AN INVESTIGATION INTO THE BACTERIAL LEACHING OF A GOLD-BEARING

PYRITE/ARSENOPYRITE ORE

BY

PHILIPPA FERNANDES NORMAN

A dissertation submitted in partial fulfillment of the
requirements for the degree of | |
/ Master of Science
in the Faculty of Science,

University of Cape Town.

Cape Town

March 1986.

si been given
The University of Cape Town has. ‘
the right to reproduce this thesis in whole(
or in part. Copyright is held by the author.




The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Abstract

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Appendix A:
Appendix B:

Appendix C:

CONTENTS

General Introduction .............. . 1
Bacterial Leaching of the Milled

Run-of-Mine Ore ...ivivuvieinnnnnnn,. | 7
Bacterial Leaching of the Flotation

Concentrate ..... eteetciiiieeieeaaas 61
Pilot Plant Bacterial Leaching of the

Flotation Concentrate ....oveeeeenn.. 135
ConCIUSION vuieenieenniennnnnnennss | 139
General Methods ..veeeeierenncennnen. 142
Media and Solutions .....c.evvueeenn. 150
Chemicals vivieeerieeeeeeennnennnnnes 155

LITERATURE CITED




ACKNOWLEDGEMENTS

I wish to thank my supervisors, Dr D E Rawlings and Prof D R Woods,
for their cooperation throughout this work and the criticisms to this

dissertation.

I also wish to thank Mr E L Goldblatt, former Manager of Gencor
Group Laboratories (W), for his guidance and unfailing support

during the course of this work.

I acknowledge assistance from Mr D R Livesey-Goldblatt wifh regard to
the continuous bacterial leaching and from Prof C P Snyman with
regard to mineralogical work on the ore. I also acknowledge the
professional work done for me by the Analytical Section of the Gencor

Group Laboratories (W) and the economic feasibility studies.

I acknowledge that the pilot plant was run by the Pilot Plant Section

of the Gencor Group Laboratories (W), my function being advisory.



ABSTRACT

The main aim of this study was to develop an economically viable
bacterial leaching process for a gold-containing pyrite/arsenopy-
rite ore. The effect of various parameters on, and the mechanism of,

bacterial leaching were investigated.

Initiéily milled run-of-mine ore was examined. Batch tests and a
continuous bacterial leach were carried out. Bacterial leaching was
successful and 91-93% gold dissolution was attained in four days. The
process was not economically feasible when compared to the stan-

dard flotation-roasting process.

In the batch tests a typical bacterial growth curve was apparent.
This consisted of a 1-2 day ‘lag phase, followed by a log phase and
reached stationary phase after 5 days. Bacterial leaching required a
retention time of 5 days, less than 30% solids, a particle size of
62% -74 um, a pH of 1,6-2,2, a temperature within the 30-40°C range,
additional ferrous iron and phosphate and less than 1 g/l As in
solution. The subsequent cyanide leach required consumptions of
approximately 15 Kg KCN/t ore and 25 Kg Ca0/t ore and yielded 91-93%
gold dissolution. In the continuous bacterial leach it was found that
a four day retention time was needed, pPH 1,8 was ideal and no
nutrients were prdbably required. The cyanide leach required

consumptions of approximately 10 Kg KCN and Ca0/t ore and resulted in



91-93% gold dissolution. A reduction in particle size and sulphidic

minerals was observed.

Control acid and acidic-ferric batch chemical leaches had no signifi-

cant effect on gold dissolution.

Milled flotation concentrate was examined using batch tests and a
continuous bacterial leach. Bacterial leaching resulted in 97-98%
gold dissolution in 15 days i.e. approximately 912 of the gold in.the
run-of-mine ore. The process was economically viable when compared to
the standard flotation-roasting process. It had an I.R.R. (Internal

Rate of Return) of 50-60% and a pay-back period of 2,5 to 3 years.

In the batch tests a typical growth curve emerged. A 2-3 day lag
phase was followed by a log phase and reached stationary phase after
10-12 days. Suitable conditions for bacterial leaching were a reten-
tion time of 10 days, a particle size of 88% -74 um, less than
20% solids. (thimum <10%), a pH of 1,6-2,2 (optimum pH 1,6), a
temperature of 25-45°C (optimum 28°C), additional ferrous iron and
less than 4 g/1 As in solution. Consumptions of approximately 25 Kg
KCN/t and 80 Kg Ca0/t concentrate were required for the cyanide
léach and resulted in 90% gold dissolution. In the continuous
bacterial leach a ten day retention time was needed, pH 1,7-1,8 was
found to be ideal and probably only 2 g/l Fe 11 was needed to be
added in solution. Cyanide leach consumptions of approximately 20
Kg KCN/t concentrate (1 Kg KCN/t ore) and 50 Kg Ca0/t concentrate
(3 Kg Ca0/t ore) were needed for 97-98% gold dissolution. A

reduction in particle size and sulphidic minerals was observed.



Control " acid and acidic-ferric batch chemical leaches had no signi-

ficant effect on gold dissolution.

Pilot plant’ continuous vat bacterial leach of the milled flotation
concentrate confirmed the léboratory testwork. The retention time was
reduced to six days and an increased arsenic concentration of

10 g/1 As was tolerated. It was found that potassium and possibly
ammonia needed to be added to the leach, that the process was
strongly exothermic and that the aeration efficiency was 38%
(the air consumption was 2,62 times the theoretical air
consumption). The cyanide consumption was 10 Kg KCN/t concentrate
(0,5 Kg/t ore) and the lime consumption was 50 Kg Ca0/t cbncentrate

(3 Kg/t ore).

Bacteria were observed attached to the minerals. Etching in the
vicinity of these bacteria occurred, with the explpitation of the
minefal crystallography_ and weaknesses. This implied that either
enzymes (direct mechanism of attack) and/or bacterial metabolites
(indirect mechanism) were involved. Both were probably involved since
acidic-ferric leaching also etched the minerals extensively, but had
a different appearance. Galvanic interactions also played a role as

the arsenopyrite was destroyed before the pyrite.



CHAPTER 1

GENERAL INTRODUCTION

Biohydrometallurgy is the technology by which metals are extracted
from ores by processes using both water and microorganisms. ft was
developed from a need to tap low-grade ore resources as the
higher-grade ores, which are processed by conventional hydro-
and pyrometallurgical operations, dwindled. Costs, process control
and pollution problems also_contributed toward the surge in
interest in microbiological leaching (Dutrizac and MacDonald, 1974;

Torma, 1977; Brierley, 1978).

The recovery of copper from mine drainage water probably dates back
to 1000‘ B.C. The Romans also took advantage of naturally leached
copper, as did the 16th century Welsh at Anglesey, and on a large
scale workers at the Rio Tinto mines in Spaiﬁ in the 18th century.
However, only in the last 35 - 40 years has the dctive role of
bacteria in this leaching been realized (Kelly, Norris and Brierley,

1979; Brierley, 1982).

Bacterial leaching is employed in several ways, hamely (i) dump
leaching, which 1is in most cases an uncontrolled microbiological
process (ii) heap leaching, where a smaller particle size, aeration
and impermeable pads for solution recovery are used (iii) 'in situ’

leaching and (iv) vat leaching. The first two methods have-been used



predominantly for copper recovery, the third for uranium (with rare
earths as by-products) and the latter for uranium, copper and zinc
recovery from concentrates and high-grade ores. Leaching has also
been used in the selective extraction of complex metal sulphides and
in the desulphurization of coal (Kelly, Norris and Brierley, 1979;

Brierley, 1982; Torma and Bosecker, 1982).

Thiobacillus ferrooxidans 1is$ considered td be the most important

organism in microbiological leaching. It was discovered in the acid'
water drainage of a Pennsylvanian bituminous coal mine and in 1947
Cohen and Hinckle proved its metal dissolving ability. It is renowned
for 1its ubiquity, yet during a survey of mine waters in Brazil it

was shown that out of 1210 samples 776 contained thidnic bacteria,

but only 14 had T.ferrooxidans (Groudev, 1983). In addition, it has

been shown that mixed cultures are more effective than pure

cultures. For example, it was found that T.ferrooxidans and

Thiobacillus thiooxidans are more effective in combination-on many

sulphide minerals, és are Leptospirillum ferrooxidans and

T.thiooxidans, L.ferrooxidans and Thiobacillus organoparus,

L.ferrooxidans and Thiobacillus acidophilus, T.aciddphilus and

T.ferrooxidans (Kelly, Norris and Brierley, 1979; Arkesteyn and de

Bont, 1980; Brierley, 1982).

In addition to these mesophiles several thermophilic organisms
have been recently discovered in leaching environments. They
include several TH strains (thiobacillus-like thermophiles),

Sulfolobus acidocaldarius, Sulfolobus brierleyi and Sulfobacillus

thermosulfidooxidans (isolated from a cdpper¥zinc sulphide deposit




in Armenia). These organisms show promise in leaching, but their
status has not yet been fully established (Brierley and Le Roux,
1977; Brierley, 1982; Torma and Bdsecker. 1982; Marsh, Norris and
Le Roux, 1983). To a lesser extent it has been found that a number
of heterotrophic bacteria, fungi, algae and protozoa are involved

(Dart and Stretton, 1980; Lundgren and Silver, 1980).

The majority of these organisms are autotrophic, aerobic and acido-
philic. The mesophiles are capable of deriving all of their energy
from the' oxidation of either reduced inorganic sulphur or iron
compounds while reducing oxygen to water. The thefmophiles, on the
other  hand, normally réquire sbme organic matter for growth.

S.thermosulfidooxidans, however, is autotrophic.

The thiobacilli are short, non-spore forming, Gram-negative rods (0,5

x 1,5 um), while L.ferrooxidans is a Gram-negative, vibrio-shaped

(0,2 - 0,4 x 0,9 - 1,1 um) organism. At low pH, though, it becomes

coccoid (0,4 - 0,8 um in diameter), S.thermosulfidooxidans is .

Gram-positive, polymorphic and rod-shaped (0,6-0,8 x 1,0-3,0 um),
while the sulfolobi are Gram-negative cocci(0,8-1,0 um in diameter)
| (Buchanan and Gibbons, 1974; Golovacheva, 1979; Pivovarova, Markosyan

and Karavaiko, 1981).

These organisms obtain carbon by the fixation of carbon dioxide via
the carboxylation of phosphoenol pyruvate and the Calvin-Benson
cycle, both of which are coupled to oxidation. They obtain nitrogen
from -solution (NHZ usually), but when necessary can fix atmospheric

N2 (Mackintosh, 1978; Lundgren and Silver, 1980).
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The generally accepted mechanism of sulphur and iron oxidation by

thiobacilli has been reported by Silver (1978):'v

sulphur \
oxidizing - sulphite
enzyme 2- oxidase
X RS S~ —— 2, 503 = 50, 2"
(sulphur) (sulphur (sulphite) (SU?Dhate)
chain)
APS
RSH AMP, | reductase
\\ Pi
APS \\ ADP
(adenosine ADP

phosphosulphate) sulphurylase

X

(sulphide) (sulphur
‘ chain)

——= RS ~

rhodanese

2-
5,03

(thiosulphate)

thiosulphate
oxidizing
enzyme
2-
5406

(tetrathionate)

(trithionate)

The mechanism of iron oxidation is .

Fe2+ ;:)i:; cyt.c(ox.)fjcjcyt.a(red). 1/4 O2 + HY
Fe3+ cyt.c(red.) cyt.a(ox.)XU? H20
Fe2+—cyt.c ADP + Pi '

oxidoreductase —= ATP
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For this process to yield enough energy for ATP formation the ferrous
iron must be complexed with an organic molecule SO that the redox
potential of the fe I1/Fe III couple is lowered. Coenzyme Q possibly |
acts as an intermediary electron carrier between the ferrous

iron-sulphate-organic complex and the rest of the system.

There are many sources of sulphur and iron, sulphide minerals being

one such source. T.ferrooxidans is reported to oxidize arsenopyrite,
bornite, bravoite, chalcocite, chalcopyrite, cobaltite, povellite,
enargite, galena (slightly), manganese oxide, marcasite, marmatite,
millerite, molybdenite (slightly), orpiment, pentlandite, pyrite,
pyrrhotite, sphalerite, stannite, stibnite, tetrahedrite, uranium

oxide and violarite .among others (Corrans, Harris and Ralph, 1972;

Bruynesteyn et al, 1979).

The actual mechanism whereby sulphide minerals are oxidized micro-
biélly has been studied extensively and has generatéd much contro-
versy.- Although some éuthors would disagree it is now generally
believed that both "direct" and "indirect" leaching can occur. The
mode of action of the organism can be due to (i) oxidation of the
mineral by acidic-ferric sulphate, with the bacteria oxidizing the
resultant ferrous iron, making the process cyciical (ii) direct
action on the iron and/or sulphide moiety of the mineral (iii) a
combined action of the above. How the process occurs depends on
various factors suchk as the solubility of the mineral, crystal
structure and lattice energy, the electrode potentials of the
minerals present, the Eh of the solution, the formation of coatings

on the minerals (Karavaiko and Pivovarova, 1977; Berry, Murr and



Hiskey, 1978; Torma and Sakaguchi, 1978; Kelly, Norris and Brierley,
1979).

Although much work has been carried out on microbiological leaching
in the past 40 years much of it has been of a fundamental nature.
Although heap leaching for copper recovery and uranium solubilization
are being successfully exploited, not many economically viable
processes have been developed in the fields of 'in situ' and
vat leaching. Due to the practicality of vat leaching on a
continuous basis, success in this field is important. To date
only two cases have been documented - B.C.Research (McElroy and
Bruynesteyn, 1978) calculated that a chalcopyrite concentrate
copper ieaching process was competitive but not economically
superior and Torma (1978) developed a viable process whereby a
lead sulphide concentrate was up-graded and zinc, copper and cadmiuh

were recovered as by-products.

The subject of this thesis is te establish whether an economically
viable process for the recovery of gold from a pyrite/arsenopyrite

ore by bacterial leaching can be developed.



CHAPTER 2

BACTERIAL LEACHING OF THE MILLED RUN-OF -MINE ORE

Summarx:'The milled run-of-mine ore was analysed chemically and
mineralogically and found to have characteristics likely
to support bacterial growth and activity. It also contained

9,75 g Au/t ore.

Although the ore contained arsenic a bacterial culture capable
of tolerating 1 g/1 As was prepared and Used'for batch tests.
In batch tests it was found that the bacterial growth-curve
consisted of a 1-2 day lag period, a log phase and reached
stationary phase after 5 days. The maximum gold dissolution of
93-94% was obtained in 9 days, although close to 90% was attai-
nable in 5-6 days. 107,4 Kg H2504/t ore was consumed and a
reduction in particle size and sulphidic minerals also occurred

during the leach.

A reduction in the particle size from 62% to 96% -74 um had no
effect on gold diésolution, Pulp densities up to 30% solids
resulted in good bacterial leaching and gold dissolution. A pH
range of 1,6 to 2,2 was satisfaciory, as was a temperature in
the 30-40°C range. Tests indicated that the only nutrients
likely to be in less than optimum concentration in a bacterial
leach of the milled run-of-mine ore were ferrous iroh and

phosphate. ’ !



Control acid and acidic-ferric batch tests had no significant

effect on gold dissolution.

A three month continuous bacterial leach of the ore was carried
out, initially under the conditions based on results from the
batch work. The pH and nutrients were altered successively in
an attempt to optimize these two paramétres. A 15% weight loss
was observed (in batch it was virtually nil). A reduction in

particle size and sulphidic minerals was observed.

Reduction of the amount of ammonium sulphate added to the bac-
terial leach (from 4,40 to 2,22 Kg/t ore) had no effect, while
removal of ferrous sulphate addition caused an increase in gold
dissolution and a drop in cyanide (but not lime) consumption.

- Increasing the pH of the bacterial leach (from 1,82 to 1,97)
caused a drop in gold dissolhtion, while a decrease in pH (from
1,82 to 1,74) caused a slight decrease jn gold dissolution and a

large drop in cyanide consumption.

It was concluded that (i) a bacterial leach of the milled run-
of-mine ore was possible; (ii) a retention time of four days wés
needed to produce a 91-93% gold dissolution upon cyanidation;
(iii) further ore milling waé unnecessary; (iv) 30% solids could
be used; (v) pH 1,8 should be used, the acid consumption being
about 71 Kg H2504/t ore; (vi) 35°C was the optimum tempera-
ture, but 30°C was also satisfactory; (vii) no nutrients

probably needed to be added; (viii) the cyanide and lime
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consumptions for gold solubilization would be approximately 10

Kg/t ore.

An economic feasibility study, however, showed this process to

be non-competitive.

INTRODUCTION

In the field of biohydrometallurgy vat leaching of ores and
concentrates is of recent interest. Vat leaching has been more
widely attempted with concentrates than ores. Lawrence and
Bruynesteyn (1983) have reported work on pyritic ores (contai-
ning approximately 10% sulphur and iron) and Qiu et al (1980) on
an arsenic-containing sulphide ore. Arsenic containing ores
particularly have been little studied, probably due to the
problem of arsenic toxicity associated with the solubilization

of the mineral during bacterial leaching. Some workers have

found that T.ferrooxidans could only tolerate up to 1 g/l As
(Ehrlich, 1964; Lundgren and Silver, 1980). However, other
workers have reported higher arsenic tolerance - Polkin et al
(1975) up to 3 g/1 As and Atkins (1978) up to 4,9 g/l As. In
solution arsenic can exist as either As III or As V, or a
mixture of these two species. The former is more toxic to
bacteria and hence, the arsenic form is very relevant. Neither
these nor the present study examined this. In this study only
total arsenic was determined. It is apparent that the bacterial
leaching'of a pyrite/arsenopyrite ore is problematic and needs

further study.
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Since ore is continually produced, the most practical process on |
a mine would be on a continuous basis. The following advantages
would be attainable: (i) greater production and product consis-
tency; (ii) reduced manpower and downtihe (for cleaning, empty-
ing and so on); (iii) steady services demand; (iv) simpler
process automation; (v)'better process control. The disadvanta-
ges would be : (i) a need for highly qualified staff; (ii) more
expensive leach vessels and ancillary equipment; (iii) difficul]-

ty in altering the type of ore treated (Dean et al, 1976).

Of all the continuous-type processes vat leaching is possibly
the best. A tubular fermenter is difficult to control and
requires a constant feed of microorganisms (if flocs are used)
or requires microbial hold-up control (if films are used), while
a fluidized bed fermenter is both difficult to control and the
flowrate is limited by washout. 1In a stirred tank tﬁe ma jor

variable is the flowrate (Atkinson and Mavituna, 1983).

Although this argument excludes the large-scale use of a batch
process, batch work is still necessary to provide a qualitative
sense of the continuous process configuration and preliminary
quantitative design estimates. These findings would still need
to be checked by laboratory or pilot plant experiments prior to

large-scale design (Bailey and Ollis, 1977).

The main factors affecting a bacterial leach are temperature,

pH, Eh’ particle size, pulp density (substrate concentration),
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nutrients, aeration, light and inoculum (Duncan, Trussel and
Walden, 1964; Pinches, 1975; Lundgren and Silver, 1980). Most -
of these parameters need to be examined, although little can be
done about the Eh and exposure to light is usually not a

factor. In addition, the size and type of inoculum are not
applicable to continuous bacterial leaching. A mixed culture
adapted to growth on the ore was used as it is the proven and
accepted method (Polkin et al, 1975; Atkins, 1978; Norris and
Kelly, 1978; Lawrence and Bruynesteyn, 1983; Marchant, 1985).
Gold dissolution rather than bacterial counts was used as a
gauge of the effectiveness of bacterial ore leaching. There afe
two main reasons for this; firstly, gold dissolution is of inte-
rest as gold is the product of the process. Secondly, although
bacterial counts reflect the growth and activity taking place,
there is no reliable method for obtaining them. Several methods
have been used, namely the determination of the protein conteht,
nitrogen ﬁontent, rate of autotrophic carbon dioxide fixation,
manometric oxygen uptake, the MPN method (most probable number),
Coulter counter, photometrical ATP determination, fluorescent
antibody techniques, growth on solid media, determinatioﬁ of dry
weight and the rate of iron oxidation. All these methods,
however, have drawbacks due to dissolution products interfering
with the chémical analysis of the cell constituents, cell sorp-
tion to solid particles, chemical inhibition and lack of
discrimination between different bacterial species (Brierley,

1978; Hiltunen et al, 1981:; Groudev, 1982a).

The economic feasibility of the proceSs is also highly relevant,
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since little work on ores has been documented and no successes

have yet been reported.

