IVERSITEIT YAN PRETORIA
ITY OF PRETORIA
ITHI YA PRETORIA

THE USE OF ASPERGILLUS NIGER FOR THE
REMOVAL OF POTASSIUM AND PHOSPHOROUS
FROM THE IRON ORE OF THE SISHEN IRON ORE
MINE, SOUTH AFRICA

by
PETER JOHN WILLIAMS
SUBMITTED FOR PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE

PHILOSIPHIAE DOCTOR
PhD (Microbiology)

DEPARTMENT: Microbiology and Plant Pathology
in the
Faculty of Natural and Agricultural Sciences

University of Pretoria

Pretoria

2008

© University of Pretoria



EIT YAN PRETO
TY OF PRETO
SITHI YA PRETO

IVERSIT RIA
| RIA
RIA

“Ek verklaar dat die verhandeling wat ek hiermee aan die Universiteit van Pretoria vir
die PhD (Mikrobiologie)-graad voorlé, my eie werk is en nie vantevore deur my aan

enige ander tersi€re inrigting vir enige graad voorgel€ is nie.”

“I certify that the thesis hereby submitted to the University of Pretoria for the degree
of PhD (Microbiology) is my own work and has not previously been submitted by me

in respect of a degree at any other tertiary institution.”

Signature:

Date:




’i UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

This thesis is dedicated to my wife, Julie, and daughter, Mackenzie

“We must not forget that when radium was discovered no one knew that it would
prove useful in hospitals. The work was one of pure science. And this is proof that
scientific work must not be considered from the point of view of the direct usefulness
of it. It must be done for itself, for the beauty of science, and then there is always the
chance that a scientific discovery may become like the radium, a benefit for

humanity.”

Marie Curie (1867-1934)
Lecture at Vassar College, May 14, 1921

i



Him
=

ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Wa® YUNIBESITHI YA PRETORIA

ACKNOWLEDGEMENTS

I would like to thank:

*  Prof Eugene Cloete, from the department of Microbiology and Plant
Pathology, University of Pretoria, for his professional assistance, advice and
efforts to accomplish this project and thesis.

*  Mr Danie Krige, from Kumba Iron Ore, Ltd, for his technical advice and
assistance to accomplish this project.

*  Mr Roy Grunewald, from Kumba Iron Ore, Ltd, for his technical advice and
assistance to accomplish this project.

* Dr Karen Surridge, from the Department of Microbiology and Plant
Pathology, University of Pretoria, for her valuable assistance with all
molecular assays conducted during this project.

*  Mr Heinrich Geyer, for his valuable assistance and contribution towards the
completion of this project.

* Kumba Iron Ore, Ltd, for their financial assistance during this project.

*  National Research Foundation, for their financial assistance during this
project.

* My wife, Julie, for her love, understanding and support during my studies and
this project.

* My brothers, Vaughan, Gregory, and Michael, for their support during my
studies.

* My parents, for all the opportunities they have given me to achieve my goals.
Thank you for all the love, understanding and sacrifices during my studies.

* My colleagues and friends, for their friendship and support.

11



4

ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Wa® YUNIBESITHI YA PRETORIA

TABLE OF CONTENTS

PAGE

LIST OF FIGURES X

LIST OF TABLES xii

LIST OF ABBREVIATIONS xiv

LIST OF PUBLICATIONS, SUBMITTED MANUSCRIPTS

AND CONFERENCE CONTRIBUTIONS Xvi

SUMMARY xvii

CHAPTER 1: Introduction 1

CHAPTER 2: Literature Review 7
2.1 Introduction 7
2.2 Iron Ore Deposits in the Northern Cape Province of South

Africa 8
221 Regional Geology 9
222 The Sishen Iron Ore Mine 10
223 Potassium and Phosphorous Bearing Ores of the Sishen Iron Ore

