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In shurty reactors, hydrodynamic stress originates primarily from interactions between particles and
cells in the reactor. This form of stress has been shown to negatively affect the process
performance. The present study centres on slurty reactors utilised in the bioleaching industey. The
micro-organisms employed in these processes include mesophilic micro-organisms and, more
recently, thermophilic microbes which have shown much promise for improving the rate and
extent of leaching particulady of recalcitrant minerals such as chalcopyrite. The drawback to using
high temperature microbes is that these thermoacidophiles, unlike their mesophilic counterparts,
are Gram-negative Archaea, not bacteria, hence they do not possess resilient cell walls and are more

prone to hydrodynamic induced injury.

In an effort to gain a more in-depth understanding of the effects of hydrodynamic-mediated stress
on thermophilic bioleaching micro-organisms, a chalcopyrite~-quartzite system was considered for
the present study. The effect of increasing hydrodynamic stress in the prese nce of 3 % chalcopyrite
was investigated by (i) increasing quartzite concentration in units of 3 % by mass (0 through to
18 % w/v) at a constant impeller tip speed (1.97 m s'!) and (if) increasing the impeller tip speed
(1.67 through to 2.13 m s) at two quartzite loadings (0 and 9 % w/v. The process performance
was monitored by measuring changes in pH, redox potential, and cell, iron and copper
concentrations. The effect at a cellular level and the biological response was determined by
observing changes in the morphology, metabolic activity, viability and protein composition of the
cells with increasing hydrodynamic stress.

The results of the solids loadings and impeller speed experiments showed that bioleaching was
progressively impaired with increasing quartzite loading and impeller speed. The overall rate and
extent of microbial growth and iron and copper solubilisation declined with increasing
hydrodynamic stress. The results for the solids loading experiments showed that the critical solids
loading beyond which hydrodynamic stress had a significant effect on process performance was
9 % quartzite. At an 18 % quartzite loading the system approached failure. The results for the
impeller speed experments showed that there was a positive effect of an increase in metabolic
activity of the culture on increasing impeller speed in the absence of quartzite and negative effect
on increasing impeller speed at 2 9 % quartzite loading. At a 9 % solids loading, the positive effects
of improved mass transfer at the increased agitation rates were outweighed by the negative effects

of increased hydrodynamic stress.



Further analysis of the growth and redox potential data from the solids loading experiments was
conducted. Specific death rate constants were derived from the growth data and modelled as a
function of solids loading yielding the following model:

kg = 4.61 x 103 D166

Further analysis of redox potential data was conducted using the method of Rawlings e 44 (1999),
adapted by Petersen and Dixon (2005). The basis of the analysis is that the operating redox
potential in a bioleaching system may be predicted if the leaching kinetics, described by the mineral
ferric consumption and the microbial ferric supply, are known. In the present study the analysis
method was able to predict the changes in the redox potential observed for the solids loading

experdments successfully.

In addition to a decreased overall process performance, the effect of hydrodynamic stress was also
examined at a cellular level Selected samples from the solids loading and impeller speed
experiments were analysed for changes in (i) morphology (i) metabolic activity, (i) membrane
integrity and (iv) protein composition. Morphological changes observed using phase contrast and
scanning electron mictoscopy included decreases in cell size and the presence of leaking and ghost
cells, At the highest intensity of hydrodynamic stress (18 % quartzite) no healthy cells, only cell
clumps and cell debis were observed. A quantitative analysis of cell size profiles showed a
decrease in the mode of the cell-number based size distribution with increasing solids loading
confirming the decrease in cell size with increased stress. The metabolic activity of the cell,
measured by the oxygen utilisation rate of the cultures, also decreased on increasing the quartzite
concentration. Furthermore, the metabolic activity at each solids loading declined with time due to
nutrient limitation induced by passivation of the chalcopyrite. Differential fluorescence staining
showed that cell membrane integrity was also compromised with increasing quartzite loading. The
percentage of cells with permeabilised membranes increased on increasing the quartzite loading
from 0 through to 18 % quarizite. A possible bio-response was identified in a preliminary
investigation into the production of stress proteins induced by hydrodynamic stress. SDS PAGE
analysis showed the up-regulation of a protein at 45 kDa when the solids loading was increased
from 0 to 12 % quartzite.

