial

growth. TIron leaching followed a pattern similar to that of

the/..lll..l..ll.
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the nickel. The actual nickel and iron concentrations
in the leach solutions remained at 400 mg/¢ + 50 mg/é

during the experiment.

The removal of nickel (and iron) had no significant
effect on the bacterial leaching pattern. The kinetics
were linear and the rate of leaching was eguivalent to
that expected in similar conditions (see Figures 22-25)
had the nickel not been continually removed from the

leach solution.

In view of the results of the dialysis experiment, the
linear portion of the leach curves, after the initial
kink, in all the subsequent batch experiments were taken

as a unigque description of the leach rate.

Effect of Pulp Density.

Pentlandite concentrates were leached in 9K solution at
pH 3,0. Air was bubbled into the solution which was
agitated with a paddle stirrer at 200 r.p.m. The
temperature was controlled at 30°C. The pulp density was
varied from 5 per cent to 20 per cent solids w/v. The
leach solutioms were inoculated with bacterial
concentrates prepared from an acFive culture growing on
pentlandite. Inoculum was added to give an initial cell
count of 10'7 cells/ml in each case. Sterile control

leaches were also carried out.

The/«..



The leach curves are shown in Figures 22-25 while
detailed experimental data are given in Appendix 14. 1In
the case of the controls, the pH rose steadily because
of the consumption of hydrogen ions in the leaching

process by a reaction of the following type:-

+

2H + %O + 28 = HO essPscscemsRPRER GRS 5)

2 2

(cathodic reaction)
gventually the leach rate dropped off at the higher pH

levels.

In the case of the bacterial leaching tests, bacterial
production of sulphuric acid maintained a fairly constant
pH in the solutions and the nickel leach rates were
higher than in the sterile controls either until
extraction of nickel was virtually complete (5 per cent
pulp density) or until approximately 20 g/£ nickel

concentration was leached.

The leach rate at each pulp density was estimated from
the linear portion of the leach curve. Figure 26 shaows
the linear relationship obtained between leach rate and
pulp density. A high (95 per cent) extraction was
obtained using S per cent solids when the concentration
of nickel in solution reached 14 000 ppm. The final
percentage extraction was progressively lower as the

pulp density was increased, since the maximum amount of

g Ta + 1 1 A



Figure22. Batch Bacterial Leaching of
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Figure 23.Batch Bacterial Leaching of Pentlandite
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Figure 24 Batch Bacterial Leaching of Pentlandite
Concentrates (15%pulp density)

9K Solution
pH 30
30°C

W 200rpm
Gas Air

30
150
: N
20
) Bacteria 28,7ppm/hr
125 &
10 5
&
<
(
Z
Control
e o A
0
0 500 1000 1500 2000 2500

Tirre (hre)



30

(Ni*] (g/1)

20

10

Figure 25. Batch Bacterial Leaching of Pentlandite

Concentrates(20% pulp density)

SK Solution
pH 3,0
30°C

W 200 rpm
Gas Air

50
./H——L o _ . =
425
Bacteria 37,2 ppm/hr
Control
Q Q 0
0
300 1000 1500 2000 2500

Timollkhre)

Ni Extraction(%b)



Nickel Leach Rate(ppm/hr)

40

20

Figure26 Batch Bacterial Leaching Rate
as a Function of Pulp Density:

9K Solution
pH 30
30°C

W 200rpm
Gas Air

10 20
Pulp Dersity (%)



nickel that could be leached in all cases was about
21 000 ppm. This is probably due to nickel becoming

toxic to the bacteria above this concentration.

Effect of pH.

Pentlandite concentrates were leached as a 20 per cent
slurry under the conditions described in the pulp density
tests. The pH of the leach solutions was varied from

1,5 to 5,0.

The leaching patterns of the tests and controls were
similar to those in the pulp density tests, with the pH
rising in the sterile controls while staying fairly
constant in the presence of active bacteria. (The
detailed experimental datea are given in Appendix 14.)
The leach rates were measured from the leach curves and
Figure 27 shows that these are virtually independent of
pH in the range 1,5 to 4,5. Above pH 4,5 there was a

sudden decrease in the rate of nickel extraction.

In the case of these tests, the iron lesch pattern was
also investigated. Below pH 4,0 the iron was leached in
approximately equal stolchiometric amounts to the nickel.
Above pH 4,0 however, the leach rate of iron was lower
than the leach rate of nickel due to the precipitation of
iron as a reddish brown insoluble substance identified
mineralogically by X-ray diffraction analysis to be

ammonium jarosite, Thus, as expected, the

leaching/....



Figure 27 Batch Bacterial Leaching
Rate as Function of pH.
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leaching of iron is greatly dependent on pH in the
range 1,5 to 5,0 because of the instability of soluble

ferric species above pH 4,0.

In a situation like dump leaching it is normal to get a
drop in pH of the leach liguors from near neutrality to
pH 2,5. Usually an excess of sulphur exists in the
form of pyrite so that if the gangue rock does not
consume an excessive amount of acid, the pH will drop.
In these present tests, a high purity pentlandite was
used and the acid production was balanced by the usage
of acid in the leach reactions so that the pH remained

static.

Effect of Agitation.

Pentlandite concentrates were lwezached as a 20 per cent
slurry with air under the conditions described
previously. The agitation rate was varied from 75 to
250 r.p.m. (The detailed experimental data are given
in Appendix 14.) The maximum leach rate was obtained
from the leach curves and Figure 28 shows the

relationship between the maximum rate of nickel leaching

and agitation rate.

A further test was carried out to investigate the effect
of highly vigorous agitation. The paddle-type stirrer

was replaced with a vibromixer, type Chemap El. This

gives/.eene.e
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gives an extremely vigorous turbulance in the leach
solution. The leach éurve under these conditions is
shown in Figure 29 while experimental data is given in
Appendix 14. It is seen that bacterial leaching is
inhibited to some extent under conditions of violent
agitation. This inhibition is similar to the agitation
effect on the growth of bacteria on sulphur discussed
in Section 4.1.2. Increasing agitation would appear to
be beneficial in bécterial leaching, up to an optimum
value, after which the bacterial growth is impeded by

excessive turbulance.

The rate of leaching measured at 250 r.p.m. does not fit
the limear relationship of the other data. 1In light of
the results on sulphur where agitation was carried out
at higher levels without causing a decrease in leach
rates, no significance has been attached to this odd

data point in Figure 28.

Effect of Particle Size.

5ix size fractions of the pentlandite concentrate,
corresponding to those given in Table 3 (Section 3.1.2.)
were leached at a pulp density of 5 per cent. The
conditions were similar to those previously described.

A pulp density of 5 per cent was used so that high levels
of extraction could be obtained without the nickel

concentration reaching a toxic level. The leaching

charapteriatIng/ covicsnes



Figure 29 Batch Bacterial Leaching of Pentlandite
Concentrates at 20° Pulp Density.
(Vibromixer Agitation)
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characteristics were followed for 1 000 hours. After

this period it was found that the -325 mesh fraction

was virtually completely leached while the larger screen
fractions showed correspondingly decreasing extraction
percentages. Th¢ relationship between percentage
extraction and average particle dimension, based on

Tyler Standard screen sizes, is shown in Figure 30.
Superimposed on this figure is the size distribution

curve for the pentlandite concentrate, taken from Table 3.
The thearetical cumulative extraction is also shown. This

was calculated:-

6
cumulative extraction = E (Wi X Ei)
Il
W = wt per cent of fraction
E = extraction per cent of fraction

It is seen that extraction efficiency is extremely low

for particle sizes above 100 microns, i.e. 150 mesh.

Figure 31 is a logarithmic plot of rate of nickel
leaching versus surface area of size fraction. The
surface area of each size fraction was calculated
according to the method given in Appendix 6. These data
are consistent with the line of slope 1,0 drawn on the
graph indicating a direct relationship between surface

area and leach rate of nickel. This area dependence is

0 E o i AR
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Figure 31 Batch Bacterial Leaching Rate as

a Function of Specific Surface
Area of Mineral.
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typicel of a heterogeneous reaction.

Effect of Nutrients.

Pentlandite concentrates were leached at a pulp density
of 20 per cent using similar conditions to those
described previously. The composition of the nutrient
growth medium was altered and leaching carried out using

the following compositions:-

1) Tap water.

2) (NHd)2 50, + K, HPO, in tap water.
3) 1/10 (NH4]4 S0, + K,HPD, in tap water.

+ 1/10 K HPO, in tap water.

4a) (NH4]2 SO SHPO,

fa

5) 1/10 (wHa]2 80, + 1/10 KHPO, in tap water.

Concentrations in the above media are as used in 9K

medium or (as indicated by the 1/10 prefix) 1/10 that

in SK.

Leaching was carried out for 2 months and the Leach rate
of nickel measured over this time period. The results of
these tests, together with the results of leaching in SK
medium from the pulp density tests are shown in Figure 32.
(The detailed experimental data are given in Appendix 14.)
It is seen that leaving out the trace elements and
reducing the nitrogen and phasporous levels to 1/10 the

level of 9K medium has no effect on leach rate. Below

BHEES e e
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this level, leaching is impaired.

Effect of Oxygen Concentration.

Pentlandite concentrates were leached at a pulp density
of 20 per cent using similar conditions to those
described previously. The concentration of oxygen in
the gas bubbled into the solutions was varied from

20 per cent to 80 per cent. The leach rates were
measured from the leach curves. Detailed experimental
data are given in Appehdix 14. Figure 33 shows the
relationship between oxygen concentration and leaching
rate for batch bacterial leaching of pentlandite
concentrates. It is seen that the leach rate increases
with increasing oxygen concentration up to about 70 per
cent v/v; above this level the leach rate is
approximately constant. It is later shown (Section
4.2.2.) that pure oxygen is toxic and an optimum oxygen
concentration is therefore implied at approximately

70 per cent.

Effect of Carbon Dioxide Concentration.

Pentlandite concentrates were leached at a pulp density
of 20 per cent, as described hreviously. Air was
bubbled into the solution and a series of tests carried
out by enriching the air with carbon dioxide up to a
level of 2 per cent v/v. The leaching rates of nickel

were measured from the leach curves, (Detailed

experimental/.ceeceas..
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experimental data are given in Appendix 14.] Figure 34
shows the relationship between concentration of carbon
dioxide and leach rates of nickel. It is seen that the
leach rate is increased by increasing the carbon dio*ide
level up to 1 per cent v/v. Little increase in leach
rate is obtained by further increasing the proportion of

carbon dioxide up to 2%.

Effect of Temperature.

Pentlandite concentrates were leached at a pulp density
of 20 per cent with air bubbled through the solution as
described previously. Tests were carried out by varying
the temperature between 25°C and 40°C. The leach

rates ot nickel were measured from the leach curves at
each temperature. Detailed experimental data are given
in Appendix 14. Figure 35 shows the relationship
between temperature and leach rate of nickel. It may be

observed that leach rate increases with temperature.

Discussion of Batch Leach Tests.

It has been shown in these tests that bacteria may be
used to leach pentlandite concentrates at fairly high
rates and up to reasonably high pereentage extractions
when the optimum physico-chemical conditions are used.
To achieve maximum leach rates a fine grind (-150 mesh),
and fairly vigorous agitation are necessary. Air,

enriched in oxygen up to 70 per cent v/v should be

supplied/eceesn.
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supplied to the reactor and the temperature should be
maintained in the range 30° - 35°C. pH was found to

have 1little effect on the leach rate of nickel in the
range 2,5 - 4,5, The pH remained fairly constant at

the initial values, decreasing slightly in a few tests.

In the control tests, the pH would rise rapidly unless
acid was added continuously and eventually would

approach neutrality where leach rates would progressively
decrease. Carbon dioxide was found to have a very

slight beneficial effect on leach rates; a certain amount
of CO? was probably generated by the action of acid on the
small amount of carbonate in the gangue. Leaving out the
trace elements and lowering the phosphate and nitrogen
levels to 1/10 of the normal 9K level was found to have no
effect on rate or nickel recovery. It is therefore
unlikely that availability of any of the 9K constituents

becomes rate limiting during leaching.

Under optimum conditions, the pentlandite concentrate
could be leached at high rates to give good extractions

in about 8 - 9 days.

There appear to be at least three possible roles which

the bacteria can play in the leaching of pentlandite.

i) They may oxidise ferrous ions to ferric ions more

rapidly than the chemical process.

= v LTI,
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ii) They may oxidise sulphur (§°) to sulphuric acid

iii) They may oxidise sulphide (S~ ) to sulphuric acid.

Item i) represents the so-called indirect mechanism of
bacterial leaching and in effect would be covered in
the term R, (diffusion controlled rate) discussed
previously. The action of the bacteria would be soclely
to increase the ferric ion concentration which, in turn,
has a direct effect on the leach rate of nickel up to

approximately 0,1M Fe+++.

The production of acid from §° species as in item ii)
above should have little effect on the leach rate per se
because the chemical kinetic studies have shown that
nickel leaching is only slightly dependenﬁ on hydrogen
ion concentration. The production of acid does,
however, provide a means of stabilising the leached
nickel cations in solution, and maintaining the pH level

in the optimum range.

Ttem iii) may be thought of as representing a true
bacterial leaching action in that an alternative electron

accepting reaction is provided at the mineral surface.
The overall rate of nickel leaching can thus be
represented: -

RDverall 2 Rq + R2 + RB ol biwi iy o6 (85 ]

WhEI‘E/...-o-
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where H1 and R2 are rates due to the previously
tiscussed chemical cathodic reactions and RS is a rate

due to direct bacterial action.

The work of Corrans, Harris and Ralph (28) has shown that
direct bacterial action on sulphides as represented by Fi‘3
in the rate expressions does in fact occur. It is thought
that this mechanism involves depolarisation or stimulation
of cathodic reactions at the mineral surface. The exact
pathways of electrons at the surface during this action
remains a matter of conjecture as insufficient is known

about the exact means of sulphur uptake by Thiobacilli (29).

It became clear during the batch tests that the rates of
bacterial leaching were higher than those expected from a
purely chemical leach so that some biologieal rate function,

as represented by R,, clearly exists.'.

Tt was also evident that the bacterial population
consists of two distinct fractions; one attached to the
mineral surface and one freely suspended in the medium.
As discussed in Section 3.2.1. it seems that only the
attached portion was controlling the growth rate. The
bacterial leaching results were compared with the
calculated values of R, and R, using the rate equation

derived in the chemical kinetic studies.

Correction/......



Correction for Chemical Leaching.

R3 was calculated by subtracting the sum of R1 and R2
from the overall rate. (Details of these calculations

are given in Appendix 15.) The values of R3 under the

different conditions are shown in Figures 36 - 4l.

From the batch results it is seen:-—

i) R, depends linearly on pulp density.

ii) R, depends only slightly on pH in the range 145 - 4,0.

iii) RS depends to a large extent on the oxygen
concentration and rate of agitation.

iv) R, increases with CO, content of the gas up to about
2 per cent.

v) R3 decreases markedly above 35°C.

It was observed that the leaching characteristics were

linear (except possibly in the initial stages of the

leach) (See page 71) and the exponential curves

generally associated with bacterial growth were not

obtained. This was also found in tHe experiment where the

soluble nickel was continually removed by dialysis and ion

exchange so that it was clear that the linearity is not a

result of some inhibitory effect of the nickel cations on

the bacterial growth.

The most significant observations in the batch leaching
tests are considered to be the large dependence of the

bacterial/......
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Figure 36. Corrected Batch Bacterial Leach
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Figure 37 Corrected Batch Bacterial Leach Rate
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Figure 38, Corrected Batch Bacterial Leaching

as a Function of Agiation Rate.
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Figure 39, Corrected Batch Bacterial Leach
Rate as a Function of Oxygen

Concentration.
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Figure 40. Corrected Bacterial Leach Rate
as a Function of Carbon Dioxide
Concentration.

SK Solution

30°C

pH 30

Gas Air

20°%wlv pentlandite

R, (ppm/hr)

100
| |
10
Calculated data =
Best fit
(02-15%)
Sbpe = 033
1
01 1 10

P CO, (%)



20

(ppm/hr)

Ry

Figure 41 Corrected Batch Bacterial Leach Rate

as a Function of Temperature.

9K Solution
w 200 rpm
pH 30

Gas Air

20° wiv pentlandite

Cdculated data =
Estimated fit

25

30

Temperature (°C)

35

40




87

bacterial leach rate (RS) on oxygen concentration and agitation.

At 70 per cent oxygen concentration, the value of FI3 is increased
by a factor of over five times above the value of the chemical
rate., This implies rate control by a mass transport process.

From Figures 38 and 39 it may be seen that the data for agitation
and oxygen concentration are consistent with lines of slope 2 drawn
through the data. C(Clearly mass transfer of oxygen by diffusion
across boundary layers cannot then be rate controlling. If this
were so one would expect a linear relationship according to

Ficks' Law.

S
ile. I k [DOZ'Doz]--o.--..-..-.-...oo-.-----.. 37)

where I diffusive flux of oxygen

g moles/unit area-unit time,

k is a constant, dependent on various physico-chemical

parameters,
p02 = concentration of oxygen in the bulk solution
S .
PO, = concentration of oxygen at the (mineral)

surface,

Bacterial Leaching Model,

If a mechanism is considered whereby the bacterial cells, carrying
the enzymes which catalyse the oxidation reactions, ars first
adsorbed onto the mineral surface, than a rate expression of the

following form may be derived:-

= k = ’
X + 8 -*‘—1"XA. S ®seNsccacssnnsnsesessans e 38)
i il k2 = .
Ao a — Xu- S S0essnccanenconsseenRns e 39)
ka =
xu. 5 + o 02 ka XU + 804 sseesesnacae 40)

5= represents/ceecescs
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S~ represents the negatively charged sulphide ions
produced at the mineral surface by a reaction of the

forme:—
MS —— M++ + S sesemsePROBOSASTEEERDTS 41)

The leach rate has been found to be limited by the
cathodic reactions and the surface to be cathode
polarised (28) so that it is probable that bacteria from
the bulk solution attach at the mineral surface and take
up sulphide. The next step in the scheme (equation 39)
represents an equilibrium between bacteria (Containing

sulphide Jat the mineral surface and in the bulk solution.

i.e. [Xu‘]= concentration of unattached bacteria,
cells/unit volume

[XA_ 5°] = concentration of attached cells —sulphide
at the mineral surface.

(xu_ 5 ] = concentration of unattached cells -sulphide

in the solution.

The final step in the scheme, (equation 40) represents the
uptake of oxygen by the unattached cells - sulphide to

produce sulphate ions.

d fSDZ] = Kk, Io2]2_ [X,» 3 0 ST PR TP -
dt

= 2 RS

d1X,.5 |
ot

1 i [ = 2 o~
ko [Xpi8 1 =g [X,.87 1 —k,.[0,] 51X .5 ]

0 at Steady BEAEE | oSlem s e desessaenbsladk s aa)

5 S
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k2 Py I-XA.S= ]-------. dél)
= 2
kg - Kk, 10,

\‘o [xu e S= ]

substituting equation 44 in equation 42;

= a B = A il G e A I a8

R o Los R ;
4 & =

If k3 == k4 y i.e. if it is assumed that the rate of

reaction of oxygen with the unattached cells - sulphide is
much slower than the rate of detachment of bacteria from
the mineral surface, then the above expression for RS may
be simplified := (This assumption is probably valid in
view of the relatively low rates of reaction which were

obtained. )

2

Ry = B | (st 6] s s aa iy 48

Now [XA .Sg] is proportional to the numbers of bacteria
and the available surface area of mineral. If the

bacterial numbers are relatively large compa:ed to the
available surface area, FXA .S ] will tend to reach a

maximum value determined by the surface area of mineral.

iIEC [xA.S :I = k. M. SA I.ll..nulnl-nu-n-nnl--1147)

k is a constant

I

mass of mineral.

U3
n

A specific surface of mineral, area/unit mass.

Substituting equation (47) in equation (46);

L T 2
Ry = 2.4 kMg, , [o)] b N B g v s s L)

2k3

AsSSUMINGg/.eeeaes
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Assuming Henry's Law applies:-—

(i.e. O a pO

2]dissolved 2)

2 R E R I AR A B R I R 49
Ay = K (PO5)7 revnnreninieienn )

The effect of agitation on leach rate is incorporated in

the constant, K , since k2 is a function of W, the rate

by

of agitation. The rate constant k4 in equation 42 would be
dependent on the specific growth rate of the bacteria.

This model explains the linear nature of the leach curves;
this is due to the 'saturation' of the mineral surface
with bacteria, once the bacterial numbers become excessive.
At this point, surface area of mineral substrate becomes
rate controlling. Torma (86 ) has also recorded linear
rates of leaching and although he has empirically fitted a
Monod-type model to the results using surface area of
mineral as the substrate term, he makes no attempt to
explain the linear kinetics. Torma has found that in
sulphide leaching:-

Rate « A
K+ A

e R e R T S T

where A is the surface area of the mineral.

When bacterial growth takes place on a solid substrate the
effective concentration or area of substrate is
considerably lower than when a soluble substrate is used.
This is why it is considered that the saturation effect of

the bacterial-enzyme system is more relevant with solid

substrates/...
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substrates than with soluble substrate. (i.e. the
surface becomes saturated at relatively low
concentrations of bacteria.) 1In the initial stages of
growth on a solid substrate the kinetics would tend to
display exponential characteristics, but specially
designed experiments would be necessary to detect this
effect; e.g. highly accurate means of determining biomass
in low concentration would be necessary to detect initial

growth patterns.

4,2.2. Continuous [ eaching.

In order to further test the model of the bacterial leaching
of pentlandite, a series of leach tests were carried out
using the continuous culture technigque. The aims aof this

continuous bacterial leaching work were:-

1) To further check the postulatéd mechanism of the
attached-unattached bacteria.

2) To test whether the batch model could be used to predict
the operation of a continuous leach.

3) To further investigate the economic possibilities of

leaching pentlandite concentrates using bacteria.

The leaching was carried out on a flotation concentrate
prepared from the Shangani ore. This concentrate was

prepared on a large pilot plant and was considered to be
typical of future production concentrates, (see Section 8 - 0
The concentrate was leached as a 5 per cent slurry and

used without any further grinding.

Leaching/.....
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Leaching was carried out in the same instrumented reacfor
as was used in the continuous growth tests on sulphur.

The overflow from the reactor was arranged in such a
manner that unleached pentlandite was retained in the
vessel. This was done using a goose neck arrangement;

the relatively dense pentlandite particles settled back
into the reactor due to the very low linear velocity of
fluid through the exit goose neck (See Figure 3.) A small
amount of gangue, Jjarosite and other relatively low density
material also left the reactor. Sliudge was occasionally
withdrawn from the reactor through a drain situated about
2.5 on SEde e DakEn. Breites draining, the agitation
would be stopped for one hour and the gas feed closed.

The pentlandite would gquickly settle and the sludge could
then be drawn off above this. Fresh concentrates were
added about twice a week, depending on the magnitude of
the leach rate. The additions were calculated from the
extraction percentage to maintain the pentlandite

concentration at 5 per cent in the reactor.