Mine 12
2231 Muscovite 12
2232 Apatite 14
2233 Woodhouseite 15
2234 Goyazite 16
2.3 Blast Furnace Technology 17
2.3.1 The Basic Functioning of a Blast Furnace 17
2.3.2 The Effect of Alkalis on the Functioning of the Blast Furnace 20
2.4 Conventional Bioleaching 22
24.1 Historical Overview of Bioleaching 22
2.4.2 Development of the Bioleaching Industry 23
243 Microbiology of Bioleaching 27
243.1 The Diversity Among Leaching Bacteria 28

v



4

ﬂ UNIVERSITEIT VAN PRETORIA
& SIERL Y tEeld
PAGE
2432 Attachment of Leaching Bacteria to Sulphide Minerals 29
2433 The Effect of Temperature on Bioleaching 30
244 Industrial Bioleaching Processes 31
24.4.1  The BIOX" Process 31
2442  The GEOCOAT" Process 34
2443 The BioCOP™ Process 35
2444 The BacTech/Mintek Process 35
2.5 Complexation of Non-Sulphide Minerals 36
2.5.1 Citric Acid Production by Aspergillus niger 39
2.5.2 Uptake of Glucose Based on Passive Diffusion 42
253 Regulation of Glycolysis 42
2531 Hexokinase and Glucokinase 44
2.53.2 6-Phosphofructo-1-kinase 44
2.5.4 Fermentation Conditions Affecting Citric Acid Production 45
2.6 Recommendations 46
2.7 References 48
CHAPTER 3: Microbial Community Study of the Process-
and Ground Water of the Sishen Iron Ore Mine,

South Africa 61
3.1 Abstract 61
3.2 Introduction 62
33 Materials and Methods 63
3.3.1 Sample Selection and Processing 63
3.3.2 Chemical Analysis of the Process- and Ground Water 63
3.3.3 Total Plate Counts of the Process- and Ground Water 63
3.3.4 Preparation of Pure Cultures 64

3.3.5 Bacterial Identification of the Bacteria Isolated from the
Process Water 64



&
ﬂ UNIVERSITEIT VAN PRETORIA
@2 YUNIBESITHI YA PRETORIA
PAGE

3.3.6 16S Polymerase Chain Reaction for the Amplification of

Bacterial DNA from the Ground Water Sample 64
3.3.7 Sequence Analysis of the Bacterial DNA from the Ground Water

Sample 65
3.4 Results and Discussion 66
3.5 Conclusions 73
3.6 References 74

CHAPTER 4: Microbial Community Study of the Iron Ore

Concentrate of the Sishen Iron Ore Mine, South
Africa 81

4.1 Abstract 81
4.2 Introduction 82
43 Materials and Methods 83
4.3.1 Sample Selection 83
4.3.2 Bacterial Isolation 84
4.3.3 Fungal Isolation 84
4.3.4 Bacterial DNA Extraction 84
4.3.5 Fungal DNA Extraction 85
4.3.6 16S Polymerase Chain Reaction of Amplification of Bacterial

DNA from the Iron Ore 85
4.3.7 Denaturing Gradient Gel Electrophoresis (DGGE) 86
4.3.8 Internal Transcribed Spacer (ITS) Region Polymerase Chain

Reaction of Fungal DNA from the Iron Ore/Soil Samples 86
4.3.9 Sequence Analysis of the Bacterial and Fungal DNA from the

Iron Ore/Soil 87
4.4 Results and Discussion 88
4.5 Conclusions 95
4.6 References 96

vi



4

ﬂ UNIVERSITEIT VAN PRETORIA
& SIERL Y tEeld
PAGE
CHAPTER 5: Chemical Leaching of Iron Ore Using a

Range of Acids and Oxidative Chemicals 101
5.1 Abstract 101
52 Introduction 101
53 Materials and Methods 102
5.3.1 Sample Selection 102

5.3.2 Phosphorous and Potassium Phase Determination of the
Untreated Iron Ore 103
5.3.3 Chemical Preparation of Leaching Agents 103
5.3.4 Chemical Leaching of Iron Ore 103
5.4 Results and Discussion 104
5.5 Conclusions 105
5.6 References 106