In bioprocesses early warning signals of system failure are important. Assessment of the various
indicators used in this study, at process petformance, as well as at a cellular level, enabled the
identification of possible eatly warning signals. Indicators such as metabolic activity and cell size
which ate sensitive to increasing stress conditions were identified for use as potential eady

indicators of reduced system performance.
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Summary

Microbial bioprocesses find wide application in the fine chemical and pharmaceutical industry, in
mineral processing, remediation systems and in waste treatment to name a few. In these
bioprocesses, cells are exposed to various physicochemical and mechanical stresses. Common
examples of physicochemical stresses include changes in temperature (heat and cold shock), pH,
osmolarity, redox potential, pressure, salinity, oxygen, nuttent starvation and product inhibition. In
stirred tank reactors, mechanical stress (e.g. hydrodynamic stress) originates from mixing (through
agitation) due to rotation of the impeller, aeration and the presence of solids. Mixing enables inter-
phase mass transfer, suspension of solid particles and the promotion of heat transfer. Injury to
cells during systemn operation occurs due to cell-cell, cell-vessel component, cell-bubble (bubble
sheat), cell-eddy (fluid shear) and in sluery systems, cell-solid interactions. Thus a fine balance is

required in order to attain adequate mixing without inducing cell injury.

The present study centres on slutry teactors utilised in the bioleaching industty. In these solids-
containing systems, cell-solid interactions prevail over fluid and bubble-shear. Increasing the solids
loading in biological mineral slurry increases process productivity. However, increasing the solids
loading can increase the hydrodynamic stress effect. Further to this, higher solids concentrations
require increased agitation rates in order to attain complete solids suspension. Increased agitation
rates up to a cdtical rate may have a positive influence on the metabolic activity of the micro-
organisms due to improved mass transfer. However, above the critical rate the positive effect is
outweighed by the increase in the solid-cell-solid collision frequency which contributes significantly
towards hydrodynamic stzess. Stress to cells has an effect at the process performance level as well
as at the cellular level. In bioleach reactors, at the process performance level, investigators have
observed decreases in the rate and extent of growth and metal solubilisation. While at the cellular

level, changes in morphology, viability and cell envelope integrity were identified.

High temperature bioleaching processes are favoured over those operated at mesophilic
temperatute due to factors such as increased teaction rates at the higher temperatures. An
understanding of the hydrodynamic stress capacity of the thermophilic micro-organisms is thus
vital to the bioleaching industry. The tesistance of micro-organisms to stress is primarily dictated
by their physiology. Micro-organisms such as the mesophilic bioleaching bacteria, Leptospirillum sp.
and Addithiobacilius spp. possess true cell walls te-enforced by peptidoglycan and thus ate less
susceptible to hydrodynamic cell injury. The cells wall of the Gram-negative Archaea such as those
used in high-temperature tank bioleaching processes, do not contain re-enforcing macromolecules,
instead the cell wall, termed an S-layer, comprises only glycoproteins. Mesophilic tank leaching
systems have been shown to fail at mineral loadings higher than 20 % (Rossi, 2001). Initially this
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failure was attributed to the high oxygen demand of the system at the increased mineral loadings
(Dispirito ¢z 4/, 1981; Bailey and Hansford, 1994; Loia, 1994) but later studies showed that the
hydrodynamic stress due to the increased solids loading was the reason for reactor faillure (Pearce,
1993; Deveci, 2002; Witne and Phillips, 2001). Thus, if the mesophilic bioleach systems utlising
bacteria with re-enforced cell walls fail at solids concentrations above 20 % then it is expected that

the thermophilic bioleach systems would fail at even lower solids loadings.

Previous work by Nemati and Harrison (2000) on the bioleaching of pysite by the thermophilic
archaeon, Sulfolobus metallicns, in a stirred reactor showed that increasing the pyrite concentration
resulted in reduced process performance, and at the highest solids loading tested (18 % w/v pyrite)
reactor failure occurred. Sissing (2002) also investigated hydrodynamic stress in a pyrite slarry but
increased the solids concentration by adding inert quartzite particles instead of mineral particles. In
this way the negative physicochemical effects associated with increasing the mineral concentration
were avoided. The investigation showed that when the solids concentration was increased without
increasing the mineral load, the reactor failed at 27 % w/v (3 % pyrite and 24 % inert quartzite)
total solids. Furthermore, increasing the impeller dp speed above 1.97 m s! also caused reactor

failure.