The same method of intermittent addition of solid was used
as for the continuous culture work on sulﬁhur. with high
extraction rates the concentration decreased from
approximately 7,5 per cent after addition to approximately
255 per cent just prior to new addition. The average was
maintained at 5 per cent as described in Appendix 16. At

lower leach rates the variation was not as great being

{21 7 (TP
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from 6 per cent decreasing to 4 per cent before addition.

The equilibrium conditions were measured when at least
two reactor volumes of feed had been added at each

dilution rate. Leach medium was made up as follows:-

(NH,), SO, 3,09

K2 H P04 0,1lg

H2804 to give pH 3,0
Tap water 1 litre

This solution contained the same amounts of (NH4)2 504

and K2P04 as the 9K growth medium. Omitting the other

9K salts was found from the batch leach tests to have.
little or no effect on the rate of extraction or per cent
recovery of nickel, as reguirements were supplied in
sufficient quantity as impurities.in the tap water and from

the gangue materials in the concentrates.

Agitation was carried out by means of a propellor-type
stirrer rotating at 200 r.p.m. Ges Qas added to the
reactor via a circular sparge ring at a total flowrate of
500 ml per minute. This arrangement of sparge ring and

stirrer gave a vigorous aeration effect.

The continucus leach was inoculated from a batch culture

growing on pentlandite and run as a batch leach for one

week/ . oo
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week before fresh medium was added continuously.

Continuous Leaching Using Normal Air..

Air was fed to the reactor and the eguilibrium nickel
concentration measured at several dilution rates. These
results are shown in Figure 42 and the detailed experimental
data are given in Appendix 17. The criticel dilution rate
was found to be about 0,016 hr T, (The critical dilution
rate is that at which wash out of the organisms occurs in a
continuous culture. 1In this instance it refers to that
dilution rate where the nickel concentration tends to
approach zero.) The'optimUm dilution rate, where leach
rate was maximised, occurred at D = 0,015 hr—1, the maximum
rate being 13,4 ppm Ni++ per hour. During this series of
tests the pH was self stabilised at 2,5 * 0,2. The iron
leaching followed a similar pattern to the nickel regarding

both rates and concentration.

Continuous L eaching Using Air Enriched With CO

o°
The use of air enriched with CO, at 2 per cent v/v was
found to give slightly improved leaching rates of nickel.
These results are shown in Figure 43 and the detailed
experimental data are given in Appendix 17. The critical
dilution rate in this case was 0,017 hr‘—1 with the
maximum leach rate being 19,5 ppm Ni++ per hr at

D = 0,015 hrnq. The pH was self stabilised in the range

2,5 * 0,2 and the iron leach pattern was similar to that

Tl s s we sy
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for nickel leaching.

Continuous Leaching Using Air Enriched with Oxygen.

Three degrees of oxygen enrichmznt were used in these

tests, 40 per cent, 60 per cent and 70 per cent O v/v.

2
Above 70 per cent, the axygen appeared to become toxic
and leach rates decreased. This dependence on oxygzn
concentration is similar to that found in the batch
leach tests. The results of these tests are shown in
Figure 44 and the detailed experimental data are given
in Appendix 17. The maximum leach rate of 95,5 ppm

Ni*t/hr was achieved with 70 per cent 0, v/v at a

dilution rate of 0,014 hr '.

2

Effect of Temperature in Continuous Leaching.

Leaching was carried out at a dilution rate of 0,01 hr_1

and air added to the solution. The temperature was

varied in steps from 25°C to 40°C and the equilibrium
nickel concentration measured in each case. These results
are shown in Figure 45 and the detailed experimental data
are given in Appendix 17. The resultswcorrespond to
those of the batch leach tests with the optimum

temperature for bacteriel leaching being 30° - 35°C.

Effect of Changing the pH of the Feed Medium in

Continuous Leaching.

The pH of the feed medium was increased from pH 3,0 up to

pH 5,5, the latter pH representing no addition of acid.

It was/....
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Tt was found that this had virtually no effect on the pH
in the reactor, which remained in the range pH 2,5 - 2,8.
Thus it would appear that for the particular ore—-type
being used, the acid production by bacterial growth was
sufficient to keep the pH constantly in the optimum
range in spite of acid-consuming gangue materials being
present and the pH of the feed being higher. This
change in pH was discussed in section 4.2.1. 1In the
batch tests a high purity pentlandite was used and the
pH was self-stabilised during bacterial growth. With
the use of a lower grade concentrate, containing pyrite
and pyrrhotite, excess acid_can be produced to lower

the pH.

Detailed experimental data for this set of tests is given

in Appendix 17.

Continuous Leaching - Sterile Conditions.

At the end of continuous leach tests, two checks were
carried out to see whether the leach rates being obtained
were in fact higher due to bacterial growth than the
purely chemical leach rates. The bacterial population
was 'killed' by adding 0,1 per cent formaldehyde in the
feed sclution. The leach rate decreased and approached a

value predicted by the chemical kinetic model.

This finding was further checked by re-inoculating the

leach/evenss
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leach vessel and allowing eguilibrium growth conditions
to be attained. Pure oxygen, which is toxic to the
bacteria, was fed to the reactor. A similar decrease in
leach rate wac obtained which approached the predicted

value for chemical leaching.
These data are given in Table 6, from which it is clear
that a higher rate of leaching, as represented by HS' is

being obtained due to the bacterial growth on the mineral.

Correction for Chemicel Leaching.

RS’ the rate of bacterial leaching, for the continuous
leach tests, was calculated by subtracting the chemical
leach rates, R1 and R2, from the overall leach rate.
Details of these calculations are given in Appendix 18.
The values of R3 under the different conditions are shown
graphically in Figures 46 -850. It may be seen from the
graphs of H3 versus dilution rate, that the variation of
HB follows a similar pattern to the variation of R

overall’
displaying a fairly constant critical dilution rate.

The effect of scale-up on the kinetic data from the

250 ml batch f1asks to the larger S,SJZreactor is

discussed in Appendix 18.

YIELD CONSTANTS/



TABLE 6:

CONTINUQUS LEACHING. STERILE CONDITIONS.

D = 0,01 hr s
R R, + R
overall 1 2
CONGET TS measured calculated
Air 11,5 1,9
Air + Formaldehyde 1,9 1,9
70% 0, 88 4,8
100% 0, 53 5,3
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Figure 47 Corrected Continuous Leach Rate
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Figure. 48 Corrected Continuous Ledach

Rate as a Function of Dilution Rate,

30°C

pH 30

W 200 rpm

5% wiv pentlandite

Gas 40°% oxygen

40
Experimental data e

Estimated fit
Equiv, batch rate - ~ -

20

Ra(ppm/hr)

0 Qo1 002

Dilution Rate (hr')



Figure 49. Corrected Continuous leach Rate
as a Function of Dilution Rate.
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Figure 50. Corrected Continuous Leach Rate
as a Function of Dilution Rate.
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Yield Constants.

The value of the yield constant was calculated from the
growth data on sulphur and from the leach data in the

dialysis exberiment. Good agreement was found betweer

these two calculated values, the average being

1,3 x lO13 cells/mole Ni**, The details of these calculations
for the yield constant are given in Appendix 19. The yield
constant was used to compare measgred and calculated values

of RS'

Appendix 20 shows good agreement between these values,

APPLICATION/ ceessannns



99

APPLICATION OF THE BACTERIAL LEACHING MODEL TO CONTINUOUS LEACHING.

The values of H3 which would be expected in batch experiments under
the same conditions as used in the continuous leaching were

calculated (see Appendix 18) and are shown on Figures 46 - 50. It
may be seen that the continuous leaching rates are much higher than

those calculated in the equivalent batch conditions.

The batch model proposed that:-

2
H3 - K(Doz) PesoeessostemsvsERBDRERESRGEN DD 49)

Incorporated in K was the rate constant k, (equation 40) which was
postulated as being dependent on the specific growth rate of the
bacteria. (Since the rate of metabolism of 5 must be related to the

specific growth rate.)

. 1 2
l1.€, R3 = K ka (Doz) esssscussesssssssssaansanavasas 51)

and ka (04 P AnssessEnnnERPREPNSEYBSEOsEAVREaS 52)

H = specific growth rate, hr_l

Now u is dependent on the concentration of some element or nutrient
in the leach medium. This nutrient is probably not nitrogen or
phosphorus)in light of the results aof the batch tests in which these

nutrients were reduced in the 9K medium without affecting the rates

of leaching.

If eerveenens
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If T is the concentration of limiting nutrient, then;

poo= f(7)

}J = }Jm (_ T ) Ce s s s EOBROETONNBARSENNSOEDRE 53)
(K + T )
m
H = maximum specific growth rate, hr—l
m

K is a constant.
m

In continuous operation, the following mass balance may be carried

out on the 1limiting nutrient:-

Rate of change of concentration = rate of entry - rate of washout -

rate of utilisation.

i-eo ir_ =DTF _DT - }JXA R R R R N N ) 54)
dt —_—
y
XA = concentration of bacteria at the mineral surface.
TF = concentration in feed.
y = yield constant for limiting nutrient.

At steady state, ar = 0
dt

-'*'DTF - DT - )JXA = 0 ®Esese0OeORBEeTEEREEBOOERRDRDES 55)
y

T = eqguilibrium concentration.

Substituting eguation (53) in equation (55) gives:-

H =)_J_T ' (TF - )ﬂ) Sessssessennesasassesenanns 56)

K D.y

(The



(The Monod relation in equation (53) was simplified by assuming
T << K., This is valid since T will approach zero if it is
m
limiting.
The above equation may be solved for p -

P o= Dp . Teoy R = 72

}"m'xA + KDy

If D is small,

}J = D'TF'y evsesesereceoBoRNOOB S 58)

If D is large;

Moo= M. TF ..........f.......... 59)

K

Substituting eguations (58 and 59) in equation (51) gives:-

(a) p

R, = K

3 . D, (p02)2, for small values of D.

XA P
where K’ = f (D, Ter ¥ etc,)
When D is small XA tends to a constant value, representing the

saturation of the mineral surface with bacteria, so that;

Ry « D(pOz)z...........................................60)
when D is small,
and;

(b)

Ry « (p02)2............................................61)

when D is large.
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Insufficient microbiologicel data is available to evaluate the
equality constants for the above equations (60) and (61). (The
values of‘}mﬂ Y XA’ TF' k2 and k3 gtc., would be required to
evaluate these constanta.) An arbitrary curve of the relationship
between RB and O in éontinuous culture, of the form predicted . by
the model, has been superimposed on Figure 49, It wduld appear
that the experimental data are consistent, at least in form, with
the model predictions,

In continuous culture the following mass balance on bacteria is

applicable:—
Rate of growth = rate of increase + rate of washout......... 62)

Now if it is assumed that the rate of growth is determined by the

concentration of bacteria attached to the mineral surface, then:-

Rate of growth = He XA. A

specific growth rate of bacteria, hr_l

)J:
XA = concentration of bacteria attached at the mineral
surface, cells/unit area.
A = total surface area of mineral.

(This assumption is supported by the batch data where the rate of
bacterial nickel leaching was deterﬁined by the surface area of
mineral. There is a direct relationship between the rate of nickel
leaching and rate of bacterial growth, as seen in the dialysis
experiment, so it is likely that rate of bacterial growth is

determined by the concentration of surface bacteria.)

Rate/.esenees
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Rate DfWaShOUt = D' xu‘V et eacsasesecsuENBeEROOEEEREBSODRNORD 63)

(since only unattached bacteria will washout)

D = dilution rate, o

X = concentration of unattached bacteria,
cells/unit volume.

V = volume of growth solution.

At steady state;

(rate of increase of cells = 0).

Thus,

= .....ll'lll.'...l'l'.'.lll...l... M
P Xa A D.X,. V )

It is then obvious why }17( D as in a homogenous system (soluble
substrate system.) When D is small, Xu reaches a high equilibrium
concentration so that XA reaches the maximum saturation concentration

of attached bacteria.

As D increases,'xu will decrease until eventually the surface
concenfration of bacteria falls below the saturation level. As D is
increased still further and XA decreases, eventually the specific
growth rate will reach a maximum level and wash-out of Eacterial cells

from the reactor will occur. The value of D at which wash-out occurs

is called the critical dilution rate and is represented as Dc'

..}Jm. XA-A = DC. xuCVlll-lllllclslil.ll.l..ll.co.llll.-n. 65)

P is the maximum specific growth rate of bacteria, hr_l.

Infeeeen.
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In terms of attached-unattached bacteria equations 38, 39 and 40

may be simplified:-

X k5 X essecssseseseneseEsReNERePERIAR D 66)
A & — u
kb
= - = WeossaseaanveeenResaas Oy 67
o™, = |<5.xA.\_A> kg« X, = DX, )
dt (mass balance)

= (0 at steady state.

. ' FEEENENEENNNENE I ECE R R AR A B B 68
S Xy kg o Xp o A )
(k6 + D)V

x
i

i.e. the batch equilibrium is Xu = KXA.
(Except when Xu is large, when XA tends to a constant saturation

levei.)
Substituting eguation 68 in eguation 65 we obtain:-

D = }Jm'ks EO S0 5 0 Q000 ENOASOPOEOSPESERNEGESRABOBEIEERODESS 69)

k5 _APm

The model predicts that in continuous culture, the rate of bactariai
leaching of nickel from pentlandite (HB) will depend on the dilution
rate as given by equations 58 and 59, up to a value of the critical
dilution rate which is determined only by the maximum specific growth
rate of the bacteria and the equilibrium constant between attached
and unattached bacterial concentrations. The critical dilution rate

should be independent of other parameters like oxygen concentration.

It was noted in section 4.2.3. when the leaching was carried out

under/.....



4-2.3.

under near optimum conditions using higher rates of agitation

(500 r.p.m, compared to 200 r.p.m,) that the critiiil dilution rate
increased from the value of approximately 0,019 hr measured in
these tests to approximately 0,025 he © (see Figure 51,) This is
due to the effect of agitation on the equilibrium constants between

attached and unattached bacteria as predicted by equation 65 above.

The approximately constant values of the measured critical dilution

rate may be appreciated by considering the table below.

DETAILS UF TEST Dc, he
Air 0,016

Air + 2% CO, 0,017
a9, 0, 0,017
60% O, 0,019
70% O, 0,020

Economics of Continuous Leaching.

Pentlandite concentrates can be leached in continuous operation and

equilibrium conditions are readily obtained. The pattern of leaching

observed in batch tests with regard to various parameters was closely

followed in the continuous leaching. A critical dilution rate was

observed which was usually in the region 0,018 - 0,02 hr-l.

The continuous leaching was operated for over 10 000 hours during
which it was unnecessary to reinoculate the vessel., At no time
during this run were any problems experienced from a point of
infection so that in practice one need only apply strict aseptic

technigue in the stock culturs maintenance stage of an operation,

A series of tests were carried out in which pentlandite

concentrates/ceceas
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concentrates were leached under conditions approaching

what would constitute near-optimum practical conditions.

The concentrates were leached as a 20 per cent slurry at
30°C.  Oxygen enriched air at 70 per cent O, v/v was fed to
the reactor. The dilution rate was varied in increments
from 0,005 to 0,025 hr_l. The feed solution was tap water
containing 0,3 g/l (NH4)2 s0, and 0,05 /1 K PO, (i.e.
1/10th of the concentration of the 9K solution.] No

other nutrients were added. The agitation rate was 500
r.p.m. giving a vigorous stirring action. Above 500 r.p.m.
cavitation in the vicinity of the propellor was observed,
so that efficiency of the stirring dropped off. 1In

practice more efficient stirring systems could be used.

No further comminution was carried out on the concentrates
fed to the reactor as it is felt that; if possible,

further grinding should be avoided in practice.

The results of this test are shown graphically in Figure
51 and the detailed experimentel data are given in

Appendix 21. It may be seen that the dilution rate where
the overall leach rate is at a maximum is 0,02 hr—1. At

this dilution rate the equilibrium nickel concentration

was 12,5 g/1 with an overall leach rate of 250 ppm/hr.

This latter rate of leaching is somewhat lower than those

which/......
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which Duncan ( 14) has obtained when leaching sphalerite
(zns) and chalcopyrite (CuFeSz] concentrates with
bacteria. The difference probably lies in the fact that
in Duncan's work the material is ground.to minus 400 mesh
and agitation is far more vigorous than in the present
investigation. In practice the mesh of grind, agitation
rate and leach rate will be balanced to give an economic

optimum operating point.

The maximum leach rate of 250 ppm NitT/hr was used in the
preliminary economic assessment of a process to treat a
pentlandite concentrate by bacterial leaching. This
assessment is given in Appendix 22. When applied toc the
proposed concentrates at the Shangani mine in Rhodesia,
the method of bacterial leaching appears to show some
attractions both from an economic and technical pocint

of view.
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SUMMARY AND CONCLUSIONS.

A study on the leaching of the nickel mineral, pentlandite,
(Ni Fe 81,8) has been carried out. Leaching was achieved
using both biological and chemical methods and comparisons
were made betwsen the two systems. The chief aim of the
investigation was to obtain leach data which could be used
to clarify both the biological and chemical mechanisms of
pentlandite leaching in dilute sulphuric acid solutions,
Models of the leach processy based on the data, have been
proposed and a brief economic assessment of a biological
leaching process carried out. It is considered that the
results are sufficiently encouraging to warrant further
investigation of the heap leaching of pentlandite in waste
rock. (The dump sites at the new Shangani mine are being

suitably laid out for leaching at some future date).

The chemical leaching of pentlandite in acid ferric sulphate
solutions was studied, It is proposed that the overall
chemical leach rate may be represented by two separate rates,
one mass transport controlled and the other chemical rate
controlled. The mass transport mechanism is consistent with
the data of Treybal (84) when ferric ions are the diffusing
reactant. The chemical mechanism is consistent with the

work of Shneerson (71) and may be explained in terms of

oxygen adsorption onto the mineral surface.

A linBaF/...-..--
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The 'true' rate of bacterial leaching was calculated by
subtracting the chemical leach rates from the overall
measured leach rates. The chemical rates were calculated
from the chemical kinetic data. This correction allowed

a more thorough interpretation to be made of the bacterial
leaching results. Under optimum conditions the biological
leach rate was over five times greater than the combined

chemical leach rates.

A model is proposed (based on the batch data) in which it
is envisaged that bacteria attach at the mineral surface and
take up negatively charged sulphur, Detachment then occurs
followed by metabolism and oxygen up~take, The attachment-
detachment equilibrium is considered to be dependent on
agitation. The linear nature of the leach curves may be
explained in terms of the growth being controlled by the
available surface area of substrate. (i.e. mineral,)
Alternatively the process may be thought of as rapidly
reaching what is called the stationary phass in normal
growth curves; the mineral surface becomes saturated

with attached bacteria and the growth and leaching patterns
are linear. This dependence of the leach rate on surface

area is consistent with the rescent work of Torma. (86)

Continous leaching/sees.



A linear growth pattern was observed for the particular

strain of Thiobacillus ferrooxidans on sulphur, This

linear growth pattern is considered to be due to either
the rate of dissolution of oxygen or the rate of diffusion
of some nutrient at the sulphur surface being growth

limiting.

Sintered discs of pentlandite were found to be unsuitable
for studying bacterial leaching by electro-chemical

(e.g. polarisation) techniques., Examination of mineral
surfaces after both chemical and biological leaching using
optiﬁal and electron microscopy showed that small amounts
of pyrrhotite (FeS) are formed as an intermediate in the
leaching reaction. Sulphur was found to detach readily

from the mineral surface.

A series of batch bacterial leach tests were carried out

to test ths effect on leaching of the following parameters:—

1) Pulp density.

"A limear relationship exists.

2) pH.
In the range pH 1,5 to pH 4,5 the leach rates are

virtually constant,

3) Agitation,

This parameter markedly affects leach rate,

4) Particle size/s.ees..
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4)

5)

6)

7)
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Particle size. (Mesh of Grind)
A linear relationship exists with respect to surface

areda.

Nutrients.
Reducing the nitrogen and phosphorous levels to 1/10th

the normal 9 k level has na effect,

Oxygen Concentration.
A marked increase in leach rate is obtalned up to 70 per cent

(v/v) oxygen.

Carbon Dioxide,

A slight increase is obtained up to approximately 1 per cent
(v/v).

Temperature,

The optimum temperature is in the range 300 - 350(,

The pattern of the leach curves are rather ill-defined and

seem to be approximately linear, A ceiling of about

21 000 ppm Ni++ in solution was found and is considered to

be due to toxicity of soluble nickel.

A test was carried out in which the soluble nickel was

continually removed by dialysis. The linear nature of the

nickel leaching and bacterial growth is more clearly defined

in this test.

The 'true'/...--..-....



Continous leaching was carried out over a period of 10 000
hours, The effects of a number of parameters on the leach
rates were measured, the results being largely as expected
from the batch data. The growth rates (i.e. leach rates)
in continous lsaching were higher than those of the
equivalent batch leaches; at low dilution rates the
equivalent batch rates were approached, This finding

is considered to imply that the specific growth rate of
the bacteria is being controlled by the concentration of

some nutrient in the leach medium,

The biological leach rate is thus mainly a function of the
surface area of mineral, oxygen concentration, agitation

and specific growth rate of the bacteria.

In conclusion it was found that:-

1, During the chemical leaching of nickel from pentlandite
in acid ferric sulphate solutions, the leach rate shows

a marked dependsnce on oxygen concentration,
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o5, The rate of chemical leaching may be represented by

a kinetic eguation as follows:—

= +
FlDver‘all R1 R2 s where

)
|

+++{ (04833
1 = K1 ,[ﬁe ;IW and

N

Good agreement was found between experimental data and

data calculated using the above model,

3. The use of ozonised oxygen gives large increases in the
leach rate of nickel. This fact supports the hypothesis
that the rate is limited by the rate or rates of cathodic

reactions at the mineral surface.

4, Inconclusive results wers obtained when polarisation
studies were carried out on the bacterial leaching of

nickel from sintered discs of pentlandite,

5/cenencnnnne
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5. The bacterial growth on sulphur is characterised by linear
growth patterns. A yield constant of 0,24 g cell nitrogen/mole H*
produced was measured. A relationship of 1,27 x 10'7 bacterial
cells per 1 Mg of cell nitrogen was established from experimental
data. The linear characteristics of growth in these initial
tests are considered to be due to rate of oxygen transfer from

the gas bubbles being rate limiting.

6. In continuous culture on sulphurjequilibrium conditions may be
obtained and washout occurrs at a dilution rate of approximately
0,06 hr_1. Continuous culture was carried out on sulphur prills
(es opposed to fine powdered sulphur) where the transfer of
oxygen from the gas bubbles was rendered non rate limiting. 1In
this latter case the growth rate of bacteria was still found to be
dependent on the rate of agitationj mass transfer by another
mechanism was now rate limiting. It was found that the Monod-
type relationship which gives H= D at steady state does not

apply in these experiments.