CHAPTER 6: The Production and Use of Citric Acid for the

Removal of Phosphorous and Potassium from the
Iron Ore Concentrate of the Sishen Iron Ore Mine,

South Africa 107
6.1 Abstract 107
6.2 Introduction 108
6.3 Materials and Methods 110
6.3.1 Microorganism and Preparation of Inoculum 110
6.3.2 Solid Substrate 110
6.3.3 Basal Salt Solution for Solid Substrate Fermentation 111
6.3.4 Fermentation Medium for Submerged Fermentation 111
6.3.5 Fermentation Conditions for Solid Substrate Fermentation 111
6.3.6 Fermentation Conditions for Submerged Fermentation 111
6.3.7 Analytical Procedure 111

vil



&
ﬂ UNIVERSITEIT VAN PRETORIA
@2 YUNIBESITHI YA PRETORIA
PAGE
6.3.8 Citric Acid Concentration Analysis 112
6.3.9 Chemical Leaching of Iron Ore Concentrate with Citric Acid 112
6.3.10 “Heap Leaching” of Iron Ore Concentrate Using Aspergillus 113
niger
6.3.11 Chemical Analysis of the Treated Iron Ore Concentrate 113
6.4 Results and Discussion 113
6.5 Conclusions 120
6.6 References 121
CHAPTER?7: The Use of Aspergillus niger for the Removal
of Phosphorous and Potassium from the Iron Ore
Concentrate of the Sishen Iron Ore Mine, South
Africa 124
7.1 Abstract 124
7.2 Introduction 125
7.3 Materials and Methods 127
7.3.1 Microorganism and Preparation of Inoculum 127
7.3.2 Iron Ore Concentrate Sample Selection 127
7.3.3 Bioleaching Fermentation Medium 127
7.3.4 Bioleaching Conditions for the Removal of Phosphorous and
Potassium from the Iron Ore Concentrate 127
7.3.5 Analytical Procedure 128
7.3.6 Citric Acid Concentration Analysis 128
7.3.7 Chemical Analysis of the Treated Iron Ore Concentrate 128
7.4 Results and Discussion 129
7.5 Conclusions 132
7.6 References 133

viil



4

UNIVERSITEIT VAN PRETORIA
< UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

PAGE
CHAPTER 8: Conclusions 135
APPENDIX A 144
APPENDIX B 149

X



4

ﬂ UNIVERSITEIT VAN PRETORIA
\ TG
LIST OF FIGURES
PAGE
CHAPTER 2

FIGURE 2.1 Location of the Sishen Iron Ore Mine in the Northern Cape

Province of South Africa 10
FIGURE 2.2 The Sishen Iron Ore Mine Situated in the Northern Cape

Province of South Africa 11
FIGURE 2.3 Flexible and Elastic Sheet of Muscovite 13
FIGURE 2.4 Yellow five pointed stars, known as Star Muscovite (left),

and Green Muscovite, known as Fuchsite 14
FIGURE 2.5 Chlorapatite from Altermark, Norway (left), and an apatite

gemstone (right) 15
FIGURE 2.6 A cluster of quartz crystals coated with a honey-coloured

dusting of woodhouseite crystals 16
FIGURE 2.7 Flat, tabular crystals of goyazite on dolomite 17
FIGURE 2.8 Diagrammatic representation of the functioning of a blast

furnace 18
FIGURE 2.9 Molecular structure of citric acid (2-hydroxypropane-

1,2,3-tricarboxylic acid) 40
FIGURE 2.10  Major Intermediates of the Tricarboxylic Acid Cycle 41

CHAPTER 3
FIGURE 3.1 Phylogenetic analysis of the 16S Eubacterial gene of the

rDNA operon of the bacteria isolated from the ground

water of the Sishen Iron Ore Mine 72

CHAPTER 4
FIGURE 4.1 1.5% TAE agarose gel showing DNA extracted from two

iron-ore samples using the CTAB method 89
FIGURE 4.2 1.5% TAE agarose gel showing 16S PCR products of ca.