The current study is based on 2 system akin to that of Sissing (2002) except that chalcopyrite was
the mineral of choice. Chalcopyrite was chosen due to its economic importance in the bioleaching
industry and because the mineral is notoriously recalcitrant to either biological or chemical leaching,
This recalcitrance stems primanly from passivation of the mineral resulting in nuttient limitation
which causes physiological stress to the leaching micro-organisms. In the present study the effect
of increasing the solids loading and agitation rate on the bioleaching of chalcopyrite by Swffolobus
culture in a chalcopyrite-quartzite shurry system was investigated. Process performance was
monitored by measuring changes in the pH, redox potential, cell concentration and iron and copper
solubilisation. The effect at a cellular level was measured by observing changes in morphology,

metabolic activity, viability and protein composition of the micro-organisms.

Bioleaching was progressively impaired with increasing quartzite loading from 0 through to
18 % w/v with significant impairment above 9 % quattzite. The decline in process performance

was characterised by:

@ A decline in the rate of pH decrease with increasing solids loading and at an 18 %
quartzite concentration the pH increased instead of decreasing. This revealed

inhibition of the bioleaching process.
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(i) A reduction in the redox potential at all quartzite concentrations. The extent of
reduction was proportional to the quartzite concentration.

(i) A decrease in the rate and extent of growth, and iron and copper solubilisation with
increasing quartzite loading. No growth was observed at an 18 % quartzite loading
however leaching continued though at a highly reduced rate.

(iv) A decrease in the yield coefficient, Yy Energy derived from the oxidation of iron
may have been directed to cell repair mechanisms instead of growth, resulting in a

reduced biomass yield on substrate.

The critical solids loading beyond which the bicleaching process was significantly mmpaired was
determined to be 9 % quartzite. Increasing the quartzite concentration from 9 to 15 % caused a
progressive decrease in the system performance. At an 18 % quartzite concentration the system

approached failure.

Increasing the impeller tip speed had a similar effect to increasing solids loading except that at a
0 % quartzite concentration, an increase in the impeller tip speed from 1.67 to 1.97 m s resulted in
an increase in the metabolic activity of the micro-organisms due to improved mass transfer.
However, the overall extent of iron and copper solubilisation did not improve. Increasing the
solids loading to 9 % quartzite with a simultaneous increase in the impeller tip speed from 1.67 to
1.97 m s! resulted in a decline in the process performance as measured by a decrease in the rate and
extent of growth, and iron and copper solubilisation. A further increase in the impeller tip speed to

2.13 m s resulted in system failure. No growth was observed, instead cell death occurred.

The growth and redox potential data from solids loading experiments was further analysed in an
atterapt at predictive modelling. The specific death rate constant in the growth phase (k) was
calculated from the growth data and the following model describing the relationship between kg
and solids loading was elucidated:
kat = 4.61 x 105 166

The model fitted the data with a correlation coefficient of 0.98. The exponent of @ was close to 2,
indicating that solid-cell-solid collision was the dominant mechanism of cell damage. Further
analysis of redox potential data using the approach of Petersen and Dixon (2005) showed that this
method of analysis could be used to predict the varation in redox potential data over time for the
solids loading experiments. The analysis, based on changes in the ferric supply by the Swjfolbus
cultute and the chalcopyrite ferric demand, explained changes in redox potential observed in the
solids loading experiments and showed that it was possible to improve chalcopyrite leaching by

reducing the microbial ferrous iron oxidation capacity of the culture.
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The effect of hydrodynamic stress was also considered at a cellular level. Selected samples from the
solids loading and impeller speed experiments were analysed for changes in (i) morphology using
phase contrast and scanning electron microscopy, and the CellFacts particle analyser (i) metabolic
activity in terms of the oxygen utilisation rate, (iii) membrane integrity as measured by the uptake of
the fluorescence stain, propidium iodide and (iv) protein composition of the cells using sodium

dodecyl sulphate polyaceylamide gel electrophoresis.

A range of morphological types was identified on varying the intensity of hydrodynamic stress.
These varied from phase dark round cells (negligible stress) to small and tiny cells, leaking cells and
ghost cells resulting from damage to the cell envelope (mild to intermediate stress) and complete cell
disruption resulting in the presence of cell debusis (intense stress). Changes in cell size with increased
solids loading were analysed quantitatively using cell-number based cell size distnbutions. The
decrease in the mode of the size distribution with increasing solids loading confirmed that the
overall cell size decreased with increased stress. Evidence was also presented to show that cell
clumping (in the 2-5 pm cell diameter range) increased with increasing solids loading from 0 to 18 %
quartzite. This result corroborated the phase contrast micrographs showing cell clumping at the
same solids loading.