7. If soluble nickel is continually removed from the leach solution
during a batch bacterial leach experiment) the rates of nickel
leaching and bacterial growth are distinctly linesr and the rate
of leaching is the same as that obtained if the soluble nickel
had not been removed. The nickel cations appear to become
toxic to the bacteria at concentrations above approximately
21 g/¢ Ni++. The yield constant calculated from the dialysis

experimental data is close to the value measured from the

growth/.....
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growth data on sulphur.

The batch bacterial leach rates of nickel were measured over
a wide range of physico-chemical conditions. The.chemical
leach rates were calculated using the chemical kinetic model
and subtracted from the measured batch rates to give what may
be considered a "true" batch bacterial leach rate (This was

i.e. R =R, + R, + Ry.)

represented as Rg; overall 1 e 3

It was found that:-

a)_ H3 depends linearly on pulp density and surface area of

mineral.
b) R, depends only slightly on pH in the range 1,5 to 4,0.

c] HS is greatly increased by increasing the oxygen
concentration with the maximum rate occurring at

approximately 70 per cent oxygen.

d] H3 increases with increasing agitation up to 250 r.p.m.

Excessive agitation (vibromixing) causes a decrease in HB'
e) H3 increases with carbon dioxide concentration up to 2 per cent.
f) R, shows an optimum value at 30°C to 35°C.

g) Reducing the main SK medium constituents to 1/10th of their

usual level has no effect on H3.

10/veeeeanes
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10. A model for the bacterial leaching of nickel from pentlandite
is proposed, based on the batch data. It is envisaged that
unattached bacteria in the leach solution are first adsorbed
onto the mineral surface where negatively charged sulphur is
taken up. The bacteria containing the negatively charged
sulphur then desorb from the mineral surface and take up oxygen
in order to metabolise the sulphur. 1In this way the bacteria
function as effective cathodic depolarising agents [electron
acceptors). This postulate is supported by the previous work
of Corrans. (28) The effect of agitation is to increase the
rate of transfer of cells to and from the mineral surface. The

rate of bacterial leaching HS may be represented as follows:-

2
RS = K. Sa.DCI2 .

The effect of agitatioﬁ is incorporated in the constant K. The
rate is independent of bacterial numbers once the surface has
.become saturated with bacteria, which occurs fairly rapidly as
witnessed by the linear leach and growth rates. There are, of

course, maximum limits to the various rate determining parameters.

Insufficient experimental data is available to evaluate K so that

a more rigorous test of the model could not be made.

11. Equilibrium conditions were obtained in continuous bacterial
leaching experiments and a reactor was operated as a chemostat
for nearly two years. The effects of a number of physico-chemical

parameters during the operation of the continuous bacterial leach

WETE/ e ensnnse
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were investigated. Critical dilution rates in the region of
0,016 to 0,02 hr—1 were measured. At the end of the continuous
experiment a sterile leach was carried out and a decrease in
leach rate was measured. The bacteria thus clearly have a

positive effect on the overall leach rate.

12. The results of the continuous leaching tests were corrected for
chemical leaching as described in paragraph 8 for the batch data.-
The effects of the physico-chemical parameters are similar to

those noted in the batch tests.

13. The batch bacterial leaching model predicts that R, will be

3

independent of dilution rate D, up to a critical value when the
surface concentration of bacteria drops below the saturation
level. The continuous leach data show marked deviations from
this model at low dilution rates implying that some constituent

of the feed medium becomes rate limiting.

14, It is proposed that the critical dilution rate is related to

the maximum specific growth rate of the bacteria as follows:—

Dc = Fm : k6

l<5 _.Pm

18. Using the yield constant measured during the growth on sulphur,

good agreement between measured and calculated values of R3

was found.

160/ vevenecanns
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16. A brief economic assessment was made of a process to continuocusly

17.

leach nickel from Shangani concentrates using bacteria. The
process is based on the results of the present investigation and

is found to be economically attractive.

As an extension of the present investigation more work could be
conducted in the area of continuous culture both on sulphur and

pentlandits concentrates to further test the proposed models.
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APPENDIX 1.

DETAILED EXPERIMENTAL DATA FOR FACTORIAL EXPERIMENT.

These data are shown in the accompanying Table 7. The leach rates
were calculated using a method of least squares fit on the data.

Some tests were carried out more than once when the leach rates of
the original duplicate test showed more than approximately 15 per
cent variance. The average leach rates used in the calculation of

the 'effect' are given in Table 5, (Section 4.1.1.) in the main

text.

In spite of the precautions taken to eliminate the initial rapid
release of nickel into solution, (by acid washing the sample) some
tests, especially where the acid strength was high, showed a
distinct departure from linear leaching near the beginning. In

these tests the linear regression was carried out by ignoring the

first one or two data points.
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TABLE 7. DETAILED ASSAY RESULTS FOR INDIVIDUAL TESTS. (FACTORIAL EXPERIMENT ).
Leach
TEST TIME Ni Fe Rate
NO, HOURS ., ppm ppm ppm/hr
G {0!5 <D|5 <2 {2 i
1 7,5 5 24,5 54 0,17
1 3,5 3,5 4 0,20
5,5 3 4,2
25,25 7,5 7,5 47 52,5
0 <05 <0,5 12 400 | 12 400
1 5 648
P 1,04
2 3,5 7 5,2 c
0,53
5,5 6 5
25,25 22,5 23 14 300 | 15 100
70,5 105 8 15 500 | 16 300
0 &5 <5 e <2
4,41
3 _ 3 112 44 50 12
5,70
21,5 133 133 72 36
)| <05 <0,+5 <0,5 <0,5
1 2 3
3,36
3 2 5 5
3,22
4 9 1 |
21,25 50 68 70 <05
Lo — =
0 <5 <5 14 600 | 14 600
6,68
4 3 N 16 23 14 300 | 15 400 Sl
]
21,5 142 70 15 900 | 16 400
0 2 2 10 618 | 10 618
1 & -
4 2 10 '
6,834
a 17 20
21,25 116 144 12 870 | 13 191
O <Dr5 <045 <055 <D!5
5 1 a 3 0,22
a 2 <0,5 <0,5 <0,5
0 1 1 13 500 | 13 500
" 0,5 51 72
1 123 146 1281
2.25 294 321 1968:0
4 488 844 13 500 | 14 120
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Leach
TEST TIVE N Fe Rate
NO. HOURS, ppm e o Pl
0 <2 <2 <2 <2 5,05
5 3 24 34 6,21
21 110 137 16 <2
dJ <D’5 <015 '(.015 ('095
1 26 26 9,49
7
2 37 37 7,09
a 57 57 291 215
<2 <2 14 000 | 14 ooo
g 43,57
3 610 538
8 42,95
23 1 100 1 060 10 00O
0 <0,5 <0,5 13 290 | 13 290
4 1 203 995 187,74
o 405 445 217,19
a 752 868 12 386 | 12 931
o SO
0 <2 <e <e <
x 68 297 82
g 1,5 131 1 P
3 195 - 75 488 94
6,30
5 128 162 350 700
21 190 172 750 700
==
o <l <1
9 3 136 129 4,8
21,5 021 196 . 3,7
S =
<2 <2 13 750 |13 7580
10 1,5 77 80 15 400 | 15.600
3 172 106 17 0oo | 16 200 5438
5 o4 160 15 200 |16 700 187
21 172 162 16 200 |16 200
= =
<1 il
10 114 104 3,11
21,5 193 189 3,21
0 <1 <1 <5 <5
0,5 <1 <1 <5 <5 8,23
11 5
5 7 8 8,17
1 13 1%
2,5 27 27
4,5 42 42
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Leach
TEST TINE Nd - i
NO. HOURS. ppm PR ppm/hr
0 <? <2 13 800 | 13 800
0.5 6 4,12
19 10 4,08
2,5 17 19
4, 26 23
20,5 97 83 14 4p0 | 14 4qo0
g <3 | <3 <10 <10 29,50
- 1 213 194 29,50
o 238 225
3 281 250 1 463 | 694
4 306 275 1 463 | 638
0 <3 <3 13 200 | 13 200
1 288 256
14 o 418 381 15N
e 538 544 b
4 650 | 644 L 808 17 200
0 <5 <5 <10 <10
1 195 175 16,74
15 ; 2 215 210 14,76
3 249 220
19 435 | as0 1535 |1 aza
0 <3 <3 _.r<lD <10
— o7 = 10,01
. = i 9,77
2 102 99
4 114 111 720 540
0 <5 <5 13 625 |13 625
1 350 345 199,98
16 o 419 380 191,39
3 505 485
19 3 931 3667 |16 490 |15 775
0 <3 <3 B 600 |8 600
0,5 a1 99 134,21
16 3 144 156 » 134,15
2 222 233
4 357 384 15 600 |15 soo
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Leach
TEST TIME Ni Fe Rate
NO. HOURS. ppm ppm ppm/hr
0 0 0 3 L
1 7 i aso 44
- 0,20
2 6 y; 242 a6
17 < 0,17
5 7, 8 154 63
21,75 8 8 276 60
=
O 0 0 L3 360 11 300
= a7
1 13,5 13,5 Ly
=)
18 2 16 16 L
5 21 18 11 600 | 11 450
21,75 a4 a3 11 300 | 11 300
e S -
0 <5 <5 <2 <2 13,14.
19 - , 4
3 162 157 109 3 13,04
21,5 330 326 27 34
0 '(Drs (DsS ’O!S <0,5
8
7 A G 24,50
. 18
2 20 21,68
4 51 45
21,25 512 453 <0,5 <0,5
5 13 8 13 8
u] <# < 0o 3 800 13,67
20 3 6 4 0
_ 147 187 14 100 | 15 400 36,15
21,5 335 800 14 300 | 14 600
0 2 2 10 618 | 10 618
1 3 T 22,24
20 2 25 23 e
aq 51 a5
21,25 a62 a76 11 261 | 11 so4
D <D’5 {D’S <O,5 (D’S
0,5 a a 0,83
2,25 3 <0,5
4 <05 <0,5 2 <0,5
. Eremm—
0 1 1 13 500 | 13 500
0,5 103 107 140,6
22 1 208 150 » 131,3
2,25 394 361
4 570 538 12 251 | 11 836
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Leach
TEST TINE N Fe Rate
NO. HOURS., pPpm Pam ppm/hr
0 < 2 <2 <
- 33,91
- 3 D52 24 P
21 770 600 26 62
0 <0,5 <U,5 <0,5 <0,5 1
0,5 48 g 110,60
23 .
1 73 81 123,26
= 230 246
4 429 469 404 352
0 5 <5 <5 <5
0,5 29 28 : 84,35
23 1 70 89 140,50
2 150 229
= ,...222......;2#%.....éﬁl.... =¥
0 <o <2 14 poo | 14 ooo 83,33
va 3 90 500 118,60
21 2000 2 700 | 9000 | 9 ooo
0 0,5 13 290 | <0,5 13 290
0,5 213 469 188,05
24 1 357 868 355,28
576 1 656
4 816 1511 | 10 417| 10 0s8
0 <5 <5 13 788 | 13 788
0,5 240 202 okt
24 : e e 517,18
2 1 166 972
a 1 798 165 | 10 571{ 10 571
0 <2 < 49 49
1,5 115 118 . 314 2138 3,03
25 3 142 149 293 260 3,01
5 147 142 550 293
21 190 150 775 350
0 <2 <2 12 200 | 12 200
1,5 82 84 15 600 | 15 850 5,21
o6 3 113 113 15 600 | 16 QOO 3,37
5 119 114 17 200 | 16 ooo
21 179 173 16 700 | 16 700
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Leach
TEST TIVE Ni Fe Rate
NO. HOURS. ppm Pevn ppm/ hr
§ <1 <8 <l <5 )
0,5 15 15
» = ns 17,92
27 7h = o 19,65
4,5 84 a1
20,5 370 ap4 500 432
0 <2 <2 13 800 13 &ao
0,5 15 16 20,08
28 1 24 22 12,66
2,5 52 a4
4,5 92 71
b 20,5 414 267 13 800 | 14 600
U] <3 <3 <10 <10
1 175 181 15,8
29 o 231 213 15,0
3 238 238
a4 250 056 631 625
0 <3 <3 12 200 12 200
1 344 388 134,70
30 Z as1 506 127,50
3 631 656
4 731 775 14 500) 15 050
§ <5 <5 12 12
1 210 245 74,00
e 3 315 390 98,81
19 1 475 195 § 1535 | 1 as8
0 <3 <3 <10 <10
0,5 114 138 S
a1 1 147 193
117,45
2 216 281
4 a1l 508 320 900
R RN e <5 <5 - g e
0,5 144 162 610 600 117,20
31 1 219 242 878 860 104,50
-4 367 406 1 120 1 040
e 4 658 724 1700 | 1 600
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Leach
TEST TINE Ni f8 Rate
NO. HOURS . ppm PED ppm/hr
0 <5 <5 12 910 | 12 910
, 1 410 340 439,0
- 3 1 200 775 34,0
_ 19 8 333 6 666 | 15 060 | 15 775
0 <3 <3 8 600 8 600
0,5 233 238 s
52 1 368 373 N R
2 604 616
4 1 263 1 2ap | 16 80 | 17 Bao
0 <5 <5 13 400 | 13 4
0,5 226 187 15 oo | 14 606 25.’3,25‘
5 1 383 320 15 oog | 15 395 | 290,63
2 626 506 16 185 | 15 395
956 782 16 580 | 16 185
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APPENDIX 2.

CALCULATION OF THE AVERAGE EFFECTS FOR THE FACTORS AND
COMBINATIONS OF FACTORS: MENDELOWITZ (69).

The figures in column six of Table 5 represent the average effects
for the factors or combinations of factors in the corresponding
row, e.g. row 7 (corresponding to test 7) shows an average effect
on the nickel leach rate by using pure oxygen gas at 30°C and 80°C
of 44,9 ppm/hr. The same is true for single factors and for the
third, fourth and fifth order combinetions of factors. The larger
the "effect", the more important the factor or combination in

determining the leach rate of nickel.

In order to determine more precisely which effects and interactions
are significant, some estimate of the experimental error is needed.
The "t" test was applied to the 4 and 5 factor average effects to
give a standard error of contrast of 14,2 ppm/hr. The "t" values
for 16 degrees of. freedom and corresponding probabilities obtained

from tables are shown in the accompanying Table 8.

Any value in column 6 which exceeds the product ("t" x standard
error) is significant at the corresponding probability. For
example, at a probability of 0,995, temperature (Test 5) has a
marked effect on the leach rate of nickel. At lower probabilities,

other factors and combinations have lesser effects.



TABLE 8.

't' VALUES AND PROBABILITIES.

e Probability 't' x Standard Error
3,25 0,995 48,6
2,92 0,99 43,9
2,12 0,95 31,8
1,75 0,90 26,2
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Column 1 was calculaeted by adding the leach rate results in pairs
and then subtracting the leach rate results in pairs. Column 2
was drawn up by carrying out the same operation on Column 1.

This was done until the number of columns was equal to the
number of factors, five in this case. The average effect was
then found by dividing the figures in column 5 by 16 since there
are 16 pairs of tests for each factor or combination. The first

fFigure in column 5 is the sum total of all the leach rates.

The standard error of contrast was calculated:-

,
(-18,92)° + (13,86)° + (-13,47)% + (-12,10)% + (-12,19)? + (-13,69)°
3

= 14,2 ppm/hr,



APPENDIX 3.

CALCULATION OF ACTIVATION ENERGY. (85).

Arrhenius' Law states that:

K = I<De-AH/FIT

k is the reaction rate constant
k0 is the frequency factor
AH is the activation energy.

S.lnk = 1n kg - AH
R

25

i
T

A graph of 1n k vs 1 should therefore be a straight line with a
T _

slope of —élﬂ. Figure 11 shows good agreamanf between the
R

experimental data and Arrhenius' Law, the slope of the line of

best Fit being -3,18 x 10° °K

- =AH = -3,18 x 10° x 2,3-
R

(The factor 2,3 converts the log value of the slope to the

natural logarithm.)

R = 1,98 cal/deg-mole

.. AH = 14,5 cal/g-mole.
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APPENDIX

DETAILED EXPERIMENTAL DATA FOR KINETIC TESTS.

138

1. TABLE 9: Effect of [FeI | on leach rates.
PO, = 50%
Temperature = 50°C
[HY] = 2x1072
W L m TFePeMa
= .
Time N1 = P
Hours 1 o 3
E
F =
0 0 a & [Fe' '] = 0,01M
0,5 19 17 23
1 26 26 33
2 a5 49 48
3,5 72 93 94 Average | Calculated
HOVBr&ll ppm/hr 22l6 26|D 27.3 25'5 25'9
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Ni** - ppm
TIME
HOURS 1 2 3

0 0 0 0 [(Fe"™" = 0,025 M

0,5 18 | 15 37

1,0 27 | 25 70

2,0 a6 | 42 |140

3,5 B0 | 73 |205

5,0 98 98 330 Average Calculated
Rovera1l, PP | 19,5 | 19,2 | 63,3 - 29,8

0 0 0 0 |(re™™] = 0,025

0,5 18 27 17

1,0 32 a7 29

2,0 57 97 50

3,5 107 | 150 85

5,0 | 146 | 180 120 Average Calculated
Rovera11, PP | oo o 35,9 |23,4 29,8 29,8

0 0 0 o | [Fe™] = 0,05m

0,5 17 20 o0 |

1,0 29 36 a6

2,0 53 68 83

3,5 125 |[143 |155

5,0 136 | 172 | 190 Average Calculated
Rovera11,PPM/hr | 29,2 | 360 | 39,0 3745 36,4

0 0 0 0| [Fe™*] = 0,073

0,5 26 30 23

1,0 50 52 a5

2,0 92 105 77

3,5 150 180 | 126

5,0 210 220 | 173 Average Calculated
Roverall, ppm/hr 41,4 | 43,4 | 34,0 42,4 43,0
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TIME Ne™* - ppm

HOURS 1 2 3

0 0 0 o| [Fe""] = 0,125M

0,5 37 26 24

1,0 58 a2 ao

2,0 119 93 82

3475 205 | 163 | 149

5,0 262 | 219 | 203 Average Calculated
Roverall, ppm/hr 53,0 | 44,0 | 41,0 : 46 56,0

0 0 0 o| (Fe]= 0,5m

0,5 25 26 27

1,0 38 49 51

2,0 73 91 97

3475 127 | 147 | 182

5,0 180 200 i 200 Average Calculated
;W—— ppm/hr | 35,4 | 39,6 | 40,0 38,3 62,6

0 0 0 0 [Fe*'”] = 0,3M

0,5 32 28 24

1,0 50 | -47 40

2,0 96 91 80

3,75 150 | 150 | 128

5,0 204 210 230 Average [ Calculated
Rovera1l, PP/M | 450 | 41,4 | 43,6 41,7 101,9

* Qut of range of model; [FetH] > 0,1 M




TABLE 10:

2. Effect of W on leach rates, 141
PO, = 50%
Temperature = B50°C
4 = 2x10° W
[Fe“'*] = 0,125 M
Ni++ - ppm
TIME
HOURS 1 2 3
0 o 0 0 W = 75 r.p.m.
0,5 2 | 24 28
1,0 38 39 a1
2,0 64 65 72
3,5 117 1i4 130
5,0 189 163 153 Average Calculated
Aovera11, PPV/hr | 3l,4 | 31,6 | 37,4 ' 33,5 34,8
0 ] D 0 W = 125 r.p.m.
0,5 21 18 19
1,0 33 26 29
2,0 62 47 49
3,5 120 80 | 83
5,0 150 110 ‘ 115 Average Calculated
Roverall,‘ppm/hr 30,6 21,5 1|22,3 25,0 41,3
0 ' D. 0. 0 W = 200 r.p.m.
0,5 37 26| 24
1,0 58 a2 | 4o
2,0 119 93| 82
345 205 163 | 149
5,0 262 | 219 | 203 Average Calculated
Rt:nveu‘all,, ppm/hr | 52,3 44,4 | 41,0 46,6 49,6
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Ni'" - ppm
TIME
HOURS 1 2 3
0 0 0 0 W = 300 r.p.m.
0,5 24 32 29
1,0 50 720 63
2,0 g2 | 148 | 130
3,5 156 | 232 | 205
5,0 205 | 294 | 267 Average Calculated
Rovera11, PPV/Ir | 442 |e0,1 | 84,2 51,8 60,1
0 - 0 0 W = 5310 r.p.m.
0,5 a4 41 a6
1,0 83 75 84
2,0 178 | 166 | 188
3,5 292 | 270 | 308
5,0 362 . 342 386 Average Calculated
R overall, ppm/hr . 74,3 | 70,0 | 79,3 74,5 80,3
0 0 0 0 W = 7850 r.p.m.
0,5 50 63 a9
1,0 92 | 104 96
2,0 210 | 225 | 220
3,5 380 | 358 | 347
5,0 425 | 480 : 455 Average Calculated
|:‘over‘all, ppm/ hr _ 0,7 | 92,1 (92,8 91,9 102,3




TABLE 11:

3. Effect of pC)2 on leach rates. 143
Temperature = 30°C
TH"] - B0 x107% ¢
W = 200 r.p.m,
[Fet™] = 0,125 M
++
Ni™" - ppm
TIME gl
HOURS 1 o 3
0 O 0 0 p02 = 1%
0,5 23 35 15 -
1,0 33 57 27
2,0 54 | 107 47
3,5 3 | 10 80
5,0 133 | 286 | 122 Average Calculated
Roverall, ppm/hr | 25,5 | 50,2 | 23,6 - 27,3
0 0 0 0 PO, = 1%
0,5 16 14 18
1,0 25 22 28
2,0 42 a0 49
3,5 60 70 82
5,0 100 109 | 122 Average Calculated
Raveral1, PPR/hr | 18,4 | 21,0 | 23,5 22,4 27,3
0 0 0 0 PO, = 3,6k
0,5 15 14 14
1,0 28 27 26
2,0 54 53 52
3,5 96 | 100 | 100
5,0 180 150 185 Average Calculated
Roveral1, PPV | 29,4 | 29,8 | 30,7 20,0 32,6
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TIVE Ni - ppm
HOURS 1 2 3
0 0 0 0 p0, = 10%
0,5 17 26 18
1,0 31 a5 32
2,0 65 S0 58
3,5 116 | 150 | 104
5,0 174 214 155 Average Calculated
noverall’ ppm/hr | 34,6 | 42,3 | 30,4 | - 36,7
0 u) 0 o| P, = 10%
0,5 18 11 16
1,0 28 18 25
2,0 54 36 49
3,5 131 65 84
5,0 | 154 | 106 | 128 Average Calculated
Rovera11, PP | 356 | 20,6 | 24,9 26,0 36,7
0 0 0 0| PO, = 25%
0,5 17 15 15
1,0 35 29 29
2,0 75 65 65
3,5 125 | 108 95
5,0 .1 1720 | 135 130 Average Calculated
Povera11,PP""™ | a1 4 | 29,6 | 28,0 & 42,8
0 0 0 0 pO, = 25%
0,5 21 21 28
1,0 36 as 50
2,0 61 66 | 108
3,5 97 110 | 182
5,0 |18 | 170 | 2e0 Average Calculated
Rovera11, PPV | o9 3 [ 32,7 | 58,0 39,0 42,8
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OVeI‘all ’