500bp (M = 100bp DNA marker, C = negative control, 1

& 2: iron ore samples 89



4

=

{

ﬂ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
Wa® YUNIBESITHI YA PRETORIA

PAGE

FIGURE 4.3 A: Denaturing gradient gel fingerprints resulting from

assessing bacterial diversity between communities

detected from iron-ore samples, using a gradient of 25-

55%; B: Graphic representation of the denaturing gradient

gel determining bacterial community richness and

diversity 90
FIGURE 4.4 Phylogenetic analysis of the 16S Eubacterial gene of the

rDNA operon of the bacteria isolated from the enriched

iron ore concentrate of the Sishen Iron Ore Mine 92
FIGURE 4.5 1.5% TAE agarose gel showing the ITS PCR products of

ca. 700bp (M = 100bp DNA marker, 1-12 = fungal culture

PCR amplicons, C = negative control) 93
FIGURE 4.6 Phylogenetic analysis of the ITS gene of the fungi isolated

from the iron ore/soil of the Sishen Iron Ore Mine 94

CHAPTER 6
FIGURE 6.1 Diagrammatic Representation of the Solid Substrate Citric

Acid Production from PM by Aspergillus niger NRRL 567

grown at 30°C 114
FIGURE 6.2 Diagrammatic Representation of the Submerged Citric

Acid Production by Aspergillus niger NRRL 567 grown at

30°C 115

CHAPTER 7
FIGURE 7.1 Diagrammatic Representation of the Citric Acid

Production during Bioleaching by Aspergillus niger NRRL

567 at 30°C 129
FIGURE 7.2 Diagrammatic Representation of the pH Evolution during

the Bioleaching of the Iron Ore Concentrate of the Sishen

Iron Ore Mine, South Africa 130

X1



4

ﬂ UNIVERSITEIT VAN PRETORIA
\RTIEHRAE
LIST OF TABLES
PAGE
CHAPTER 2

TABLE 2.1 Classification of Muscovite 12
TABLE 2.2 Classification of Apatite 15
TABLE 2.3 Classification of Woodhouseite 16
TABLE 2.4  Classification of Goyazite 17
TABLE 2.5  Allowable Alkali load on the Blast Furnaces of Companies

in Several of the Leading Industrial Nations 21
TABLE 2.6 ~ Major Mineral Sulphides Present in Nature 24
TABLE 2.7 Commercial BIOX® Plants 32
TABLE 2.8  Optimal Operating Parameters of the BIOX® Process 33
TABLE 2.9  Commercial Bioheap Leach Operations Currently in

Operation 34

CHAPTER 3
TABLE 3.1 Chemical analysis of the process- and ground water samples

of the Sishen Iron Ore Mine 67
TABLE 3.2 The average bacterial counts (cfu.m/™") obtained for the

different dilutions of the process- and ground water samples

of the Sishen Iron Ore Mine 68
TABLE 3.3 Bacteria isolated and identified from the different process

water samples collected at the Sishen Iron Mine 69

CHAPTER 5
TABLE 5.1 Leaching Chemicals for the Removal of P and K from the

Iron Ore of the Sishen Iron Ore Mine 103
TABLE 5.2  Major Elemental Composition of the Iron Ore of the Sishen

Iron Ore Mine 104
TABLE 5.3 Average Chemical Composition of the Iron Ore after

Treatment with the Various 1M Leaching Solutions for 5

Days 105

Xil



&
=
ﬂ UNIVERSITEIT YAN PRETO

UNIVERSITY OF PRETO
TQ

RIA
RIA
YUNIBESITHI YA PRE RIA

PAGE

TABLE 6.1

TABLE 6.2

TABLE 7.1

TABLE 7.2

CHAPTER 6

Chemical Composition of the Untreated Iron Ore

Concentrate of the Sishen Iron Ore Mine 117
The Average Percentage Removal of the Major Elements

from the Iron Ore Concentrate by Chemical Leaching for 5

Days Using Different Concentrations of Citric Acid 118

CHAPTER 7

Chemical Composition of the Untreated Iron Ore

Concentrate of the Sishen Iron Ore Mine 131
The Average Percentage Removal of the Major Elements