2.2 MATERIALS AND METHODS

Details of the methods, media and solutions are listed in

Appendices A and B respectively,

2.2.1 Analysis of the Milled Run-of-Mine Ore

The ore was analysed for a large number of elements by ICAP
(Inductively Coupled Argon Plasma). Wet chemistry methods

were used to analyse for total iron, total sulphur and arsenic.
The gold and silver content was determined by fire assay. A
mineralbgical examination and screen analysis were also perfor-

med.

2.2.2 Bacterial Strain Development and Identification

2.2.2.1  Adaptation to Test Conditions

The bacterial culture used in this work was adapted to. growth in
an aerated slurry of milled ore and 9K medium (pH 1,8, 30°C).
Small amounts of ore and fresh 9K medijum were added regularly to
the culture. The inoculum was used when there was approximately
20% solids (determined by specific gravity), 1 g/l As in solu-.
tion (determined by X-ray) and the added ferrous iron was oxidi-

zed within 16 hours (determined by titration with standard



2.2.2.2

2.2.3
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potassium dichromate solution).

Sterility was not enforced as the plant would be non-sterile.'

Identification of the Bacteria Present

The adapted culture solution was serially diluted with sterile

distilled water and 0,1 ml plated onto Nutrient agar, Waksman's

and 9K media solidified with 2% onid agar-agar. The plates
were incubated at 30°C for up to four weeks. Isolated colonijes
were inoculated onto the differént type% of agar plates and into
the ‘corresponding liquid media. They were incubated at 30°C for
up to four weeks., The pH was monijtored sporadically and cultu-
res at different initial pHs used. Gram stains and wet s)ide
preparations were made from selected colonies and solutions

and examined microscopically. Identification was done on the

basis of morphology and energy source (Fig 2.1).

For total counts the nitrogen content method of Gormely and

Duncan (1974) was used.

Batch Teéts - Bacterial Leach Pfocedure

Milled run-of-mine ore (350 g) and 9K medium (1,40 1) were
placed in a 2 | beaker, which gave a slurry of approximately 207
pulp density. The stirred slurry was aerated and kept at 30°C

In @ water bath. The pH was adjusted to pH 1,8 with concentra-
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2.2.4

2.2.5

2.2.5.1
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ted H2504; A 10% slurry inoculum (150 ml) prepared as in

2.2.2 was added and the mixture maintained at pH 1,8 by addition
of either concentrated H2504 or 130 g/1 Ca0 slurry. After
five days fhe slurry was filtered, the filter cake washed, re-
pulped, refiltered and rewashed. The final filter cake was
dried at 60°C (to avoid decomposition) and weighed. The
filtrate was collected and analysed for ferrous iron, ferric
iron (by titration with standard sodium thiosulphate solution),
arsenic and pH. The dried ore was analysed for total iron,
total and pyritic sulphur, arsenic and gold. Mineralogical and

screen analyses were also carried out.

Batch Tests - Sterile Control Leach Procedure

Acid and acidic-ferric control leaches were run in parallel]l with
the bacterial leach. Instead of 9K medium being used to make up
the slurry either tap wéter or a ferric sulphate (7 g/l Fe I11)
solution acidified to pH 1,8 was used. To inhibit bacterial

activity 100 p.p.m. thymol was used.

Continuous Bacterial Leach Procedure

Inoculum Preparation

The initial inoculum (t 2 1) was progressively increased until a
volume of 30 1 was reached. All conditions were kept at the

optimum for bacterial growth and activity except the temperatu-
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re. For practical reasons this was 20°C (room temperature).

The inoculum was distributed among the leach vessels and the

system turned on.

2.2.5.2 Apparatus and Test Procedure

The continuous bacterial leach apparatus used is schematically

illustrated in Fig 2.2.

The system was as follows:

- four 7,5 1 water jacketed leach vessels were used. In
plant engineering‘terms this 1s the minimum number to
satisfactorily reduce short-circuiting. There was an inlet
and outlet spout on opposite sides of the vessel. A baffle
plate‘the width of the leach vessel and reaching 2/3
downward was positioned close te the inlet of the vessel,
thus reducing short-circuiting. Two narrow, oblong baffles
on the inside of the vessel aided mixing. There was a
fitted lid to reduce evaporation and material loss by

spillage.

- dry, milled ore was fed to the first vessel at a rate of
1,05 g/min o2 by a 12 Kg capacity double-screw feeder
manufactured by K-Tron Corp. {T7-20 model) with the series

6300 control unit.
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a variéble speed peristaltic pump allowed for feed solution
to enter the first vessel af a rate of 4,40 ml/min from a
20 1 reservoir containing a 10 g/1 FeSO4.7H20 solution

at pH 1,8-2,0.

a given volume of 70 g/l (NH4)2504 solution was added

to the first vessel each day.

four variable speed stirrers with flat 30 x 40 mm paddles

kept the slurry in suspension within the vessels.

the vessels were aerated at about 1,3 1/min. Four Aalborg
FMO 13-88C (0,2 - 5,8 1/min range) air rotameters and air

sparges were used.

three pH control units were used. Each consisted of a
combination-type pH electrode, a pH meter and a titrator.
This regulated the addition of a 500 g/I H2504 solution

to vessels 1, 2 and 3.

the leach slurry temperature was kept at 33°C tooec using a
thermostat-controlled water‘bath. A magnet pump was used

to circulate the water through the leach vessel jackets.

the slurry from leach vessel no. 1 flowed on into vessels
nos 2, 3 and 4, arranged in series. Slurry from vessel no.
4 was collected in a 10 1 container. This represented an

overall slurry retention time of approximately 4 days.
!
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the final overflow slurry was removed every 24 h, After

settling the solution was siphoned off.

approximately 10% of the thickened slurry was recycled to

the first leach vessel each day.

Guargum flocculant was added to the remaining slurry, which
was then filtered. The filter cake was washed with pH 2
water, repulped, refiltered and rewashed. The final filter

cake was dried at 60°C and weighed.

the filtrate and combined washings were collected, weighed
- and measured, then analysed for ferrous and ferric iron,
arsenic, NHZ (by ICAP) and pH.

the dried residﬁe was analysed for total iron, total
sulphur, arsenic and gold. Mineralogical and screen
analyses were also done. The feed ore was also analysed as

above,

a sample from each leach vessel was taken daily. The pH
and redox potential yefe measured and the ferrous and
ferric iron content of the solution determined. The
specific gravity of the slurry was measured to give an

indication of the pulp density.
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Cyanidation Test Procedure

‘Dried bacterial leach residue (150 or 400 g) and enough tap water to

give a pulp density of 40% (225 orv600 ml) were placed in a 1-2 |
beaker. The slurry was stirred and aerated. An approximate 10% lime
slurry was used to adjust the ore slurry to about pH 11,5. This pH
was checked every 0,5 - 1,0 h and lime was added to maintain the
desired pH. After 7-68 h the pH had stabilized (i.e. it no longer
rapidly decreased with time). A predetermined amount of granular KCN

was added and the leach continued for another 24 h.

The leach slurry (now at a pulp density of 33%) was filtered, the

filter cake washed, repulped, refiltered and rewashed. The final

filter cake was dried at 60°C, weighed and assayed for gold. The

first filtrate was collected and analysed for residual cyanide and
lime by titration with standard silver nitrate and standard oxalic
acid solutions, respectively.

RESULTS

Analysis of the Milled Run-of-Mine Ore

The elemental analysis'of the ore is given in Table 2.1 and the
mineralogical and screen analyses in Tables 2.2 and 2.3. There was
sufficient iron and sulphur, as pyrite and a little arsenopyrite, to
support bacterial growth (thiobacilli and leptospirilli) and the only
inhibitory compound was arsenic. It is probable that all soluble

nutrient requirements of the organisms would be satisfied.
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Table 2.1: Chemical analysis of the run-of-mine ore.

Element - Concentration (%)
Gold | ~0,000975(9,75 g/t)
Silver 0,000060(0,60 g/t)
Arsenic | 0,35
Iron 6,23
Sulphur 1,76
Calcium | 2,49
Nitrate 0,034
Potassium 2,20
Chlorine 0,082
Phosphorous | 0,013
Magnesium 3,40
Sodium : 0,17
Aluminium 10,67
Boron A' 0,003
Copper 0,008
Manganese 0,1%

Nickel 0,033
Molybdenum ) 0,002
Titanium Trace

Silicon ° 26,22



Table 2.2: Mineralogical composition of the milled run-of-mine

ore.
Mineralogical Component Percent of Total
Pyrite 3,40
Arsenopyrite | 0,77
Sphene 0;60
Rutile 0,22
Hematite 0,03
~ Sphalerite <0,01
- Free gold -
Gangue 94,98

Table 2.3: Tyler screen analysis of the milled rur-of-mine ore.

Size (um) ) : Percent of Total
+208 1,93
+147 | » 7,73
+104 12,72
+74 _ ‘ 14,89

-74 ' 62,73



23

2.3.2 Bacterial Strain Identification

The adapted bacterial culture grew well in the presence of the ore
anq\1 g/1 As in solution. The total bacterial count was approx.

1,2 x 1010 8

cells/ml slurry. Visually there were 2-5 x 10
cells/ml solution. When the solution was plated on different solid

media the counts were slightly lower (Table 2.4). The culture con-

sisted of T.ferrooxidans, sulphur-oxidizing thiobacilli (probably

T.thiooxidans), L.ferrooxidans and some fungi and heterotrophs.

Table 2.4: Bacterial counts on different solid media.

N.A. = Nutrient agar; TNC = too numerous to count.

Medium Titre of Titre of
Bacteria Fungi

(cells/ml) (cells/ml)

N.A. - 10

9K , t oot ST
Waksman > 107 B 10
2.3.3 Batch Tests - Bacterial Leaches

All tests were done in duplicate or triplicate.

2.3.3.1 Arsenic Tolerance

It had been found that the bacterial culture to be used in this work

could only tolerate 1 g/l As. This observation, made while preparing
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inoculum, was confirmed when the culture was inoculated into 9K
medium supplemented with varying amounts of arsenic (as A3203)

(Table 2.5).

Table 2.5: Arsenic tolerance of the bacterial culture in 9K

medium supplemented with A3203.

Arsenic Lag . Period for Complete
Concentration - Period Fe I Oxidation

(g9/1) (days) (days)

0,5 3 5

1,0 4 6

1,5 25 27

2,0 23 : 25

2,5 42 44

Effect of Leaching Time

The effect of bacterially leaching this ore for up to 9 days was
examined. During the leach ferrous iron in solution rapidly dropped
to less than 0,3 g/1, while the ferric iron and arsenic increased to
a constant value within 5 days. Thé lag period was 1-2 days (Fig.
2.3). During this lag period the pH increased due to acid consump-

tion required by the bacteria for iron oxidation.

Although arsenic was leached out of the ore other indications of bac-

terial attack of the minerals was lacking due to reprecipitation of
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iron and sulphur (Table 2.6). However, it was apparent that mineral
attack had occurred, since gold dissolution upon cyanidation increa-
sed with time, stabilizing within 5 days (Fig. 2.4). This indicated

that a 5 day bacterial leach was sufficient.

Table 2.6: Analysis of bacterial leach milled run-of-mine
reéiques. Gold values are corrected for weight change

(shown in brackets).

Bacterial Leach Analysis of Leach Residue
Period (days) Au{g/t) Total S(%) Total Fe(%) As(%)
0 9,40(0%) 5,13 5,98 0,49
2 9,65(+0,6%) 6,40 7,01 0,39
4 - 9,49(-1,1%) 5,29 6,61 0,17
6 9,31(+1,1%) 5,54 7,23 o,
9 9,94(+1,4%) 5,33 6,17 0,17
100r
¥
)
o
.S
=
(@
R
[a]
T 1
S 20}
[~ d
o 1 2 % x 5 A 7 5 )

Bacterial Leaching  Time (days)

Fig. 2.4: Effect of bacterial leaching on gold dissolution from the
milled run-of-mine ore. Polints are the mean of several assays
ind vertical bars indicate the deviation.
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The cyanide leach required to dissolve out the gold from the
bacterially leached ore showed some unusual characteristics. The
cyanide consumed in the process roughly doubled when compared with

the untreated ore control and the lime consumed increased several

~fold. The longer the pre-aeration time prior to the addition of

cyanide the lower the cyanide and the higher the lime consumption *

(Table 2.7).

No significant changes in the mineralogy of the ore were found due to
bacterial leaching. This was due to the large amount of gangue
minerals present and the consequént low amounts of gold-bearing
minerals. Tyler scréen analysis also revealed little change: within
each particle size class examined there was approx. 102 loss, except
for the -44 ym class which showed an approx. 10% gain. These changes
were not due to attrition, since particle size reduction was not

observed in control leaches (section 2.3.4).

Effect of Particle Size

Two ranges of particle sizes were used: the untreated ore and ore

milled to 96% -74 um (Table 2.8).

From these results it was apparent that milling had no effect. The
solution and ore analyses were almost identical, as were the cyanide
leach results. This can be seen by comparing Table 2.9 with Figure
2.3 and Tables 2.6 and 2.7 - the latter apply to the untreated ore

and the former to the rod-milled ore.
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Table 2.8: Screen analysis of the two ores used in the Study of the

effect of particle size on bacterial leaching of run-of-

mine ore.
Percent of Total

Screen Mesh Size(um) Untreated ore Milled ore
+295 0,42 0,06
+208 1,66 0,12
+147 ' 7,40 0,54
+104 12,60 - 1,26
+ 74 16,12 2;26
+ 44 ' 16,22 32,93
- 44 45,58 62,83

Effect of Pulp Density

The inoculum used in thfs study had 20% solids, .thus making the
bacterial leaching effects comparable. This was compensated for in

the making up of the pulps.

As the substrate concentration increased it was expected that the
ferric iron and arsenic concentrations in solution would increase.
This, however, was not the case. Rather, it appeared that there was
a saturation concentration of these ions in solution and'any excess
was reprecipitated (Table 2.10). Bacterial leaching, however, did not
seem to be affected as gold dissolutions were obtained with up to 30%

solids (Fig 2.5).
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Table 2.10: Ferric iron and arsenic concentrations in solution

during bacterial leaching of pulps of milled

run-of-mine ore at different densities.

Pulp Density Fe III in As in
(% solids) solution(g/l) solution(g/l1)
20,8 2,0 0,54
24,4 2,7 _ 0,61
30,0 2,5 0,63
43,5 0,2 0,07
100 ¢
0}
&t X
oF
e w}
c Sor
.2
5
o o}
R |
o —X
30
j)
8
oF
o o Zo 36 %o ) 5 7 30 % 700
Pulp  Density (% solids)
Fig.2.5: Effect of pulp density on gold dissolution from milled

run-of-mine ore by bacteria.
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Lime and cyanide consumptions for the batch leach residues were
similar, even for the unsuccessful leach using 43,5% solids. This

result was unexpected.’

Effect of pH

In the pH range of 1;6 to 2,2 bacterial leaching in terms of gold
dissolution was not affected very much, although pH 2,2 gave the best
fesults (Table 2.11). As the pH increased ferric iron and to some
extent arsenic in solution drbpped due to precipitation rather than a
lessening of bacterial leaching. The increase in iron oxides in the
residue caused an increase in lime consumption during cyanidation,
This expense, however, is counterbalanced by a decreasing acid con-

sumption during bacterial leaching.

Effect of Temperature

The optimum temperature was found to be 35°C. 1In addition to a high
mineral breakdown and gold dissolution it was found that Ccyanide
consumption for gold dissolution was low, but was accompanied.by a
high lime consumption for neutralization of cyanicides (Table 2.12).
Increasing or decreasing the temperature reduced gold dissolution and
mineral decomposition. In the 30°-40°C range the effect of tempe-
rature was limited, but at 20°C bacterial activity was greatly redu-

ced (Fig 2.6).



33

8°16
1498
G‘88
6'98

ANYS

6'62

(3)uolynjossiq

P109

S0 ve oy 0v'6 02°6 BE'0 0°2 v*LS 2'2
0e‘l £6°€€ €.°01 £E'6 IS'0  v'€ viEL 02
€1°1 69°v2 €6, (8'6 0S'0  9°'G 6801 8l
GE* | 26°Sl €901 €€°01 9v'0 2'8 €491 9l
880 6862 2400 02°04 ¥r'0 . 6°9 9‘16 (84 1)
pajsnlpeun
(89 22'S . 2€'2 08'6 - - - [043U0D
payoeajun
(3/b) ny (3/6%)082 (3/BXINDX  (3/B)ny (1/6)sv(1/D)11134(3/Dx)paunsuod
~m:v_mmm. pawnsuo) sjusabeay 12Npoug uotinjos qow H Hd

*abueyd 3ybl1omM 40 Pa}IoUU0D USIG SARY SIAN[RA anplsad plob ydoea] [eluaideg
*340 QUIW-j0-undJ Pa[[lw JO SOYJeI| 9pluRAD pue [B1493J0Q 9y} U0 HA }O 323343

yoeagl opluel)

yoea] [elua3oeg

t11°2 °lqel



34

0°16 €80
616 6,0
806 880
2'v8 95°|
829 0S¢
L'Y2 80°/
(%) uorinjossig (3/6) ny
pP109 [enpIsay

G8°8¢ 9t°S
96 vy EE'Y
8862 168
0€‘02 G8's
£2'Si 9/'§
£2'e ge‘e
(3/6X)0®d  (3/6%) NOX
pawnsuo)  Ssjuabeay

"obueyd 3ybI1om u40j Pa3DI34U0D UIBG SARY SIN[PA anpIsaua plob yoea] [pludldeg
*9J40 BUIW-JO-UNJ PA[]IW JO SBYILI| SPIURAD puUR [P143DBG 3y} UO aunjedadwd} 40 109443

yoea aplueky

02°6 160 ov
0L°6 v6°‘0 GE
09°6 LL°0 0€
06°6 €80 T4
A GS*0 0Z
ov'6 - [043UO0D
payoeaun
(1/6) ny (1/6) uorinjos (20)
310Npoud ut sy aJnjeuadws |
yora [eluajdeg
<2172 @lqel



2.3.3.7

35

100
ral \’6‘
— bOF
N
c X
o
-—
o]
—_— 4
3 oF .
0
Bl
a »f
he)
o zo-
(&
w;—
o] L I
20 30 40

Temperature ( °C)

Fig. 2.6: Effect of temperature on gold dissolution from milled

run-of-mine ore by bacteria.

Nutrient Requirements

Since the ore contained virtually all the.9K medium nutrients in some
quantity (Table 2.1) and the addition of chemicals to a process de-
Creases its economic feasibility it was important to determine whether
the ore could provide the necessary nutrients. It was also possible
that some of those present in 9K medium were nbt essential or affec-

ted bacterial leaching only marginally.

A comparison of the bacterial leach solution before and after a & day
leach was made (Table 2.13). It was apparent that iron (Fe II),
potassium, ammonia and chlorine were the only nutrients depleted in

the course of the leach.
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Bactefial leach tests in which each of the 9K medium components in
turn was removed revealed that ferrous iron and phosphate were the
only two nutrients to have a noticeable effect on the leach (Table
2.14). From the cyanide leaches it was noted that lime consumption

dropped when ferrous iron was not present in the bacterial: leach.

Table 2.13 : Nutrient concentrations in'milled run-of-mine ore

bacterial leach solution.

Analysis of Leach Solution {mg/l)

Chemical Before Leach After Leach
Iron 10 050 (Fe I1) 6 112(Fe I11)
Sulphur 6 549 11 287 -
Calcium 2 | 496
Potassium 97 0,5
Phosphorous 18 142
Nitrate 5 2 400

Ammonia 841 ' 0
Magnesium 49 .3 302
Chlorine 48 0

summary of Minor Analyses and Investigations

Throughout much of this work attention was given to the acid consump-
tion, particle size changes, mineralogical changes and chemical com-
pbsition changes of the ore that took place during the bacterial lea- .
ching of the milled run-of-mine ore. Calculated averages from tests

yielding high gold dissoiutions showed that the average acid consump-
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tion was 107,4 Kg H2504/t ore. A reduction in particle size was
also noted (Table 2.15), with most of the arsenopyrite and some

pyrite being destroyed while the gangue remained unaltered (Table

2.16).

Table 2.15 ¢ Tyler screen analysis of the head and tail of the

bacterial leach of milled run-of-mine ore.

Screen Mesh Percent of Total
Size (um) Head Before Leach Tail After Leach
+295 0,41 0,22
+208 - 1,55 1,10
+147 7,48 5,96
+104 12,69 11,36
+ 74 16,08 13,28
+ 44 13,80 12,06
Y 47,99 56,02

Table 2.16: Mineralogical examination of the head and tail of the
bacterial leach of milled run-of-mine ore.