TIME Ni - ppm
HOURS 1 2 3
0 0 0 0 pO, = 50%
0,5 37 26 24
1,0 58 a2 40
2,0 119 93 82
3,5 205 163 149 _
5,0 262 219 | 203" Average Calculated
49,7
Rover‘all , ppm/hr‘ 53'0 44 '4 41 |D 46,0 ]
0 0 0 0 PO, = 75%
0,5 24 29 20
1,0 38 a6 32
2,0 71 97 62
3,5 128 150 108
5,0 168 | 182 | 180 Average Calculated
HDVBI'BI]_ 5 ppm/hr‘ 36'6 38'5 29'7 = 54,9
0 0 0 0 PO, = 75k
0,5 25 21 17
1,0 47 35 32
2,0 93 7 61
3,5 160 120 1l
5,0 240 | 180 164 Average Calculated
Rovera11,PP™/hr (47,3 [35,3 |32,5 36,6 54,9
0 0 0 0 PO, = 100%
0,5 - 18 38 15
1,0 33 82 a3
2,0 72 178 76
3,5 140 310 143
5,0 200 420 | 204 Average . Calculated
R ppm/hr‘ 40 .5 85 '7 41 .7 56 59,3




TABLE 12:
4. Effect of [H']

on leach rates.

p02 = 50% 146
[Fe™ ] = 0,135M
W = 200 r.p.m.
Temperature = SGDC
[V ppm
TIME
HOURS )| 2 3
0 0 0 o| H= 2x10™%w
0,5 18 17 15
1,0 32 28 27
2,0 65 53 53
3,5 118 93 93
5,0 185 128 131 Average Calculated
Rovera11,PPm/hr |36,4 | 25,4 |26,1 29,3 49,6
0 0 0 0 ﬁiEHj = 2x10° W
0,5 25 28 21 |
1,0 a3 51 37
2,0 70 86 62
3,5 118 143 105
5,0 158 193 | 148 Average Calculated
noverall’ ppm/hr ‘ 3u,al 37,8 ' 28,8 32,3 49,6
0 0 0 o| [H] = 2x10°w
0,5 37 26 oa |
1,0 58 42 40
2,0 119 93 82
3,5 205 163 149
5,0 262 219 203 Average Calculated
Hoverall, ppm/hr ' 53,0. 44,3 | 41,0 46,1 49,6
L
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- ppm
TIME
HOURS 1 2 3
0 0 0 0 [H] = 2 x 1070 M
0,5 32 0 a4
1,0 41 48 78
2,0 71 88 | 144
3,5 115 138 | 212
Average Calculated
Roveral1, PPN | 314 | 43,1 63,0 46,8 49,6
0 0 0 0 ] = 5x 1070 M
0,5 35 35 a |
1,0 53 56 a6
2,0 93 99 70
3,5 146 | 157 109
5,0 200 |20 | 156
Roverall, ppm/hr | 38,6 | 29,3 | 29,2
0 0 0 0 [H+] = 1M
0,5 27 27 26
1,0 39 a1 38
2,0 66 67 62
3,5 100 | 110 | 100
5,0 139 | 147 | 140
Houerall,ppm/hr - 26,4 . 28,4 | 26,7
0 0 0 0 HY] = 2w
0,5 28 .| 25 25 '
1,0 a0 39 36
2,0 69 63 | 54
3,5 110 | 100 85
5,0 164 | 150 | 124
Roverall, ppm/hr 31,1 | 28,3 ] 23,0
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TIME Ni™ — ppm
HOURS 1 2 3
3
0 0 0 0 [H'] 5 M
0,5 25 26 25
1,0 32 36 36
2,0 45 53 53
3,5 60 77 77
5,0 i 98 95
Roverall,ppm/hr 18;8 ] 18;1 | 17,7
0 0 0 0 ] 10 M
0,5 16 15 18
1,0 19 21 18
2,0 27 28 26
3,5 34 38 as
5,0 39 43 as
Roverall, ppm/hr 6,8 V57 7.0




TABLE 13:

5. Effect of temperature on leach rates. i 149
PO, = 50%
Fe™1 = 0,125
W = 200 r.p.m.
H" - 2x10°M
Nttt - ppm
TIME
HOURS 1 2 3
0 0 0 0 T = 30°C
0,5 7 9
1,0 9 13 12
2,0 15 20 19
3,5 22 28 | 28
.. 5,0 27 35 35 Average Calculated
Roverall, ppm/hr 2 | 645 | 647 6,1 9,4
0 - 0 0 o | T = 40°C
0,5 w38 ol
1,0 18 24 21
2,0 29 40 32
3,5 45 66 50
5,0 | el 87 | 69 Average Calculated
Roverall, ppm/hr 11,3 16,7 | 13,1 13,7 19,5
0 0 o| o] T = soeC
0,5 , 37 26| 24
1,0 58 a2 40
2,0 119 93 82
3,5 205 163 | 149 i
5,0 .| @62 | 219 [ 203 Average Calculated
noverall. ppm/hr - 53,0 | 44,4 | 41,0 46,1 40,7
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TIME N - ppn

HOURS 1 2 3

0 0 0 0 T = 60°C

0,5 a0 5 | 35 '

1,0 70 9% | 64

2,0 131 185 | 123

3,5 230 325 | 235

5,0 365 475 | 429 Average Calculated
Roverall’ppm/hr 71,0 | 93,48 | 69,4 78,1 85,0

0 0 0 0 T = 70

0,5 80 B0 | a0

1,0 130 150 | 160

2,0 260 280 | 310

3,5 440 430 | 460

5,0 550 540 : 560 Average Calculated
Roverall, ppm/hr |124,1 | 122,0] 132,0 126,0 152,0

0 0 o| o T = &0

0,5 125 125 | 137

1,0 270 277 | 295

2,0 a62 500 | s00

3,5 625 670 | 645

5,0 720 805 760 Average Calculated
Roverar1, PPW/hr |2 ?5 25;.5 250:5 244,4 293,0

4

*( o-2 hours )




APPENDIX S.

DETAILED EXPERIMENTAL DATA FOR THE LEACHING OF PENTLANDITE IN

THE PRESENCE OF OZONE.

TABLE 14: TEST WITH OZONE.

Volume ! 200 ml water
Agitation ¢ vibromix (vigorous.)
Gas : ozonised oxygen (2 - 3 % 03)
pH : (initial) : 5,0
Temperature : 30°C
Solids : 20% acid washed lower grade pentlandite
concentrates.
Time Nyt ra pH Extraction of
Hours ppm ppm Nickel, %
0 0 0 5,0 0
16,5 12 600 660 1,7 35
43,5 23 290 18 GQP 1,3 64
- 65 29 D00 17 800 - 81
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2. TABLE 15: CHEMICAL CONTROL.

Volume : 200 ml water
Agitation : vibromix (vigorous.)
Gas : oxygen
pH : (initial) : 5,3
Temperature : 30°C
Solids t 20% acid washed low grade pentlandite
concentrates,
Time ni Fe pH Extraction of
Hours ppm ppm nickel, %
0 0 0 5y3 0
23 1 080 2 5,8 3,0
17 1 700 4 5,55 4,7
7 2 500 40 5,5 6,9
95 3 500 - 5,45 9,7
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APPENDIX E&.

CALCULATION OF SPECIFIC SURFACE OF MINERAL.

The mineral used wes screened as -200 mesh + 325 mesh; i.e. 74pm

’

to 44um. An ‘average' particle dimension was thus taken as Sgpm,

i.e. 59 x 10 %cm; 1.e. (74 4 44) pm
2

For particles of various geometric shapes;
2
Area - Kad '

Volume = de:3

Where Ka and KV are constants and D is a typical dimension.

For spheres, Ka = TT and KV = TT/6 and d is the diameter.

For crushed quartz K_ = 2,5 and K = 0,27, (64)

The specific surface area of a material (i.e. the surface area per

unit mass) may be calculated:—

5, (specific surface) = Ky . 1

v
where‘p = density
dm = typical dimension.

If it is assumed that crushed pentlandite is geometrically similar

to crushed quartz and that Sgum represents a typical dimension,

then:~ (p = 5,0 for pentlandite.)
S = 2,6 x 1 = 300 cn?/
a <10 g
0,27

5,0 x 59 x 10°%
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The specific surface for the different size fractions used in
the batch bacterial leaching may be calculated from the above

formula to give the following results:-

Mesh Average Specific
size, Dimension, um, Surface cm”/g.
-325 20 925
=200 4325 59 300
-150 +200 S0 ' 205
-100 +150 125 148
-65 +100 180 103
-48 465 250 ' 74




159

APPENDIX 7.

EXPERIMENTAL DATA FOR BACTERIAL GROWTH ON SULPHUR.

TABLE 16: BATCH GROWTH TEST 1.

Substrate t 2% w/v Flowers qf Sulphur in 250 ml 9K medium
Temperature : 30°C
Agitation: s 180 Tepem.
pH : 3,0
Gas ¢ Air, 40 ml/min
co, 0,8 ml/min
Time M produced
Hours M moles/ml
105 0,8
220 0,9
313 2,3
330 2,5
342 2,8
360 4,6
380 8,4
390 10,3
409 13,8
430 A 17,4
458 18,5




TABLE 17:
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Batch Growth Test 2.

Substrate : 2 per cent w/v. Flowers of Sulphur
in 5¢ SK medium.
Temperature ! G
Agitation ¢ 500 r.p.m.
pH s 3500
Gas : Air 200 ml/min
r oy 4 ml/min
Time, hrs H+ produced
M moles/ml
194 1,0
216 9,0
234 19,0
272 42,5
294 58,5
306 71,0
318 74,5
331 83,0
343 93,0
353 104,0
363 110,0
381 106,0
356 119,0
Time, hrs Bacterial
Nitrogen, ug/ml
23 11,7 27,8 7,8
151 7,1 8,0 8,7
212 10,6
244 12,0 15,6
271 19,2 19,7
293 24,0 24,6
332 26,0
356 24,0 28,5
380 26,4 25,7




TABLE 18:

Continucus Culture on Flowers of Sulphur.

Substrate

Temperature
Agitation
pH

Gas

2 per cent Flowers of Sulphur in
9 K medium.

30°C
500 r.p.m.

3,0

CAir 200 ml/min.

CO5 4 ml/min,

Dilution Rate

Equilibrium Bacterial

D, L Nitrogen, mug/ml
0,008 2,0 12,2
0,018 17,5 12,0 12,2 10,0
a,024 14,5 11,2 11,0 10,2
0,034 12,4 13,2 13,0 13,4
0,042 11,7 12,2 13,0
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TABLE 19:
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Continuous Culture on Sulphur Prills (pH - stat).

Substrate

Temperature g

pH

Gas

10 per cent sulphur prills in
9K medium.

30°C
3,0
Air  200ml/min.

€05 4 ml/min,

Agitation Rate, Measured Dilution
r.p.m. Rate, hr L
1 0,01
50 0,03
250 0,04
7850 0,06
1 000 0,06
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APPENDIX 8.

THE EFFECT OF SURFACTANTS ON THE GROWTH BRATE OF THE BACTERIA

ON SULPHUR.

The tests were carried out in éSO ml 9K solution contalning

2 per cent flowers of sulphur. The solutions were agitated at
200 r.p.m., in 500 ml conical flasks on an orbital shaker. The
pH was adjusted to 3,0 at the beginning of each test and

temperature was controlled st 30°C.

Details of tests:-—

Flask 1: Control.
Flask 2: 0,01 ml "Tween 20."
Flask 3: 0,01 ml "“Teepol.”

Flask 4: 0,01 ml "R.B.S. 25." (Chemical Concentrates, London. )

The results of these tests are given in the accompanying Table 20.

Table 20/cevnees



TABLE 20: RESULTS OF SURFACTANT TESTS.

Time Bacterial cells/ml
Hours 1 2 3 aq
0 5 x 107 5 x 107 5 x 107 5 x 107
a8 5,3x10° | 51x10° | 5x10’ 4,9 x 107
96 6,8x10° | 72,0x10° | 4,7 x10” | 4,8 x 107
144 9,6 x 10’ 9,5 x10° | 4,5x10° | 4,6 x 10’
v v
192 14,0 x 10 13,8 x 10 - -
240 14,9 x10° | 15,5 x 10 | 4,3x10° | 4,5 x 107

It was concluded that Tween 20 does not inhibit the growth of the
bacteria on sulphur, while Teepol and R.B.S5. 25 have a marked

inhibitory effect.



161

APPENDIX 9.

CALCULATION OF THE AMOUNT OF SULPHUR TO BE ADDED AT INTERVALS

TO THE CONTINUOUS CULTURE.

The assumption was made that the amount of sulphur consumed as a
result of bacterial growth is small, compared to the amount being

washed out of the reactor. This may be checked:-

Amount of sulphur consumed by bacterial growth at a growth rate
eguivalent to llp mole H* produced per ml - hour, {see section

4.1.3) =1 x 0,5 = 0,5 pu moles/ml-hr

Amount of sulphur being washed out of reactor

=5 xD

Where § = concentration of sulphur, p moles/ml

1

D = dilution rate, hr

1

1

If D = 0,05 hr

amount = 2 x 10—2

32

x 10% x 0,05 (based on § = %)
= 30 p moles/ml-hr

Now, the amount of sulphur in the reactor at time t 1is given by;

S = conc. of sulphur at time t
S0 = initial conc. of sulphur, t = o
t = time
If 2 per cent sulphur was fed continuously, then over 24 hours,

SX t/llll.ll.lll



S xte2x 24 =48. If instead, sulphur is added once every 24
hours, the average sulphur concentration is still maintained at

2 per cent by ensuring that:-

24
Sdt is equal to 48

(s}
24
i.e. j 5, et dt - a8
o

48

so (1-e7%)

D

So = 48D

1 - e—24D

For a particular dilution rate, S0 is found using this equation
and S calculated from eguation'a,'with t = 24, The amount of

sulphur is calculated as V(So - §), where V is the volume of the

reactor.
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APPENDIX 1Q.

RELATIONSHIP BETWEEN CELL NUMBERS AND BACTERIAL NITROGEN.

The accuracy of the direct cell counting method, using a Petroff-
Hausser counting chamber, was checked against the direct
determination of bacterial nitrogen using a micro Kjsldahl method.
The latter method is long and tedious so it was hoped that the
quicker direct counting method could be used. Good agreement
(within 15 per cent) was found between the two methods, so that

normally direct counting was used to determine bacterial

concentration.

Twelve samples were taken during the continuous culture of the
bacteria on sulphur. These were analysed for bacterial nitrogen
and cell numbers were counted. The results of these tests are

shown in the accompanying Table 21.



TABLE 21, COMPARISON OF BACTERTIAL NITROGEN AND CELL COUNTS.

Bacterial Nitrogen Cell Na. Cells/pg
Mg/ml cells/ml
11,7 16,3 x 10’ 1,39 x 10’
8,0 11,7 x 107 1,46 x 107
10,6 12,1 x 10’ 1,14 x 10’
12,0 14,5 x 107 1,21 x 107
15,6 16,8 x 107 1,08 x 107
19,2 24,4 x 107 1,27 x 107
24,0 32,0 x 10’ 1,33 x 10’
24,6 35,6 x 107 1,45 x 107
26,0 29,7 x 10’ 1,14 x 107
28,5 39,8 x 10’ 1,40 x 107
26,4 34,4 x 107 1,30 x 107
25,7 26,1 x 10’ 1,01 x 10’
Average cells/ug = 1,27 x 107
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APPENDIX 11.

CALCULATION OF RATE OF PRODUCTION OF HYDROGEN TONS IN pH-BTAT

CONTINUOUS CULTURE. (P).

Mass balance on hydrogen ions:-

Rate of change of [H'] = Rate of entry + Rate of production

-(Rate of washout + Rate of consumption,

d[H' = 0 [W'].+ P -o[H] - R

dt
= 0 at steady state
where D = dilution rate, et
[H+]f = concentration of H' in feed
[H+] = concentration of H' in reactor
R = rate of consumption of H" ions due to the buffering
action of the 9K medium
SO (T - W) = P-R (a)
pH of feed = 7,26
v + -8
SH e = 5,5 x 10  males/%
pH in reactor = 3,0
f.[H+] - 107 moles/¢

To find R, the rate of consumption of hydrogen ions, it was
necessary to draw up & titration curve for 9K media. This is shown
in the accompanying Figure 52. Sulphuric acid was slowly added to
9K medium and the change in pH was noted. R was found by the

difference between the actual quantity of acid (H' ions) reguired

to lower/....



250,)

o

log{ml 19M H

Figure 52 Titration Curve for 9K Medium at 30°C.

Slope of 1=-1, pH=-log(H*), Theoretical.
Slope of 2= -1,53

2 4 6 T
pK,o-phosphoric pH pK, o-phosphoric




to lower the pH of 9K medium and the theoretical amount required.
-3

This was measured from the curve and found to be 4,3 x 10 moles

H+ per litre at pH 3. This figure represents the consumption of

H+ by lowering the pH of the incoming feed from 7,26 to 3,0.
.4 =3
R = 4,3 x 10 x D

Substituting R in equation 'a’

D (10°2-55x10°) = P-4,3x107D

e P = D x 5,3 x 10‘-:3 moles/4{-hr

166

Using the above equation, P the rate of production of hydrogen ilons

can be calculated from the measured dilution rate..

In order to further check this conversion factor, the following test

was carried out
0,19 M H2804 was added to the reactor at a fixed rate and the pH

controlled at 3,0 by adding SK medium (pH 7,26) with an automatic

titrator. Table 22 below glves the results obtained.

TABLE 22/....



TABLE 22: BLANK TITRATION OF SK MEDIWM IN CONTINUOUS OPERATION.
D hrt P moles/g—hr P/D T hours T x P/D
(measured) vt added « 10° over which [ ;-3
D was
measured
0,08 0,52 x 1073 6,5 3,5 22,75
0,08 0,36 x 107> 4,5 18,0 81,00
0,09 0,455 x 107 5,1 17,0 86,70
0,08 0,431 x 107 5,4 4,0 21,680
P/D = 25. T x P/D

.é{ T

= 5,0 x 10'3

This checks with the previous calculated conversion factor.
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APPENDIX 12.

DETAILED EXPERIMENTAL DATA FOR POLARISATION TESTS.

Sintered discs of pentlandite, 25 mm diameter, were leached in 9K
solgtions under different conditions. The discs were electrically
connected to a polarising circuit so that cathodic and anodic
voltages could be externally applied to the discs. The voltage

was varied in increments and measured with a sensitive millivoltmeter;
the corresponding current flowing in the circult was calculated from

the wveltage drop (measured with a potentiometer ) across a standard

resistor.

These current voltage excursions were carried out at periods of

between 3 and 7 days approximately. A typical record of the current-

'voltage data is shown in the accompanying Table 23.

The current density was calculated from the measured voltage drop
(mv) across the standard 10 £ resistor according to Ohm'slaw and

taking the disc surface area to be S cm2.

€.g. my = 2,6
- i _ 3 2
. .current density = 2,6 x 107 = 52 pA/cm.
5 x 10
The applied voltage was measured against the saturated calomel
electrode (mv 5.C.E.) and converted to the hydrogen scale,mv (H2)'

by correcting the reading for the shunt resistance (a factor of 1,5

In/ieeeeeenss
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in this cass) and subtracting the voltage from the stendard S.C.E.

voltage, 241 mv.

e.g. mv S,.C.E. = 300
mv (Hz) = 241 -(300 x 1,5)

= =209 mv

These current-voltage data were used to draw.up polarisaetion curves
as shown in Figure 17 in the main text. From these graphs the
exchange current density, iB y and the limiting cathodic and anodic
current densities,,ic and ia’ were measured. The values of these
current densities for the chemical and bacterial leaching tests are

given in the accompanying Tables 24 and 25.
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TABLE 23: TYPICAL RECORD OF CURRENT-VOLTAGE DATA.

(Polerisation for chemical leaching, day 1.)

Experiment No: P4

Date : 13/9/1972

Time : 15,40 hrs

Solution : 9K

DH H 2 ’ 5

Temp. : 30°C

Agitation : 100 r.p.m.

Gas : Air

General . [Fe™] = 0, 7] = oam

Polarity at disc. +

Standard (L my 1 pasen® W S.C.E. | v (H,)

10 0 0 440 181
10 2,6 52 +300 -209
10 7,4 148 +450 -434
10 13,0 260 +530 -554
10 18,3 366 +585 -636

{ 10 26,6 532 +650 734
10 41,2 824 +750 -864

Polarity at disc. ~

Standard (). mV ‘uA/cmz mV S.C.E. my/ (Hz)

10 8,6 172 ~250 616
10 15,4 308 -340 751
10 22,4 448 -530 1 036
10 31,0 620 -670 1 246
10 40,2 804 -815 1 463
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TABLE 24. POLARISATION DATA FOR CHEMICAL LEACHING.

5 .+t
9K solution; pH 2,5; ges air; 30°C; [Ni '] = 0,1 M

2
exchange current density, uA/cm

-
n

cathodic limiting current density, )uA/c:m2

-
fl

anodic 1limiting current density, A/ gn°

[ N
fl

[Fe ] = 0O
Day W = 0r.p.m W = 100 r.p.m.
Ny T Bk i i L ] &
e C a e C i a
0 80 500 1 000 35 850 § 900
55 950 1 000 10,5 850 950
a7 500 1 000 75 900 1 000
10 10,5 900 1 100 10,5 900 1 100
14 26 500 1 100 23 900 1 100
20 o2 850 950 23 900 1 000
24 o4 950 1 000 8 950 1 000
Fet™ = o1 m
Day W = 0 r.p.m. W = 100 r.p.m.
No. _—
ie ic ia ie iC ia
50 900 1 000 38 1 100 950
1 43 950 1108 | a1 1 100 1 000
6 27 900 1 100 25 1 100 1 000
10 17,5 900 1 100 17,5 | 1 100 1 100
14 19 900 { 1 100 32 1 100 1 100
20 37 S00 1 000 51 1 100 1 000
24 a1 950 1 000 43 1 100 1 100
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TABLE 25: POLARISATION DATA FOR BACTERIAL LEACHING.

9K solution; pH 2,5; gas air; aoec; [NiYY] = 0,1 m;
[Fe' | = 0,1 M; W = 100 r.p.m.

ie = @xchange current density, /pA/cmz

i, = limiting cathodic current density, pA/cmz

i, = limiting anodic current density, 'pA/cmz

Day No. ie ic ia
0] 39 1 000 1 100
4 a4 1 100 1 000
10 41 1 000 1 100
16 66 1 000 1 000
23 53 1 100 1 100
35 § 27 1 000 1 00O
42 11 1 100 1 100
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APPENDIX 13.