Oxygen utilisation rate was used to measure the metabolic activity of the culture on exposure to
increasing solids loading. It was shown that cultute metabolic activity decreased with time as well as
with increasing solids loading. The decrease in metabolic activity with time may have resulted from
nutdent limitation due to mineral passivation while the decrease with solids loading was due to
increased hydrodynamic stress. The increased level of propidium iodide uptake by Suffolobus cells
with increasing solids loading demonstrated the loss of membrane integrity as the severity of stress
increased. An increase in solids loading was accompanied by a change in the proportions of green,
orange and red fluotescence. At a 0 % quartzite loading, no apparent loss of membrane integrity
was observed. At a 12 % quartzite loading, more than 50 % of the cells had compromised
membranes while at an 18 % quartzite loading, all cell membranes were compromised.

Furthermore, cell clumps were visible exclusively at an 18 % solids loading.

In the solids loading experiments, the possibility of system recovery during long-term exposure to
hydrodynamic stress was discussed. A preliminary investigation of protein composition of cells,
under mild and intermediate intensities of hydrodynamic stress, yielded SDS PAGE gels showing
the down-regulation of a 26 kDa protein and the up-regulation of a 45 kDa protein with increased
solids loading. These results suggest that a sttess protein may have been up-regulated under
conditions of increased hydrodynamic stress and this points towards a possible mechanism of

counteracting hydrodynamic stress and thus resulting in system recovery. Furthermore, combining

iv
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the results of the cell size analysis, i.e. a reduction in cell size with increased stress, with the protein
analysis, it is postulated that the micro-otganisms diverted energy for growth to resistance against

stress, possibly in the form of stzess proteins.

This study confirms that the bioleaching system performance was highest at low solids loadings and
impeller tip speeds and that nutrient stress compounded the effect of hydrodynamic stress. The
micto-organisms were shown to respond actively to stress in several ways including (i) decreasing
cell size and (fi) the up-regulation of possible stress proteins. Operating conditions that increase the
resilience of cells (e.g. stress proteins) to hydrodynamic stress need to be identified. In addition,
indicators sensitive to changes in process conditions may be used as early warning signals of
decreasing system performance. In the present study these indicators were identified as cell size and

metabolic activity.
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ABBREVIATIONS

AL conventional airlift

APS ammonia persulphate

€s cold shock

CPD critical point drying

CSTR continuously stirred tank reactor

CUR carbon dioxide utilisation rate (ul CO3z min-t)
hs heat shock

HSPs heat shock proteins

LDH lactate dehydrogenase

Lk linking number (the number of times two closed strands are linked or, the

number of times that one DNA strand winds around anothes)

MAb monoclonal antibody

MAL modified aidift

MS mechanosenstive

NAG N-acetyl-D-glucosamine

NAM N-acetyl-muramic acid

OUR oxygen utilisation rate (u Oy min?)

PPI peptidyl-prolyl a@s-frans isomerases

PBT pitched blade turbine

RE relative migration distance of a protein (m)
tRNA ribosomal RNA

RT Rushton turbine

smHSP small heat shock protein

S-layers surface layers

SEM scanning electron microscopy

sSDs sodium dodecyl sulphate

SDS PAGE sodium dodecyl sulphate polyacrylamide gels
STR stirred tank reactor

TF55 thesmophilic factor 55
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NOMENCLATURE

Car
Ca
Cerie
CSt

G
%C.

28 um
Celiconc., s,
Celiconc., s,

de
dP

k1

o

kar
kaz

e

weibull patameter {cells ml)

gas-liquid interfacial area per unit volume of fluid (m? m?)
weibull parameter (um)

total area of the chamber (1 mm?)