from the Iron Ore Concentrate by Bioleaching for 10 Days

Using A. niger at Different Pulp Densities 132

Xiii



{

a’I UNIVERSITY OF PRET
P T

=

UNIVERSITEIT YAN PRETORIA
ORIA
YUNIBESITHI YA PRETORIA

LIST OF ABBREVIATIONS

Acetyl-CoA
AGI

ARI

ATP

BIF’s

bp

CI

CO,
CuFeS,
CuS

Cu,S
CuSOy4
dH,O

DNA

Fe

FeS,

FeSO4
Fex(SO4)3
H,S0O4

HIV

K

KCl

K,O
K,0.A1,05.4S10,
K,0.A1,03.6S10,
K,0.810;
Mg-ADP
Mg-ATP
MgCl,

mm

mM

Acetyl-coenzyme A

Acute Gastrointestinal Illness
Acute Respiratory Illness
Adenosine Tri-phosphate
Banded Iron Formations
Base Pair

Consistency Index

Carbon Dioxide
Chalcopyrite

Copper Sulphide (Covellite)
Chalcocite

Copper Sulphate

Distilled Water
Deoxyribonucleic Acid
[ron

Iron Pyrite

Ferrous Sulphate

Ferric Sulphate

Sulphuric Acid

Human Immunodeficiency Virus
Potassium

Potassium Chloride
Potassium Oxide

Leucite

Silicide

Potassium Silicate

Magnesium-Adenosine Diphosphate

Magnesium-Adenosine Triphosphate

Magnesium Chloride
Millimetre

Millimolar

X1v



&
=
ﬂ UNIVERSITEIT YAN PRETO

UNIVERSITY OF PRETO
TQ

RIA
RIA
YUNIBESITHI YA PRE RIA

mmol - Millimole

Mt - Metric Tonnes

NADH - Nicotinamide adenine dinucleotide
ND - Not Detected

NH,4" - Ammonium lon

NiS - Nickel Sulphide

NiSOq4 - Nickel Sulphate

OF - Oxidation-fermentation

P - Phosphorous

PCR - Polymerase Chain Reaction

rDNA - Ribosomal Deoxyribonucleic Acid
RI - Retention Index

RNA - Ribonucleic Acid

SO, - Sulphur Dioxide

SX-EW - Solvent Extraction-Electrowinning
TAE - Tris-Acetate-EDTA

TBR - Tree Bisection-Reconnection
TCA - Tricarboxylic Acid

Tris-HC1 - Tris-Hydrogen Chloride

ut - Microlitre

pmol - Micromole

UoO, - Uranium Dioxide (Uraninite)

UO; - Uranium Trioxide

USA - United States of America

ZnS - Zinc Sulphide

ZnSOy4 - Zinc Sulphate

XV



YEAR

r

ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Qo TORIA

UNIBESITHI YA PRE

LIST OF PUBLICATIONS, SUBMITTED MANUSCRIPTS AND

CONFERENCE CONTRIBUTIONS

2006

2008

2008

2008

2008

2008

WILLIAMS PJ, GEYER H, SURRIDGE AKJ, KATABUA J and
CLOETE TE. Bacterial population study of the industrial wastewater and
iron ore of the Sishen Iron Ore Mine. 14™ Biennial SASM Conference,
CSIR Convention Centre, Pretoria, South Africa, 9-12 April 2006.
WILLIAMS PJ and CLOETE TE. The use of Aspergillus niger for the
removal of phosphorous and potassium from the iron ore of the Sishen Iron
Ore Mine, South Africa. Bio-08 SASM-Biotech SA-SASBMB

Conference, Grahamstown, South Africa, 21-25 January 2008.
WILLIAMS PJ, SURRIDGE AKJ and CLOETE TE. Microbial
Community Study of the Process- and Groundwater of the Sishen Iron- Ore
Mine, South Africa. Water SA 34(5).