DETAILED EXPERIMENTAL DATA FOR DIALYSIS EXPERIMENT.

These data are shown in the accompanying Table 26. The nickel
concentration is the theoretical level which would have been
reached in the reactor had nbt the nickel been continually
removed by dialysis and ion exchange. Bacterial numbers were

determined by direct counting.



TABLE " 26:

DETAILED EXPERIMENTAL DATA FOR THE DIALYSIS EXPERIMENT.

9K solutiaon;

5 per cent w/v pentlandite.

pH‘Z,O - 2453 W 200 r.p.m; _Gas air;

Time - NitF
Hours ppm
0 167
66 1 336
162 1 436
234 1 670
330 2 104
404 2 672
498 3 307
570 3 874

Time i Bacteria
Hours cells/ml x 107
0 0,8
115 4,7
162 22,0
195 80,1
234 56,8
258 79,3
282 71,8
330 84,2
364 115,5
426 116,2
450 96,9
474 151,0
- 498 113,6
548 111,9
570 120,2
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gas air.

CONTROL (STERILE) !

W 200 r.p.m.;

30°C,

EFFECT OF PULP DENSITY.
TEST (BACTERIA)

pH 3,03

TABLE 27:

APPENDIX 14.
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DETAILED EXPERIMENTAL DATA FOR BATCH BACTERIAL LFEACHING.

9K solution,

1.
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TABLE 28:

EFFECT OF pH.

9K solution;

30°C;

W 200 r.p.m;

-gas air;

TEST (BACTERIA)

CONTROL (STERILE)

20% w/v pentlandite.

Time Nit¥ Fe nitt Fe pH
Hours g/ g/ g/ a/e
0 0 0 0 0
84 2,35 2,76 - | -
168 ( 4,76 5,14 2,15 | 1,05
336 6,15 7,68 - ; -
504 { 11,27 12,17 3,72 : 1,76 1,5
672 19,81 | 18,76 | - i - ;
840 | 2,3 § 1845 | 2.8 | 2,95 1
1176 | o,67 i 20,17 1 - 3 - %
1 512 20,98 | 22,32 ; 3,64 | 3,28 §
o 0 *ﬁ 0 ] 0 | 0 4
3 84 % 2,19 % 1,95 | - - %
i 168 é 4,74 % 3,76 i 2,49 . 1,97 :
i 336 g 6,32 | 5,84 } - - g
| 504 1 11,18 1 10,98 § 2,97 | 1,5 2,5 ¢
§ 672 1 18,27 § 19,26 ; - é - ;
{ 80 [ 20,7 | 2,3 | 2,85 | 2,5 ]
| 1176 | 20,35 | 20,% - - §
{1512 ¢ 0,28 1 21,28 { 3,00 | 3,18 !
i I 0 0 0 0 {
E 84§ 2,05 § 2,17 | - - i
Z 168 § 4,37 % 4,28 q 2,56 2,34 ;
{33 ; 615 | 6,18 | _ - ?
| s g 10,86 § 11,86 § 3,04 | 3,28 3,0 |
e 2 18,03 % 17,34 | & § -
80 | 20,02 | 19,68 3,72 1 3,37
1176 1 20,76 21,26 - -
1 512 , 20,53 i 19,74 3,79 3,25

177



TEST (BACTERIA)

CONTROL (STERILE)
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B I O e

Time nitt Fe NitT Fe pH
Hours g/ g/ g/ g/
0 0 | 0 0 0
Ba i 2,02 | 2,3 < -
168 4,25 3,97 3,71 2,12
{3 1 5,9 j 6443 - -
{804 { 10,21 | 13,86 3,48 { 2,03 3,5
% 672 i 16,83 | 19,72 - =
[ e % 18,97 { 21,37 3,56 1 1,88
£ 1176 | 20,18 | 22,48 - 1 -
é 1 512 g 20,84 | 22,76 | 329 | 1,7
§ 0 ; 0 g 0 1 0 : 0
Poe 1 2231 2,09 - -
§ 168 g 4,17 % 3,06 1,38 . | 1,6
% 336 % 5,25 g 4,7 = % -
i 504 z 9,76 g 8,26 | 1,35 % 1,52 i
% 672 ; 15,19 | 13,19 g - § - 4,5 é
§ 840 ; 17,87 i 14,27 i 1,27 f 0,76 §
{1176 § 19,36 | 16,39 § - - ;
a 1812 ¢ 20,48 2 19,04 4 1,86 . 0,53 ‘
! 0 0 | 0 |} 0 | 0 %
E 89 g 2,37 { 1,03 % ~ ] - g
P18 {3,007 § 1,29 | 1,27 0,31 i
¢ 236 i 4,39 § 1,38 % - - g
| o04 § 6,14 ? 1,27 § 1,29 {1 o0, ] 2§
7% foo2 | 1, | o -] ;
840 g 13,92 1,587 ¢ 1,38 0,29
1176 ¢ 20,19 3,19 i -
1 512 z 20,92 3,94 2,05 0,23




179

3. TABLE 29: EFFECT OF AGITATION RATE.

9K solution; 30°C; gas air; pH 3,0;

20% w/v pentlandite.

TEST (BACTERIA) CONTROL (STERILE)
Time Nitt Fe ni T Fe Agitation
Hours a/e a/é g/t g/t Wy, Tupem.
o | 0 0 0 0
168 | 4,12 | 5,28 " -
e | 55 | 619 3,95 | 2,18 :
672 | 10,03 11,26 t
i - ; - 75
1 008 15,27 14,32 4,28 3,92 3
1344 | 19,9 19,78 - - §
1 680 5 20,85 | 22,56 4,37 | 4,16 g
2016 | 20,76 | 21,79 - ] - i
2 352 5 21,03 j 22,08 | 4,25 4,19 é
0 § 0 % 0o | 0 'f 0 §
{168 é 4,52 % a9 § - - §
i 36 ;6270 6,32 | 513.1 2,8 i
% 672 % 12,68 3 15,88 1 - - %
i 1008 i 19,20 @ 18,15 | 49 1 2,5 100 é
| 1334 ; 20,85 | 22,18 | - i - ;
g 680 g 20,97 § 21,76 | 3,95 g 3,18 %
: - i
% 0 é 0 0 i 0 g 0 §
18 | 4,07 | 5,23 | PRI - | 5
336 i 6,05 i 6,29 | 502 | 4,95 | §
672 1 1527 | 16,15 f & - | 1w )
1008 § 21,28 PR i 4,9 4,82 §
1 344 20,75 | 21,69 - - |
1680 § 21,37 | 22,82 ! 3,87 3,96 -




TEST (BACTERIA)

CONTROL (STERILE)
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Time Nt Fe it Fe pH
Hours g/t g/ g/t a/e
0 0 0 0 0
84 i 2,85 | 3,07 2,00 2,76
i 168 § 4,76 E 4,93 - -
i 336 § 6473 7,15 2,83 3,04 i
| 504 g 11,69 | 12,80 3,06 3,27 200 2
§ 672 § 18,32 19,76 - - ﬁ
;84D 2} 20,67 | 22,54 3,17 1 3,78 §
1176 | 20,98 | 23,01 3,25 ] 3,54 !
1 512 E 21,30 §{ 23,05 3,19 i 3,19 é
0 {0 é 0o | 0 '§ 0 é
i 84 g 3,05 | 4,8 % o - é
§ 168 { a2 {572 % 3,18 3 2,18 E
% 336 i 6,38 g 6,94 ° - 3 - o 3
% 504 é 12,65 % 12,58 2,87 : 3,27 %
3 672 ;19,7 3 18,72 | " § - ] :
| 8% E 21,03 § 20,19 2,76 1 2,46 g
{1176 i 21,36 | 21,27 - - :
31 512 { 20,75 é 20,83 | 2,5 [ 305 ~ i
§ 168 % 0,91 §{ 1,54 - - 3
; 504 § 2,28 % 3,17 - ﬁ - y
;840 g 3,65 | 3,76 ! - % - §
h 178 i 5,58 ! 4,27 | _ ; _ ’ Vibromixerﬁz
? 512 g 7,03 | 3,89 ; - -
1 848 P 821 i 4,95 - -
3 E )
| ]
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4., TABLE 30: EFFECT OF PARTICLE SIZE.

9K solutiony 30°C; gas air; pH 3,0; W 200 r.p.m.

5% w/v pentlandite.

TEST (BACTERIA) CONTROL (STERILE)
Time Nt Fe ngtt Fe igzge;
Hours g/ 74 g/ ¢ g/¢ (5a)cme/g
0 o F B 0 0
84 1,61 | 1,79 E -
168 2,43 3,25 | 2,18 | 1,95
336 4,25 5,67 | - - 305
504 7,85 9,76 2,65 2,54 (531) 3
_ | i {
s 672 g 11,48 12,85 | - - i
: 3 3 i
B0 | 14,67 | 1512 2,3 | 3,08 !
: §
{ t p
1 008 § 14,85 i 15,89 | = 1§ ; 3
0 o 4 a o 4 0 i
& ] 3
168 § 1,81 1 2,32 % 1,06 {1 1,55 :
} 33 | 2,795 | 5 S :
672§ 4,23 { 4,15 { 2,62 { 2,8 (so0)
4 ¥ ! g
;1008 i 6442 1 7,30 | 2,67 | 2,85 ;
1134 § 9,02 § 9,51 | 2,80 3 3,01 ;
: { 1
‘ i %
‘ ; i B z ]
; ! ! { i
i ! i { - }
1 ; ; } 5 -
: 0o o | o | 0o ! 0 §
168 0,80 { 0,71 5 - - ] i
336 % 0,82 { 0,83 i 0,37 0,21 p
62 { L2 { 1,22} o045 | 0,3 | (%)
{1 oos § 2,21 1 2,31 0,35 0,31
1344 3,27 3,35 - - .
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TEST (BACTERIA)

CONTROL (STERILE)
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Time nitt Fe Nt Fe Bhg e
Hours g/ g/t g/ ¢ /¢ ?;Z?eiZ/
0 0 0 0 0

168 0,71 0,78 . -

336 | 0,65 0,79 0,15 0,13

504 0,46 0,61 = - -100 +180

672 0,61 0,85 0,19 | 0,17 (o1)

840 0,82 0,88 - ] -

1 008 | 1,23 1,43 0,18 j 0,19
1344 1,75 1,82 - -
0 0 0 0 0 :
! 18 ! 0,2 0,09 - -

336 § 0,14 { 0,10 0,01 0,01 !
S { 0,31 0,14 - - -65 *100§
&2 g 0,38 : 0436 0,00 | 0,01 E

840 ¢ 0,61 i 0,70 s ] - b

1 008 g 0,82 | 0,75 0,02 0,02 ]
| 1344 é 1,05 i 0,97 - -
i : | | 4
i i b {
; 0 g 0 | o | o 0
| 168 | 0,09 0,07 - -
| as6 ! 0,09 0,08 0,01 0,01

504 0,21 0,19 = -

l | -48 465 !

672 | 0w 0,25 0,01 0,01 ;

80 { 0,31 0,32 - -

1 008 0,39 0,38 0,02 0,02
1 344 0,50 0,47 o -




S

30°C;

The cancentration of the salts are as used in the 9K medium

or (as indicated bY 1/10 prefix)

TABLE 21

EFFECT _OF NUTRIENTS.

gas air;

pH 3,03

W 200 r.p.m; 209% w/v pentlandite,

1/10 that in SK.

Time Ni++ Fe Medium
hours g/ 2 g/ (Nutrient)
0 0 0
168 3,15 2,98
336 4,22 3,87
840 7,19 8,23 Tap Water
1176 8,87 9,17
1 512 10,06 11,54
1 848 11,87 12,57
0 0 0
84 2,76 3,15
168 4,81 4,76 (NH, ) 50,
336 6,42 6,28 +
504 11,58 10,97 K HPO,,
672 17,92 16,95 +
840 20,03 20,08 Tap Water
1176 20,87 21,76
1 512 20,95 21,83

183
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Time Ni++ Fe Medium
hours g/t al ¢ (Nutrient)
0 0 i 0 ;
84 2,72 3,01 |
168 4,95 4,87
336 6462 6,495 1/10 (NH4)2 50,
504 11,76 12,73 ; .
672 | 18,05 19,18 0,
840 20,97 i 2lyd
1176 | 21,04 : 21,78 é . e
1 512 21,12 21,83 |
0 1 0 i 0
84 *  2,56 .' 3,21 (NH, )., 50
168 | a8 | 535 472 74
36 | 6,75 | 6,87 +
504 11,54 i 12,42 1/10 K HPO,
672 i 18,17 19,19 ,
ga0 | 21,02 { 21,7 +
1176 20,93 21,75 | 'ap Water
1512 § 20,87 | 21,69
0 0 0
84 2,68 3,15 |
168 4,87 3,97 |1/10 (NH,), 50, |
336 6494 6,82
s04 | 12,15 13,78 *
1/10 K_HPO
672 18,27 19,83 2 a4
840 21,07 21,56 +
1176 21,15 22,78 Tap Water
1 512 21,13 22,93

Data for 9K medium and control were taken from Table 27,

20% solids.



6. TABLE 37: EFFECT OF OXYGEN CONCENTRATION.

9K solution; pH 3,0; 30°C; W 200 r.p.m; 20% w/v pentlandite.

185

TEST (BACTERIA) CONTROL (STERILE)
Time N Fe | M Fe PO
Hours g/t - g/ g/t g/¢ %
0 - LU 0 0
24 3,42 2,79 w -
.48 4,22 5,35 3,76 2,19
72 5,35 8,15 - - e
120 10,51 12,74 4,21 3,86
168 14,82 15,29 - -
216 | 19,25 1 20,70 5,83 | 4,27
240 20,83 21,58 = -
264 21,15 22,07 6472 5,08
0 0 0 o | o
24 4,98 | 4,15 - -
a8 8,10 9,70 3,85 2,19
22 11,95 | 12,32 e - &
120 19,97 21,54 4,72 5,28
144 20,90 21,67 - -
0 0 0 0 0
24 5,35 6427 - -
a8 8,25 9,17 3,50 2,76 -
722 1 12,36 13,82 -
120 20,87 21,29 4,65 3,89
144 21,03 21,25 - -
0 0 0 0 0
24 4,87 3,95 x -
a8 8,32 9,62 3,27 2,19
72 12,01 13,17 = - . 80
120 19,85 21,68 4,15 5,76
144 21,10 1,75 - - ’

The data for air (20% oxygen) were taken from Table 27
20% pulp density.
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7. TABLE 33: EFFECT OF CARBON DIOXIDE CONCENTRATION.

9K solution; pH 3,03 30°C; W 200 r.p.mj

20% w/v pentlandite; gas air.

Time nitt Fe 0o,
hours g/l g/l % v/v
0 0 0
84 aga2 | a3y
168 6,65 7,15
a3 13,81 14,97 0,5
504 20,82 21,28
840 | 21,08 21,37
]
0 E 0 0
84 E 4,21 5,15
{168 E 6,92 72,03
]
336 | 15,00 14,18
¢ 504 i 21,29 20,27
840 . 20,9 21,93
i
0 : 0 0
84 E 4,85 4,97
168 8,27 9,16 1,0
336 ! 16,15 17,28
504 g 21,03 20,07
840 | 21,05 21,09
0 ) 0 0
84 4,92 4,53
168 8,42 9,16 1,55
336 16,03 17,28
504 21,28 20,25
840 21,08 21,92




Table 32 continued.

187

Time Ni++ Fe C02
~ hours al/e a/¢ % )y
0 0 0
84 4,97 5,60
168 8,51 9,72 2,0
- 336 16,20 17,15
304 21,30 21,84
840 21,09 21,79

The data for air(0,2% CDZ)were taken

20% pulp density.

from Table 27
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8. TABLE 34: EFFECT OF TEMPERATURE.,

9K solution; pH 3,03 W 200 r.p.m; 20% w/v pentlandite; gas air.

TEST (BACTERIA) CONTROL (STERILE)
Time NiH Fe N:'LH . Fe Temperature
Hours o/ ¢ 74 a/ ¢ g/¢ oC
0 0 0 0 0
84 2,51 3,27 - -

168 4,28 4,38 2,15 2,02 o5

336 7,75 8,18 N -

504 11,82. | 12,19 3,08 2,85

840 20,07 | 21,28 - -

1 008 21,12 21,32 | 2,9 2,82 E
0 0 0 0 0
84 4,21 | 5,16 - -
168 7,82 8,23 4,19 2,18
336 14,58 15,19 = - 35
504 } 21,26 22,18 5,28 6,27
840 . 21,31 22,27 - -
1 008 21,87 23,54 5,47 6,38

0 0 0 0 0 :

84 4,28 5,22 i - .
168 72,97 8,17 6519 6,25 |
336 15,12 16,07 — -

504 21,39 22,13 2,28 8,25 40
840 1,48 22,15 = -
1 008 21,72 22,38 8,15 F 8,47
| |

The data for 30°C were taken from Table 27, 20% pulp density.
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APPENDIX 15.

CORRECTION FOR CHEMICAL LEACHING. (BATCH RESULTS.)

The corrected rate of bacterial leaching, RB' was calculated by
subtracting the chemical leach rates Rl and H2 (due to ferric ions
and oxygen respectively) from the measured overall leach rates in

the batch bacterial leaching experiments.

The chemical rate constants K1 and K2 were calculated from the data

in Appendix 4:-

According to the proposed model;

R1 - K1 , [FBH""] § w0'833

The accompanying Table35 gives several values of K1 calculated

according to the above relationship. The data were taken from
Tables 9 and 10 in Appendix 4. (R1 was found by subtracting 23 ppm/hr
from R cf page 45 ).

I'd

overall;

In a similar manner K2 was calculated from the data in Table 11

(Appendix 4) since according to the proposed model;

' 1
- 2
Ko H/po2

The accompanying Table 35 shows several values of K2.

The values/.ecees.
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The values of K1 and K2 were corrected, using the activation energy
data, from 50°C (the average temperature used in the chemical
kinetic studies) to 30°C, the temperature used in batch bacterial
leaching experiments. (Although the activation energy was
calculated for the overall chemical rate, an effective correction
can be made by using the activation energy data on the individual
rate constants K, and K2.)

1

At 50°C and 10% pulp density;

Ky = 3,2 mg/hr - mole - r.p.m.o’833

A
Ky = 3,3 mg/hr - ¢ - p022

From the activation energy data;

log K = 11,36 =~ 3,18 x 103
T
log K' - log K" = 3,18 x 103 ( 1 - 1 )
. ( Tll Tl )
Applying this formula;.

K, = 0,8 mg/hr - mole - r.p.m_.o'833

>

K, = 0,9 mg/hr -~ ¢ - poz"?

at 10% pulp density and 309C.

The values of K1 and'K2 at the other pulp densities were calculated
by multiplying by 0,5, 1,5 and 2 for 5 per cent, 15 per cent and

20 per cent respectively.

Using/.e...
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Using the above values of K1 and K2, R1 and R2 were calculated

according to equation 17 in section 4.1.1. :-

0,833
ie. R, = K,. [Fe™ W
%

and R2 = K2 ,p02

Then;
A3 = Poyera1n ~ (Rq+ Ro)
R values taken from the data given in Appendix 14 and shown
overall

graphically in Figures 22 - 35 were used to calculate the values
for RS shown in Tables 37 - 42, (The ferric ion concentration was
taken as 0,IM, i.e. 5,6 g/€, in these calculations. From the data
in Tables 27 - 34 Appendix 14, it may be seen that the iron
concentration rapidly exceeds 0,1M. Bacterial oxidation reactions
were found to maintain the bulk of this iron in the Fe''' oxidation

state. )



TABLE 35:

CALCULATED VALUES OF K1.

FFe;++] . ﬁ ) oF:c< I I IR K,
e, ppm/hr | ppm/hr

0,01 200 82 25,5 2,5 - 3,1

0,025 i 200 82 29,8 6,8 3,4

0,05 g 200 82 37,5 14,5 3,6

; 0,075 E 200 82 |} 42,4 :' 19,4 3,2

é 0,01 g 75 36 33,5 | 13,5 3,8
! 0,01 125 56 25 | 2 0,3%

? 0,01 o0 | 82 46,6 23,6 3,0

é 0,01 300 115 51,8 28,8 2,5

0,01 500 178 74,5 51,5 3,0

0,01 750 246 91,9 68,9 2,8

Average 3,2

K1 = i’

fFe+++] w0.833

R1 = Roverall =

192

*This point was ignored because of inferred experimental error.

0,833

K, = 3,2 mg/hr - mole - r.p.m. at s0e°C,

10% pulp density. -



TABLE 36:

CALCULATED VALUES OF K

10% pulp density.

o
e
2 ; /
PO, p02 Hpg;7§ill R2 _VK2
% ppm/hr
1,0 1 22,4 2,4 2,5
! 3,6 1,9 30 10 5,2
b _ s
{ 10,0 3,16 T o6 6 2,0
H
¢
i 25,0 5 39 19 3,9
t .
i
' 50,0 7,06 46 26 3,8
75,0 8,65 36,6 16,6 2,0
100,0 10 56 36 3,6
Average 3,3
3
K = R, / PO,
A = Roverall -
a
K, = 3,3 mg/br - £ - p0.° at 50°C,

193
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TABLE 37;

CORBECTED BATCH BACTERIAL LEACHING AS A FUNCTION OF PULP DENSITY.

LEACH RATES - ppm/hr
— .
% Solids | R iy ! R, R, R,
i i
! i | '
5 9’8 1 3,2 : 2,1 . 4,5
10 . 21,3 6,5 | 4,1 | 10,7
15 28,7 9,7 6,2 i 12,8
o0 37,2 13,0 8,2 16,0

TABLE 38:

CORRECTED BATCH BACTERIAL LEACHING A5 A FUNCTION OF pH.

LEACH RATES - ppm/hr

pH Rclverall H‘I R2 RB
1,5 37,5 13,0 8,2 16,3
2,5 37,5 13,0 8,2 16,3
3,5 36,5 13,0 8,2 15,3
4,5 35,5 13,0 8,2 14,3




TABLE 39:
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CORRECTED BATCH BACTERIAL LEACHING AS A FUNCTION OF AGITATION RATE.

LEACH RATES - ppm/hr

; R
[_hPM (w) Roverall R1 R2 3
r ‘
| 75 15,6 5,7 8,2 1a%7
f 100 19 74 8,2 3,4
1 150 27,5 10,2 | 8,2 9,1
‘ v
200 37,5 13,0 ! 8,2 16,3
250 39 15,5 8,2 15,3 t
A

TABLE 40:

CORRECTED BATCH BACTERIAL LEACHING AS A FUNCTION OF OXYGEN

CONCENTRATION.
LEACH RATES - ppm/hr

o}

pUZA Roverall H1 R2 R3
20 F7 .2 13,0 8,2 16,0
a0 86,4 13,0 11,4 62,0
60 168,0 13,0 13,9 141,1
720 178,4 13,0 15,0 150,4
80 169,7 13,0 15,1 140,6




TABLE 41:.