Percent of Total

Mineral Head Before Leach Tail After Leach
Pyrite _ 2,0 1,5
Arsenopyrite 0,3 - 0,1
Sphalerite trace | -

Titanium Oxide trace -

Goldv <0,1 +

Gangue 97,7 98,4
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Chemical analyses (see Table 2.17) confirmed the breakdown of sulphij-
dic minerals. However, whereas the mineralogical examinations
indicated a 67% destruction of arsenopyrite and a 25% destruction of

pyrite, the chemical analyses showed 58% and 65% respectively.

Table 2.17: Chemical analysis of the head and tail of the bacteria]

leach of milled run-of-mine ore.

Analysis of Sample (%)

Chemical Head Before Leach Tail After Leach
Fe. 6,40 6,94
S 2,31 3,38‘
Pyritic' S 1,52 0,54
As | 0,45 | 0,19

2.3.4 Batch Tests - Control Leaches

The effect of acid (pH 1,8) and acidic-ferric (pH 1,8, 7 g/1 Fe 111)
leaching on the ore for up to 5 days was examined. Neither had any

significant effect on gold dissolution (Table 2.18).
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Table 2.18: The effect of an acid and acidic-ferric solution on

the milled run-of-mine ore,

Type of Leach Leach Period Gold Dissolution
(days) (%)
Unleached control - 29,1
Acid 2 31,0
5 v 28,1
Acidic-Ferric 2 - 33,5
5 | 36,8

Continuous Bacterial Leach Tests

From the batch testwork it was concluded that :

(i) a 5-6 day residence time was optimum. Since the lag period was

approx. 1,5 days, and this is essentially eliminated in a continuous

system, a residence time of 4 days was considered suitable for the

continuous bacterial leach.

(1i1) besides being uneconomical further ore milling was not

beneficial.

(iii) although a 30% pulp density was satisfactory, other reports
consistently referred to much lower values. It was, therefore,
considered safer to work at 20-25% solids in the continuous bacterial

leach.
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(iv) the bacterial leach PH did not affect gold dissolution, but did
affect'both the lime consumption and the stabilization period for
cyanidation. These increased at higher pH and cyanide consumption
was expected to follow the same trend. Since acid consumption during
the bacterial leach decreased with Increasing pH the most economical
pH to work at needed to be reinveStigated. Initially the pH would be
set at 1,8.

{(v) 30°C was the minimum temperature for successful bacterial

leaching.

(vi) no extra nutrients would probably be needed, but the results
were not entirely conclusive. A limited reinvestigation would be
done, keeping in mind that workers have unanimously considered an

iron and nitrogen source to be beneficial.

(vii) recycle is not necessary in a batch test, but it is in a
continuous test where bacterial washout is possible. A 10% recycle
of solids (with a large number of bacteria attached) would, therefo-

re, be used.

The continuous bacterial leach of the milled run-of-mine ore lasted 3
‘months. The first two weeks allowed for mechanical and design pro-
blems to be corrected as well as allowing steady state to develop
throughout the system. The subsequent 2,5 months were divided into
five runs (of approximately two weeks duration), each of which
allowed the examination of the effect of a particular parameter on

the bacterial leach.
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Each set of data was an average of approx. 15 days' readings. Data
related to the conditions pertaining to a particqlar run were those
observed during the test period, but the data relating to the proces-
ses' overflow were those recorded four days later (thus taking into
account the 4-day residence time). Cyanidations were done on 2-3 day

composites,

Run 1 was carried out under the conditions determined from the batch
tests. The three parameters to be studied were the ferrous sulphate
concentration in the feed (41,4 Kg/t ore in run 1), the ammonium
sulphate concentration in the feed (4,40 Kg/t ore) and the pH (pH
1,81). In run 2 the amount of ammoniﬁm sulphate feed was halved (to
2,22 Kg/t ore). In run 3 the pH was increased (to pH 1,97), but the
ammonium sulphate concentration remained halved. In run 4 the pH was
returned to pH 1,8 and ferrous sulphate feeding was stopped. In run
5 the pH was dropped (to pH 1,74) while keeping nutrient feeding as

for run 4, These parameter changes are clearly shown in Table 2.19.

Table 2.19: Parameter changes made during the continuous bacterial

leach of milled run-of-mine ore.

Feed Feed pH

Run No. FesS0,.7H,0(kq/t) {NH,),50,(Kg/t)

1 41,4 4,40 1,81
2 41,1 2,22 1,82
3 41,1 2,24 1,97
4 - 2,22 - 1,85

5 - 2,24 1,74
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The process operated smoothly, although only 86,0% of the feed was
recovered in the overflow (Table 2.20). Approximately 85,1% of the
solution was recovered when it was taken into account that the filter
cake contained approx. 25% w/w solution; 85,7% of the ore was
recovered. Loss of solution was mainly due to evaporation from the
leach vessels, while residue loss was dué to bacterial ore breakdown
and loss oflfines during decantation prior to filtration. Runs 2 and
4, however, showed good overflow and solution.accountabilities
(>90%), while in the other runs approx. 80% was recovered. Residue

values, on the other hand, were very constant.

- The leach vessel temperatures were found to increase from 31°C in the

first vessel to 34°C in the last one,

On analysis of the head (ore) and taijl (residue and filtrate) of the
bacterial leach it was found that the results were similar to those
obtained in the batch testwork (Table 2.21). The total sulphur in
the residue was more than in the head, most probably due to the pre-
cipitation of basic sulphates. When ferrous iron was not added fo
the process this excess of sulphur was reduced, thus confirming the
previous observation. Total iron in the residue dropped slightly,
Indicating mineral solubilization. This was more noticeable when no
ferrous iron was fed into the system, because less Fe III precipita-
ted out. Arsenic values were low, indicating arsenopyrite breakdown
during the leach. This arsenic solubilization was not as accentuated
in runs 1 and 3 for two different reasons: in the former the process
was not yet working at_its best (the gold dissolution was only 84%),

whereas in the latter arsenic and iron were coprecipitating due to
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Table 2.21: Analyses of head and tail of the continuous bacterial leach of the flotation con--
in brackets are the minimum and maximum values observed.,

, Sample Analyses Run 1 Run 2 Run 3 Run 4 Run §
Au (g/t) 9,67 9,34 9,43 9,58 9,12
(9,08-9,57)  (9,40-9,50) (9,10-10,12)  (9,09-9,14)
s (1) 1,80 1,82 1,69 1,83 2,00
| (1,73-1,94)  (1,61-1,73) (1,77-1,98)  (1,78-2,34)
Fe (1) 6,10 5,94 5,98 6,27 7,29
(5.78-6,03)  (5,91-6,01) (5,78-7,99)  (6,17-7,99)
“As (3) 0,33 0,55 0,75 0,31 0,27
(0:36-0,98)  (0,34-0,98)  (0,26-0,35)  (0,26-0,27)
Residue: Au (g/t) 8,10 9,48 8,43 10,17 8,88
(6,50-9,60)  (8,14-9,88)  (7.85-9,04) (9,32-11,06)  (7,92-9,98)
S (%) 2,68 2,39 2,65 2,16 2,27
(2,22-3,18)  (2,18-2,78)  (2,47-2,90) (2,08-2,36)  (2,09-2,52)
Fe (%) 5,54 4,76 " 547 4,55 8,82
(5.43-5,9)  (4,52-5,37)  (5,33-5,71) (4,40-4,67)  (4,27-4,55)
As (1) 0,22 0,07 0,19 0,09 0,08
(0,20-0,26)  (0,06-0,09)  (0,15-0,23) (0,05-0,12)  (0,07-0,12)
Filtrate:Fe 11 (g/1) 0,3 0,2 ' 0,3 | 0,2 0.1
(0,0-0,8) (0,1-0,4) - (0,1-0,7) (0,0-0,8) (0,0-0,2)
Felll(g/1) 1,8 4,5 2,6 3,9 4,1
(1,0-2,5) (3,0-5,7) (2,0-3,2) (3,3-4,5) (3,7-5,5)
As™ (g/1) 0.47 0,74 0,50 0,58 0.74
(0,39-0,58)  (0,64-0,91)  (0,32-0,53) (0,46-0,68)  (0,66-0,81)
NHy (/1) 0,07 0.06 0,03 0.09 0,10
(0,05-0,08)  (0,03-0,09)  (0,01-0,06) (0,07-0,10)  (0,08-0,12)
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the higher pH (pH 1,97).

The filtrates had low Fe II, high Fe III and As, and 1ow NH3 con-
centrations, indicatihg a good bacterial leach. Except during run 1
very little of the added ammonia was utilized - of the 0,13 g/l NH3
added only approx. 0,05 g/1 was used. Again, runs 1 and 3 seemed

less successful than the others.

Mineralogical and Tyler screen analyses of the head and tail (Tables
2.22 and 2.23) revealed that approx. 53% of the pyrite and 25% of the
arsenopyrite were destroyed. Gangue minerals were not decomposed.
The overall particle size diminished to a small extent, since only

the sulphide minerals were destroyed.

Table 2.22: Mineralogical examination of the head and tail of the

continuous bacterial leach of milled run-of-mine ore.

Mineral Percent of Total

Head Before Leach Tail After Leach

Pyrite 1,7 0,8
Arsenopyrite 0,4 0,3
Titanium Oxide trace <0,1
Sphalerite _ trace ' trace
Hematite trace trace
Zircon trace trace
Gold ] ’ 0,5 0,3

Gangue 97,4 98,6



47

Table 2.23: Tyler screen analysis of the head and tail of the

continuous bacterial leach of milled run-of-mine ore.

Screen Mesh Percent of Total
Size (um) _ Head Before Leach Tail After Leach
+ 295 0,23 0,16
+ 208 2,38 0,67
+ 147 12,32 6,11
+ 104 , 13,14 | | 13,34
+ 74 11,61 11,99
+ 44 13,52 16,20
- 44 ‘ 46,80 51,53

During the continuous bacterial leach analyses of thevleach vessel
contents were carried out. It was found that the Fe II concentration
dropped along the system, while the Fe 11l concentration rose. The
Eh‘ therefore, also increased. The pH and pulp densify flqctuated.

The pH. in particular was difficult to control (see Table 2.24).

The major criterion for success of the bacterial leach was gold
dissolution. The cyanide leach confirmed that runs 1 ahd 3 were the
least successful (84,2% and 87,7% gold dissolution, respectively).
The other runs gave a very satisfactory gold dissolution of 90-93%.
For the bacterial leach at pH 1,97 the cyanide leach results (run 3)
were similar to those of the pH 1,8 leach (run 2), except for the
lower gold dissolution (see Table 2,25). Reduction in the amount of
ammon i um sulphate added to the bacterial leach had no effect (cf runs

1 and 2), while removal of ferrous sulphate addition (cf runs 2 and



Table 2,24:Analyses of leach vessel contents

milled run-of-mine ore.
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during the continuous bacterial leach of

Yalues in brackets are the minimum and maxjimum vajlues

observed.
Sample Analyses Run 1 Run 2 Run 3 Run 4 Run §

pH: vessel 1,78 1,69 1,82 1,80 1.7
(1,70-1,93)  (1,56-1,75)  (1,75-1,83) (1,64-2,48)  (1,65-1,82)

" 1,86 1,83 2,04 1,94 1,89
(1,76-2,22)"  (1,65-2,06)  (1,86-2,13) (1,87-2,03)  (1,64-2,00)

" 1,80 1,89 2,03 1,88 1,72
(1,72-2,12)  (1,73-1,92)  (1,90-2,12) (1,82-1,97)  (1,65-1,87)

“ 1,77 1,89 1,99 1,81 1,73
(1,67-2,00)  (1,77-1,98)  (1,91-2,08) (1,72-1,92)  (1,60-1,80)

En(m\') s vessel - - - 478 492
(446-513) (482-522)

" . - - 470 456
(425-511) (436-465)

" - - - 538 505
(510-571) (483-532)

" - - - 550 524
(530-566) (493-552)

% solids:vessel 25,3 19,5 22,0 20,9 23.1
(22,0-33,0)  (17,2-22,0)  (17,1-24,2) (19,6-23,1)  (20,8-25,3)

" 33,8 29,7 31,8 39,6 39,6
(26,5-39,5)  (27,5-30,7)  (26,5-34,7) (35,7-44,4)  (31,8-43,7)

" 29,7 24,2 26,5 20,9 26,5
(26,5-34,7)  (20,8-26,5)  (22,0-30,7) (18,2-23,1)  (19,6-31,8)

. 24,2 22,0 23,0° 15,9 20,8
(24,2-27,5)  (19,6-26,5)  (19,6-25,3) (13,0-17,1)  (19,6-24,2)

Fell (g/1):vessel 2,3 0,8 0,7 0,3 0,3
(2,0-2,5) (0,4-1,5) {0,2-1,1) {0,1-0,4) (0,2-0,4)

" 1.1 0,7 0,7 0,3 0,4
{0,8-1,3) (0,3-0,9) (0,3-0,9) {0,1-0,5) {0,2-0,5)

- 0,1 0,2 0,3 0,1 0,1
(0,1-0,3) {0,1-0,4) (0,1-0,5) {0,0-0,1) (0,1-0,3)

v 0,1 0,1 0,2 0,0 0,1
(0,0-0,1) (0,1-0,2) {0,1-0,4) (0,0-0,1) (0,0-0,2)

Felll (g/1):vessel 0,8 1,6 1,8 2.1 2,5
{(C,4-1,2) (1,2-1,7) (1.3-2,2) (1,5-2,5) (1,7-3,0)

“ 1,2 1,4 1.6 2,2 2,5
(0,7-1,5) (1,1-1,9) (1,2-2,2) {(1,5-2,6) (1,8-2,9)

" 1,6 1,7 1,9 3,1 3.4
(1,5-2,0) {1,1-2,3) (1,5-2,4) (2,5-3,4) (3,0-3,7)

" 2,0 2,3 2,0 3,3 4,0
(1,6-2,2) (1,4-2,7) (1,6-2,5) {2,6-3,7) (3,6-4.4)
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4) not only caused an increase in gold dissolution but also a drop in
Cyanide, but not lime, consumption. Decreasing the bacterial leach
pH further (to pH 1,74 - run 5) caused a large drop in cyanide con-

sumption and also a slight lowering of the gold'dissolution.

In addition, on completion of the continuous bacterial leach, an
overall material balance was done. It was found that a small weight
loss had taken,place and that most of the gold, iron and arsenic

could be accounted for. The biggest discrepancy was with regard to

arsenic.

The procéss had few mechanical prdblems. Among these were no solu-
tion feed, too much acid addition, not enough acid addition and no
air flow. The only factor that had a noticeable effect on the leach

was the absence of air.

DISCUSSION AND CONCLUSIONS

The chemical leaches (with acidic and acidic—ferric solutions) were
totally unsuccessful. Duncan and Orummond (1973) observed that pH 2
water had no effect on sulphides even though, theoretically, intimate
contact of sulphuric acid with the sulphide can bring about metal
dissolution. In this study pH 1,8 water was also found to have no
effect. It has also been reported that 50 g/l Fe 111 only mildly
tarnishes some pyrite surfaces, whilé a Fe III solution at pH 1,6 was
found to only dissolve 3% of the pyritic iron in fOU( weeks with no
improvement in a further eight weeks (Duncan, Landesman and Walden,

1967; Duncan and Drummpnd, 1973; Le Roux, North and Wilson, 1973).



51

On the other hand, Keller and Murr (1982) observed clear pyrite
etching within seven days using Fe III solutions of 2 g/l or more, at
30°C. Groudev (1982b) reported that the solubilization of pure arse-
nopyrite was greatly enhanced by Fe IIlI. 1In this study gold dissolu-
tion increased by 7,7%, indicating a real but insignificant attack on
the minerals. The ferric iron was converted to ferrous during the
leach and possibly if the ferric iron were regenerated the process
would be more successful. However, it is thought that the reason why
pyrite does not respond particularly favourably to Fe 111 leaching is
due to the formation of a protective sulphur layer on the mineral
(Dutrizac and MacDonald, 1974). From these results it was obvious
that a simple chemical leach could not contribute to an increased

gold solubilization from the milled run-of-mine ore.

Bacterial leaching, on the other hand, was successful. T.ferrooxi-

dans, a sulphur-oxidizing thiobacillus (possibly T.thiooxidans) and

L.ferrooxidans were identified, but it is possible that other bacte-

ria were present e.g. T.acidophilus, since it is regularly isolated

from T.ferrooxidans cultures grown on iron and pyrite. T.acidophilus

prefers organic substrates, but can'grow oligotrophically on sulphi-

des and/or may use the organic matter liberated by T.ferrooxidans

(Arkesteyn and de Bont, 1980; Harrison, Jarvis and Johnson, 1980).

The presence of T.thiooxidans would not be surprising since pyrite

oxidation has been shown to be enhanced by it. It is thought that
the biological effect is surface-active or physico-chemical through
the generation of an organic metabolite (Groudev, 1981; Wakao et al,

1983). L.ferrooxidans has also been reported growing with
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thiobacilli on pyrite and chalcopyrite (forming 10% of the culture)
and is thought to be able to degrade pyrite in pure culture
(Balashova et al, 1974; Kelly, Norris and Briefley, 1979; Norris,

1983).

Generally, the bacteria are distributed between the leach solution
and the mineral suffaces with the proportions varying, although most
of the organisms are attached. On zinc sulphide 77% were attached; on
chalcopyrite 95-98%; on pyrite 86%, 60-80% and 98-99% have been

reported, with at least 5 x 108

cells/ml in solution (McGoran,
Duncan and Walden, 1969; Le Roux, North and Wilson, 1973; Groudev,
1979; Roy and Mishra, 1981). In this study 96-98% of the bacteria

were attached, with 2-5 x 108

cells/ml solution.
Although sterility is normally maintained in bacterial leach tests it

was not considered necessary, since contaminants would have to be
both autotrophic and arsenic resistant. No problems régarding loss of
an active culture occurred and the culture adapted progressively with

time.

When studying the basic characteristics of the bacterial leach of the
milled run-of-mine ore a typical growth curve was apparent : a 1-2
day lag phase, log phase and a stationary phase developed after 5
days. Analysis of the solution demonstrated Fe Il oxidation with
concomitant Fe III formation as well as arsenic solubilization, thus
indicating ore degradation. If the ferrous and ferric iron values
obtained in the continuous bacterial leach vessels were plotted

against time the graph would be very similar to Fig. 2.3 (the graph
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obtained from the batch testwork). The main difference was a greatly
reduced lag phase in the former. These solution changes were accom-
panied by an increasing Eh (480 mV to 550 mV). With metal sulphide
oxidation an increase in Eh to about 515 mV is usually observed.
The redox potential of the Fe III/Fe Ii system (+747 mV) should
be expected toward the end of the leach, but is rarely achieved due
to jarosite precipitation once ah Eh of about 500 mV is reached
(Torma 1977; Lundgren and Silver, 1980). The precipitation of
jarosite, basic 1iron sulphates, ferric arsenate etc. probably did
occur. Ferric concentrations in solutior were not as high as
expected and chemical analysis of the leach residues often showed
increases in iron and sulphur, presumably because 9K was initially

present in the medium.

Precipftation of leach products results primarily from the formation
of 1iron arsenate and the hydrolysis of both it and ferric sulphate
(Pincheé, 1975). The pH and the ions present in solution both play a
role in this regard. Ivarson, Ross and Miles (1979) used

T.ferrooxidans and modified 9K medium to study the effect of K+,

Nat

, and NH4+ individually and in pairs on acid producfion and ba-
sic ferric sUlphate crystallization rates. They found that both
showed similar patterns and that K+>NH4+>Na+.
The effect of the bacterial mineral attack on gold dissolution was
enormous ( the gold dissolution increased from 30% to 90%). For a
given bacterial leach time gold dissolution results could vary
greatly. This variability decreased with time (Fig. 2.4). Variations

in inoculum size affected the length of the lag phase, but
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disappeared with time. A maximum gold dissolution of 93-94%
was observed, This was predicted from a computer-assisted'
analysis carried out by Gencor staff. The 6-7% unavailable gold

was encased in the gangue minerals.

The cyanide leach lime consumption increased with bacterial leaching
time, because more and more acid was added and,'theréfore, had to be
neutralized. At 11 Kg/t the cyanide consumption was also high (an
average plant consumes less than 1 Kg/t ore), but could be reduced by
either adding an excess of lime at the start of the leach or by

increasing the pre-aeration time (see Table 2.7).