oxygen concentration in the broth (gmol m™)

solubility of oxygen in the broth at saturation (gmol m3)
critical oxygen concentration (gmol m3)

collision severity based on eddy velocity (J.5)

cell concentration (cells ml)

number of cells counted in the large squares
average cell concentration over the time perod t; to t2 (cells ml)

biomass concentration at time t (cells ml')
initial biomass concentration (cells ml)
concentration of Fe2* (g 11)

concentration of K2CrOy (g 1)

percentage of cells in the 2 to 5 pm range
concentration of cells in the 2 to 5 um range (cells mlt)

concentration of cells in the 0 to § um range (cells ml7)
dilution ratio

particle diameter (m)

depth of the chamber (0.02 mm)

gravitational acceleration (9.81 m s%)

liquid-phase mass-transfer coefficient (m s)

mass transfer coefficient (s7)

disruption rate constant (s1)

first order rate constant (s7)

the specific cell death rate ()

specific cell death rate in the growth phase (h-')

the cell death rate during the death phase (h')

distance from the tip of the torque arm to the centre of the torque table (0.1 m)
the maintenance coefficient (mol Fe2* molC-t h)

the mass reading on the load cell (kg)

molar mass of iron (g mol)

number of observations
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Nt
NFe
Ny

[0.]

[Oz ]z
P/V

Py

Pg
pHBaseun
pHExpas

qoz

quz+
R¢

¥, 0

Vsol

impeller tip speed (m s)

number of large squares where cell were counted
total number of large squares = 16

oumber of moles of iron (mol)

rate of oxygen transfer per unit volume of fluid (gmol m-3s?)

oxygen concentration at time 7, (ul 1)

oxygen concentration at time 7, (1l 1)

powet input into the system per unit volume (W/m?)
the concentration of iron or copper at time t; {g 1)
the concentration of iron or copper at time t2 (g 1)
the pH value for the baseline reactorat 24 h

the pH value for the experimental reactorat 24 h
Specific oxygen utilisation rate (IO cell! min?)

the specific iron oxidation rate (mol Fe?* molC- h)

relative migration distance of a protein (m)
OUR (pd mint)

time (h)

time 1 (min)

time 2 (min)

volume of gas ()

titre volume ()

sample volume (J)

average of n measurements

mode of the size distrbution curve (um)

the OUR oz cell, iron or copper concentration at time t; (WO2 min cells ml?,
g It respectively)

the OUR or cell, iron or copper concentration at time tz (WO2 min cells mi,
g ! respectively)

maximum cell concentration (cells mi-Y)

the concentration of cells at time t; (cells ml)

the concentration of cells at time t; {cells ml)

biomass yield coefficient {cells g FeY)

the maximum yield on substrate (mol Fe?* molC)
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Greek symbols

o

Happ

Ponax
Honax exp

Hoviabte cells

\Y
@
o

T

constant

constant

volume fraction of cells

turbulent energy dissipation rate per unit volume (W m3)

solids loading (w/w ot w/v)

total solids volume fraction

size of the smallest eddies is given by the Kolmogorov-scale of tutbulence {(m)
the specific growth rate (h!) and is a function of physiological factors such as
temperature, pH, nutrient availability, and ferrous and ferric iron concentration
(Section 4.9.1.1; Eqn. 4.13) maximum specific growth rate in the absence of
stress (ht)

apparent or measured specific growth rate (h)

maximum specific growth rate (h?)

maximum specific growth rate (b)

specific growth rate based on the viable cell concentration (h-?)

kinematic fluid viscosity (m? s)

particle density (kg m%)

standard deviation

shear stress (dynes cm?)
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Glossaty

Glossary

Abiotic — sterile, without microbial action

Aconitase production, the key enzyme in lysine biosynthesis ~— an enzyme in the citric acid cycle
for oxidative metabolism

Adenosine triphosphate (ATP) — 2 nucleotide that serves as the basic energy source for most
metabolic acuivities

Archaea - A unique group of microorganisms, genetically and metabolically different from
bacteria. They appear to be the survivors of an ancient group of organisms that bridged the
gap in evolution between bacteria and the eukaryotes

Autophosphorylation - Addition of a phosphate to a protein by virtue of its own enzymic
activity

Biofilm - A layered culture of microorganisms growing on a surface that they bave created
themselves by secreting polysaccharides and glycoproteins

Biooxidation — the microbially-assisted oxidation of minerals

Chaperonins - Subset of chaperone proteins (Cytoplasmic proteins of both prokaryotes and
eukaryotes that bind to nascent or unfolded polypepuides and ensure corzect folding or
transport) found in prokaryotes, mitochondria and plastids

Chemiosmosis - A theoretical mechanism of energy transduction, coupling one enzyme
catalysed reaction to another using the transmembrane flow of an intermediate species.