CORRECTED BATCH BACTERJAL LFACHING AS A FUNCTION OF CARBON

DIOXIDE CONCENTRATION.

LEACH RATES - ppm/hr

R
%COZ Fluuerall H‘I H2 3 .
0,2 37,2 13,0 8,2 © 16,0 1
[ .
0,5 42,2 13,0 8,2 21,0
_ i
1 48,5 13,0 8,2 ; 27,3
: i
¥ ;
1,5 50,3 13,0 8,2 29,1 3
i
2 )y 5 13,0 8,2 29,3
TABLE 42:

CORRECTED BATCH BACTERIAL LEACHING AS A FUNCTION OF TEMPERATUHE;

LEACH RATES - ppm/hr

o

G Ruver'all F"l r H2 HS
25 23,0 12,7 10,3
30 37,2 21,2 16,2
35 45,0 30,5 14,5
40 46,5 45,0 1,5

196
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APPENDIX 16.

METHOD OF CALCULATING PENTLANDITE ADDITIONS IN CONTINUGUS LEACHING.

A mass balance was carried out on nickel as follows:-

Rate of nickel addition to reactor = Rate of nickel leaving reactor.

FxClxT

=
b3
(@)
1]

M = mess of pentlanaite added

C = per cent nickel in pentlandite

F = flowrate out of reactor

T = time period since last addition of pentlandite

C = concentration of nickel in reactor (i.e. in exit stream)
C = 18 per cent, for the lower grade pentlandite concentrate

.,M=FXC1XT
18

The above formula was used to calculate the amount of pentlandite
to be added for time periods of 2 - 3 days. After extended periods,
e.g. 1 month, a further check was carried out by taking a
representative sample from the reactor and measuring, by gravimetric

means, the pulp density. The per cent pentlandite was then adjusted

to 5 as required.



APPENDIX 17:

DETAILED EXPERIMENTAL DATA FOR CONTINUOUS BACTERIAL LEACHING.

TABLE 43: Continuous Leaching - Air.

9K solution, 30°C; pH 3,0, W 200 r.p.m.;

5% w/v pentlandite.

D Ni R

1 overall

hr a/¢ ppm/hr
0,002 2,20 4,2
0,004 1,40 5,6
0,01 1,15 11,5
0,015 0,95 14,3
p,016 0,40 6,4

TABLE 44: Continuous Leaching - Air + 2% Carbon Dioxide.

D Ni R
-1 overall
hr g/t ppm/ hr
0,002 2,70 5,4
0,005 2,00 10,0
O'Dl 1,& 16’00
0,015 1,30 19,5
0,016 0,32 5,1
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TABLE 45: CONTINUQUS LEACHING — ATR AND OXYGEN.
?1 Ng Roverall % Oxygen
hr a/e. ppm/hr v/v
| 0,002 8,80 17,2
a,004 6,00 24,0
0,007 | 4,00 28,0
' a0
0,01 3,00 30,0
0,014 2,00 28,0
0,016 1,00 16,0
0,004 13,00 52,0
0,01 8,00 80,0
0,016 5,00 80,0 60
0,019 3,00 57,0
0,02 1,70 34,0
0,004 14,60 58,4
0,01 8,80 88,0
0,014 6,78 95,0 70
0,018 4,00 72,0
0,02 2,10 . 42,0

TABLE 46/.!.!'!..1-
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TABLE 45: CONTINUOUS LEACHING - EFFECT OF TEMPERATURE CHANGE.

-1 .
Dilution rate held constent at 0,01 hr ~; 9K solution; pH 3,0;

W 200 r.p.m; 5% w/v pentlandite;

gas air.

Temperature | Equilibrium Ni*" Roverall
a/e ppm/hr

o5 0,84 814

10 1,10 11,0

35 1,10 11,0

40 0,44 4ya

TABLE 47. CONTINUOUS LEACHING - EFFECT OF CHANGE IN THE pH

OF THE FEED.

Dilution rate held constant at 0,01 hr_l; 9K solution;

5% w/v pentlandite; gas air.

pH Feed pH Reactor Hoverall
ppm/hr
3,0 248 11,2
4,0 245 11,2
445 2,6 1%415
5,0 247 11,15
5,5 2,8 11,2

W 200 r.p.m.;



201

APPENDIX 18.

CORRECTION FOR CHEMICAL LEACHING (CONTINUOUS RESULTS. )

Calculation of R, and HE'

As discussed in Appendix 15, the true rate of bacterial leaching
was calculated by subtracting the chemical leach rates from the
measured overall leach rate. The chemical leach rate constants,
K1 and K2 were corrected for temperature and pulp density (See
Appendix 15) and found to be:-

833
K, = 0,4 mg/hr - mole - r.p.m.o'

b

= V - - 2
K, = 0,45 mg/bhr - ¢ PO,

at %% pulp density and 30°C.

These constants were measured for the higher grade pentlandite
concentrate (30% nickel.) A linear correction was made in applying
these constants to the lower grade concentrate (18% nickel) which
was used in the continuous leaching experiments; i.e. the above

rate constants were multiplied by a factor 18/30 to give:-

K, = 0,24 mg/hr - mole — I‘.|:l.m.0'8:33
%
Ky = 0,27 mg/hr - ¢ - PO,
The values of Roverall were taken from the data given in Appendix

17. RS' the corrected rate of bacterial leaching, was calculated
from the equation:-
3 - Roverall N (H1 + RE)

In the/..



: , = K, [Fe™, w0193 | the

value of [Fe" was taken as the value measured for total nickel

In the calculation of R (where R
concentration, since it was found that the iron was completely in
the ferric oxidation state and that nickel and iron were leached
in equivalent amounts. When the nickel concentration was above
0,1 M (5,6 g/2) the iron concentration used in the calculation of
R, was taken as 0,1 M.

1

The accompanying Tables 48 — 53 give the calculated values of RS

under the different experimental conditions.

Example:

Continuous leaching - air; D = 0,01;

Roverall W8s measured as 11,5 ppm/hr.,
H1 = K1 [Fe+++] w0.833
= 0,24 x 0,02 x 2007833, [Fe™*] o 1,15 g/e
(0,02M) from Table 44.
". Fll = 0,4 ppm/hr

1
= 2
Ry Ky PO,

= 0,27 x (20]%', p0, for air = 20% approximately

, R, = 1,2 ppm/hr

Calculation of R,:  (From Batch Data.)

202

The batch model of the corrected bacterial leach rate proposed that;

s
|

K(p0,)?
: Ay (p0,)2

=
fl
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From Table 40 (Appendix 15) the following data may be used to

calculate K3

2 2

Ry PO (p0,,) R./(p0,)
2 3 2

ppm/hr

16 20 400 0,040
62 40 1 600 0,038
141 &0 3 &0 0,039
Average 0,039

In addition a least squares fit on the three data points for HS

and (p02)2 gives:—

Ry = 0,01 + 0,039 (p02]2

It is thus proposed that for the corrected batch leaching rate;

2
R, = 0,039 (po2 ).

This applies for the higher grade pentlandite concentrate (30% nickel),
for pﬂz between O per cent and 60 per cent and et a carbon dioxide

concentration of 0,2 per cent (i.e. 002 as measured in normal air.)

At higher carbon dioxide concentration, a correction may be made

according to the data shown on Figure 40;

i.e. R a (pco

0,33
3 o)

Two further corrections are necessary when applying the K value to
the continuous leaching; one for the lower grade concentrate, 18/30,

and one for the lower pulp density used, 5/20.



* K (continuous) = 0,039 x 18/30 x 5
’ 20

= 0,006

Thus HS' based on the batch data may be calculeted:-

Ry = 0,006 x (p02)2 ppm/hr

The values of RS calculated using the above formula are given in

the accompanying Tables 48-51. These values of RS are the batch
rates which would be expected under the same conditions as used

in the continuous leaching tests.

The constant Ki used in the calculation of R1 incorporates a mass
transfer (agitation) effect and will be dependent on scale and
geometric factors (e.g. size of vessel, stirrer diameter, etc.)
This effect is apparently small in the scale~up fraom fhe 250 ml
batch conical flasks to the larger 5,5 € continuous reactor as
good agreement was found between measured and calculated chemical

leach rates in continuous operation. (c.f. Table 6 in section

4.2.2,)

The size of stirrer used was chosen so as to keep the ratio of
diameter of vessel : diameter of stirrer constant and thus

minimise scale effects.

R04



TABLE 48: CONTINUOUS LEACHING; AIR.
Leach Rates - ppm/hr
= R R R
Dy e Roverall Ry 2 3 (Ba%ch)
0,002 4,2 0,7 1,2 2,3
0,004 5,6 D8 1,2 3,9
0,01 11,5 0,4 1,2 9,9 2,4
0,015 14,3 0,3 1,2 12,8
0,016 6,4 0,1 1,2 5,1
TABLE 49. CONTINUOUS LEACHING; AIR + % COZ.
" Leach Rates - ppm/hr
-1 R
Dy e Roverall R1 R2 HS (Baich)
0,002 5,4 0,9 1,2 3,3
0,005 10,0 0,7 1,2 8,1
0,01 16,0 0,5 1,2 14,3 5,0
0,015 19,5 0,4 1,2 17,9
0,017 5,1 0,1 1,2 3,8
TABLE 50: CONTINUOUS LEACHING; 40% 02.
Leach Rates - ppm/hr
“ Roverall Ay R A3 A
(Batch)
0,002 17,2 2,0 1,7 13,5
0,004 24,0 2,0 1,7 20,3
0,007 28,0 1s3 1,7 25,0 9,6
0,01 30,0 1,0 1,7 27,3
0,014 28,0 0,7 1,7 25,6
0,016 16,0 0,3 1,7 14,0
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TABLE _51; CONTINUOUS LEACHING; 0% 0,

LEACH RATES - ppm/hr

H
R

D Roverall A, Ry 3 (Ba%c:h]
0,004 52,0 2,0 2,1 47,9
0,01 80,0 2,0 2 75,9 ih
0,016 80,0 1,7 2,1 76,2
0,019 57,0 1,0 2,1 53,9
0,02 34,0 0,6 2,1 31,3

TABLE 52: CONTINUOUS LEACHING; 70% 0,
LEACH RATES - ppm/hr

D anerall H1 I:l2 Ra
0,004 58,4 2,0 2,3 54,1
0,01 88 2,0 2,3 83,7
0,014 95 2,0 2,3 90,7
0,018 72 2,3 68,4
0,02 42 047 By 39,0

TABLE 53; CONTINUOUS LEACHING AT DIFFERENT TEMPERATURES;
- 0,01 hr .
LEACH RATES - ppm/hr

[+]

¢ Roverall R, + gy

= Bat 1,5 6,9

30 11 '0 1 ’6 9 '4

35 11 'D 1 ' 2 9 . 3

a0 444 1% 2,7

206
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APPENDIX 19: CALCULATION OF BACTERIAL YIELD CONSTANT BASED

ON NICKEL .

The yield constant measured for the rate of production of hydrogen

jons in Section 4.1.2 was ;
Y = 0,24 g bacterial nitrogen/mole H'.
In addition the experimental data in this section showed;

1 pg Nitrogen = 1,27 x 107 bacterial cells.

‘Y = 0,24 x 106 x 1,27 x lC]'7

= 0,3048 x 10 cells/mole H'

The stoichiometry of the nickel leaching reactions may be

represented: -
NiFeS, — N7 4+ FeT 4+ 2
25 — @ 4 2 80,
1 mole Ni¥" = 4 mole H'
or 1/4 mole Ni** = 1 mole 1t
Jo¥ = Oy0048 K BE w4

= 158 m 1013 cells/mole Nitt

This value of Y may be checked using the data from the dialysis

experiment:—

Number of bacteria produced during leach = 130 x_107cells/m1.

Amount/.......
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Amount of nickel produced during experiment = 113 x 10~3 moles/Z
The amount of nickel leached due to chemical leaching during the
experiment may be estimated:~-

us)
n

= 0,4 x 0,007 x 82

= 0,2 ppm/hr

= 0,45 x 4,5

,'; Rate of chemical leaching = 2,2 ppm/hr.

Over 600 hours this represents 0,02 moles of nitt.

,'. Amount of nickel leached dus to bacterial leaching during

experiment = (113 ~20) x 1073

= 93 x 10'3 moles/ ¢

oY = 130 x 107
93 x 107>

= 1,4 x 1013 cells/mole Nitt

This value agrees with the value based on the sulphur growth data.
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APPENDIX 20: COMPARISON OF CALCULATED VALUES OF R., WITH

MEASURED VALUES OF R , CONTINUOUS LEACHING.

The value of Y was taken as the mean of the two ecalculated values,
: 13 4 . ]
i.e. 1,3 x 107" cells/mole Ni" . This value of Y was then used
to calculate values of RS y the corrected rate of bacterial
leaching, from the continuous leach data. The following

relationship was used:-

The calculated values of RS for the different measured values of

Xu at the various dilution rates are given in the accompanying

Table 54,

Example. (Air.)

D = 0,002 hr ¥

X, = 294 x 10° cells/ml

HS = 0,002 x 2,4 x 108 % S8y,7 x lD6 ppm/hr
1,9 x 10°°

(Mow. N1 = 58,7)

2,2 ppm/hr



TABLE 54: NEASUBED VALUES OF R, COMPARED TO VALUES CALCULATED
FROM X
Air
D -1 HB' measured X o measured, R3, calculated
hr ppm/hr cells/ml ppm/hr
8 .
0,002 1,9 2,4 x 10 242
0,004 3,6 1,6 x 108 3,3
0,01 9,6 1,8 x 108 5,0
0,015 12,5 1,6 x 108 11,0
0,016 4,8 0,47 x 106 3,5
60% 0,

D_,1 RS' measured X, measured, RS' calculated
hr ppm/hr cells/ml ppm/hr
0,004 47,4 22,5 x 108 42,1
0,01 75,4 16,8 x 10° 78,3
0,016 75,6 10 x 108 7841
0,019 53,4 547 x 108 50,5
0,02 30,8 3,5 x 108 32,5
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APPENDIX 21,

TABLE 55:
EXPERIMENTAL DATA FOR CONTINUOUS LEACHING — OPTIMUM CONDITIONS.

Solution: Tap water; 0,3 g/ (NH4)2 s0, ; 0,05 g/ KHpO,

y
(1/10th concentration of these salts in normal 9K

solution. )

Other Conditions: 30°C, W=500 r.p.m.; 70% oxygen v/v;

20% w/v pentlandite. (Lower grade.)

PH 3,0,
b Ni .
-1 i+ Leach Rate (D x [Ni™ ])
hour g/t (ppm/hr)
0,005 21,25 106
0,0125 18,00 -, 225
0,02 12,50 250
0,0225 ' 5,65 127
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APPENDIX 22.

DETAILS OF THE ECONOMIC ASSESSMENT OF THE CONTINUOUS BACTERTIAL

LEACHING PROCESS.

The economic assessment is based on the proposed concentrates to
be produced at the new Shangani mine in Rhodesia. Chittenden (78)
has recently carried out a survey on the production costs of
concentrates based on a milling rate of 900 000 tonnes p.a. at
0,% Ni. The total cost to produce a 12% concentrate from this
will be R4-30 per tonne; including opefating costs and

amortisation of capital over 15 years.

For the purposes of this survey it has been assumed that a leach
rate of 250 ppm/hr can be used. This is based on the maximum
leach rate obtained at 70% oxygen with 20% solids in the

previously described continuous leaching.

It is also assumed that recycle will be used, both to separate
unreacted sulphide particles in the outlet from the leach vessels
and to build the nickel concentration up to 20 g/¢. (This
concentration appeared to be the maximum level at which bacterial
growth would operate. ) At a dilution rate of 0,02 he L the

leaching volume required is:-

V = 0,9 x 109

= 3,6 X 106 litres{
280

since 0,9 tonnes per hour of nickel are extracted.

R .
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* F = 72 000 litres per hour,

since D = F/V

If leach tanks of 50 000 litre capacity are used, the rumber
required will be 80, plus 3 or 4 spare. These will be mild steel
construction with rubber lining, fitted with lids and turbine

egitators.

The proposed process 1s shown in the accompanying Figure 53. The
outflow from the leach vessels is passed to a hydro-cyclone where

a split is made at 200 mesh. This will recycle the bulk of the
unreacted sulphide back to the reactors. The cyclone overflow is
then passed to a thickener where the solids are removed at 50%
water w/w. These are then filtered and washed on rotary, rubber-
lined, vacuum filters. The tailings are discarded while the
filtrate is added to the thickener overflow. Washings are recycled

to the reaectors. The spolutions are then polish filtered prior to

nickel recovery.

The process for nickel recovery must at this stage remain purely

speculative for a number of reasons:-

1) No suitable solvent exists for preferentially extracting nickel
from sulphate solution at pH 2,5 - 3,5. At least one
manufacturer has, however, indicated that such solvents will be

commercially available in the very near future.

2) Direct electrowinning of nickel is usually carried out at

concentrations of 50 - 80 g/€. The economics of the process at

20 g/2/..s
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KEY TO FIGURE S3.

a) Leaching Tanks. e) Thickener.
b) Mixer. f) Rotary filters.
c) Compressors. g) Electrowinning.

d) Cyclones.

1) Concentrates; 8 t.p.h. 0,9 t.p.h. Ni.

2) Overflow from leach tanks; 2,44 t.p.h. Ni @ 20 g/e¢.

3) Cyclone underflow; 2 t.p.h. sulphides, 50 OOO.E.p.h.

4) Cyclone overflow; 4 t.p.h. solids, 1,44 t.p.h. Ni, 72 000 £.p.h.
5) Thickener overflow; 1,4 t.p.h. Ni, 70 000 £¢.p.h.

6) Thickener underflow; 50% solids, 2 000 ¢.p.h., 0,04 t.p.h. Ni.
?) Filtrate; 0,02 t.p.h. Ni, 1 000 ¢.p.h. |

8) Wash water; 2 000 £.p.h.

9) Tailings; 4 t.p.h. solids, 25% water.

10) Washings; 0,02 t.p.h. Ni, 2 000 ¢.p.h.

11) Solution to Ni Recovery; 1,42 t.p.h. Ni.

12) Copper ecovered.

13) Solution ex Ni Recovery; 0,52 t.p.h. Ni, 50 000 ¢.p.h.

14) Make-up water; 21 000 £.p.h.

15) Gas to leach tanks; 60% 0, v/Vey, 17,4 t.p.h. gas.

16) Oxygen make-up; 4 t.p.h.

17] Oxygen evolved.



TABLE 56:

Estimated Capital Costs for Bacterial Leaching Plant

to Produce 0,9 tonne per hour of Soluble Nickel.

ITEM DESCRIPTION COST-RAND
Leach Tanrks 83 @ R4 500 with 100 kw agitators 375 000
Compressors 1 + stand by, complete 10 000
Cyclone 15 - 30 cm 1 200
Thickener 100 m2 26 000
Thickener Pumps | 1 4+ stand by 5 000
Filter 10 m2, Rotary vacuum and accessories 16 000
Polish Filter e.g. "FUNDA' 50 000
Piping, Pumps Plastic or Rubber lined 10 000
Buildings to house filter only 10 000
Civils foundations etc 5 000
5ite preparation 5 000
Electrics - 10 000
Mixer 10 QOO
Conveyor 1 000
Feed Bin 2 000
Instrumentatiaon 10 000
Erection Costs 10% of Capital Expenditure 60 000
Spares 4% " 4 ¥ 25 000
Contingencies 20% " * n 100 000

TOTAL 750 000
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Figure 53. Proposed Process for
Bacterial Leaching of Nickel Concentrates,
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TABLE .57:

—_— e

Estimated Operating Costs for Bacterial leaching Plant

to Produce 0,9 tonne per hour of Scluble Nickel.

ITEM DESCRIPTION R?ggzﬂ
Oxygen 4 t.p.h. @ RB-00 p.t. 32-00
Water 40 k1l/hr @ 7c/k1 3-00
Nutrients fertiliser, lkg/tonne @ R40-00/tonne 0-10
Electricity (83 x 100 kw) + 10% @ 0,5c/kwh 50-00
Labour 4 supervisorsy éd unskilled 12-00
Naintenance X fitter, % electrician, materials 10-00
Indirect costs overheads, managerial, clerical etc. 2-00
Concentrates R4-50 per tonng 35-00

TOTAL R144-10

Total Operating Cost per tonne Ni

= 144 = R160-00
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20 g/4 will not be as attractive, but coupled to the low cost
of nickel solubilisation by bacterial leaching, the overall

process may prove suitable.

3) Cementation of nickel can be done on iron, providing the
solution is hot. It is not known whether this is being used
in practice. In any case the availability of large quantities
of cheap scrap iron at Shangani is doubtful while a suitable

outlet for cement-nickel may be hard to find.

For the purposes of this exercise we have assumed that nickel is
recovered by direct electrowinning. In this process the acid
strength is increased and some oxygen will be available for recycle
to the leach reactors. Copper will be removed prior to nickel
recovery, elther by solvent extraction or cementation. It was
assumed that in this the costs would balance any revenue obtained

by the sale of cement-copper.

The sizes of the cyclone, thickener and filters were based on data
available from tests carried out by the Metallurgical Section of

the J.C.I. Minerals Processing Research Labaratory.

The estimated capital and operating costs are shown in Tables 56
and 37 , Capital and Operating costs were estimated from a number

of available publications, (79, 80, 81.)

The total estimated operating costs amount to R160-00 per tonne

OF/ s abmsenns
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of nickel and the total capital cost estimate amounts to R750 000.
Amortising aver 15 years this amounts to R7-00 per tonne of nickel.
The total cost of producing a solution containing 20 g/¢ Ni is thus
approximately R170-00 per tonne of nickel. The current price of
nickel is about R2 200 per tonne so that allowing for extraction,
refining, shipping etc., there is certainly some attraction to

bacterial leaching of nickel concentrates.
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Bacterial leaching: an introduction to its
application and theory and a study on its

mechanism of operation

1. J. Corrans, B.Sc.Eng. (Chem.) (Rand); M.Sc. (N.S.W.)* (Men!b.ar)
B. Harris, B.Sc. (Syd.), M.Sc. (N.S.W), A.M. Aust. .M.M.,** (Visitor)
B. J. Ralph, B.Sc. (Tas.), Ph.D. (Liv.), F.R.A.C.1,*** (Visitor)

SYNOPSIS

In the first section, a brief background to the practical and theoretical aspects of bacterial leaching is pre-
sented. Descriptions are given of present and potential methods for exploiting bacterial leaching in metal-
winnin

In thg second section, the results of recent research are presented. The aim of this work was to obtain a
greater understanding of the mechanism of bacterial leaching of sulphide minerals. Bacteria were observed to
catalyse leaching reactions by oxidising ferrous ions to ferric ions, by removing protective films at the mineral
surface and by depolarising cathodic areas.