Once the feasibility of the bacterial leach had been pfoven the most
important parameters likely to affect it were examined. Particle size
was investigated since it has been reported in both batch and
continuous leaches that an increase in surface area due to a decrease
in particle size caused a rise in oxidation rate of the ore -(Razzell
and Trussel, 1963; Napier, Wood and Chambers, 1967; Chang and
Myerson, 1982; Lawrence and Bruynesteyn, 1983). Torma and Bosecker
(1982) advocated a particle size less than 32 um, but Duncan, Walden
and Trussel (1966) reported that when less than 37 um particle size
ceased to be limiting to the bacterial leach of chalcopyrité ore and
some .other factor became rate-controlling. Since milling of the
run-of-mine ore was expensive it was decided to mill it to 65% -44
- um.  Gold dissolutions remained unaltered. Normally milling alone
liberates some gold. As this was not the case it would appear that
the milling was ‘“preferential" 1in that the softer gangue minerals

were the ones contributing to the drop in size, not the'harder
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sulphide minerals (<5% of the ore). Lundgren and Silver (1980)
commented that a drop in particle size of low-grade ores could
increase the surface area of the gangue relative to the substrafe,

this being equivalent to substrate dilution,

The initial choice ~of pulp density was made based on thIthings.
Firstly, the baéterial culture could tolerate only 1 g/1 As and, if
one assumed total ore degradation and arsenic solubilization, a 20%
solids pulp density would result in only 0,7 g/i As in solution.
Secondly, 20% sblids was the highest value quoted in the literature
(Lawrence and Bruynesteyn, 1983). Generally, however, the highest

metal extractions by T.ferrooxidans have been found to be at low

pulp densities (Torma and Sakaguchi, 1978). Le Roux, North and
Wilson (1973) reported that 6% solids was optimal when working with
pyrite. Roy and Mishra (1981) considered that 3-5% solids was
optimum, but that 5-10%Z was acceptable. High pulp densities,
however, were not tested. This study clearly demonstrated that
up to 30% solids could be used. Batch tests at 30% solids were very
satisfactory; in the continuous bacterial leach the inflow was
approximately 23% solids, but up to 40% solids occurred In some leach

vessels (e.g. vessel 2 in runs 4 and 5) and 30% solids was common.

Ferric iron and arsenic in solution were expected to increase at
increasing pulp densities, but there seemed to be a saturation
concentration above which any excess precipitated. Hence; it

was not the arsenic concentration in solution that was limiting.
It was most likely mass transfer of nutrients, CO2 and particularly

02.
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The ideal pH would be in the pH 1,5-3,0 range, but an exact valuye

could not be obtained from the literature. Polkin et al (1975) found
a pH of 2,0-2,3 was ideal, Pinches (1975) showed that pyrite was
leached best at pH 2,75-3,0, but poorly at pH 1,8. Arsenopyrite
leached best at pH 2,0, metal leaching dropping as the pH rose. For

pyrite oxidation by T.ferrooxidans specifically, a pH of 1,8 was

optimum but acceptable leach rates between pPH 1,3 and 4,0 were
'reported (Corrick and Sutton, 1965). Bruynesteyn and Vizsolyi (1981)
found that a pH of 1,6-1,7 was best, but that rates were good between
1,2-2,0 and an optimum pH of 2,0-3,0 was reported by Roy and Mishra
(1981) and by Kandemir (1983). For ferrous iron oxidation by

T.ferrooxidans an optimum pH of 2,4 has been reported (Schnaitman,

Korczynski and Lundgren, 1969). These authors report that with
adaptation oxidation can be very satisfactory even at pH 1,25. The
effect of pH in the range 1,6-2,2IWas~therefore examined. The.batch
bacterial leaches did not allow an optimum pH to be pinpointed as
results were all rather similar. During the continuous leach it was
found that pH 1,80-1,85 was clearly best. At pHs 1,97 and 1,74 gold
dissolution dropped by 1,9% and 2,3% respectively when compared to pH
1,84,

As expected, acid consumption decreased with increasing pH. In the
batch testwork acid consumption at pH 1,6 was approximately three
times and at pH 1,8 approximately twice that observed at pH 2,2. In
the continuous testwork the same trend was seen, but the actual va-
lues were much lower than those obtained in batch tests; 30 vs 73 Kg
H2504/t ore at pH 2,0 and 71 vs 109 Kg/t at pH 1,8. This proba-

bly had to do with the use of several leach vessels resulting in the
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better wutilization of both the added and bacterially generated acid.
Acid had to be added because although the bacteria genérate acid from
sulphur oxidation the sulphide content of the ore was low (2-4% of

the ore) and the natural pH of the ore slightly alkaline (pH 7,49).

As the pH increased iron and, to some extent, arsenic precipitated,
as would be expected from the chemistry of these elements. Jarosite,
iron arsenate and such compounds are known cyanicides and at the
bottom end of the pH range (pH 1,74) cyanide consumption for ‘gold

solubilization was significantly lower.

The optimum temperature for the bacterial leaching of the milled
run-of-mine ore was _foUnd to be 35°C. In the 30-40°C range results
were similar, but at 20°C bacterial activity was greatly réduced.
Metal sulphide ore leaching is usually good in the 25-45°C range,

35°C being optimum when using T.ferrooxidans (Lundgren and Silver,

1980; Torma and Bosecker, 1982). With low-grade pyrfte the accepta-
ble range was found td be 25-40°C, 35°C being the optimum (Corrick
and Sutton, 1965; Lawrence and Bruynesteyn, 1983). The present study
Is in exact agreement with these figures. Razzell and Trussel (1963},

working —on the T.ferrooxidans leaching of a chalcopyrite ore

specified that 35°C was ideal and reported a sharp drop in oxidat{on
(to the same as the uninoculated control) at below 25°C and above
40°C. It would appear that there is a noticeable difference between

T.ferrooxidans metabolism and leaching temperature optima. The former

Is 20-35°C (usually accepted as 28°C) with more than 35°C causing a

marked decline (Torma, 1977; Murr and Brierley, 1978).



58

Temperature also had an effect on the cyanide leach. As the tempera-
ture increased so did the lime consumption., At higher temperatures
many chemical reactions are accelerated, which resulted in more cya-

nicides forming.

Nutrients are another important parameter in the bacterial leaching
of ore. It has been reported that Fe Il oxidation was able to take
place in acid water‘to which only ferrous sulphate had been added.
The rest of the inorganic nutrients were presumably provided by the
air (e.q. NH3) or were present as trace impurities in the ferrous
sulphate or water (Schnaitman, Korczynski and Lundgren,

1969; Rawlings, 1981). For ore leaching, however, no nutrients may
have to be added as, in most cases, all are available from the
material to be leached. Phosphate and ammonia are the least likely
to be present in sufficient quantity although phosphorous may be
present from the water or apatite and nitrogen from blasting.
However,.it has been recommended that 0,5 g/l K2HPO4, 3 g/l

(NHy),50,, 0,22 COZ’ lots of air .and some Fe II be added
(Bruynesteyn et al, 1979; Lundgren and Silver, 1980; Torma and
Bosecker, 1982). The need for fhe addition of at least some

nutrients, in small amounts, has been shown in several studies

using pyrite and either T.ferrooxidans or mixed cultures. Roy and
Mishra (1981) observed inhibition of pyrite oxidation, compared to
growth in 9K medium,in the absence of nitrogen (<1% oxidation),
phosphorous (45%) and potassium (63%). Lloyd (1967) added 0,3 g/I
K2HPO4 and not more than 3,35 g/l (NH4)2504 - similar to

what Torma and Bosecker (1982) recommended. Although iron was found

not to be essential it was seen as being helpful (at approx.
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2 g/1) for both pyrite and arsenopyrite oxidation. This Is thought
to be due to the extra Fe III generated (Corrick and Sutton, 1965;
Polkin et al, 1975; Groudev, 19815 Chang and Myerson, 1982).
From the batch testwork reported here only ferrous iron and phosphate
addition were beneficial to the leach, although not essential. A
bacterial leach in tap water gave the same gold dissolution (of 82%)
as a phosphate-limited one and slightly less than a ferrous-1limited
one (83%). The addition of these nutrients was; therefore, benefi-
cial but not essential. A solution analysis at the end of the leach
indicated that certain other nutrients had been depleted, but there
had apearently been enough present to ensure good mineral attack.
Although ‘some workers have proposed the need for phosphate, others
claim it 1is deleterious to pyrite oxidation. It is thought to react
with the 1iron atoms at active sites in the pyrite crystal, hence
preventing microbial attack (Corrick and Sutton, 1965; Beck, 1969;
Le Roux, North and Wilson, 1973).

In the continuous leach the goal was to eliminate nutrient addition

completely. At the end of the experiment ohly 0,5 g/1 (NH,),SO

4250,
was added and it was highly likely that even this amount was not
needed. It was interesting that the absence of nutrient addition

caused a drop in cyanidation lime consumption.

A change in grading and compositional analyses of the ore occurred
during the leach. There was a reduction}in particle size which was

not due to attrition, as this did not occur in the control leaches.
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The largest particle size fraction (295 um) showed the greatest re-
duction (50-70% loss in weight). This effect decreased wifh particle
size and the -44 ym fraction showed a particle mass gain (10-20%).
This was not unexpected, since when the larger particles were eroded
they would fall into the next fraction. Only sulphide minerals were
degraded in the leach, with about two thirds of the pyrite and

arsenopyrite being decomposed.

From this work it was concluded that (i) the bacterial leach of the
milled run-of-mine ore Qas successful; (ii) a retention time of four
days was needed, with 7-10% recycle, yielding 91-93% gold dissqlution
upon cyanidation; (iii) further ore milling was unnecessary; (iv) 30%
solids could be used; (v) the pH should be approximately pH 1,8, with
a corresponding acid consumption of about 71 Kg HZSO4/t ore; (vi)

35°C was the optimum temperature, but 30°C was also very satis-
factory; (vii) probably no nutrients needed to be added: (Viii) the
cyanide and lime consumptions for the solubilization of the gold

would be approximately 10 Kg/t ore.

Based on these findings an economic feasibility study was carried
out. A bacterial leaching plant for the run-of-mine ore could not
compete with the conventional flotation-roasting process (Livesey-

Goldblatt, Norman and Livesey-Goldblatt, 1983).
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CHAPTER 3

BACTERIAL LEACHING OF THE FLOTATION CONCENTRATE

Summary: The milled flotation concentrate was analysed chemically
and mineralogically and found to have characteristics likely to
support bacterial growth and activity. It also contained 146 g Au/t

concentrate.

| Although the concentrate contained arsenic a bacterial culture capa-
ble of tolerating 4 g/1 As was adapted and used for batch tests. In
batch tests it was found that the bacterial growth curve consisted of
a 2-3 day lag period, a log phase and reached stationary phase after.
10-12 days. The maximum gold dissolution of 98% could be obtained in
15 days, although over 90% recovery was attainable in 10 days. The
best method for batch leéching was using 9K medium, pH control and
intermittently removing leach soelution. 62;3 Kg H2504/t concen- |
trate and 68,1 Kg CaO/t concentrate were consumed. A reduction in

particle size and sulphidic minerals also occurred during the leach.

A reduction in particle size from 68% to 88% -74 um was essential.
Inadequate milliﬁg delayed the leach by approximately 8 days. Pulp
densities up to 20% solids allowed for good bacterial leaching and
gold dissolution, the optimum, however, being 10% solids or less. A
pH in the range of 1,6-2,2 was satisfactory, as was a temperature in
the 25-45° C range. Tests indicated that the only chemical addition
like to be necessary in a bacterial leach of the milled flotation

concentrate was ferrous iron. It was found that the presence of
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flotation reagents in the leach was not detrimental and that the

optimum air flow was approximately 1,43 1 air/min Kg.

Control acid and acidic-ferric batch tests had no significant effect

on gold dissolution.

A two and a half month continuous bacterial leach of the concentrate
was carfied out, initially under the conditions based on results from
the batch work. The pH and nutfients were altered successively in an
éttempt to optimize these two parameters. A 43% weight loss was
observed, which reflected bacterial mineral breakdown as well as loss
of fines during decantations. A reduction in particle size and

sulphidic minerals was observed.

Increasing the bacterial leach pH (from 1,81 to 2,07) had no effect.
Reducing the ferrous sulphate addition by 50% (to 160 Kg/t) and the
ammonium sulphate and di-potassium hydrogen phosphate additions by

20% (to 8,5 and 6,3 Kg/t, respectively) resulted in a drop‘in cyanide
and lime consumptions as well as the"pre—aeration time during the cys-
nide leéch. This was probably also affected by the use of lime as an

acid neutralizing agent during the bacterial leach.

Microscopic examination of epoxy resin.mounts of the flotation con-
centrate revealed that bacterial and acidic-ferric leaching both
etched the pyrite and arsenopyrite, but their effects were different.
Galvanic interactioﬁs caused the arsenopyrite to be destroyed first,
followed by the pyrite. Bacterial attachment of thiobacilli and

leptospirilli .was seen.
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It was concluded that (i) a bacterial leach of the milléd flotation
concentrate was possible; (ii) a retention time of ten days‘wa§
needed, yielding 97-98% gold dissofution upon cyanidation; (iij)
milling to 88% -74 um was necessary; (iv) 12% solids could be-uséd;
(v) pH 1,7-1,8‘was‘most suitable, with a corresponding lime consump-

tion of about 120 Kg/t concentrate; (vi) 28°C was the. optimum

temperature; (vii) only 2 g/1 Fe II needed to be added; (viii) for

gold dissolution 18 Kg KCN/t concentrate and 50 Kg CaO/t‘concentrate'

were needed,

A feasibility study showed)this'process folbe'practical and.

economically viable. .

INTRODUCTION

The bacterial leachirg of conéentrates is of recent interest.

Studies ﬁavé generally been aimed at the\devetooment of a vat leach,
using a variety of minerals including pyfite, arsenopyrite and mixtu-
res of these. In some.cases -pure-minerals and in others concentrafes

have been used.

Several studies have been reported using pyrite and T.ferrooxidans.

Le Roux, North ahd.wilson‘(1973) found that 12-17 weeks were needed

to achieve 99,8% pyritic iron-dissolution; Wakao et al (1982) requi- -

‘ red 3-4 weeks for 90-95¢% pyrite oxidation; Hiltunen et al (1981)

found that in 5 weeks 73% of the pyritic iron dissolved. Other stu-
dies have involved. several bacterial cultures, such as T.ferrooxi-

dans, T.thiooxidans, Thiobacillus TH1, L.ferrooxidans, mixtures of
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these and natural mixed cultures. Norris and Kelly (1978) found that
pyritic iron dissolution was greatest using the two natural mixed

cultures or L.ferrooxidans mixed with a mesophilic thiobacillus;

T.ferrooxidans and T.TH1 alone were half as effective; while

T.thiooxidans and L.ferrooxidans alone did not oxidize the pyrite at

all. Later Norris (1983), 1n similar testwork, found that a natural

culture and pure L.ferrooxidans gave the highest pyritic iron

dissolutions; T.ferrooxidans alone and mixed with T.thiooxidans were

half as effective; while T.thiooxidans alone was ineffective. These

experiments were continued for 2-3 weeks before maximum dissolution

occurred.

Some workers have used pyritic concentrates for their studies. At-

kins (1978) reported T.ferrooxidans as requiring approximately 75
days to completely oxidize a 10-12% solids slurry of a pyritic con-
centrate. Lawrence and Bruynesteyn (1983) reported that a mixed cul-
ture required 33 days to oxidize a 17% solids slurry to yield 91%
gold dissolution. Lawrence and Gunn (1985) reported that

T.ferrooxidans required only 5 days to leach a 16% solids slurry to

yield 92% gold and 75% silver recovery. It was done in batch and

confirmed in a continuous bacterial leach test.

Bacterial leaching of arsenopyrite is much faster. Within a week
about 80% of the cobalt and 84% of the gold in arsenopyrite concen-
trates were made available and similar results were obtained with a
tin-containing arsenopyrite concentrate (Karavaiko, Kuznetsov and

Golonizik, 1977; Qiu et al, 1980).
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T.ferrooxidans leaching of pyrite/arsenopyrite concentrates'has also

been studied. In 4-7 days maximum leaching yields have been achie-
ved, with approximately 90% of the arsenic and gold being dissolved
out. These concentrates contained up to 9,3% arsenic. To overcome
arsenic toxicity either low substrate concentrations were used or
leach solution was rehoved and replaced during the proﬁess (Kuleba-
kin, 1974; Pinches, 1975; Polkin et al, 1975; Yudina et al, 1979),
And recently Marchant (1985), in batch and continuous tests,
bacterially leached a 10% sclids slurry of a pyrite/arsenopyrite

concentrate and in 40 h achieved about 90% gold and silver recovery,

Hence, it was thought that a system for the flotation concentrate
used in this study could be developed, with a retention time of Jless
than one week. As with the milled run-of-mine ore, a continuous vat
leach would be the final goal. Other workers have got similar sys-
tems to work using.chalcopyrite, copper-zinc or galena concentrates
(Polkin et al, 1977; McElroy and Bruynesteyn, 1978; Torma, 1978;
Lawfeﬁce, Bruynesteyn and Hackl, 1981). A continuous leach of pyrite
from coal has been reported, as has that of a gold-bearing
pyrite/arsenopyrite concentrate (Polkin et al, 1975; Myerson and

Kline, 1984),

Since the flotation concentrate contains approximately 5% As it was
necessary to develop a bacterial culture that was arsenic tolerant.
Generally either OK or 9K plus the mineral(s) was used for the adap-

tation process. Success in adapting T.ferrooxidans to a substrate

and heavy metal ion concentrations has been well established e.q.

12 g/1 wuranium, 160 g/l iron, 55 g/l copper, 72 g/l
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nickel, 120 g/1 zinc and 4,9 g/] arsenic (Khalid and Ralph, 1977;
Torma, 1977; Atkins, 1978; Torme and Bosecker, 1982: Norris,
1983). The adaptétion mechanism is not clear, but is probably
connected to the induction of enzymes, the produciion of surface
active agents, alteration of the cell surface etc. The.behaviour s

genetically determined, but influenced by the environment (Groudev

and Genchev, 1978; Groudev, 1979).

What happens during the bacterial leaching of a pyrite/arsenopyrite
is summarized by the following reactions (Murr and Berry, 1976;
Brierley, 1978; Kelly, Norris énd Brierley, 1979; Wakao et al,

1982; Livesey-Goldblatt, Norman and Livesey-Goldblatt, 1983;

Lawrence and Gunn, 1985).

4FeAsS + 130, + 6H,0 Bacterial A4S0, + AFesO,

2FeS, + 70, + 2H,0 Ml | 2FeS0, + 24,50,

4FeSO, + 0, + 2H,50, w 2Fe,(S0,)4 + 2H,0

2FeAsS + Fe,(S0,), + chemical 24,850, + 4Feso, + H,S0,
_602 + 4H20

2H3As0, + Fen(S0,), thenicel 2FéAsO4 + 3H,50,

2FeAsS + 2H,50, + 0, themical 2FeAs0, + 45° + 2H,0

FeS, + Fey(S0,), . chemicgl 3FeS0, + 25°

25° + 30, + 2H,0 Bacterial 2H,50,

2FeS, + 24,50, + 0, Chemical 2FeS0, + 45° + 2H,0

Fe,(50,)5 + 6H,0 Bacterisl  2re(OH), + 3H,50,

Fe(OH), + H,S0, Chemical Fe(dH)(so4) + 24,0

3Fe(0H)(S0,) + NaOH 4  Chemicel NaFe;(S0,), (OH)g + H,S0,

2H.0

2
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Some of the effects are direct and some indirect. That both types
occur is likely, since when pyrite is placed in a dialysis bag during
bacterial leaching oxidation is reduced but not eliminated. Direct
bacterial attack has been proven by the bacterial dissolution of
iron-free minerals such as chalcocite, covellite, molybdenite,
orpiment and tetrahedrite. In addition, when the ferroxidase system
is absent (in UV mutants or by sodium azide inhibition) mineral
oxidation stil!l occurs; and from analyses and comparison to
predicted values derived from the reactions ferric iron leaching can
only account for 52,9% of pyrite dissolution. Indirect bacterijal
attack has been illustrated in uranium oxidation and by the drop in
the leéching rate of pyrife from which acid-éoluble iron has been
removed. Most of this decrease was reversible when Fe 111 was added
(Silverman, 1967; Gaidarjiev, Groudev and Genchev, 1975; Arkesteyn,
1979; Kandemir, 1983). Pinches (1975) suggested that attack is
always indirect, because a coating forms on the mineral and the
attached bacteria are consequently separated from it b} a permeable

or semi-permeable barrier,

What is certain is that microorganisms attach to the mineral surface,
suggesting direct leaching. The bacterial metabolite responsible for
the leachihg action may be involved in ferrous iron oxidation, the
solubilization of molecular sulphur and/or the direct attack of the

sulphide (Lundgren and Silver, 1980). Work done with T.ferrooxidans

and pure metal sulphides has shown that the highest rate of substrate
oxidation was achieved with the highest solubility product of its
sulphide. This strongly suggests that substrate dissociation is a

prerequisite, though not necessarily an exclusive one, for metal
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sulphide oxidation (Torma et al, 1974; Torma and Sakaguchi, 1978).
The dissociated metal and sulphide migrate to the boundary léyer and

the bacteria oxidize these. The equilibrium of the reaction

MS frmm—— M2+ + 52-
moves to the right-hand side and causes more metal sulphide dissocia-
tion. Bacterial attachment would guarantee proximity to these ions

which are their energy source (Tuovinen and Kelly, 1974; Torma and

Bosecker, 1982).