Chemolithotrophic — the use of an inorganic mineral as the electron donor for microbial
metabolism

Chirality — “handedness”, a structural characteristic of a molecule that makes it impossible to
supetimpose it on its mirror image, 4 feature produced by the physical orientation of its
constituents

Chitin - A tough, protective, semitransparent substance, primarily a nitrogen-containing
polysaccharide, forming the principal component of arthropod exoskeletons and the cell
walls of certain fungi

Coal depyritisation — the removal of pyrite and pyritic sulpbur from coal
Coccoid ~ spherical
Cold shock - a stress applied to microbial systems by a sudden decrease in the temperature

Creparchaeota - A kingdom in the domain Archaea comprised of thermoacidophilic, sulphur-
dependent organisms.

Eddies - A current, as of water or air, moving contrary to the direction of the main current,
especially in a circular motion, characteristic of turbulent fluid flow

Ester - Any of a class of organic compounds corresponding to the inorganic salts and formed
from an organic acid and an alcohol, usually with the elimination of water

Ether - Any of a class of organic compounds in which two hydrocarbon groups are linked by an
OXygen atom

Eubacteria - A major subdivision of the prokaryotes (includes all except Archaebacteria.

Eukaryotes - Organism whose cells have chromosomes with nucleosomal structure and
separated from the cytoplasm by a two membrane nuclear envelope and
compartmentalisation of a function in distinct cytoplasmic organelles.
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Extracytoplasmic — activities that occur outside the cell membrane

Extremophiles — microbes capable of living under conditions outside the range generally
considered viable for life

Geotextile fibre - A planar, permeable, synthetic textile material, which may be non-woven,
knitted or woven, used in contact with soil and/or other materials in geotechnical and civil
engineering applications

‘Ghost’ cell = a cell that has lost its cell contents, an empty cell
Glucan - A polysaccharide, such as cellulose, that is a polymer of glucose
Glycoprotein - a conjugated protein in which the non-protein group is a catbohydrate

Glycosidic bonds - A type of covalent chemical bond that joins two simple sugars via an oxygen
atom

Heat shock — a stress applied to microbial systems by a sudden increase in the temperatuze

Hybridoma - A cell hybrid in which a tumour cell forms one of the original source cells, the
resulting hybrid cells continue to grow and divide like the neoplastic (fumousous) parent.

Hydrophobicity - Not readily absorbing water ot being adversely affected by water

Hyperosmotic — a solution that contains a higher concentration of solutes (higher osmotic
pressure) than another

Hyperthermophilic - Describes an organism that lives in a very high-temperatute environment
(well over 50 degrees C)

Isoprenoid - A polymer whose carbon skeleton consists wholly or partly of isoprene units joined
end to end

Lactate dehydrogenase — the enzyme that catalyses the formation and removal of lactate whose
extracellular presence is often used as an indication of cell death and/or the release of
cytoplasmic constituents

‘Leaky® cell — a cell with a compromised cell membrane causing leakage of cytoplasmic elements

Linking number - A property of a long biopolymer (such as duplex DNA) equal to the sumber
of twists (zelated to the frequency of turns around the central axis of the helix) plus the
writhing number (the number of times the axis of 2 DNA helix crosses itself while the

molecule is in the process of supercoiling).
Mannan - polysaccharide found in plant and yeast cell

Mechanosensitive (MS) ion channels - channels through the cell membrane whose gating
mechanism responses to mechanical force

Mesophiles - Organism living in the temperature range around that of warm-blooded animals,
usually between 20-45 °C

Microcarriers - small solid or in some cases immiscible liquid spheres, on which cells may be
grown in suspension culture

Mixotrophic — capable of utilising both organic and inorganic carbon

Monoclonal antibody - A substance, usually a protein, which can be synthesised in the
laboratory in pute form by a single clone (population) of cells

Monolayer — a cell culture that grows as a layer of cells one cell thick

N-acetyl-D-ghucosamine (NAG) a constituent of polysaccharides like peptidoglycan and
chitin in cell walls and membranes

Ne-acetyl-muramic acid (NAM) - another constituent of peptidoglycan, found in bacteral
cell membranes
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Glossary

Osmolarity - The osmotic concentration of a solution expressed as number of moles of
impermeable particles of solute per litze of solution

Osmoprotectants - substances and mechanisms that act to protect a cell against the detrimental
effects of osmotic stresses

Passivation - the formation of a passive surface layer that hinders susface reaction

Peptidoglycan - A polymer found in the cell walls of prokatyotes that consists of polysaccharide
and peptide chains in a strong molecular network. Also called mucopeptide, murein

Periplasm — the space between the cell membrane and the cell wall

Permeabilisation — (the action of making (a cell membrane) permeable, capable of allowing
previously prevented elements to pass through)

Phylogenetic — related to the evolutionary development and history of a species or higher
taxonomic grouping of organisms

Proteasome - Proteolytic complexes that degrade cytosolic and nuclear proteins.