SINOPSIS

Die eerste deel is 'n kort samevatting oor die agtergrond van die praktiese sowel as die teoretiese aspekte van
bakteriese loging. 'n Beskrywing van huidige sowel as metodes met moontlikhede in die toekoms deur die
gebruikmaking van bakteriese loging in die herwinning van metale word gegee.

Die tweede deel handel oor die resultate verkry as gevolg van onlangse navorsing op die gebied. Die doel
hiervan was die verkrygitng van 'n beter i |n5|g tot die meganisme van bakteriese loging van sulfiedminerale.

Met die oksidering van ferro-ione na ferri-ione het dit opgeval dat bakterié as katalisatare van logingsprosess
optreé, deurdat die beskermende laag op die mineraaloppervlak verwyder word en sodoende depolarisering van

die negatiewe belaaide gedeeltes veroorsaak.

APPLICATION AND THEORY

INTRODUCTION
The element sulphur is involved in one of the great
natural cyeles (Fig. 1). Within this cycle there is a

TABLE I

SULPHIDE MINERALS OXIDISED BY BACTERIA

secondary process in which the element is cycled solely -

- 3 a i Formula Mineral
by the action of micro-organisms and it is here that
biological reactions of relevance in extractive metal- FoS,, FeAs, | Arsenopyrite
lurgy oceur, nam.ely, the l).actcrml oxidation of sulphur Cu, FeS, Boriite
and metal sulphides. A wide range of metals may be .
dissolved from the corresponding sulphides (Table I) by CuleS, Chalcopyrite
this latter process whieh has been e\ploxted in practice as CuS Covellite
bacterial leaching!.

The ancient Romans are reputed to have recovered 8Cu,8,As,8; | Lnargite
green and blue vitriol (iro_n and copper sulphn.tes) from PbS Calena
areas where natural salphide leaching was taking place.

It is probable that leached copper was first recovered L Mavpeito
on any large scale at the old Rio Tinto mines in Spain. NiS Millerite
Records from the seventeenth eentury show that copper .
was then being recovered by cementation on scrap iron . NMolyhdenito
from ground waters which had percolated throucrh “AsyS, Orpiment
sulphide areas?.

TFeS, Pyrite
. ) §b,8, Stibnite
*Project Engincer, J.C.1. Minerals Processing Laboratory.
**Senilor Lecturor, School of Metallurgy, University of New Zn3 Sphalerite

South Wales. i

CagSh,S,; Tetrahedrite

***Head, School of Biological Technology, Biochemistry, Uni-
versity of New South Wales.
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SUL PHUR-CONTAINING PROTEIN
OF PLANTS AND ANIMAL
ASSIMILATION ' PUTREFACTION
BY PLANTS BY BACTERIA.,
SULPHATES(S0;)  SULPHATE -REDUCING SULPHIDES(S" )
BACTERIA.
SULPHUR SULPHIDE -
OXIDISING OXIDISING
BACTERIA. /  BACTERIA.
S ULPHUR(S.

SULPHUR CYCLE.

FIG.1.

Fig. 1—Sulphur cycle

1t is only during the last 30 vears that it has heen
shown that Dbacteria are associated with sulphide
leaching and actually play a fundamental role in the
leaching process®. These bacteria arc classified as
members of the genus Thichacillus; viz. T. ferrooxidans
and 7. thicoxidans. Other species of bacteria were
originally thought to be involved, e.g. 7. sulphoovidans
and a separate genus Ferrobacillus was postulated by
some workers. Recent work on the classification of
these bacteria has however shown that the genus
Ferrobacillus is invalid and that the bacteria are prob-
ably strains of the original two species of Thiobacilli*.
Other species of Thiobacilli are known to oxidise sul-
phides at higher pH values but these are not discussed
in this paper. Bacterial leaching is currently carried out
in acid solutions (pH 2,0-3,0) where the metal cation
remains in solution. At higher pH values hydrolysis will
normally oceur preventing the metal from being leached.
A recent patent describes the leaching of sulphide
minerals at higher pH values (7,0-9.0)5. This method
may be of use in treating basic ores but at present it is
still in the developmental stage.

Thiobacilli belong to a group of micro-organisms known
ws chiemosy nthetie autotrophs. (Table ). Autotrophic
orvanisns ohtaine all nuteients for growth from in-
oruanic compounds, and the chemosynthetic types
secure encrgy by oxidation of inorganie compounds.

Biological catalysts called enzymes are synthesised
by the bacteria and aceelerate the rates of the oxidation
reactions. The oxidation of sulphide minerals can be
cxpressed by equations of the form:

S-++-110,+H,0=H,S0, . (1a)

CuS-4-20,=Cut* 80, - . (1b)
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TABLE II
PRINCIFAL CHARAUTERISTICS OF SOME MINE WATER BACTERLA

Oxidatiomn of

Jacterin | Nitrogen

Ferrous

1

source | Sulphur| Thio
1 | ,
| i sulphate | ion
L T S (e P, il s 5
T. Thicoxidans ‘ NH,+ | yes yes ‘ no
1
T. Ferrooxidans NH, ‘ yes variable ves

The direct oxidation of reduced sulphur species by
bacteria is accompanied by the formation of acid
soluble cations. This has been referred to as the direct
mechanism of leaching.

Iron oxidation oeccurs as follows:
2Fet+=2Fet++{2e

2H+-}0,+26=H,0

Ferric iron itself is a good oxidant and can attack
sulphides as follows:

CuS+2Fertt=Cutt4-S54-2Fet+ (4)

One function performed by the bacteria is the rapid
re-oxidation of ferrous iron to the ferric state. This
process has been referred to as the indirect mechanism of
leaching.

Iron is always found in leach solutions so that in
practice both mechanisms probably operate. The
relative importance of each is largely dependent on the
type of mineral being leached. Large gaps exist in our
knowledge of the biochemistry of these micro-organisms,
especially regarding the mechanism of attack on a solid
mineral surface®. Optimum conditions™ ® for growth
correspond with optimum leaching conditions and are
generally in the range pH 2.4, temperature 25°.35°C,
and Eh 300-500 mV. A supply of dissolved oxygen is

also essential.

The heap leaching operations in the western U.S.A.
are the largest exploiting bacterial leaching as a means of
metal-winning, There are also other techniques of
bacterial leaching which are less widely employed, or
which show promise as future methods for extracting
metals. These are discussed below.

HEAP LEACHING

The large tonnages of waste rock and tailings which
accumulate near mining operations (espeecially at open
cut workings) can often be leached profitably to recover
some of the residual metals. A typical heap leaching
operation is shown in Fig. 2,

JOURNAL GF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY



PREGNANT SOLUTICN
STORAGE
IRON

PRECIPITATION PLANT.

l—_ﬁ

CEMENT COPPER

| MAKE-UP WATER
BARREN SOLUTION

OXIDATION DAM.
BLEED TOWASTE.
\ ASID.

GENERALISED SOLUTION FLOW
F1G.2 IN HEAP LEACHING.

Fig. 2—Generalised solution flow in heap leaching

The low grade waste is dumped to form a heap from
10 to 20 metres high. An impermeable base is sometimes
prepared before dumping commences to ensure that
liquor pereolating through the heap is collected and not
lost. by seepage. In some operations, for example
Bingham Canyon in Utah, features of the natural
terrain are utilised to aid drainage, by dumping rock
in a steep sided valley.

Leach liquor is pumped to the top of the heap and
allowed to percolate through the dumped material.
The liquor may be applied at the surface by a system of
gmall flood dams or by spraying. The latter method
has the advantage that oxygenation of the liquor is
achieved but has the disadvantage that excessive
evaporation may occur in dry arcas.

The size distribution and porosity of the rock in the
heap are two of the most important factors influencing
the performance of the operation. In practice there arce
several inter-related parameters affected by these two
propertios and the optimisation of leaching rate is
usually achieved by empirical means. Some of thesc
parameters are:

Rate of Percolation : A high rate of percolation results

in the rapid transfer of reactants (especially oxygen)

into the heap and of produets (soluble metal ions) out.

This situation is favoured by laree particle size an

high voidage in the heap.

Exposed Surface lrea: A large exposed surface acvea of

the muterial inereases the amount of mineral in

diveet contact with the leaching solution, i.e. the
available surface area for reaction is increased. This
sitnation 1s favoured by a high pereentage of fines
in the dump, although this may decrease permealbility.
Porosity of the rock: Most of the valuable mineral
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wstally oceurs within the rocks and for leaching {o

oceur it ix necessary that the material be sufticiently

porous to allow transport of reactants and products
through (

An even distribution of rock size from about 0,5
metre down to 0,5 em and a voldage of between 20 per
cent and 40 per cont usually satisfics both conditions
1 and 2 above. Porosity is often cheeked before leaching
is started®.

Bacteria will grow spontancously in the heap if
sulphide mineral surfaces and sufficient dissolved oxygen
are available to them. Nutrients such as nitrogen and
phosphorus are usually available in sufficient quantities
from the gangue material of the rock.

Acid consumption of the gangue material is an im-
portant economic consideration. Under ideal conditions
a pH of 2-3 should be maintained in the leach solution
solely by the autogenous production of sulphuric acid
from sulphides. In practice however it is normal to add
acid and the amount reguired is important to the
economics of the operation.

In a typical operation a section of the heap is irri-
gated for about 20 per cent of the time during which
metal ions are washed out. During the remaining 80
per cent of the time the solution retained by the heap
penctrates the pores of the rock and reacts with the
sulphide minerals. In the later stages of this periad
evaporation helps to transport products back to the
surface of the rocks ready to be washed out at the next
percolation cycle. The heap is usually divided into
suflicient irrigation areas to allow continuous operation
of the recovery plant.

Harris 12 and others® ¥ have shown that mass trans-
port of dissolved oxygen is the rate limiling step in
heap leaching. Harris bases his opinion on the obser-
vation that a substantial rise in the temperature of the
Lheap at Rum Jungle, Australia, caused no increase in
leaching rate. This author has developed a useful
chemical engineering approach to the leaching behaviour
of a heap by treating it as a pseudo-particle.

Pregnant solution leaving the heap is treated to
recover its soluble metal value. In the case of copper
leach solutions the metal is usually recovered by cemen-
tation on scrap iron although solvent extraction will he
more widely used in future. At present, the precipitated
copper from the cementation plant is treated together
with copper concentrates by pyrometallurgical  pro-
cesses, However, by using solvent extraction, solutions
sufficiently concentrated for divect electro-winning can
be produced.

e micropores.

After metal recovery, the solution iz held in an
oxidation pond where bacteria oxidise ferrous to ferrie
ions. Hydrated ferrie oxide is preeipitated, reducing the
level of iron in solution and stahbilising the pH. Bleeding
to remove further iron, and acid make-up to adjust pH,
are then carried out and the solution is pumped back
to the top of the heap.

A list of some bacterial leaching operations is given
in Table L1I,

Heap leaching usually involves low eapital expendi-
ture. Accurate test work is necessary to predict and
maintain a successtul operation. Many operating proh-
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TABLE 111

DATA FOR SOME HEADP LEACHING OULERATIONS

| Grode |
Niuun of Joeality Produet | Product of ray Year
U {tonnes ; material

R a0 TR ]
i:;_.;:;-l:-c-l f.'l'mlt--; (_:* [~ (‘;l i 7 SO0 0,5 | 1063
Cin Minera de i ’
Cunanes Cu 3 300 0,3 1965
Chino (Kennecott) Cu 27 000 0,25 1965
Copper Queen Cu 5400 0,3 1965
Eisporanza Cul 2 000 0,3 1965
Inspiration Co. Cu 3 300 1965
lintni Co. | Cu 13 000 1965
Ray (Kennecott) (' 9 000 0,24 1965
Silver Bell Cu 2 400 1965
Uteh (Kennecott) Cu 70 000 1965
Rio Tinto Cu 18 000 1945
Rum Junglo Cu 315 1067
Mt. Lyell Cu 100 1970
Western Nuelear U;0, 200 0,1 1964

lems may be encountered. For example, it was found
at tum Jungle that the dump trucks used to construct
the heap broke up the friable rock leaving an impene-
trable surface layer which had to be ripped up before
irrigation for leaching commenced. Fines are often pro-
duced during leaching cansing clogging inside the heap.
Precipitation of iron compounds (e.g. jarosite) in the
heap olten causes blockage of rock micropores. For this
reason, iron concentration in the leaching liquors must be
carcfully controlled. Heap leaching appears superficially
to be o simple process, but insufficient initial test work
s led to extreme problems and resulted in shut downs
in several areas. No doubt a lot of developrient and
operational know-how is involved in the large and
successful operations in the U.S.A.

[t is impossible to do more than briefly scan the
published information on heap leaching technology in
this paper, More detailed information is available!3. 14, 15,

RECOVERY FROM GROUND WATERS

Abandoned mines often accumulate water in which
the concentration of dissolved metals can reach ap-
preciable levels. An abandoned open cut pit at Rum
Jungle, Australia, contains millions of gallons of water.
The pll of this water has dropped to 2,5 and the copper
covcentration has reached 50 ppm. The economic re-
covery of the copper should be possible, by solvent
extraction, when metal concentration reaches 100 parts
per million.

At the Mt. Morgan Mine in Queensland drainage water
confains up to 200 ppm copper. Previous attempts to
recover this metal by solvent extraction were un-
suceeasful because the high concentration of irou inter-
fored with the process, but recent developments in the
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production of selective solvent extractants eould
eliminate this problem.

A further example occurs at the Mt Lyell Mine
(Tasmania) which is situated in a high rainfall arca
(250 ¢ pa.). Constant run ofl from the mining arca
into a creek, results in a buoild-up of copper concentration
to 15t ppm. A simple cementation on scrap iron yields
about 100 tonnes copper per year.

UNDERGROUND LEACHING

The operation at Stanrock Uranium Mines in Canada
is one of the best known examples of underground
leaching!. The mine began operating in 1958 and by
1960 the underground water had become so acid due to
bacterial oxidation of pyrite that severe corrosion prob-
lems had arisen. The acidic ferric mine water also
leached out uranium compounds and the uranium oxide
content rose to about 0,03 kg per tonne. 13 000 kg of
oxide were recovered in 1962 from this source. In 1963
high pressure hosing of the stopes with barren liquor was
commenced and this operation was so successful that
conventional mining was terminated in 1964 and all
1 200 stopes were hosed down on three monthly eycles.
By 1966, the change in methods had cut the cost of
production by 25 per cent.

Other mines in Canada are reported to be using a
similar method for extracting uranium?e,

IN SITU LEACHING

This technique has great potential for the treatment
of low grade orebodies for which the costs of orthodox
mining would be prohibitive. The orchody is leached in
situ by providing some means of applying the leach
liquor and recovering the pregnant solution. Liquor may
be allowed to percolate from the surface or may he
pumped under pressure into drill holes (Fig. 3). Presnant

SOLUTION FLOW
i
y i
SURFA-E DRILL MILES
. . .
. .
. .
SHAFT
[ ] -
. .
. -
A I OREBODY
e :

Fig 3 In Situ Leaching
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solution may be recovered from adjacent holes or
from hovizontal drives underlying the ovebody.

The erucial factor influencing the application of this
technique is the permeability of the orebody itself. In o
project now under way in the U.S.A., the feasibility of
fracturing low grade orebodies with nuclear explosives!?
is being investigated. [t has been shown that an orebody
containing 0,5 per cent copper could be economically
treated by fracturing with a 50 kilotonne explosion, fol-
lowed by leaching over a ten year period to recover
75 per cent of the copper, i.c. 30 million kg copper. The
total capital of such an operation is estimated cost
to be 25 million U.S.A. dollars.

STIRRED TANK LEACHING

Leaching rates in heaps are extremely low due to mass '

transport limitations, usually the diffusion of oxygen
through the heap being the principal factor. It has been
shown that under ideal conditions, rates ‘several hund-
red thousands of times faster that those operative in
heap leaching operations may be obtained’'8. These
high rates are obtained when finely ground concen-
trates aro leached with bacteria under optimal con-
ditions in a stirred reactor.

Au economically feasible process for the bacterial
leaching of a 30 per cent chalcopyrite concentrate has
been demonstrated by Bruynesteyn and Duncan of the
British Colunbia Research Council'®. A continuous
stirred tank reactor using conventional acration equip-
ment, operating at 3,56 per cent pulp density and at
35°C was used. Excessively large capacity was not
needed since retention time was of the order of one day.
The leach solution was reeycled to allow the concen-
tration of copper to build up to a level suitable for
direct clectro-winning. Tt should be noted that the
bacteria involved can operate in solutions containing
up to 25 000 ppm copper. A similar system has been
shown to be economically feasible for zine sulphide
concentrate leaching.

The advantages and dlaadvantacre% claimed for reactor
Ieaching by the British Columbm Research Council
workers aro: -

Advantages
1. The ore can be upgraded to the metal at the mine
site.
2. The capital costs are low compared to those for a
smelter.
3. Tho equipment may be designed and installed in
modules.

4. It may be apphed to small and large operations,

5. The process is simple and no sophlstlcatcd operator
training is needed.

. Air pollution by sulphur dioxide is eliminated.

7. Certain minoral assemblages not amenable to
trcatment by conventional processes may be
treated successfully.

Disadvanlages

1. Sulphur by-products are not recovered.

2. The oxcess acid generated must be nentralised.
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A STUDY ON THE MECHANISM OF
BACTERIAL LEACHING

MATERJALS AND METHODS

It has been conclusively established by a number of
workers that certain bacteria can, under appropriate
conditions, greatly increaso the rates of leaching of
sulphide minerals. In order to obtain more detailed
information on the precise mechanisms which operate
in the bacterial leaching of sulphides, it was considered
necessary to define the parameters more precisely than
has been done in the majority of previous studies.

A pure strain of Thiobacillus ferrooxidans with marked
abilities to oxidise ferrous iron and elemental sulphur,
was employed, and synthetic copper sulphides, of known
stoichiometry, provided a strictly defined and re-
producible mineral substrate. Considerable attention
was paid to the control of environmental factors, such
as pH and soluble iron concentration, and a variety of
techniques were used to assess the extent of the de-
gradation of the mineral substrates.

The Thiohacillus ferrooxidans was isolated from a
marine sulphide mud, and this was effected by using a
dilution/enrichment technique in ferrous sulphate
medium followed by single colony isolation on silica gel
solid medium. The 9K medium having the following
composition was used in this investigation”:

(NH,), SO, 30¢g
KC1 0,10¢g
K, HPO, 0,50 g
MgSO,, TH,0 0,50 g
Ca(NO,), 0,01 g
Tap water 1 litre

Adjust pH with H,S0,
Energy source. (I'ett or S).

The bateh growth characteristics of this organism
were determined with elemental sulphur and ferrous
sulphate as energy sources (Fig. 4).

Cell concentrates for wuse in the subsequent leaching
studies were taken in late logarithmic phase from sul-
phur-grown batch cultures, using a centrifugation
technique’. Cell concentrates were used to reduce the lag
phase normally associated with bacterial growth and
also to ensure a greater uniformity in the inoculum.
Sulphur was chosen in preference to iron as a growth
substrate because cells of 7. ferrooxidans grown on
ferrous ion take some time to adapt to growtl on
sulphur (or sulphide) whereas cells grown on sulphur can
immediately oxidise both ferrous ion and sulphur.
In these sulphide leaching studies it was considercd
desirable to use bacteria capable of and adapted to the
oxidation of reduced sulphur and iron species.

. Copper is toxic to most organisius, but 7'. ferrooxiduns
appears to be able to grow in fairly high concentrations
of copper and other cations®, It has been observed that a
period of adaptation is often necessary before the
organism will grow under such conditions. In the case
of the organism used in these investigations, the ad-
dition of 2000 ppm copper ions to a batch culture
grown on sulphur caused the lag phase to be extendod to
four weeks instead of the usual 1-2 days. Subsequent
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re-inoculation of this enlture into similar copper-
containing medium reduced the lag phase to the normal
period. The growth rate of the organism appearcd to he
unaffected by the presence of copper. Thereafter, all
bateh enltures used for the preparation of cell concen-
trates contained 2 000 ppm copper (as CuS0y).

Natural minerals, even of the highest museum grade.
contain some contaminating mineral species or have
some degree of lattice substitution by trace elements.
These impurities are known to have an effect on the
leaching behaviour. In order to overcome, as far as
possible, the effects of these variables, it is desirable to
use high purity synthetic minerals, since the properties
of these materials are defined and reproduceable and, in
addition, iron-free conditions may readily be obtained.
Becouse natural minerals always contain some iron if is
difficult to distinguish .Letween indirect fervie leaching
aud diveet microbial attack on the mineral.

Covellite (CuS) and chaleacite (Cu8) were prepared
by dilfusing stoichiometric amounts of sulphur vapour
into copper at elevated temperatures i vacuo®. High
purity materials were used and the structure of the
mineral product was checked by X-ray diffraction. The
powdered minerals were washed (just prior to use) in
dilute acid to remove oxide and with carbon disulphide
to remove any free sulphur. The particle size was
— 200 -+400 mesh in the leaching experiments.

Precise leaching studies involving the system bacteria-
mineral-water demand the control and/or monitoring
of the physico-chemical parameters of temperature,
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pH, Lh, oxygen tension and iron conceniration. Ideally,
a fully instrumented reactor is desirable for such studies,
but when a large number of tests are involved, the shake
flask technique offers a compromise between ideal
control and the rate at which results can be obtained,
Several concurrent shake flask test series were nsed (o
study the mechanisms rather than the kinetics of the
leaching. The vartous environmental parameters were
controlled at or near the values known to give optimum
leaching rates.

The established techniques used in the study of
metallic corrosion were applied in this investigation.
Polished scetions of the minerals were prepared and
examined before and after lcaching using optical and
scanning electron microscopy as well as electron probe
analysis. The minerals were also used as electrodes and
their potentials were measured during the leaching
process. The rate of leaching was followed by determin-
ing dissolved copper at fixed time intervals,

RESULTS
Rate Studies

These experiments were designed to test whether or not
the presence of whole cells of iron/sulphur oxidising
bacteria affect the initial rates of leaching of synthetic
covellite and chalcocite in acidic ferric sulphate solu-
tions. Fifty ml of ferric ammonium sulphate solution
adjusted to various concentrations of ferric ion were
added to 500 ml conical flasks. To one set of Hasks,
bactertal concentrate was added to give an initial cell
count of 10% cells per ml. One gram of mineral was
placed in a special receptacle in the rubber stopper.
The flasks were flushed with dry nitrogen to eliminate the
effect of direct oxidation of the mineral with oxyeen.
They were attemperated for 30 min at 30°C and then
tilted to allow the minerals to fall into the ferrie solution.
The flasks were immediately placed on a reciprocating
shaker at 30°C and the time of mineral contact re-
corded. Samples of supernatant solution (0,5 ml) were
taken at measured time intervals and analysed for
copper content. The rate curve was extrapolated to zero
time and the initial leaching rates plotted against ferric
concentration (Fig. 5).