~ In addition, galvanic effects and interactions need to be taken into
~account. It has been observed that pyrite with hole conductivity

(anodic) was oxidized by T.ferrooxidans continuously and more

intensely than that with electron conductivity (cathodic). Three

chalcopyrites, when leached by T.ferrooxidans, had leachability rates
which were directly proportional to the largest electrode potential
(EP)-Eh difference. This was due to the bacteria attaching to the
mineral surface and transporting electrons from the anodic area of
the mineral to some constituent of the baeterial electron chain which
served as a cathode (Karavaiko and Pivovarova, 1977; Gfoudev, 1980).
In the absence of bacteria the EP-Eh difference is small and leach-
ing was negligible. With a mixture of minerals there are galyqnic
interactions and there was some corrosion, even in the absence of
bacteria. The rest potential of pyrite is 630 mV, chalcopyrite 520
mV and sphalerite -240 mV. The pyrite, therefore, dissolved the
slowest in a mixture of these minerals because the other mineral
acted anodically while the pyrite was passivated. When the anodic

curve of one mineral crosses the cathodic curve of another any elec-
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trolyte could yield a corrosion potential and a current could flow.
The electrons flowed into the pyrite, oxygen absorbed to it and
therefore passivated it.} Pyrite behaved similarly with arsenopyrite,
covellite, galena and molybdénite (Karavaiko, Kuznetsov and
Golonizik, 1977; Karavaiko and Pivovarova, 1977; Berry and Murr,
1978; Berry, Murr and Hiskey, 1978; Mehta and Murr, 1982).
Chalcopyrite behaved similarly with pentlandite and pyrrhotite (their
rest potentials are 390 and 360 mV, respectively), although when
these two touched there was little leaching (Natarajan and Iwasaki,
.1983; Natarajan, Iwasaki and Reid, 1983). 1In the presence of bacte-
ria Fe 111 was generated, this increased the electrolyte potential,
the EP-Eh difference therefore also increased and the galvanic
effect was enlarged (Mehta and Murr, 1982). The bactefia can also

act as a cathode.

The end result of these various forms of leaching was mineral etching
and ultimately total mineral dissolution. A lot of work on this as-

pect has been done on pyrite, using T.ferrooxidans. The pyrite after

leaching has usually been observed to be tarnished and have jagged
edges. Bﬁt more important are the pits and grooves that are formed,
these being in the region of contact between the mineral and the
attached bacteria. Although thiobacilli are seen attached this is
not very common. Some workers claim that -these pits show no particu-
lar orientation or dis;ribution, while others suggest they reflect
both the cubicity of the crystal and crystal weaknesses or imperfec-

tions. It is thought that T.ferrooxidans may be able to select

between more or less favourable sites for energy extraction (Duncan

and Drummond, 1973; Bennett and Tributsch, 1978; Keller and Murr,
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1982; Southwood and Southwood, 1985). In studies with pyrite and
chalcopyrite bacterial attachment and pitting along grain boundaries
and weakneses was again observed. vIn addition the patterns were
found to differ with differing crystallographic orientations (Berry
and Murr, 1978; Berry, Murr and Hiskey, 1978). Similar patterns were
repoited for galena (Tributsch, 1976). With arsenopyrite a coating,
formed by mineral replacement, was seen (Pinches, 1975). These
patterns differed from those produced by a purely chemical (acidfc-
ferric) leach. Chemical etches reflected the cubic structure of the
pyrite, were regular and monodirectional. Jarosite and elemental
sulphur deposition were also noted (Bennett and Tributsch, 1978;

Keller and Murr, 1982).

In these studies bacterial attachment and etching of the flotation
concentrate was examined, since the microscopic examination of the
minerals might shed some light on the_mechanism of bacterial (and

chemical) leaching.

One other aspect of this work was to use fhe data gathered during the
leach of the flotation concentrate to carry out an economic feasibi-
lity study. To date only McElroy and Bruynesteyn (1978) and Torma
(1978) have done such a study on a concentrate. The former, using a
chalcopyrite concentrate, found the bacterial process had no cost
advantage when compared to copper smelting. The latter, using a lead
sulphide concentrate, reported that the bacterial process yielded a
profit of $6,3 x 105 for an investment of $7,3 «x 106, which was
acceptable. This did not inélude any possible revenue from smelting
the lead by-product. Lawrence, Bruynesteyn and Hackl (1981) claim
that chalcopyrite, sphalerite and galena leaches were all economi-

cally viable, but gave few details.
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3.2.3
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MATERTALS AND METHODS

Details of the methods, media and solutions are listed in Appendices

A and B, respectively.

Analysis of the Flotation Concentrate

The concentrate was analysed for a large number of elements by
I.C.A.P. Wet chemistry methods were used to analyse for total iron,
total and pyritic sulphur and arsenic. The gold and silver content
was determined by fire assay. A mineralogical examination and screen

analysis were also done.

Milling of the Flotation Concentrate

The concentrate was wet milled in a laboratory-scale iron rod mill

until it was approximately 90% -74 um.

Bacterial Strain Development and Identification

Adaptation to Test Conditions

Tﬁe bacterial culture was adapted to growth in an aerated slurry of
milled concentrate and 9K medium (pH 1,8, 30°C). Small amounts of
concentrate and fresh 9K medium were added regularly to the culture.

It was used as inoculum when there was approximately 10% solids, 4
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g/1 As in solution and the added ferrous iron was oxidized within 16

hours.
Sterility was not enforced as the plant would be non-sterile.

Identification of the Bacteria Present

The adapted culture soiution was serially diluted with sterile
distilled water and 0,1 ml plated onto Nutrient agar, Waksmans' and
9K medium solidified with 2% Oxoid agar-agar. The plates were
incubated at 30°C for up to four weeks. Isolated colonies were
inoculated onto the different types of agar plates and into the
corresponding liquid media. They were incubated at 30°C for up to
four weeks, The pH was monitored sporadically and cultures at
different initial pHs used. Gram stains and wet slide preparations

were made from selected colonies and solutions and examined microsco-

pically. Identification was done on the basis of morphology and ener-

gy source (as in Fig. 2.1).

For total counts the nitrogen content method of Gormely and Duncan

(1974) was used.

Batch Tests - Bacterial Leach Procedure

Milled flotation concentrate (350 g) and 9K medium (3,50 1) were

placed in a 5 1 beaker, which gave a slurry of approximately 10% pulp
density. The stirred slurry was aerated and kept at 30°C in a water
bath. The pH was adjusted to pH 1,8 with concentrated H

2504.
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A 10% slurry inoculum (360 ml) prepared as in 3.2.3 was added and the
pH thereafter maintained at pH 1,8 by addition of either concentrated

H2504 or 130 g/1 Ca0 slurry.

At specific intervals the slurry was allowed to settle, the solution
was decanted off and fresh 9K medium was added as replacement (volume

for volume).

After 10 days the slurry was filtered, the filter cake washed, repul-

ped, refiltered and rewashed. The final filter cake was dried at

1 60°C and weighed. The filtrate and decanted solutions were collected

and analysed for ferrous iron, ferric iron, arsenic and pH.
The dried ore was analysed for total iron, total and pyritic sulphur,
arsenic and gold. Mineralogical and screen analyses were also car-

ried out.

Batch Tests - Sterile Control Leach Procedure

Acid and acidic-ferric control leaches were run in paréllel with the
bacterial leach. Instead of 9K medium being used to make up the
slurry either tap water or a ferric sulphate (7 g/1 Fe III) solution
acidified to pH 1,8 was used. There were no decantations. Bacterial
activity was inhibited through either the addition of 100 p.p.m.,

thymol or autoclaving.

To maintain the autoclaved samples sterile conical flasks were incu-

bated in a Gallenkamp orbital shaker at 30°C and 150 r.p.m. instead

of as in 3.2.4.
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The system was as follows:

- five 20 1 water jacketed leach vessels were used initially - see
Fig. 3.3. Later the first two vessels were replaced with a similar
40 1 vessel. This was intended to help prevent bacterial washout.
The baffles aided mixing, the partition reduced short-éircuiting and

the lid reduced evaporation'and'material loss by spillage.

- dry, milled concentrate was fed to the first vessel at d rate of
0,63 g/min T oo by a 12 Kg capacity double-screw feeder manufactured

by K-Tron Corp (T-20 model) with the series 6300 control .unit.

- a variable speed peristaltic pump allowed for feed solution to
enter the first vessel at a rate of 4,90 ml/min from a 25 | reservoir
containing a solution of 10 g/1 FeSO4.7H20, 0,5 g/l (NH4)2504

and 0,37 g/1 K,HPO, at pH 1,8-2,0. '

- five (or four) variable speed stirrers with four-bladed PVC
impellers with the blades angled at 45° kept the slurries in suspen-

sion within the vessels. .

- the vessels were aerated at about 6,0 1/min. Five (or four)

Aalborg FM 102-05 S (0,0 - 6,0 1/min range) air rotameters and air

sparges were used.

- three (or four) pH control units were used. Each consisted of a

combination-type queiectrode, a pH meter and a titrator. This allo-

wed alkali (250 g/l;ammonia, 250 g/1 sodium hydroxide or 100-150 g/1
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“Figure 3.3:
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“lime) to be added to vessels 1, 3 and 4 ih the five vessel system and

to all vessels in the.four’veésel System.

- the leach slurry temperature was kept at129°C'f 2°C using a
thermostat—controlled water bath. A magnet pump was used to circula-

. : C
te the water through the leach vessel jackets.

- in the five vessel System the slurry from leach vessel no. 1
overflowed into vessel no. .2 and from there into a "settling vessel".
In the four vessel system the first 40 1 leach vessel overflowed f

directly into a "settling vessel",

- every 24h (I 1 h) the settling vessel solution (which was high in
arsenic and ferric iron) was siphoned off. Fresh nutrient solution
from the reservoir was added as replacement. The slurry was tho-

roughly mixed and transferred to a "feed vessel" (of 12 l’cdpacity).

- the contents of the feed.ve§§e1 were fed to three furtﬁer.vesf
sels arranged in serieélét énrate of 5,1 ml/min using a variable

speed peristaltic pump. To maintain the feed‘véssel siurry in sus-
pension a variable speed stirrer with a smaller version of the PVC

impeller was used.
- from the last vessel the slurry overflowed into a final settling
vessel, This represenied an overall slurry retention time of approx-

imately 12 days.

- the final overflow $1urry was removed every 24 ht 1h). After
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settling the solution was siphoned off.

- approximately 10% of the thickened slurry was recycled to leach

vessel no. 1 each day.

- Magnafloc 351 flocculant was added to the remaining Slurry,
which was then filtered. The filter cake was washed; repulped, re-
filtered and rewashed. The final filter cake was dried at 60°C and

weighed.

- the filtrate, the combined washings and the intermediate decan-
ted solutions were collected, weighed and measured, then assayed for

ferrous and ferric iron, arsenic and pH.

- the dried residue was analysed for total iron, total and pyritic
sulphur, arsenic and gold. Mineralogical and screen analyses were
also carried out. The feed concentrate was analysed in the same

manner.,

- a sample from each leach vessel was tgken daily. The pH and
redox potential were measured and the ferrous and ferric iron content
of the solution determined. The specific gravity of the slurry was

measured as an indication of the pulp density.

Cyanidation Test Procedure

Dried bacterial leach residue (150 or 300 g) and enough tap water to

give a pulp density of 33% (300 or 600 ml) were placed in a 1 | bea-
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ker. The slurry was stirred and aerated. An approximate 10% lime

slurry was used to adjust the ore slurry to about pH‘11,5. This pH

was cheéked every 0,5-1,0 h and lime was added to maintain the desi-v

red pH. After 21-74 n the pH has stabilized (i.e. it no longer rapidi!.
~ decreased with time). A predetermined amount of granular KCN was

added and the leach continued for another 24 h.

- The leach slurry (now at a pulp density of 25%) was filtered, the fil-
ter cake was washed, repulped, refiltered and rewashed. The final
filter cake was dried at 60°C, wéighed and assayed for gold. The
first filtrate was collected and.analysed for residual cyanide and

lime.

3.2.8 Microscopic Examination of the Concentrate

3.2.8.1 Bacterial Leach Tests

Unmilled flotation concentrate was mounted in epoxy resin blocks.
The milled concentrate was not used, because the fineness of the
particles made microscopic examination and mineral identification

-difficult.

These mounts were examined with a light microscope. When a represen-
tative field of view was found it was photographed and circled using
a diamond scratcher. The mounts were placed\in a porcelain dish with
720 m] 9K medium and 80 ml bacterial inoculum. The pPH was adjusted

and the solution aerated at room temperature (20°C) for various time

periods. The mounts were then thoroughly washed with distilled wa-
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ter, treated with a 50% solution of HCl (to remove the jarositic coa-

ting), rewashed with distilled water and stored away from dust.

On microscopic examination the same field of view was found and

photographed.

For the scanning electron microscope the leached mounts were attached
to a stub using conducting paint, sputtered with gold (20 nm thick
coat) and examined with a Cambridge 54 stereoscan unit at 20 KeV.

Photographs were taken as required.

Sterile Ferric Leach Tests

Epoxy resin mounts of the unmilled flotation concentrate were made
and treated as in 3.2.8.1 with one exception - to the porcelain dish
800 ml of ferric sulphate (7 g/1 Fe I111) solution and 100 p.p.m.

thymol was added instead of the 9K medium and bacterial inoculum.

RESULTS

Analysis of the Flotation Concentrate

The elemental analysis of the concentrate is given Table 3.1 and the

mineralogical and screen analyses in Tables 3.2 and 3.3.

There was ample iron and sulphur, as pyrite and some arsenopyrite, to
support bacterial growth (thiobacilli and leptospirilli). The only
inhibitory compound present in significant quantities was arsenic.
The large amount of gold present made the leaching of this concentra-

te a very attractive economic proposition.



Table 3.1 :

Element

Gold
Silver
Arsenic
Iron
Sulphur
Calcium
Nitrate
Potassium

Chlorine

- Phosphorous

Magnesium

~ Sodium

Aluminium
Boron
Copper

Manganese

Nickel

Molybdenum
Titanium

Silicoh

Concentration(%)

0,014560( 145,60 g/t)
0,000580(5,80 g/t)
6,31
31,20
31,71
0,22
0,79
0,001
0,05
0,90
0,25
1,93
0,24
0,09
0,02
0,25
0,003
0,16
16,40

82

Chemical analysis of the flotation concentrate.
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Table 3.2: Mineralogical composition of the flotation concentrate,

Mineralogical Component Percent of Total
Pyrite - 49,19
Arsenopyrite 10,27
Sphene | 0,02
Rutile 0,08
Hematite : -
Sphalerite -

Free gold <0,01
Gangue | | 40,44

Table 3.3: Tyler screen analysis of the flotation concentrate.

Size (um) Percent of Total
' Before Milling After Milling
+ 208 . 2,33 3,51
+ 147 : 5,67 2,61
+ 104 9,25 2,38
+ 74 15,00 3,21
- 74 | 67,75 88,29
3.3.2 Bacterial Strain Identification

The adapted bacterial culture grew well in the presence of the con-

centrate and 4 g/1 As in solution. The total bacterial count was
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o x 10
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approximately 1,6 x 1010

8

cells/m] s]urry.' Visually there were 1-3
cells/ml solution. When the solution was plated on solid

media the counts were considerably lower (Table 3.4).

The culture consisted of T.ferrooxidans, sulphur-oxidizing thiobacil-

li (probably T.thiooxidans), L.ferrooxidans and some heterotrophic

bacteria and fungi.

Table 3.4: Bacterial counts on different solid media. N.A. =

Nutrient agar; TNC = too numerous to count.

Medium Titre of Titre of
Bacteria Fungi_
(cells/ml) {cells/ml)
N.A. 10 0l
Waksman f103 t 103
9K 10 t o0l

Batch Tests - Bacterial Leaches

All tests were done in duplicate or triplicate.

Arsenic Tolerance

During inoculum preparation it had been observed that the bacterial
culture to be used in this work could tolerate only 4 g/1 As. This
was confirmed when the culture was inoculated into 9K medium supple-

mented with varying amounts of arsenic (as AS,0.) (Table 3.5).
273
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lable 3.5: Arsenic tolerance of the bacterial culture in 9K
medium supplemented with As2 3
Arsenic Initial Culture Subculture
Concentration Lag Period Period for Fe II Lag Period Period for Fe II
Oxidation Oxidation

(g/1) (days) (days) (days) (days)

1,0 14 15 8 | 10

2,0 ' 14 15 8 9

3,0 .14 15 -7 . 9

4,0 14 15 9 15

5,0 >42 - '_ -

Batch tests using 9K medium or water, with or without pH adjustment,
were carried out to see what would happen during a bacterial leach.
No decantations were performed and the solutions Qere assayed for
ferrous and ferric iron, and arsenic. It was found that there Qés a
characteristic pattern of solub;lization. The amount of ferric iron
and arsenic in solution was greatest when 9K medium aﬁd no pH adjust-
ment was used, less when water and no pH édjustment was used and was
least when 9Krmedium was used and maintained at ¥ pH 1,8 (Fig. 3.4
and Fig. 3.5). Only in the latter case Qas the arsenic below 4 g/1,
yet the bacteria remained viable in all cases. 'During the leach the
ferrous iron in solution rapidly dropped to less than 0,5 g/l, the
ferric iron displayed two phases of increase and the arsenic increased
to a constant value. The first phase of ferric increase coincided
with the drop in ferrous concentration and the second started about
v 5 days later. The lag period was 2-3 days, and stationary phase

was reached after 10-12 days.
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( g/l )

Analyses .

Solution
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i A (1 It I n 4 I i

A 4 i 2 l "
° 1 2 3 4 5 6 78 ¢ o 2 1% & 15 16 17 18

Leaching Time (days)

Fig;3.4: Solution analyses during the bacterial leach in water of the
flotation concentrate. There were no PH adjustments made
during the leach. Arsenic (A-A); ferrous iron (x-x); ferric

iron (0-0).
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When no pH adjustments were made the pH increased slightly initially
(to pH 1,9), then dropped to pPH 1,1 or less. When the pH was con-
trolled iron and arsenic precipitated out of solution (Fig. 3.5).
Gold dissolutions confirmed that a leach in 9K mediuh was more effec-
tive than in watef. This was also indicated by the iron and arsenic
concentrations in solution. On the other hand, when pH control was
exercised, gold dissdlution dropped and arsenic and ferric iron

levels in solution were lower.

Effect of Leaching Time

The effect of bacterial leaching this concentrate for up to 17 days
was examined, as well as solution removal (decantation). Changes in

the solution during the bacterial leach are illustrated in Fig. 3.5.

From the residue analyses (Table 3.6) it was apparent that minerai
leaching had taken place, since pyritic sulphur and arsenic were
leached out of the concentrate. Iron and total sulphur values did
not change much due to their reprecipitation. This was more
accentuated when there were no decantations and causedAsome arsenic

coprecipitation.

A third piece of evidence that mineral attack occurred was the
increase in gold dissolution (upon cyanidation) with time (Fig. 3.6).
This stabilized within about 10 days and confirmed that a 10 day

bacterial leach was all that was needed.



Table 3.6:

"#"denotes those tests

Bacterial Leach

89

Analysis of the bacterial leach flotation concentrate

residdes. All values are corrected for weight change.

were performed.

Analysis of Leach Residue

during which no decantations

Period (days)

0*

3%

,6*

o}

2 3 g
¥ L)

Gold Dissolution ( % )

40

10%
10
15
17%

Au(g/t) Total Fe(%) Total S (%) Pyritic S(%) As(%)

129,3 27,30
139,3 27,90
127,0 26,91
143,7 29,73
127,6 25,84
140,4 28,99
129,2- 23,99
139, 1 28,09
137,8 30,01
128,7 21,92

27,69
26,90

26,75

27,30
26,99
24,57
26,62
22,86
20,51
26,20

21,85
25,83
18,00
22,12
14,30
12,26
13,90

7,53

7,99
11,68

4,56
5,05
2,15
2,12
1;70
1,04
1,47
0,76
0,48

1,71

A

Fig.3.6:
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Due to the greater precipitation of solutes toward the end of the
leach tests where no decantations were done, gold solubilization was
- blocked. Nearly total gold dissolution could be expected from the

concentrate, but without decantations this would be precluded.