WILLIAMS PJ and CLOETE TE. Microbial Community Study of the
Iron Ore Concentrate of the Sishen Iron Ore Mine, South Africa. World
Journal of Microbiology and Biotechnology 24(11): 2531-2538.
WILLIAMS PJ and CLOETE TE. The Production and Use of Citric
Acid for the Removal of Phosphorous and Potassium from the Iron Ore
Concentrate of the Sishen Iron Ore Mine, South Africa. Submitted for
publication in World Journal of Microbiology and Biotechnology.
WILLIAMS PJ and CLOETE TE. The Use of Aspergillus niger for the
Removal of Phosphorous and Potassium from the Iron Ore Concentrate of
the Sishen Iron Ore Mine, South Africa. Submitted for publication in
Hydrometallurgy.

xXvi



4
=

ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Qo TORIA

UNIBESITHI YA PRE

THE USE OF ASPERGILLUS NIGER FOR THE
REMOVAL OF POTASSIUM AND PHOSPHOROUS
FROM THE IRON ORE OF THE SISHEN IRON ORE

MINE
by
PETER JOHN WILLIAMS
PROMOTOR: Prof TE Cloete (University of Pretoria)
DEPARTMENT: Microbiology and Plant Pathology

Faculty of Natural and Agricultural Sciences
University of Pretoria

DEGREE: PhD (Microbiology)

SUMMARY

As global technologies and civilisation have advanced, the utilization of diverse
mineral products has increased, resulting in the progressive depletion of high-grade
mineral deposits. Consequently, metal production has to rely more on the use of
lower-grade or complex ores, as well as metal extraction from mining and industrial
wastes. Certain substances, such as phosphorous (P) and potassium (K), contained
within the iron ore have a detrimental effect on the smelting process during steel
manufacturing, resulting in the international steel making companies charging
penalties when purchasing iron ore concentrates containing high concentrations of P
and K. It has, therefore, become necessary to develop an economically viable and
environmentally friendly process to reduce the high P and K concentrations contained
in the iron ore concentrate of the Sishen Iron Ore Mine, resulting in the minimizing of
the penalties charged by the steel making companies. During this study no microbial
bioleaching candidates could be isolated from the aquatic environment in order to

develop an economical process to remove the P and K from the iron ore concentrate.
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The most likely candidate for the removal of P and K from the iron ore concentrate
would seem to be Acidithiobacillus ferrooxidans that was isolated from the iron ore
concentrate, however, this bacterium produces sulphuric acid, which is undesired in
the iron ore industry due its corrosive properties. Furthermore, the P and K contained
in the iron ore is in a non-sulphidic phase, and therefore, conventional bioleaching
processes are not viable for their removal from the ore. Metals in certain non-
sulphide minerals, such as the iron ore concentrate of the Sishen Iron Ore Mine may
be solubilised by a process of complexation using microbially produced inorganic or
organic acids. Chemical leaching of the iron ore concentrate using citric acid proved
to be more efficient than “heap leaching”, as more P and K was removed from the
iron ore concentrate, as well as in a shorter time frame. The results of the chemical
leaching suggested that a 1M citric acid leaching solution be used at 60°C for 5 days
for the chemical leaching process, as the most P and K is removed from the iron ore
concentrate using these leaching conditions. The possibility to use A. niger as a
bioleaching microorganism was also investigated, due to its ability to produce organic
acids such as citric acid, which has the ability to remove P and K from the iron ore
concentrate by chemical leaching. Compared to chemical leaching, which requires
high concentrations of citric acid and/or high leaching temperatures, bioleaching
using A. niger offers a more economical method with similar efficiency for the
removal of P and K from the iron ore concentrate of the Sishen Iron Ore Mine. The
most economically viable process for the removal of P and K from the iron ore
concentrate, although not as efficient as chemical leaching using citric acid at high
temperature, proved to be the bioleaching process using A. niger with a bioleaching
pulp density of 33% at 30°C for 10 days. This is the first report of the use of 4. niger

for the use in any bioleaching process.
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