In the case of chaleocite, both with and without
bacteria present, the kinetics were first order with
respect to ferric ion concentration although the presence
of bacteria reduced the magnitude of the rate slightly.
These linear kinetics are in accordance with the work of
Thomas et al** on the ferric leaching of synthetic chal
cocite. : '

In the case of covellite, the order of the kinetics
varied over the range of concentration of ferric iron
used, in the absence of bacteria. The shape of the eurve
indicates that the order approaches zero, ie. it is inde-
pendent of fervic iron concentration at high concentra-
tions. At ferric iron concentrations below 500 ppm the
order of the reaction increases (Le. it becomes increasing-
ly dependent on ferric iron concentration.) In the
presence of bacteria the shape of the curve is similar
but the rates urc higher over the range 0-250 ppm ferric
ion and are less dependent on ferrie concenlration. It
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Fig 5 Rate Data

appears that sulphur oxidising bacteria have some
catalytic effect on the initial reaction between ferrvic
iron and this mineral.

Thomas and Tngraham?! have shown that chemical
leaching rates for synthetic covellite are directly pro-
portional to the ferric iron concentration up to about
280 ppm while at higher concentrations the order tends
to zero. The present results are In accordance with these
findings.

Short term leaching under non-growth conditions

The leaching characteristics of the two synthetic
sulphides over a relatively short period of time using
cell concentrates under non-growth conditions was
examined. Bach mineral was leached under eonditions
in which the presence or abscnce of ferrie ions and of
bacterin were the variables. Initial conditions used are
shown in Table IV,
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"TABLE IV

DISTAILS OF SHORT TEEM LEACHTNG TESTS

l Fet T |

| i
Test | Mineral | pIl in H.S0, II . Bacteria
No. | % by wt | ‘ ppm eellsfml

N \ % || 2,5 | aon Il 100

2 2 ‘ 2.0 ! 0 | 108

|
3 2 | 2,5 500 | 0
1 2 \ 2,5 0 'i 0

The flasks were agitated on a gyratory shaker at
30°0. Samples of supernatant solutions (0,5 ml) were
withdrawn every second day and the pI and the
concentrations of copper, ferrous and ferric ions mea-
sured.

I the test containing both bacteria and ferrous
ion, a high rate of leaching (3 per cent copper in 1 day)
was observed with chaleocite. This was due to the high
rate of oxidation of ferrous ion to ferric ion by bacterial
catalysis, followed by an indireet ferric leach of the
mineral,

In the other three tests with chaleocite, there was an
initial release of copper (1 per cent in 4 days) and an
inerease of the pH to 4,0. After this no further leaching
was observed.

In the case of covellite, the presence of bacteria and
ferrous ion resulted in the leaching of 30 per cent copper
in 25 days, while in the test with bacleria only, 23 per
cent copper was leached in the same time. This difference
was not as significant as in the case of chalcocite, and it is
considered that direct hacterial oxidation of covellite
under iron-free conditions had taken place. The pll
rose to 3,0 in 4 days and then remained constant.
Sterile controls showed virtually zero leaching rates.

Long term leaching under growlh conditions

The long term (2 months) leaching characteristics of
the synthetic sulphides were tested in a growth medinm
inoculated with cell concentrates. One hundred ml of
mineral salts medium at pH 2,5 was added to flusks
containing 2 g of mineral. No iron was added and the
initial cell count was 107 bacterial cells per ml. The
flasks were agitated on a reciproeating shaker at 30°C.
Samples of supernatant solution (0,5 ml) were with-
drawn at 14 day intervals and analysed for copper.
The pH of the solution in each test was measured and
adjusted to pH 2.5 every 48 hours and the acid con-
sumption was recorded. These results are shown in
Fig. 6.

In the case of chalcocite, leaching with bacteria
present gave a similar rate of extraction to that in the
sterile control. During this period the acid consumption
in the test with bacteria present was lower than that
in the sterile control, showing that acid was being
produced by bacterial oxidation of reduced sulphur.
The acid consumption in the control experiment (1,9
moles hydrogen ions per mole soluble copper) closely
agrees with the value predicted from the first steps in
the oxidation of chaleocite®, if chemical and electro-
chemical mechanisms are assumed.
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5 Cu,8=-Cu 8.4 Cutt42e

2H+ L 10,+4-20=H,0|

(2 moles H1/mole Cutt)

A Jaree difference’ was observed in leaching rates of
covellite in the presence and absence of bacteria. After
a lng phase of about 100 hours, a high rate of bacterial
leaching under iron-free conditions was observed and
continved until 20 per cent of the copper was extracted.
During this period (60 days) the acid consumption was
zero. This sucgests that the following reactions were
taking place at equal rates.

Cut- 30, 2H =Cu*++4+H,0 . . . . . . . . . (0)

—_—
wr Ot
—

S4+110,+H,0=2H+480, - v g 2
teaction 7 1s catalysed by the bacteria.
The sterile control leached at a very low rate with

necligible acid consumption.,

Hest polential meusurements

Tilectrodes consisting of polished sections of the
synthetic minerals were suspended in growth medium
at o pH of 2,5 and containing 107 bacterial cells per ml.
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Fig 6 Long term leaching data
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Sterile controls were also set up. The rest potentials of
these eleetrodes were measured against a saturated
calomel electrode at 30°C and the measured value con-
verted to the hydrogen scale. The potential measnred
m this manner is the corroston potential, e, a mixed
potential attributable to two or more electrochemical
reactions taking place at the minecal surface. Copper
sulphides behave as semiconductors® and  exhibil
electrode potentials. In these experiments, an attempt
was made to interpret differences and changes in po-
tential arising from bacterial action at the mineral
surface.

The growth medium contained initially copper ions
at a concentration of 10~4M and this did not increase
by more than 10 per cent during the course of the
experiment because of the relatively small arca of
exposed mineral. An agitation test indicated that mass
transport was not rate Hwmiting. For these reasons, it is
assumed that changes in electrode potential were not
caused by mass transfer effects or changes in copper
concentration. These results are shown in Iig. 7.

The measuved potential of the chalcocite electrode
was generally slightly higher in the presence of bacteria.

The potential of the covellite clectrode was sub-
stantially higher in the presence of bacteria, and this
effeet was observed immediately on initiation of the
experiment. This observation supports the previous
results obtained in the long term leaching tests where
direct bacterial oxidation of covellite under iron-free
conditions was observed.

CHALCOC ITE

0.6 —
W
i
a
-bl
1f 0AF
Z i — i ——
él
el 0.2

0.0 1 = 1 - L

o 500 1 009 1507 @ 000 2 500

JAME - HOURS

COVELLITE

0.6 _1

a4
! J
i 5]
<
S g g
2 L

.0 1 1 —l 1 L

i) SQ0 1 000 1 500 2 000

1IME - HOURS

Fig 7 Rest potential measurements
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Microscopy and Electron Probe A nalyses

Polished seetions of the minerals, mounted so as to
only o small area of polished surface, were in-
cluded in the long term leaching experiments. These
surfaces were examined, after leaching, by optical and
scanning electron microscopy. The specimens were then
cut at right angles to the original exposed surfaces and
the elemental composition gradients measured using an
electron probe analyser.

The chaleocite surface had the same appearance after
leaching whether bacteria were present or mot. The
surface was deeply cracked and shrunken and leaching
had oceurred evenly over the whole area. No pitting
was observed. The sulphur concentration was found to
increase towards the exposed surface but it did not
exceed that corresponding to the sulphur content of
CuS. Possibly because of the development of cracks,
sharp bordering between the various copper sulphide
phases were not detected.

The original polished surface of the synthetic covel-
lite was highly optically-active under polarised light:
this is a normal property of covellite.

The surface of the specimen leached in the absence of
hacteria displayed only slight optical activity and was
pitted and slightly cracked at grain boundaries. Certain
regions showed no effeets of corrosion, but sulphur-rich
areas were observed in the surface pits and cracks. The
rest of the surface differed little from that of the un-
leached specimen.

The specimen leached in the presence of bacteria had a
dull, non-optically-active surface, and corrosion had
taken place evenly over the areca. The surface was
granular with little pitting. The stoichiometry of the
mineral remained unchanged up to the surface. This
observation supports the earlier iuterpretation of the
results obtained in the long term leaching experiments,
namely, that copper and sulphur are leached at equi-
molar rates in the presence of bacteria.

eXT0E

DISCUSSION

It has been shown that the leaching of metal sulphides
is an electrochemical oxidation process?6: 2%, 28 and the
following mechanisms have been postulated for the
leaching of chalcocite and covellite in acidic ferric sul-
‘phate solutions.

The initial oxidation product of chalcocite is digenite
(CugS;.)

5 Lm.h-bu§,+(h‘++2e o (5)

Digenite is subsequently oxidised to covelllte

CuyS;=5CuS+4Cut+4-8e : . (8
{luw stepa are relatively rapid. Covelllte leaches more
slowly to yield elemental sulphur or sulphur rich covel-
lite.

CuS=Cu*++8+2¢ - - (9)
The rate of this reaction gradually decreaxes due to the
formation of a reaction layer of sulphur,

The eclectron probe analyses indicate that the bacteria
effectively oxidise the reaction sulphur layer to soluble
sulphate, thus maintaining the high inftial reaction
rates. Further, it is observed that the bacteria increasc
the initial leaching rate and it is likely that a mechanism
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other than the removal of sulphur may be attributed to
hacterial action.

The main cathodic reaction in the absence of iron
under the physico-chemical conditions of these experi-
ments is:

2H++10,+2e=H,0 TR 3 % kst )

This reaction is considered to be ratc lmutmg because
the addition of ferric iron as an alternate clectron ac-
ceptor increases the leaching rate. If bacterial action is
to increase leaching rates by a direct mechanism (i.e.
by a mechanism other than the increase of ferric ion
concentration) it wmust stimulate this rate-limiting
cathodic reaction.

The higher electrode potentmls measured in the
presence of bacteria are considered to indicate cathodic
depolarisation. The cathodic reduction of oxygen by
reaction (3) has a potential of about 1100 mV while
anodic oxidation reactions for the sulphide minerals by
reactions of the form,

MS=M*++S+2¢ o1 o e (XO)
have potentials between 100 and 3:)0 mV at pH .3 b*s,
(These potentials depend on the activities of reacting
species and the values given apply for the conditions of
these experiments). During corresion, when electrons
flow from anodic to cathodic arcas, the anodic potential
rises and the cathodie potential drops because of polar-
isation. The measured potential (a mixed potential) will
thus lie between 100 and 1100 mV depending on the
extent of polarisation at the different areas. The potent-
ials measured for the minerals in these experiments lic
closer to the anodic values indicating a greater degree of
cathodic polarisation. The increase of potential ob-
served, especially for covellite, in the presence of bacteria
is considered to be due to the ability of the bacteria to
depolarise the cathodic areas. Exaetly how this is
achieved cannot be stated with certainty. Insufficient
knowledge is available about oxidation-reduction phe-
nomena &t mineral surfaces and of bacterial sulphur
metabolism to be able to postulate a scheme for the ion
and electron pathways at the bacteria-mineral inter-
face. It is possible that oxidase-type enzymes play a
role in catalysing cathodic reactions at the minoral
surface or that the bacteria might be directly oxidising
the sulphur of the mineral lattice together with a con-
current stimulation of cathodie reactions.

CONCLUSION

Bacterial leaching currently provides a means for the
treatment of low grade ores or tailings, and this usage
could well be of increasing importance as the grade of
available ore bodies declines. Recent developments,
however, suggest that microbial processes may have
application by the use of slurry reactors rather than
heap leaching techniques, in the treatment of high grade
ores or concentrates. A considerable amount of ch-\ elop-
mental work is required on existing processes, par-
ticularly in respect of general problems such as the
physical design of heaps and the improvement of oxygen
availability.

However, current biological leaching technoloyy is
probably on a (le\(,lopmont plateau. Furthoz progress
may well be contingent on the seeuring of much more
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extensive and precise information on  the intimate
mechanisms  involved, both insofar as the changes
peeurrine in the mineral substrate ave coucerned and the

=

events :_J_r:vm'ring at the micro-organism-mineral surface
interfocn,

In the investigations described, some further in-
formation on the mechanisms of mucrobial leaching of
the copper minerals chalcocite and covellite has been
oblained, by the use of synthetic specimens as model
substrates and a range of physico-chemical techmiques.
I Lrief. it has been shown that in the hacterial leaching
of synthetie chalcocite, the indirect mechanism of ferric
Jt-.eu"|\il‘i,f:" is paramount, while in the leaching of synthetic
covellite the direct mechanism is important. The direct

mechanism operates by preventing the accumulation of a
protective layer of sulphur and by the depolarisation of
the cathodic reaction.
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Decision-Making in the Mineral Industry - CIM VOL |2

Proceedings of the Ninth International Symposium on
Techniques for Decision-Making in the-Mineral Industry,
Montreal, June 1970.

The Ninth International Symposium on Techniques for
Decisjon-Making in the Mineral Industry was sponsored
by The Canadian Tnstitute of Mining and Mctallurgy,
MecGill University and Ecole Polytechnique. The pro-
gramme included 71 papers on various topics, as fol-

lows: Market Analysis and Logisties Planning ; Quantifi-
cation of Geological Variables; Blending; Capital In-

vestment Decisions; Mining; Financial and Economic

Analysis; Search for Mineral Deposits; Market Fore-

casting and Strategies; Operations Research in Process

Modelling; Ore Reserve Estimation; Management In-
formation Systems; Optimization and Control of

Mineral Processes.
In addition to general sessions, & special feature of
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the Symposium was Executives’ Day, which was held
to provide top and middle management with a broad
understanding of the usefulness of decision-making
techniques and their role in the mining organization.
Panel Diseussions and two keynote speakers provided
a review, in non-technical terms, of the areas in which
decision-making techniques have proven valuable.

The present volumne contains 65 papers submitted
for publication, along with a complete account of the
Executives’ Day discussion. It is broadly divided ac-
cording to the above subject headings.

Approximately 550 pages, illustrated. Price: $15.00;
$12.00 to studeuts, plus 50 cents for handling costs.
Order now from CIM headquarters: Canadian Institute
of Mining and Metallurgy, 906-1117 Ste. Catherine St.
W. Montreal 110, Quebec.
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THIS invention relates. to hydrometallurgy and more
particulorly to the leaching of metals values from metal

ores, concentrates, mattes or other metal bearing materials.

Conventionally metal sulphide ores, e.g. copper and'nicke1
sulphide oves, are leached using acid Teach solutions which
may contain ferric ions or oxygen to accelerate the leaching
process or using bacterial 1eaching'proCesses; Acid

]eathfng in the presence of ferric ions oY_oxygen accelerators
has the disadvantage that high temperatures and/or oxygen
pressures are required to produce effective leaching con-
ditions. Similarly in bacterial leaching special biological
growth additives have to be employed in order to obtain high
rates of metal dissolution. '

It is an object of the present invention to provide a method
of leaching which is believed to be an improvement over
these prior art methods.

According to the invention, a method of solubilising metal
values from a metal containing material includes the step
of contacting the material with ozonised oxygen in the
prescence of water or an aqueous solution.

Preferably the ozonised gas comprises oxygen containing up to
about 'five percent ozone in equilibrium with the oxygen.

It may be made by methods known in the art. An example of
a method of producing ozone is as followss

Refrigerated, dchydrated'air is passed into a vertical tubular
ozonator. This operates by a glow discharge in the annular
space between the metal tubes and coaxial dielectric material.
Typically the air-leaving the machine would cantain 1,25%
(w/w), with a power con;umption of 7.3 Ewh/1lb 03 ("Ozone,
Practical aspects of its Generation and Use” . Diaper, E.W.J.
Part 1 Chemtech, June 1972, p. 368.

Part I1 Chemtech, August 1972 p. 498.) If oxygen is used in

3

place of air, the quantity and concentration of ozone may be
increased two or three times and the power consumption cut by

= e o= od | D Y
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The metal containing material may be a metal sulphide ore,

concentrate, matte-or other metal sulphide bearing material.
Preferably, the material is slurried with the water and

the slurry contacted with the ozonised oxygen.

If desired, the water uscd in the method may contain some
acid. The use of ozonised oxygen has been found.to reduce
the acid requirements by autogenously pfoducing»acid in the
leach.

It has been found that the rate of solubilisation when using
the method of the invention is higher than the rate using
the prior art methods discussed above,.

According to another aspect of the invention, ferrous ions
resulting from the lcaching of metal-containing material with
acid in the presence of ferric ions are oxidised to ferric
ions using czonised oxygen. Thus, the ferric leach solution
is regenerated and may be recycled to the leaching stage.

The following examples are used to illustrate the use of
ozonised oxygen in the present ‘invention. Some of the
examples relate to the 1eachin§ of metal values from ores
and others to the oxidation of ferrous ions and sulphur.

Example 1.

A nickel-iron sulphide (pentlandite) concentrate was leached
as a 20% slurry in water using apropeller-type agitator at
200 r.p.m. Ozonised oxygen was bubbled into the solution
and the temperature was controlled at 30°C. After 165 hours
the nickel concentration was 13,8 g/1 and the iron concen-

tration 0,5 g/1, representing 35% nickel extraction. During

the test the pH dropped from 5,1 to 2,8 without the addition
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of acid. A control experiment using oxygen only leached
4% of the nickel during the same period of time.

A series of bacterial leach tests were carried out on the
pent]andite concentrates under similar conditions, using a
strain .of Thiobacillus ferrooxidans bacteria, adapted to
growth on nickel sulphides. The pent]aﬁd%fe was leached

-as a 20% slurry in an inorganic growth medium. The slurry

was stirred with a propé]]or~type agitator, aerated, and the
temperature controlled at 36°¢. The highest rate of nickel
leaching, obtained in the pH range 2,5-4,5, was 40 mg/1/hr
representing 17% nickel extraction in 165 hours.

Example IT.

In a test using the same conditions as in example I, the
propellor-type stirrer was replaced by a vibratory type

agitator. In this case, 75% of the nickel was leached in
70 hours. During the test the pH dropped from 5,1 to 1,3
without the addition of acid. Iron started reporting in

solution at a pH'of approximately 4,5. 1In a control experi-
mental using oxygen only, 7% of the nickel was leached in the

same period of time. In this case the pH remained constant
at 5,1.

Example IIT,

Tests were carvried out using the same conditions as in
example II except that the leaching was carried out at 45°C
and 60°C. At 45°C, 38% of the nickel was leached in 70
hours and at 60°C 37% of the nickel was leached in the same

period; c.f. 75% extraction obtained in example II.

Example 1V.

A copper-iron su1phide (chalcopyrite) concentrate was leached

as a 20% slurry 1in acidified water using a vibratory type
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agitator. 0zonised oxygen was bubbled into the solution
and the temperature was controlled at 30°C. After 165

hours 92% of the copper was leached giving 46 g/1 copper in
solution, During this time the pH of the solution dropped
from 3,0 to 2,0 without the addition of acid. In a control
experiment using oxygen only, less than 1% of the copper was

lTeached during the samec period of time.

A zinc sulphide (sphalerite) concentrate was Jleached as a

20% slurry in acidified water using a vibratory-type
agitator. Oionised oxygen was bubbled through the solution
and the temperature was controlled at 30°c. After 26 hours,
25 percent of the zinc was leached giving 36 g/1 zinc in
solutian. The pH was controlled at 3,0, with a sulphuric
acid consumption of 1 g H2504 ﬁer 6g of zinc leached. In a
control experiment using oxygen only, less than 0,5% of the
zinc was leached in the same period of time.

Example VI.

A solution containing 10 g/1 ferrous ion in a sulphate

solution was oxidised by bubbling ozonised oxygen through
the solution and agitating with a vibratory type agitator.
The temperature was uncontrolled at 28%e T 5% Ninety
percent of the ferrous ions were oxidised to the ferric

state in two hours. During this time the pH of the
solution dropped from 2,5 to 2,0 without the addition of
acid. In a2 control experiment using oxygen only, 5% of

the ferrous ions were oxidised to the ferric state in one
hour. '

A solution cohtainﬁng 4 g/l ferrous ion in a sulphate growth
medium was oxidised using a specially adapted strain of
Thiobacillus ferrooxidans bacteria.  Temperature was con-
trolled at 30°C, pH at 2,5 and air was bubbléd into the
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agitated solution. During the growth phase of 40 hours,

90% of the ferrous ions were oxidised to the ferric state.

LExample VIIT.

A solution containing 10 g/1 ferrous ion in a chloride
colution was oxidised using the same conditions as in

example VI; 99,5%.of the ferrous ions were oxidised to the
ferric state after 1,1 hours. During this time, the pH.of
the solution dropped from 2,5 to 1,55 without the addition

of acid. In a similar test using-a propellor-type agitator
instead of the vibratory type, more than 99,5% of the ferrous
jons were oxidised to the ferric state after 1,5 hours.
During this time the pH of the solution dropped from 2,5 to
1,75 without the addition of acid.

In a control experiment with oxygen only, using a vibratory
type of agitator, 3% of the ferrous ions were oxidised to

the ferric state after 1,1 hours.

Example VIII.

A nickel-copper matte containing 45% nickel and 27% copper
vas leached as a 15% slurry using a vibratory type agitator.
Sulphuric acid was added at 80g per 1itre. O0Ozonised oxygen
was bubbled through the solution. After 30 hours 75% of
both the nickel and copper had been dissolved, the solution
containing 45 g/1 Ni and 27 g/1 Cu. During this period of
time the pH of the solution rose frem zero to 3,6. No acid
was-added durtng the leach. The temperature rose from

25°C to 409 during the leach.

In two control experiments using both oxygen and air, 45%

of the nickel and 25% of the copper were leached respectively
during the same period of time.
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A nickel-copper matte was leached using the same conditions
as example VIII, except that the pH was controlled at 5,0
during the cxperiment. After 30 hours 41% of the nickel
and 3% of the copper had been dissolved.

In a control experiment using oxygen, 8% of the nickel and

less than 0,1% of the copper were dissolved,

Example X.

A 5% slurry of powdered sulphur and water was treated by
bubbling ozonised oxygen through the solution agitated vith
a vibratory type agitator. The temperature was approxi-
mately 30°C, i.e. ambient. After 21 hours the pH dropped
from 7,0 to 0,55 and 24,16 g/1 HZSO4 was produced.

In a control experiment using oxygen no acid was produced
in the same period of time.

Slurries of sulphur were oxidised with a specially adapted
strain of Thiobacillus ferrooxidans bacteria in an inorganic
growth medium. Temperature was controlled at SOOC, pH at
3,0 and air was bubbled into the agitated solution. The
highest rate of acid production obtained was 0,15 g of

H2504 per litre per hour, representing 3,15 g of acid
produced per litre in 21 hours.

Ozone consumption was measured during the leaching experi-

ments and was consistently found to be 2 to 2,5 moles ozone
per mole of metal in solution : (i.e. per mole of Ni*¥F, cu™t,
Zn++.)

DATED THIS " 17th OGAY OF JULY, 1873,

SPOOR AKD FISHER
APPLICAINT'S PATERT ATTORNEYS
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