The cyanide leach required to dissolve the gold from the bacterially
leached concentrate showed some unusual characteristics. The cyanide
consumed in the process roughly trebled when compared with the con-
troi (untreated cbncentrafe) and the lime consumed increased with
bacterial leaching time (Table 3.7). Consumptions were slightly

lower in the tests without decantations.

Upon mineralogical examination it was found that the pyrite content
of the concentrate dropped from the original 40-47% to 22-26%, while

/ the arsenopyrite dropped from approximately 9% to less than 1%.
Tyler screen analysis reVealed that when the solution was removed
during the bacterial leach all particle size classes diminished, with a
concomitant increase of -44 um particles (from 82% to 89%). When
solution was not removed the +208 um particle class increased, while
the other classes behaved as above. This particle size reduction was
not due to attrition, since it was not observed in control leaches

(section 3.3.4).

3.3.3.3 Effect of Particle Size

Two ranges of particle sizes were used : the unmilled concentrate

and milled to 88% -74 um (Table 3.3).
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Although all the analyses and mineralogical examinations followed the
same pattern (cf. Table 3.8 with Tables 3.6 and 3.7), it was clear
that the unmilled concentrate required an additional 8 days leaching

to achieve similar gold dissolutions.

Effect of Pulp Density

The inoculum for this study had 10% solids, thus making the bacterial

leaching effects comparable. This was compensated for in the making

| up of the pulps.

As the substrate concentration increased it was expected that the
ferric iron and arsenic'concentrations in solution would increase.
This was seen, the increase being directly proportional to the
additional substrate present (Table 3.9). From the bacterial leach
product analyses and gold dissolutions it was concluded that the

effectiveness of the leach dropped with increasing pulp densities.

- The cut-off point, at which no bacterial activity could be- detected,

was between 20 and 30% solids. But effective leaching only occurred

at pulp densities of less than 10% solids (Fig. 3.7).

On cyanidation of the bacterial leach residues all Cyanide consump-

tions were found to be similar, ‘even for the unsuccessful leach using

32,3% solids. This result was not expected.
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‘Fig. 3.7: Effect of pulp density on gold dissolution from the flota-

- tion concentrate by bacteria.

3.3.3.5 Effect of pH

3.3.3.6

In the pH range of 1,6 to 2,2 bacterial ieaching in terms of gold
dissolution was not affected very much, although pH 1,6 gave the

best results (Table 3.10). As the PH increased the initial acid

~consumption dropped (from approximately 97 Kg/t to 33 Kg/t) and the

lime consumption for neutralization rose (from approximately 60 Kg/t

to 152 Kg/t). When the pH increased ferric iron and arsenic in so-

- lution dropped due to precipitation. This effect was not due to a

significant lessening of bacterial leaching. The increasing amount

of iron oxides in the residue caused an increasing cyanide consumption.

Effect of Temperature

The optimum temperature was found to be about 28°C. An increase or
decrease in the temperature reduced gold dissolution. However, in
the 25°-45°C range the effect of temperature was limited, a signifi-

cant drop being observed only at lower temperatures (20°C)(Fig.3.8).
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Fig. 3.8: Effect of temperature on gold dissolution from the flotation
concentrate by bacteria.

As the temperature incréased above 30°C ferric iron and arsenic in
solution precipitated progressively more (Table 3.11). It was also
noted that the cyanide and lime consumptions during cyanidation were

highést when gold dissolutions were greatest, and vice-versa.

Nutrient Requirements

As the concentrate contained most of the 9K medium nutrients in some
quantity, with the exception of a nitrogen source (Table 3.1), and

since the addition of chemicals to a process always decreases its econo-
mic feasibility, it was important to establish whether the concentrate
could provide the necessary nutrients. It was also possible that some
of thosé present in 9K medium were not essential or affected bacterial

leaching only marginally.
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A comparison of the bacterial leach solution before and after a 10-day
leach was made (Table 3.12). It was apparent that iron (Fe I1),
potassium and probably ammonia were the only nutrients depleted in

the course of the leach. These were potentially limiting.

Bacterial leach tests, in which each of the 9K medium components in
turn was removed, revealed that only the absence of férrous iron had
a detrimental effect on the leach (Table 3.13). The absence of po-
tassium, or the presence of sodium, seemed beneficial. From the cya-
nide leaches it was noted that cyanide and lime consumptions dropped
wheh ferrous iron was not present in the bacterial leach. Low cyani-

de consumptions were also observed in the absence of potassium and

phosphate.

Table 3.12: Nutrient concentrations in flotation concentrate

bacterial leach solution.

Chemical Analysis of Leach Solution (mg/l)
Before Leéch . After Leach

Iron 10 050 (Fe I1) >.12 331 (Fe I11)
Sulphur 6 549 » 12 950
Calcium - 2 | 351
Potassium 97 | <0,5
Phosphorous 18 74
Nitrate 5 1 500
Ammon i a 841 700 (from acid neutreliza

tion with NH3)

Magnesium 49 225
Chlorine 48 : 18
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/

Similar tests using 2,0 g/1 Fe II instead of none yielded an

acceptable gold dissolution (approximately 86%) in 10 days.

3 3.3.8 Summary of Minor Analyses and Investigations

Batch tests to determine the effects of inoculum size, various acid
neutralizing agents, flotation reagents (because normally the concen-
trate was dried and allowed to stand, which caused the degradation of

these reagents) and aeration were done.

The relationship between inoculum size and bacterial leach retention
time was studied using 203 solids (Table 3.14). As the amount of

inoculum increased the lag period decreased and the rate of gold

dissolution increased.

Table 3.14 : Relationship between inoculum size and retention time

for the bacterial leach of the flotation concentrate.

Inoculum Retention | Gold Dissolution
. Size (%) f Time (days) : (%)
5 24,0 90
10 16,0 | 90
20 12,5 | 90
30 11,5 \ 90
50 6,0 90

Ammonia, sodium hydroxide and ]ime were used as acid neutralizing -

agents during bacterial leaching. There were no marked differences

in either the bacterial or cyanide leaches.
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The presehce of flotation reagents appeared to have a beneficial

effect on the bacterial leach.

‘The optimum air flow into a closed system bacterial leach was found
to be approximately 1,43 1/min Kg. However, since this figure varied

with several parameters, it can 6nly be taken as a guideline.

In addition, throughout much of this work attention was given to the
initial acid consumptions, alkali consumptions, particle size chang-
es, mineralogical changes and chemical composition chahges of the
concentrate that took placé during bacterial leaching. Calculated
averages from tests yielding high gold dissolutions showed that the
average acid consumption wés 62,3 Kg H2504/t concentrate and of
alkali 68,1 Kg Ca0/t concentrate. A reduction in particle size was
also noted (Table 3.15), with most of the-arsenopyrite and some
pyrite being destroyed while the gangue remained unaltered (Table
3.16). Chemical analyses (Table 3.17) confirmed the breakdown of

. sulphidic minerals. Both the mineralogical examinations and the
chemical analyses indicated 80-90% arsenopyrite and 36-39% pyrite

destruction.
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Table 3.15: Tyler screen analysis of the head and tail of the

bacterial leach of the flotation concentrate.

Screen Mesh Percent of Total

Size (um) Head Before Leach Tail After Leach
+ 295 . 0,21 0,15

+ 208 1,04 0,85

+ 147 2,27 1,19

+ 104 2,19 1,07

+ 78 2,89 2,36

+ 4 ? | 8,51 4,07

_ o 82,89 90,31

Table 3.16: Mineralogical examination of the head and tail of the
bacterial leach of the flotation concentrate.

Mineral Percent of Total

Head Before Leach Tail After Leach

Pyrite - 37,08 .« 23,70
Arsenopyrite o 8,77 <1,00
Chalcopyrite - 0,01 <0,01
Sphene 0,01 ' .
Rutile 0,04 -
Gold | <0,05 <0,5

Gangue 54,06 75,32
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Table 3.17:" Chemical analysis of the head and tail of the bacterial

leach of the flotation cohcentrate.

Chemical Analysis of Sample (%)

- Head Before Leach Tail After Leach

Fe - 29,87 28,38
S | 28,79 26,57
Pyritic S 28,04 16,33
As | 5,10 1,06

Batch Tests - Control Leaches

The effect of acid (pH 1,8) and acidic-ferric (pH 1,8, 7 g/l Fe I11)
leaching on the concentrate for up to 10 days was examined. Neither

had any significant effect on gold dissolution (Table 3.18).

Table 3.18: The effect of an acid and acidic-ferric solution on

the flotation concentrate.

Type of Leach Sterilization Method Gold Dissolution (%)
Unleached control - - R 50,9

" " autoclaved 52,5
Acid thymol 51,7
Acidic-Ferric thymol 53,2

" " autoclaved and thymol 54,8

autoclaved 56,9
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Continuous Bacterial Leach Tests

From the batch work it was concluded that :

(i) a 14-15 day residence time was optimum. Since the lag period
was approximately 2 days, and this is essentially eliminated .in a
continuous system, a residence time of 12 days was considered suita-

ble for the continuous bacterial leach.

(ii) decantation of leach solution was advantageous. It appeared
that 1-2 decantations would be sufficient. Hence, solution was to be
removed after 5,0 and 7,5 days of continuous bacterial leaching.

Later it was found that only the 5-day decantation was needed.

(iii) milling of the concentrate to 80% -44 um was necessary.
Hence, milled flotation concentrate was to be fed into the continuous

leach system,

(iv) the lower the pulp density the more effective the bacterial
leach. However, higher pulp densities require smaller leach vessels
and lower water and power consumptions. It was, therefore, decided

that a pulp density of 12% solids would be used (see Fig. 3.7).

(v) the bacterial leach pH did not affect gold dissolution much,
although the lower pH (pH 1,6) gave the best results. Leach pH did,
however, affect lime consumption for acid neutralization as well as
cyanide consumption. Both increased with increasing pH. Hence, a pH
of 1,6-1,8 would be used initially, but the effect of a higher pH

would be reinvestigated.
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(vi) 28°C was the optimum temperature, 25°C being the minimum

temperature for successful bacterial leaching.

(vii) although no extra nutrients would probably be needed, the
absence of ferrous iron was deleterious. Since workers have unani-
mously considered iron, ammonia and potassium as beneficial (and
possible phosphate too) it was decided that ferrous sulphaté, ammo-
nium sulphate and di-potassium hydrogen phosphate be added to the
continuous bacterial leach. A limited investigation in this regard

7
would also be attempted.

(viii) recycle was not necessary in a batch test, but it would be in
a continuous test where bacterial washout was possible. A 10% recy-
cle of solids (with a large number of bacteria attached) would be

used.

The continuous bacterial leach of the flotation concentrate lasted
2,5 months. Time was allowed fof steady state to be achieved, with
each of the three runs being of 2-3 weeks duration. Each run allowed
thevexamination of the effect of a particular parameter on the bacte-

rial leach.

Each set of data was an average of approximately 15 days' readings.
Data c0ncérning the conditions pertaining to a particular run were

those observed during the test period, but the data relating to the
processes' overflow were those recorded 3-7 days later (thus taking
into account the residence time per stage). Cyanidations were car-

ried out on 2-3 day composites.
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Run 1 was carried out under the cbnditions predetermined from the
batch tests. Run 2 examined the effect of a higher pH (pH 2,1 vs pH
1,8) and run 3 examined the effect of a reduced nutrient feed. The
Fe 11 feed was halved and the other nutrients reduced by 20%. A
‘recheck on the effect of different acid neutralizing agents was made
concurrently. Lime was expected to reduce cyanide consumption.

These parameter changes are shown in Table 3.19.

Table 3.19: Parameter changes made during the continuous

bacterial leach of the flotation concentrate.

Feed
Run No  FeS0,,7H,0(Kg/t) pH - Type of Alkali
1 _ 346,95 1,81 N,
2 408,49 | 2,07 NaOH
3 160,16 1,73 Ca0

The process operated smoothly, although only 89,9% of the feed was
recovered in the overflow (Table 3.20). Approximately 91,2% of the
solution was recovered after it was taken into account that the fil-
ter Spke contained approximately 25% w/w solution; 52,0% of the
concentrate was recovered. A small loss (or gain, as in run 3) of
solution was mainly due to inaccurate replacement of decanted solu-
tion between bacterial leach stages. Some loss could be accounted
for by evaporation. Residue loss was due to bacterial ore breakdown
and loss of fines during decantétions. In run 3 this loss of residue
was smaller (f 33%), because lime was used as a heutralizing agent

1

and formed calcium squhate, which precipitated into the residue.
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The leach vessel temperatures were found to increase spontaneously

from 276C in the first ve§sel to 31°C in the last one.

On analysis of the head (concentrate) and tail (residue and filtrate)
 of the bacterial leéch it was found that the total sulphUr in the
residue dropped to about half, while the pyritic sulphur dropped to
about one fifth (Table 3.21). Mineral bfeakdown was taking place.
The difference in analyses reflected the fact that the total sulphur
assay also detected basic sulphates that had precipitated out of so-
lution. In run 3 the total sulphur value was higher than in the
other two runs, because calcium sulphate also precipitated. Total
iron in the residue dropped slightly, indicating mineral solubiliza-
tion. When less ferrous iron was added to the process this was more |
noticeable. Arsenic was also solubilized. 1In run 3 the residue va-
lue was lowest due to a decrease in arsenic coprecipitation with

iron.

The filtrates had low Fe Il and high Fe III and As, indicating a good

.bacterial leach.

Mineralogical and Tyler screen analyses of the head and tail (Tables
3.22 and 3.23) revealéd that approximately 45% of the pyrite and 98%
of the arsenopyrite were destroyed, but not the gangue minerals. The
overall particle size diminished. A time sequence showed that the
smallest particles (<20 um) diminished first, progressing in sequence

to the largest (> 147 um).
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Table 3.22 : Mineralogical examination of the head and tail of the

continuous bacterial leach of the flotation concentrate.
Tr = Trace.

Mineral } Percent of Total

Head Before Leach Tail After Leach

Pyrite} | 39,34 21,80
Arsenopyrite 5,78 - 0,114
>Chalcopyrite Tr. | -
Sphalerite Tr. -
Titanium Oxide < 0,05 -
Hematite | < 0,05 )
Gold | | Tr. <0,1
Gangue 54,78 77,99

Table 3.23: Tyler scréen analyses of the head and tail of the con-

tinuous bacterial leach of the flotation concentrate.

Screen Mesh Percent of Total

Size (um) Head Before Leach Tail After Leach
+295 0,77 0,28
+208 1,73 1,67
+147 | 2,06 | 2,27
+104 ' 1,99 2,49
+ 74 2,81 2,90
+ 44 8,64 5,69

- 44 82,00 84,70
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During the continuous bacterial leach analyses 6f the leach vessel
contents were carried out. The pH and pulp density fluctuated. The
pH was most easily controlled_by lime addition. The Fe II coﬁcentra-
tion dropped along the system, while Fe III was continuously genera-
ted although results were staggered due to the decantations. The

Eh; therefore, followed the same pattern (Table 3.24).

On two separate occasions analyses of the solids in the leach vessels
were made (Fig. 3.9). Arsenic and Qold were liberated continuously,
whereas iron and pyritic sulphur were dissolved in two phases. This

tallied well with what was observed in solution (see Fig 3.5).

However, the major criterion for success remained gold dissolution.
All these runs gave very similar and satisfactory gold dissolutions
of 97,1-97,5% (Table 3.25). For the bacterial leaches at pH 1,8 and
2,1 (cf runs 1 and 2) no significant differences were seen. This was
true of results obtained from the cyanide leaches as well as the
bacterial leaches. When the amount of ferrous sulphate feed to the
bacterial leach was reduced (run 3), cyanide and lime consumptioné
dropped, as did the need for pre-aeration prior to the cyanidation.
This reduction in consumptions was probably related not only to the
lower extraneous iron added, but also to the use of lime as a neutra-

llizing agent. Both reduce jarosite and basic sulphate formation.
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Table 3.24: Analyses of leach vessel contents during the continuous

Sample Analyses

bacterial leach of the flotation concentrate.

Values

in brackets are the minimum and maximum values obser-

ved. N.A. = not applicable.

Run 1

Run 2

pH: vessel 1
n 2
H 3

E, (mV): ! 1

% solids:" 1

~Fell(g/1):" 1

Felll(g/1):" - 1

2,13 (1,8-2,4)
1,49(1,4-1,7)
1,83(1,6-2,0)
2,03(1,9-2,2)
1,55(1,4-1,7)
464(442-489)
517(504-528)
510(485-537)
543(498-580)
589(565-605 )
17,0(12,3-2,27)
15,7(12,3-18,7)
12,0(9,0-14,6)
11,8(10,0-14,6)
11,8(11,2-13,4)
0,7(0,2-1,3)
0,2(0,1-0,3)
0,2(0,1-0,3)
0,1(0,1-0,2)
0,1(0,1)
6,2(3,0-10,0)
12,9(6,5-20,0)
7,9 (3,0-11,0)
6,5 (6,0-10,0)
8,8 (4,0-13,0)

2,48(2,3-2,7)
1,72(1,6-1,9)
2,05(1,8-2,4)
2,39(2,0-2,6)
1,70(1,5-1,8)
462(445-490)
508(472-535)
490(474-510)
493(478-513)
548(502-599)

23,5(17,0-28,9)
16,3(15,7-16,7)
13,3(11,3-15,7)
15,0(12,3-16,7)
16,0{15,7-17,7)

0,3(0,1-0,6)
0,1(0,1-0,2)
0,3(0,1-0,6)
0,2(0,1-0,3)
0,2(0,1-0,2)

6,6(4,0-8,0)

17,2(14,0-22,0)
12,5(8,0-17,0)

6,2(4,0-9,0)

16,3(11,0-22,0)

Run 3

1,71(1,7-1,8)
N.A.
1,73(1,7-1,8)
1,74(1,7-1,9)
1,75(1,7-1,9)
540(522-565)
N.A.
544(521-572)
588(560-611)
604(575-640)
16,2(13,4-18,7)
N.A.
14,6(12,3-17,0)
13,8(11,2-16,7)
14,0(11,2-17,7)
0,4(0,2-0,6)
N.A.
0,3(0,1-0,6)
0,2(0,1-0,3)
0,2(0,1-0,2)
11,2(8,0-13,0)
N.AL
7,6(5,0-10,0)
9,4(6,0-13,0)
10,0(6,0-15,0)
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Fig.3.9: Analysis of leach vessel solids during the continuous bacterial
leach of the flotation concentrate. Gold (x-x); arsenic (*-%)3
iron (A-4); pyritic sulphur (o0-0).
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Table 3.25: Cyanide leach of the continuously bacterially leached
flotation cdncentrate. Values in brackets are the

minimum and mdximum values observed.

Run 1 Run 2 Run 3

Pre—aeratioh Time (h) 43-45 - 40-47 21-28
Reagent Consumption:

KCN (Kg/t) 26,67(23,92-28,38) 28,87(27,58-30,13) .18,03(15,80?21,45)

Ca0 (Kg/t) 142,45(138,2-151,5) 121,53(117,3-127,2)  49,29(16,2 -95,0)
Head Au (g/t) 125,72(97,6-148,3) 153,99(140,4-170,5) 123,00(70,8-157,6)
Residue Au (g/t) 3,23(2,53-3,59)  3,82(3,26-4,01) 3,51(2,46-3,96)
Gold Dissolution (%) 97,4(96,4-97,8) 97,5(97,1-97,9) 97,1(95,2-98,4)

In addition, on completion of the continuous bacterial leach, an
overall material balance was done. It was found that a large weight
loss (35-45%) had taken place and that iron and arsenic could be
accounted for, but only some of the gold. However, in subsequent

work gold accountability was good and concern for gold loss erased.

The process had a few mechanical problems, including no feed, too
much or too little alkali addition and no air flow. The effects were

minimal.

3.3.6 Microscopic Examination of the Concentrate

Both bacterial and acidic-ferric leaches were carried out for up to
40 days. Most of the work was done with a light microscope, but the

scanning electron microscope was used to detect attached bacteria
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At low magnification (500x) acidic-ferric leaching had a similar ef-
fect on the flotation concentrate (Fig.'3.12). However, the diffe-
rence in pyrite and arsenopyrite leachability was not as marked. In
8-9 days both the pyrite and arsenopyrite showed pits and cracks; in
21-23 days (maybe less) the arsenopyﬁite surface had been totally de-
stroyed, while the pyrite was still recognisable although quite deep-
ly etched. Within 40 days the smaller pyrite particles'surfaces had
been destroyed. Pyrite corrosion was greater than with bacterial

leaching.