Proteolytic systems ~ enzyme systems that break down proteins by hydrolysis of the peptide
bonds to form smaller polypeptides

Pseudomurein — (or pseudopeptidoglycan } an archaeal cell wall material similar to
peptidoglycan, containing N-acetyltalosaminouronic acid instead of NAM, and L- instead of
D-amino acids

Pyrometallurgy - An ore-refining process, such as smelting, dependent on the action of heat.
Solfatara field - A volcanic atea or vent which yields only sulphur vapours, steam, and the like
Sparging - To introduce air or gas into (a liquid).

Sporopollenin — A protein polymer of catotenoids, found in the exine of the pollen wall,
extremely resistant to chemical and enzymatic degradation

Supercoiling - In circular DINA or closed loops of DNA, twisting of the DNA about its own
axis changes the number of turns of the double helix.

Supracellular structures — a structure above the level of a cell or cells
Supracptimal temperatures — temperatures above a microbe’s optimal growth temperature
Thermoacidophiles — microbes capable of living at high temperatures and low pH

Thermoprotectants - substances and mechanisms that act to protect a cell against the
detrimental effects of thermal stresses

Thermosome - a chaperonin protein strongly induced by heat shock
Turbohypobiosis - decrease of biological activity caused by an increased intensity of turbulence

Turgor - The pressure within cells, derived from osmotic pressure differences between the inside
and outside of the cell giving tise to mechanical rigidity of the cells

Kenobiotics - Chemical substances that are foreign to the biological system
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11 BACKGROUND

Slutry reactor systems are widely applied in the bioprocessing industry. Organisms immobilised on
support materials are used in biotransformations and for the production of specialised bioproducts,
while micro-organisms in mineral slurres ate exploited for their metal oxidation or reduction
capability. The optimisation of these bioprocesses requires an understanding of the key factors
affecting productivity. One of these key factors is the impact of the particulate phase on the micto-
organisms in slurry reactors. In the field of bioleaching the understanding of the impact of
hydrodynamic stress in these systems rewains low. The biological leaching of minerals is a key
emerging technology for which discrete niche applications exist where it provides advantage over
existing technologies. For example, conventional mineral treatment processes such as roasting or

smelting produce sulphur dioxide and other undesirable pollutants (Rawlings, 2002).

Compatative studies of bioleaching have shown that faster leaching rates and greater extents of
leaching can be obtained using temperatures at which thermophilic microbial cultures thrive instead
of the conventional mesophilic micro-organisms (Biedey, 1990; Clark and Norrs 1996). High
temperature leaching in excess of 60°C has proven especially advantageous in the bioleaching of
recalcitrant sulphide minerals. Chalcopyzite is an example of a recalcitrant mineral with limited
technologies for its cost-effective exploitation. Whereas leaching of chalcopyrite at mesophilic
ternperatures does not allow sufficient extraction, economically favourable rates and extents of
metal extraction are achievable under thermophilic conditions. In order to exploit the advantages
of high temperature leaching, it is necessary to understand the resilience of these high temperature
systems to stresses incurred duting the leach process. In particular, the tank bioleaching system
requires the micro-organisms present to function in a well agitated and aerated slurry environment
into which substantial energy dissipation is requited to ensure adequate mass transfer and solids

suspension.

Several authors have shown that in mesophilic bioleaching systems, the presence of high
concentrations of suspended solids may lower oxidation rates, increase lag times and decrease the
ultimate extent of oxidation (Beyer e af, 1986; Pearce, 1993; Deveci, 2002). The vadous factors
proposed to cause these phenomena include oxygen and carbon dioxide availability, low bacteria-
to-solids ratio, mechanical damage or inhibition of the bactera, inhibition of bacteral attachment
and the accumulation of toxic leach products. Cell wall sirength is pivotal in maintaining cell
integrity under conditions of high mechanical stress. Most eubacterial cell walls contain

peptidoglycan. Peptidoglycan, a polysaccharide cross-linked by peptide side chains, is primarily



Chapter 1: Introduction

responsible for the strength of the cell wall. The cell walls of extremely thermophilic Archaea lack
peptidoglycan and consist only of protein or glycoprotein subunits (Brock and Madigan, 1991).
This difference in cell wall structure is expected to decrease the resilience of the thermophilic iron
and sulphide oxidizers (Archaes) to mechanical damage in comparison to mesophilic (eubacteria)

iron and sulphide oxidizers.