At a higher magnification (2200x) differences in bacterial and chemi-
cal leaching were readily visibleﬂ During the bacterial leaching of
arsenopyrite the attack progressed from very fine cracks (0,2-0,3 um
wide) to depressions about 0,8 um wide and 1-10 um long (Fig 3.13
(1)), the approximate size of a bacterium. The pits increased in
size to 1 pym x 2-20 um (Fig 3.13 (2)) and onto larger sizes (as much
as 4 um wide)(Fig 3.13(3)),till they merged and totaliy destroyed the
mineral. The pitting waé quite deep (2-5 um). With the pyrite only
the first of these stages was seen (Fig. 3.13(4)) i.e. 0,2-0,3 um X
2-5 um pits in less than 20% of the particles.

Acidic-ferric leaching caused a form of pitting illustrated in Fig.
3.14. The pits were 0,5 um x 1-3 um, similar on pyrite and arsenopy-
rite, but very different in appearance from the etches obtained by

bacterial leaching.
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much as with thymol. It is therefore, quite possible that thymol is
a chemical oxidation inhibitor, although this should have been more

apparent had a large oxidation effect occurred.

Bacterial leaching, on the other hand, was highly successful.

T.ferrooxidans, a sulphur-oxidizing thiobacillus (possibly

T.thiooxidans) and L.ferrooxidans were identified. But it is quite

possible that other bacteria, such as T.acidophilus, were preéent.

This bacterium has been regularly isolated from T,ferrooxidans cultu-

res gfown on iron and pyrite (Arkesteyn and de Bont, 1980;

Harrison, Jarvis and Johnson, 1980). L.ferrooxidans prefers pH 3,

where it is vibrio - or spirillae-shaped and 0,2-0,4 um x 0,9-1,1 um.,
However, at low pHs (<pH 2) it becomes ring-shaped or coccoid and
0,4-0,8 um in diameter (Balashova et al, 1974; Pivovarova, Markosyan
and Karavaiko, 1981). In this study.thiobacilli and coccoid lepto-

spirilli were seen (Fig. 3.10).

The bacteria have been found to be distributed between the leach
solution and the mineral surfaces, the proportions varying, but
usually most of the organisms are attached. On a zinc sulphide con-

centrate 65% of the T.ferrooxidans were attached. On pyrite 83%,

60-80% and 98-99% of the T.ferrooxidans have been reported attached,

with 5 x 108- 1 x 10°

cells/ml solution (Le Roux, North and
Wilson, 1973; Gormely and Duncan, 1974; Groudev, 1979; Roy and

Mishra, 1981). In this study 98-99% of the bacteria were attached,

8

with 1-3 x 10” cells/ml solution.



As with the milled run-of-mine ore leaching sterility was not en-
forced. Loss of an active culture never occurred, rather the culture
adapted progressively more with time. This was particularly true
with regard to arsenic tolerance. When the culture was grown in 9K
medium plus A5203 only 4 g/1 As could be tolerated, but in a
concentrate leach as much as 7 g/l As was detected. However, the
oxidation state and form of the arsenic was unknown. It probably
consisted of a mixture of A5203 and As205 - which might account for.

the difference in tolerance levels.

When studying the basic characteristics of the bacterial leach of the
milled flotation concentrate a typical growth curve was apparent. A
2-3 day lag phase was followed by a log phase and stationary phase
developed after 10-12 days. Analysis of the solution demonstrated

Fe II oxidation with concomitant Fe III formation and arsenic solubili-
zation. Ferric iron generation was biphasic. The first phase coin-
cided with the oxidation of the 9K medium ferrous iron and could be
attributed, at least in bart, to this. The second phase wés most
likely due to bacterial mineral attack, as was the solubilization of
arsenic; In the continuous bacterial leach the decreases and increa-
ses in ion concentrations were also observed, but a pattern could not
be detected due to the effect of the decantations. As expected,
these changes were accompanied by an increasing Eh (from 460 mV to
580 mV). This was slightly higher than the reported 515 mV obtained

using T.ferrooxidans for ore oxidation (Sakaguchi, Silver and Torma,

1976; Lundgren and Silver, 1980).
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Analysis of the continuous bacterial leach residue showed a similar
feature to that obtained from the solution analyses, though from the
batch testwork it was not particularly clear. Arsenic dissolution
was continuous, whereas iron and pyritic sulphur dissolutions were
biphasic (Fig 3.9). If it is considered that in the continuous leach
the 2-day lag period was eliminated, Figs 3.9 and 3.5 matched well.
The best interpretation for thié is that during the first phase
arsenopyrite was degraded and then, after a transition period of low
bacterial activity, the pyrite was attacked in a second phase. This
was later confirmed by the microscopic examination of epoxy resin

mounts of the flotation concentrate.

This visualization also confirmed the formation of jarosite, iron
arsenate and other precipitates (Fig. 3.10). This was expected,
since some leach residue analyses showed increases in iron and sul-

phur.

The effect of bacterial leaching on gold dissolution was large (- the
gold dissolution increased from 50% to 98%). For a given bacterial
leach time gold dissolution results could vary greatly.v This varia-
bility decreased with time (see Fig. 3.6). Variations in inoculum
‘size affected the length of the lag phase, but disappeared with time.
When no deéantations were done there was a greater precipitation of
solutes which probably blocked up the minerals and therefore, preven-
ted extensive gold dissolution (always less than 96%, usually 93%).
The cyanidation lime consumption increased with bacterial leaching

time, because more acid was generated and had to be neutralized.
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The alkali added during the bacterial leach neutralized acidity in
solution, but not that associated with the concentrate itself. At 18
Kg/t the cyanide consumption was also high (an average plant consumes

less than 1 Kg/t).

Once the feasibility of the bacterial leach had been established the
most important.parameters likely to affect it were exémined.
Particle size was the first of these to be investigated. Various
workers, using pyrite and arsenopyrite, found that initial particle
size was a very important pardmeter. The rate of mineral oxidation
increased with decreasing particle size (Napier, Wood and Chambers,
1967; Pinches, 1975; Polkin et al, 1977). Torma and Bosecker
(1982) advocated a pérticle size of less than 32 um, bdt most groups
in this field consider 44-37 um to be ideal and one group used 74-44
um particle size (Polkin et al, 1975). At B.C.Research -37 um is

considered ideal for chalcopyrite concentrate T.ferrooxidans leaching;

for a lead sulphide leach 44-37 um was considered the optimum; while
a concentrate similar to the ore used in this study was leached con-
tinuously at an optimum pafticle size of 40 um in one case and at
80% -56 um in another (Polkin et al, 1977; McElroy and Bruynesteyn,
1978; Torma, 1978; Bruynesteyn et al, 1983; Marchant, 1985). The
milled flotation concentrate used in this investigation was 83% -44
um (88% -74 um). Although very satisfactory results were obtained it -
had been hoped that the expense of milling could be avoided.
However, using unmilled flotation concentrate (68% -74 um) was
unsuécessful, as an extra eight days were needed to achieve the same

results.
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The choice of initial pulp density was made based on the findings
reported for pyrite and arsenopyrite concentrate work. A leach,

using T.ferrooxidans and pyrite, used 3-10% solids, maximum oxidation

- occurring at 3% solids (Roy and Mishra, 1981). Others reported 6%
solids as optimum and for vat leaching a pyritic concentrate 16-20%
solids could be used (Le Roux, North and Wilson, 1973; Lawrence and
Bruynesteyn, 1983; Lawrence and Gunn, 1985). With a pyrite/arseno-
pyrite concentrate 2,0%, 7,5% and less than 10% solids have been
quoted as being ideal (Pinches, 1975; Polkih_g;;gl, 1975; Marchant,
1985). Torma and Bosecker (1982) reported that the T.ferrooxidans

leaching of a concentrate should be carried out at 10-20% solids.
Hence, in these studies 103 solids was used initially. It was found
that as the pulp density increased above 5% the gold dissolution
dropped. Bacterial activity was totally inhibited between 20% and
30% solids. This was probably due to problems with mass transfer of
oxygen, carbon dioxide and nutrients to the microorganisms, microbial
inhibition by arsenic and, possibly, erosion of the organisms. Work
with other types of concentrates has confirmed the conclusions from
this study. With a lead sulphide concentrate 14-20% solids was ideal
and with sphalerite 16% was optimum, 13-20% acceptable, buf above
this zinc extraction dropped dramatically. With a copper-zinc
concentrate 25% solids was the limit and with chalcopyrite 10-20%
solids and 22% solids were reported as ideal (Torma, Walden and
Branion, 1970; Bruynesteyn and Duncan, 1971; Sakaguchi, Silver and
Torma, 1976; :Polkin et al, 1977; McElroy and Bruynesteyn, 1978;
Torma, 1978; Lawrence, Bruynesteyn and Hackl, 1981). In the
continuous bacterial_leach of this flotation concentrate up to 17%

solids was used, with no adverse effects noted.
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The effect of pH was also studied. Values in the range of pH 1,3-3,0
have been reported. For a pyﬁite concentrate pH 2,75-3,0 was
considered ideal, but pH 1,8-2,0 has been used, and even pH 1,3. An
arsenopyrite qoncentrate was leached at pH 2,1 in one instance and pH
2,0-2,5 in another. Using a pyrite/arsenopyrite concentrate pH
1,5-2,0 was found to be best in ohe case, pH 1,25-1,8 in another and
pH 2,0-2,3 in yet another (Pinches, 1975; Polkin et al, 1975;
Karavaiko, Kuznetsov and Golonizik, 1977; Lawrence and Bruynesteyn,
1983; Lawrence and Gunn, 1985; Marchant, 1985). The effect of pH
1,6-2,2 was examined; as this was thought to\be the most suitable
range. The batch bacterial leaches indicated that pH did not greatly
affect gold dissolution. However, as the pH rose gold dissolution
dropped progressively although only by a small amount. In the conti-
nuous bacterial leach pH 1,8 was also slightly better than pH 2,1.
Although .the difference was not marked it could be most clearly seen
in the residues, which indicated the lower bacterial actiVity (Table
3.21). The reason for low pH preference is probably associated with
the lack of solute reprecipitation. As the pH increased reprecipita-
tion of solubilized material increased, which probably'covered the
etched minerals and, hénce, blocked gold dissolution. Karavaiko,
Kuznetsov and Golonizik (1977) calculated that at pH 1,6-1,8 21-34%
of the arsenic precipitated, while at pH 1,8-2,0 this increased to
34-38% and at pH 2,0-2,2 to 38-50%. This clearly shows just how much
precipitation can take place. In addition, these compounds are cya-

nicides and so cyanide consumption increased with increasing pH.

The optimum temperature for the bacterial leaching of the flotation

concentrate was found to be 28°C. In the 25-45°C range results were
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similar, but at 20°C bacterial activity was markedly reduced.

Usually the optimum temperature is accepted as 35°C, as attested by

T.ferrooxidans leaches done on chalcopyrite, sphalerite, galena,
pyrite and pyrite/arsenopyrite concentrétes. The limits are usually
25-40°C, but sometimes up to 45°C (Corrick and Sutton, 1965; Torma,
Walden and Branion, 1970; Pinches, 1975; Sakaguchi, Silver and
Torma, 1976; Torma, 1978; Lundgren and Silver, 1980; Lawrence and
Bruynesteyn, 1983). There are some workers who agree with the
results found in this study,'that the optimum temperature is 25-30°C.
This applied to both pyrite and pyrite/arsenopyrite concentrates
(Napier, Wood and Chambers, 1967; Polkin et al, 1975; Karavaiko,

Kuznetsov and Golonizik, 1977; Murr and Brierley, 1978).

Another interesting observation was that as the temperature rose
above 30°C more of the ferric iron and arsenic precipitated out of
solution. At higher temperatures many chemical reactions are
accelerated. However, unexpectedly, the cyanide conSuhﬁtions for

gold solubilization did not rise.

Nutrients were another parameter investigated. It is generally

accepted that for the bacterial leaching of minerals T.ferrooxidans

requires ammonia, sulphate, potassium, phosphate, magnesium and
calcium. Most of these are supplied by the ore with the possible
exception of émmonia and phosphate (Table 3.1; Lundgren and Silver,
1980). From the batch testwork only ferrous iron appeared to be
beneficial to the leach, though not essential. A solution analysis °
at the end of the leach showed that ferrous iron, potassium and

possibly ammonia were depleted, but that enough had apparently been
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present to ensure good mineral attack.

Since it has been suggested that ferrous iron, ammonium, phosphate
and potassium were beneficial (See previous chapter) ferrous |
sulphate, ammonium sulphate and di-potassium hydrogen phosphate were
added to the continuous bacterial leach in reduced concentrations.
These were lower than the 3 g/l (NH4)2504 and 0,5 g/l

K2HPO4

the 0,05 g/l (NH4)2504 and no K2HPO4 used by Marchant

(1985). In the continuous leach 0,5 g/l (NH4)2504
were added and initially 3,5 g/l Fe II and later 2,0 g/l

recommended by Torma and Bosecker (1982), but more than

and 0,37 g/1
KZHPO4
Fe II. The reduction in nutrient addition had no effect on bacterial
activity and gold dissolution. As in the batch tests, a reduction/
absence of ferrous iron, potassium and phosphate decreased cyanide
and lime consumption during the cyanide leach. This was dué to the
lessened formation of iron and potassium oxides and jarosité, because
of both the absence of these elements and the use of lime as an acid

neutralizing agent during the bacterial leach (caIcium is divalent

and does not generate jarosite).

Tests done in the presence of flofation reagents yielded good gold
dissolutions. This was expected, since Polkin et al (1975) and
Duncan, Walden and Trussel (1966), working with pyrite/arsenopyrite
and chalcopyrite concentrates respectively, fdund that flotation
reagents had no influence on the rate of leaching. Torma (1977),
however, reported flotation reagents to be inhibitory to ferrous iron
and copper sulphide oxidation. Surfactants e.g. Tween 20,40,60 and

80, on the other hand, gave mixed results (Duncan, Trussel and
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Walden, 1964; Burkin, 1967; Duncan, 1967; Torma et al, 1976;

Karavaiko, Kuznetsov and Golonizik, 1977; Wakao et al, 1983).

An investigation of the effect of inoculum size was also carried out.

Reports on this aspect are varied. Atkins (1978) and Norris and

Kelly (1978) worked with pyrite and T.ferrooxidans and found that as
the inoculum size increased the lag period dropped. Pinches (1975)
confirmed this result, but added that the bacterial growth and leach
rates were not affected, while Razzell and Trussel (1963) found that
" copper dissolution from chalcopyrite increased up to a point with
inoculum size, then dropped with further increases.‘_This may account
for some workers moving away from "inoculum size" to "bacterial

8 cells/ml at the start considered to be the

numbers", with 2 x 10
minimum needed (Groudev, 1982b; Wakao et al, 1982). In this study
it was seen that as the amount of inbculum increased so did the rate
of gold dissolution, while the lag period was reduced. A.minimum of
8 x 108 cells/ml was used at the start, which may account for the

success of all the leaches.

A theoretical air consumption had been calculated as 0,18 1/min Kg
(assuming total degradation of the sulphides). If a 10-20% aeration
éfficiency is assumed, then thé value obtained (1,43 1/min Kg) was

reasonable,

It was also observed that in the initial stages of the bacterial
leach the flotation concentrate consumed acid due to its natural pH
being 4,30. As the large amounts of sulphides were oxidixed to
sulphuric acid alkali (lime) was required to prevent fhe pH from

becoming inhibitory.
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A change in grading and compositional analyses of the flotation con-
centrate was observed as a result of the bacterial leach. As in the
previous chapter there was a reduction in particle size which was not
due to attrition. Initially the smallest particle size fractions
‘diminished (< 20 um), progressing to the largest (> 147 um) in order.
This may reflect the fast bacterial oxidation of fines. These fin-
dings are in agreement with those of Le Roux, North and Wilson (1973)
and Hiltunen et al (1981). They found that the small particles va-
nished first (20-30 um) although, in the final analysis, the -20 um
fragtion increased due to a general reduction in particle size. Only
sulphide minerals were degraded in the leach, with about 50-60% pyri-

te and arsenopyrite decompbsition.

Pyrite and arsenopyrite degradation was investigated via the micros-
copic examination of epoxy resin mounts of the flotétion concentrate.
Thiobacilli and leptospirilli were observed through a scanning elec-
tron microscope. They were attached, in fairly large numbers, to the
sulphide minerals via a coating (Fig 3.10). This has been reported
to be quite common, althbugh.their concentrations on the minerals
(only on energy-yielding ones) was not always high (Berry and Murr,
1978; Lundgren and Silver, 1980; Hiltunen et al, 1981; Keller and
Murr, 1982). Coatings of various types have been reported. Pyrite
is not always coated but may be covered by a thin, yellow, rough
coat. Arsenopyrite can be coated”by fine grains or a film, greenish
in colour and containing arsenical compounds (Duncan and Drummond,
1973; Pinches, 1975; Polkin et al, 1975; Hiltunen et al, 1981;
Derry and Whittemore, 1983).
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Bacterial and chemical leaching was selective in that the arsenopy-
rite was destroyed first, then the pyrite. This can be explained by
the galvanic interactions that occur in a mixture such as the one
used in this study. The equilibrium electrode potential of arsenopy-
rite is approximately 490 mV and that of pyrite is approximately 630
mv; Hence, the former is anodic and the latter passivated (Polkin et
al, 1975; Karavaiko, Kuznetsov and Golonizik, 1977; Karavaiko and
Pivovarova, 1977; Berry, Murr and Hiskey, 1978; Mehta and Murr,
1982). The bacterial leath was more sensitive to this, probably be--
cause of the added cathodic effect of the bacteria (Corrans, Harris

and Ralph, 1972).

Grooves, pits, holes and jagged edges were all part of the pattern of
etching. Mineral defects and weaknesses, crystallography and, to a
small extent, crystallographic orientation were influencial on the
bacterial etching patterns. Crystallographic orientation preference
was observed with the arsenopyrite, the basal section (001) being
prefered to the prismatic (110). This was, generally, in agreement
with the observations of other workers (Duncan and Drummond, 1973;
Tributsch, 1976; Bennett and Tributsch, 1978; Berry and Murr, 1978;
Southwood and Southwood, 1985). However, Hiltunen et al (1981) found
there was no specific arrangement of etches on pyrite, while Keller
and Murr (1982) reported the same and noted that crystallographic
orientation also had no effect. Crystallography had the greatest
influence on acidic-ferric etching. This is in agreement with the

,observation of Bennett and Tributsch (1978).

The bacterial pitting strongly suggested direct mineral attack (at
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the point of cell contact) via cell-bound enzymes. Alterhately,
bacterial metabolite such as Fe III and H2504 was locally genera-
ted and excreted into the area. Bennett and Tributsch (1978) and
Lundgren and Silver (1980) were noncommittal, while Polkin gg_gl
(1975) and Ehrlich (1978) advocated direct attack and Tributsch
(1976) metabolite excretion. Tributsch (1976) and Bennett and
Tributsch (1978) worked with galena and.pyrite respectively and

reported almost exactly what was seen in this investigation.

Southwood and Southwood (1985) worked with auriferous pyrite and
showed that there were pores in the mineral, not just superficial
etching. Mineral/crystallography and weaknesses determined pore
direction and size. Since gold isiusually particulate inclusions
which occupy disruptions in the pyrite crystal, and these are the
areas most subject to bacterial corrosion, this could explain why

more gold is usually released than sulphide is broken down.

Chemical pitting was very different from that of the bacteria, which
"quite clearly indicated that the bacteria had a specific role to play

in mineral leaching.

From this work it was concluded that (i) the bacterial leach of the
milled flotation conceﬁtrate was successful; (ii) a retention time
of ten days was needed (see Fig. 3.9), with a 9-10% recycle, with one
decantation step, yielding a 97-98% gold dissolution upon cyanida-
tion; (iii) milling to 88% -74 um was necessary; (iv) 12% solids
could be used; (v) a pH of 1,7 to 1,8 was suitable and would require

a lime consumption of 120 Kg/t concentrate; (vi) 28°C was the optimum"
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temperature; (vii) probably only 2 g/1 Fe II needed to be added,
although 0,5 g/1 (NH,),S0, and 0,37 g/1 K,HPO,, were also

added; (viii) the cyanide consumption would be approximately 18 Kg/t
concentrate and the lime consumption approximately 50 Kg/t concen-

trate for gold solubilization.

An economic feasibility study was carried out baSed on these fin-
dings. A bacterial leaching plant for the flotation concentrate was
found to be more economic than the conventional flotation-roasting
process; with the added advantage of contained environmental pollu-

tion (Livesey-Goldblatt, Norman and Livesey-Goldblatt, 1983).
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CHAPTER 4

PILOT PLANT BACTERIAL LEACHING OF THE FLOTATION CONCENTRATE

This chapter is a 5ummary of results from the scale-up of the bacte-
rial leach of the pyrite/arsenopyrite concentrate to pilot plant.
Operating conditions were based on the continuous bacterial leach
laboratory testwork of the flotation concentrate, but differed ini-

tially'in that there was no decantation step.

From the operation of the pilot plant over a period of about a year
the following observations and conclusions were made:

(i) the laboratory testwork was confirmed.

~(ii) arsenic tolerance reached approximately 10 g/1 As and
approximately 39 g/1 Fe III could be well tolerated.

(iii) the bacterial numbers increased across the system (6 x 109 -

10 9

2 x 10°7 cells/ml), with about 9 x 107 cells/ml slurry and about

5 x 108

cells/ml solution. There was, therefore, about 94% attach-
ed bacteria, At high temperatures elongated cells (>10 um) appeared,
but were found to not be a new thermophilic specfes. They were most
probably thiobacilli that could no longer divide under the growth

conditions.

(iv) the retention time was progressively dropped from 12 to 6 days
and could probably have been reduced further, but the heat generated

could not be controlled. At a 4-day retention time the agitators had
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to be turned off for 30-50% of the time to prevent overheating.
Consequently, there was a rise in the residue pyritic sulphur and a

drop in gold dissolution.

(v) the need for milling was rechecked. The effect of no further
milling (at a 9-day retention) was slightly deleferious, but it was
thought that as the retention time decreased this effect would be
more pronounced. The plant was therefore operated at approximately

90% -74 um particle size.

(vi) the pulp density was 11-14% solids. It increased across the
tanks due to solution evapbration. At 14-17% solids bacterial

leaching was adequate, but not as good.

(vii) on scale-up the process wés found to be strongly exothermic.
When the temperature was not contrdlled it rose to approximately 53°C
and then plummeted to approximately 28°C, slowly recovered and the
cycle repeated itself. The higher the temperature the greater the
drop, sometimes causihg plant stoppage. Another problem was that
above 45°C large amounts of froth formed in the leach tanks. At
30°-40°C bacterial leaching was efficient and stable. Temperatureé
were maintained in this range by cooling the tanks externally with
water sprays. This was necessary on the first few tanks, but the
iatter tanks remained at 33°-37°C. This drop in heat generating

power across the system reflected bacterial activity.

(viii) the need for nutrient addition was also examined. Fe II was

not needed (initially about 2 g/l was added), PO4 was unnecessary
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(the process actually improved in its absence), but K.was required
(initially 0,37 g/l K2HP04 was added as KOH + H3P0 ). The
need for NH3 was not tested (0,5 g/l (NH4)2SO4 was added).

(ix) the pH was maintained at pH 1,6-1,7 . The lime consumption for

acid neutralization was 139 Kg/t feed.

(x) the total theoretical air requirement was 440 1/min. Initially a
- 20% efficiency was assumed (2200 1/min) and more than 450 1/min was
added to each of the leach tanks. There was a lot of frothing and

- the air flow was consequently reduced and found to be perfectly
satisfactory. A 38% efficiency was found (1150 1/min), the air
requirement decreasing across the system. This, too, reflected the
progréssive drop in bacterial activity. To the first tanks 300 |

air/min was added, dropping to 100 | air/min in the last tank.
(xi) adding 0,03% 002 to the air was tested but it had no effect.
(xii) the 10% recycle was found to be unnecessary.

(xiii) the process was found to be stable and, in fact, improved with

time.
(xiv) plant assay methods were similar to the laboratory methods, but
the Fe III titration was inaccurate at such high values of iron and

arsenic. Instead, the Fe III was converted to Fe II and titrated.

(xv) plant methods for handling the overflow solution and fines were
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developed. It was limed, allowed to settle and then dumped on a
slimes dam. The lime consumption for this was 34 Kg/m3 of over-

flow,

(xvi) during cyanidation a lot of frothing occurred. To avoid this
froth supbressants were added and 20% solids (instead of 35-50%)
used. With about 24 h pre-aeration and a.16 h leach the cyanide and
lime consumptions were about 10 Kg/t and 49 Kg/t, respectively. As

pre-aeration decreased consumptions rose.
(xvii) gold dissolution was 97-98%.

(xviii) a material balance was done. There was a 3,6% weight gain;

95,5% Fe, 96,8% S, 93,4% As and 92,3% Au could be accounted‘for.

(xix) an economic feasibility study showed the process as a whole to

be practical and viable.
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CHAPTER 5
CONCLUSION

The aim of this study was :
(i) to develop an economically viable bacterial leaching process for

a pyrite/arsenopyrite ore containing gold.

(ii) to investigate the various parameters which affect a vat leach

such as this.
(iii) to investigate the mechanism of bacterial leaching of this ore.

The Use of the milled flotation concentrate for bacterial leaching
combined high gold dissolutions (97-98%) with economic viability.
Initially the milled run-of-mine ore was used. Although bacterial
Ieaching. was successful (91-93% gold dissolution was attained) the

process was not economically viable.

For the milled run-of-mine ore it was found that particle size and
added nutrients had little effect on bacterial leaching. Important
leaching parameters were the pulp density, which had to be kept below
303 solids, the pH, at about pH 1,8, and the temperature in the
30-40°C range. A minimum retention time of four days was required.
Additional time had little beneficial effect. The arsenic

concentration in solution had to be maintained below 1 g/l As.

In contrast, during the bacterial leach of the flotation concentrate
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pH and temperature were parameters whose effect was negligible, when
used within a reasonablevrange. Milling was necessary (to -74 um),
the pulp density had to be kept below 20% solids and additional
ferrous iron aided bacterial leaching. The minimum retention time
needed was ten days. Ah increased retention time had little benefi-
cial effect. The arsenic concentration in solution had to be main-
tained below 4 g/l As. Inoculum size affected fhe rate of gold
dissolution as well as the length of the lag period - the larger the

inoculum the better.

The pilot plant testwork, however, showed that milling and nutrient
additioh were not as critical as initially thought. In fact, gene-
rally, it demonstrated that the bacterial leaching of the concentrate

was more efficient and robust than the laboratory work predicted.

0f interest was the observation that the'only three paraméters found
to be consistently important to the bacterial leaching of -this ore
were retention time, pulp density and arsenic concentration in

solution.

"When the run-of-mine ore testwork started the bacterial culture could
tolerate only 1 g/1 As, but by the time the testwork on the flotation
concentrate began 4 g/l As could be tolerated. By the end of this
work 6 g/1 As could be present in solution and on completion of the
pilot plant continuous bacterial leach it was 10 g/l As. This clearly
demonstrated the progressive adaptation with time (over four years)
of the bacterial culture. This same adaptability accounted for the

decrease in minimum residence time.
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When the optimum conditions for bacterial leaching were maintained
during a continuous vat leach retention time and reagent consumption
were low and gold dissolution was high. These three factors were

instrumental in achieving economic viability.

Direct and indirect bacterial leaching appeared to occur in this
instance. Ferric iron and sulphuric acid etched the pyrite and
arsenopyrite considerably but slowly. Bacteria were responsible for
another type of etching, which started in the immediate vicinity of
the attached organisms. Crystal structure and weaknesses played an
important role as sites of Crystal éttack. Mineral destruction was
affected by bacterial enzymes/metabolites and by galvanic

interactions, as well as substrate solubility.
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APPENDIX A

GENERAL METHODS

DETERMINATION OF AMMONIA IN SOLUTION

The solution was treated with sodium hydroxide, then distilled. The
distillate was collected in a standard boric acid solution. The am-
monia cdncentration was determined by back titration of the boric

acid solution.

DETERMINATION OF ARSENIC IN SOLIDS

The sample was fused with a NaZOZ:Na2C03 fusion mix, leached

and then acidified with sulphuric acid.. It was reduced in the pre-
sence of hydrazine sulphate, potassium bromide and hydrochloric acid.
The arsenic, as AsCl,, was distilled from the solution matrix. Its
cohcentration was determined volumetrically by titration with stan-

| dard iodine or potassium bromate solution, using starch as an indica-

tor.

A5203 + 2H20 + 212-9 A5205 + 4HI

DETERMINATION OF ARSENIC IN SOLUTION

1. By Distillation - as above for solids.
2. By ICAP - see under heading "ICAP".

3. By X-ray - the sample was measured against matched standards at
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“the appropriate wavelengths, using a molybdenum tube.
4. By Liquid Chromatography - the sample was passed through a 40 um
- filter and then injected into the system. The arsenic forms

(and concentrations) were determined by graphics.

BACTERTIAL NITROGEN COUNT

Firstly total nitrogen was determined. Well mixed sample slurry (50
' ml) was placed in a Kjeldahl vessel and 40 ml of 50% H2504 and

1,5 gK SO4 added. Gradually this mixture was heated till strong

2
sulphuric acid fumes were formed. It was rapidly cooled and water
added to make it up to approximately 80 ml. It‘was then neutralized
with 50% NaOH until a permanent ferric oxide precipitate was formed
(t pH 5,5). An excess of NaOH was added and the mixture distilled.
The distillate was collected in saturated boric acid solution contai-
ning three drops of indicator. The boric acid solution was titrated

with 0,1N HCl to purple.
1 ml 0,IN HC1 = 0,001401 g N

Secondly free nitrogen was determined. Well miXed sample slurry (100
ml) was placed in a Kjeldahl vessel. An excess of 50% NaOH was added
and the mixture steam distilled. The distillate was collected in
saturated boric acid solution containing indicator and titrated as

- above.

Thirdly the total nitrogen content of the ore prior to bacterial lea-

ching was determined, as in the first step.
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Finally, the values obtained in steps 2 and 3 were:subtracted from

the value obtained in step 1:
Total N - free N - ore N (*0) =non-distillable N (x) mg N/1

X = bacterial numbers (cells/ml)
0,157 x 1077

EPOXY RESIN MOUNT PREPARATION

Sixteen parts of Epofix resin was mixed with two parts of the harde-
ner and stirred for at least two minutes. It was poured into a vase-
line-coated container, the sample added and mixed in. After setting
for 8 hours at room temperature the mount was removed. It now had to
be polished. One end was rubbed for about one minute with P360, P600
and P1200 sandpaper, successively, until the surface looked smooth.
Microid diamond compound (9 um) wés placed on a polishing wheel,
spread with polishing oil and used‘to polish the mount for 5-10
minutes. Using different wheels this was repeated using 6 um and
then 1 um diamond compound. After washing the mount with water it
was polished with gamma alumina (0,05 um), as above. It was then

washed, air dried and examined microscopically.

DETERMINATION OF GOLD AND SILVER IN SOLIDS

They were assayed by the standard lead collection fire assay procedu-

“re (Dillon, 1955).
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DETERMINATION OF GOLD IN SOLUTION

1. In Susbended Solids -.The solution was filtered and the residue
dried and weighed. It was then fused with a sodium peroxide-
sodium carbonate mixture, leached and acidified with 10% aqua
regia. The gold was preconcentrated into alamine/solvésso
contained in kerosene and its concentration determined by |
atomic absorption or ICAP. ‘

2. In Solutions - The gold was preconcentrated into alamine/solVes-
SO contained in kerosene and its concentration determined by

atomic absorption or ICAP.

ICAP_ANALYSIS OF SOLIDS

It can analyse for Al, As, B, Ca, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo,
Na, Ni, P, Pb, S, Se, Si, Ti, V, Zn and Zr.

The sample was dissolved by pressure leaching techniques and read on
an Arlab 34000 instrument having sixty spectral channels. Rhodium
was the internal standard for viscosity effects. A digital PDP 1103

computer compiled and processed the results.

ICAP_ANALYSIS OF SOLUTIONS

The sample was taken and read as above for solids.
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DETERMINATION OF TOTAL IRON IN SOLIDS

The sample was fused in a 2Na202:1Na2C03 mixture, leached in

water and any sodiqm arsenate removed by filtration. The ferric hy-
droxide was dissolved in hydrochloric acid and reduced‘with stannous
chloride using heat. It was then titrated with standard potassium
dichromate solution as described below ("Determination of Ferrous

Iron").

DETERMINATION OF FERRIC IRON IN SOLUTION

1. By Titration - Some sample (5 ml) was pipetted into a flask and
1 g KT added. It was titrated with standard sodium thiosulphate
solution to pale yellbw. Then 1 ml starch indicator was added
and the solution titrated further to colourless. 1 ml titrant =
1 .g/1 Fe I1I. | |

2. _By Qeduction Followed by Titration - Some: sample (5 ml) was
pipetted into a flask, mixed - hydrochloric acid added (f 20 ml)
and the mixture brought to the boil. A 5% stannous chloride
solution was added dropwise until the mixture cleafed. After
cooling 5 ml of saturated mercuric chloride was added to give é
fine white cloudiness. It was titrated with standgrd potassium
dichromate solution as described below ("Determination of Fer-

rous Iron").
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DETERMINATION OF FERROUS IRON IN SOLUTION

Some sample (5 ml) was pipetted into a flask, 10 ml
H2504—H3PO4—H20 mixture and a few drops of sodium diphenylamine
sulphonate indicator added. It was then titrated with standard

potassium dichromate solution to purple. 1 ml titrant = 1 g/l Fe II.

DETERMINATION OF PYRITIC SULPHUR

Bacterial leaching generated various sulbhur forms which would be
analysed as pyritic sulphur using the normal method. The sample was,
hence,'firstly treated with a sodium carbonate solution and the
residue then analysed for sulphur as described further oﬁ (see

"Determination of Sulphur").

DETERMINATION OF RESIDUAL CYANIDE

Some sample (130 ml) was pipetted into a flask and a little KI added.
This was titrated with standard silver nitrate solution until a per-

manent, faintly yellow opalescence formed. 1 ml titrant = 0,01% KCN.

DETERMINATION OF RESIDUAL LIME

Some sample (130 ml) was pipettea into a flask and an excess of sil-
~ver nitrate added (more than that needed for the above titration). A
few drops of pheholphthalein indicator were added and the solution
titrated with standard oxalic acid solution to colourless (not pink).

1 ml titrant = 0,0022% CaQ.
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DETERMINATION OF SPECIFIC GRAVITY (S.G.)

It was calculated according to the following formulae:
S.G. (slurry) = b
a

with a

weight of a known volume of water

o
[}

weight of same volume of slurry

S.G. (solid) = c-a
(b-d) + (c-a)

with a = weight of container
b = weight of container and known volume of water
C = weight of centainer and sample
d = weight of container and same amount of sample
+ water to same volume as in "b"

DETERMINATION OF TOTAL SULPHUR IN SOLIDS

1. The sample was digested with aqua regia in the presence of a

potassium bromide-bromine mixture. This prevented the formetion
| of acid sulphides during digestion. It was then repeatedly

treated with hydrochloric acid and filtered. This dehydrated
and removed free silica together with insolubles. The sulphur
was precipitated out of the filtrate using barium chloride and
ascorbic acid or hydroxylamine hydrochloride (as a reductant, to.
prevent iron coprecipitation). The resultant barium sulphate

‘was collected by filtration and ignited to constant weight at
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850°C. The value of sulphur was determined from the mass of

barium sulphate obtained.

2. The sample was fused using a sodium peroxide - sodium carbonate
mixture. The alkali leached solution was then made up to a
standard volume and the precipitate allowed to settle. An ali-
quot was filtered and acidified, the silica removed and the
sulphur determined as above. This method was used if there were

large amounts of lime in the sample.

DETERMINATION OF TOTAL SULPHUR IN SOLUTION

As above for solids.
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APPENDIX B

MEDIA AND SOLUTIONS

9K AGAR

~ Solution A: (NH4)2504 ) 3,0 g
KCl 0,1 g

K2HPO4 0,5¢

MgSO4.7H20 0,5g
Ca(NO3)2 _ 0,01 g

Agar-agar 20,0 g

Distilled water 500 ml

Solution B: . FeSO4.7H20 50,0 g
Distilled water 500 ml
pH adjusted to 1,3 with H2504

Solutions A and B were autoclaved separately, then mixed and
plates poured.

9K MEDIUM
Solution A : as in 9K agar, but with no agar.
Solution B : as in 9K agar.

Solutions A and B were autoclaved separately, then mixed.
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GRAM STAIN

1. Make a water smear of the organism, dry and fix by heat.

2. Stain with crystal violet for one minute, wash with water and
drﬁn.

3. Apply iodine for one minute, wash with water and drain.

4, Discolour with fresh acetone alcohol, wash with water and drain.

5. Counterstain with safrahin for one minute, wash with water and

drain.

GUARGUM 0,05% SOLUTION

Guargum 0,5¢g

Water 11

MAGNAFLOC 351 0,05% SOLUTION

Magnafloc 351 0,5 g

Water 11

NITROGEN COUNT INDICATOR

Methyl red 0,125 g
Methylene blue 0,083 g
~Ethanol 100 ml
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NUTRIENT AGAR

Nutrient agar 28,0 g
Distilled water 1 1

STANDARD OXALIC ACID SOLUTION (0,1N)

Oxalic acid 6,30 g
Distilled water 1 1

PHENOLPHTHALEIN INDICATOR

Phenolphthalein 5,0 g
Ethanol 500 ml
Distilled water 500 ml

The phenolphthalein was first dissolved in the ethanol, then the

water was gradually added while stirring.

STANDARD PQTASSIUM DICHROMATE SOLUTION (0,0896N)

K,Cr,05 4,39 g

Distilled water 11

STANDARD SILVER NITRATE SOLUTION (0,1N)

Distilled water 1 1
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SODIUM DIPHENYLAMINE SULPHONATE INDICATOR

Barium diphgnylamine sulphonate - 0,32 g
H2504 1 ml
Distilled water © 7100 ml

First the water, then the acid was added to the sulphonate. When the
barium sulphate had settled the clear reagent was decanted off and

~ used.

STANDARD SODIUM THIOSULPHATE SOLUTION (0,0896N)

Na25203.5H20 _ ' ‘22,24 g
Na2CO3 0,05 g
Distilled water 11

STARCH INDICATOR

Soluble starch 0,5¢
Distilled water : 50 ml

The two ingredients were mixed, boiled, then cooled and used.

H2504 -H3PO4 - H20 MIXTURE (Mixed Acid)

H2504(concentrated) 150 ml

H3P04(85%) . 150 ml

Distilled water 700 ml
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WAKSMANS' AGAR

Na25203.5H20 ' 5f0 g

NH4C1 0,1 g

CaC12.6H20 0,25 g
MgC12.6H20 .0,1 g

KH2PO4 3,049

Agar-agar 20,0 g

Distilled water 11

pH adjusted to pH 4-5 with H2504

WAKSMAN'S MEDIUM

As in Waksman's agar, but with no agar.



APPENDIX C
CHEMICALS

Acetone |
Agar Agar
NH3
NH4C1

(NH4)ZSO4

Antifoam RD emulsion

A5203

~ Barium diphenylamine sulphonate

Boric acid

CaCl,,.6H,0

2°7 2
Ca(NO3)2

Ca0

Crystal violet
Epofix -
Ethanol
Fe2(SO4)3
FeS0,.7H,0
Gamma alumina
Guargum

HCl -

Iodine
Magnafloc 351

MgCl.,.6H.,0

2°7 2

.7H,0

MgSO4 5

UniTEK

Merck

UnivAR

Cica (Kanto Chemical Co.)
UnivAR

Dow Corning

Riedel-de Haén AG

BDH

Protea

Baker

UnivAR

UnivAR

Cica

Struers

UnivAR

Riedel-de Haeén AG
UnivAR

Leco Corp.

Stein, Hall S.A.(Pty)Ltd.
Koch-Light

UnivAR

Allied Colloids
AnalaR

Cica
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Methylene blue

Methyl red

Microid diamond compound
Nutrient agar

Oxalic acid

pH buffer solutiéns
Phenolphthalein

H3PO4

Polishing oil
KC1
KCN

K2C r207

KH2PO4

K HPO,

KI

K2504

K254O6

Safranin

Sand paper

3

Na2CO3

: Na2HPO4

NaOH

AgNO

Na25203.5H20

Starch (soluble)

H2504

Thymol
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BDH

Riedel-de Haen AG
Leco Corp.

Oxoid

Protea

UnivAR

UnivAR

UnivAR

Leco Corp.

UnivAR

UnivAR

PAL Chemicals
Riedel-de Haen AG
UnivAR

UnivAR

AnalaR

Fluka

Gurr

Norton

UnivAR

Merck

Merck

UnivAR

AnalaR

Cica
UnivAR/UniTEK
H&W
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