A high solids loading is desirable in any leaching system to maximise the use of reactor volume
through increased productivity. High impeller tip speeds are necessaty to provide sufficient mass
transfer of oxygen and carbon dioxide as well as to facilitate mixing and solids suspension.
Particulate solids present in the reactor, the impeller tip speed and the impeller type induce
mechanical stress to the micro-organisms in shurcy reactors such as those used in bioleaching
systems. Consequently process optimisation is only possible when a balance is attained between

cell injury induced by hydrodynamic forces and adequate nutdent supply.

1.2 RESEARCH TO DATE

Over the past 11 years a broad scope of studies have been conducted by the Bioprocess
Engineering Unit at the University of Cape Town on hydrodynamic cell damage in slurry systems.
These investigations have progressed from the use of a model system comptised of a non-growing
Saccharonsyces cerevisiae culture in quartzite slurries to the study of growing thermo-acidophilic cultures
in mineral and mineral-quartzite slurries. The veast-quartzite system provided an ideal system to
describe and model cell damage in inert slurrdes. In studies conducted by Pearce (1993) and
Scholiz-Brown (1998) on stationary phase yeast cells, empirical models describing cell disruption as
a function of solids loading, incompletely and completely suspended solids, impeller speed and
impeller type weze elucidated. In addition, mechanistic models were developed that described the
mechanism by which solids present in the slurry reactor damage cells. Lamaignére (2002) expanded
the study of the S. erevisiae-quartzite model system by using growing veast cultures. The author
determined the effect of increasing quartzite concentration, impeller tip speed and impeller type on
process conditions. The model describing the correlation between the death rate and increased
solids loading and impeller tip speed was extended in the growing yeast study to describe the death
rate constant as a function of solids loading and speed in the growth phase (Lamaignére, 2002).
Further to this, the change in morphological characteristics of yeast cells under conditions of
hydrodynamic stress was also reported. These data pointed toward the existence of possible repair
mechanisms in the organisms. Studies were extended to the thermoacidophile 5. mefalfious grown in
the presence of pytite only and a combination of pyrite and inert silica. Nemati and Harrison
{(2000) and Nemat e a/ (2000) investigated the effect of increasing solids loading and varying

particle size on process performance in aschaeal-pyrite shurties. The disadvantages of using a
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mineral-only slurry to assess the effects of hydrodynamic stress were highlighted in this work and
thus further investigations described by Sissing (2002) and Sissing and Hatrison (2003) were carried
out in a pyrite-quartzite system. The pyrite-quartzite system provided a model system for mineral
bioleaching shurries where the effects of increased hydrodynamic stress could be investigated in the
absence of added physiological stress induced by increasing the mineral concentration (Sissing and
Harrison, 2003). Process parameters such as growth rates, iron solubilisation rates and extents of
leaching as 2 function of solids loading, impeller speed and inoculum state were considered. This
wortk as well as the studies by Nemati and Harrison (2000) and Nemati ¢f 4/, (2000) in which solids
loadings were manipulated through the addition of pyrite provide an excellent basis for the current
investigation. The cutrent project was cartied out to determine the effects of agitation rate and
solids loading on a Swfolebus cultuze in the presence of chalcopyrite. Variation of solids loading was

achieved by the addition of inert quartzite.

1.3 SCOPE OF THE THESIS

The present study aims to further describe the cellular stress experienced by thermoacidophilic
micro-otganisms in mineral bioleaching shurry reactors, with special reference to chalcopyrite, by
not only investigating the effects of hydrodynamic stress on process performance, as presented in
the studies of thermoacidophilic micro-organisms in pyrte systems, but also by examining the
microbial responses at a cellular level Solids concentration and impeller speed were chosen as the
hydrodynamic stress factors because they are important process considerations in commercial-scale
bioleaching systems. Chalcopyrite was the mineral of choice because it presents a particular
problem in the mineral industry due to its recalcitrance to biological and chemical leaching.
Passivation of the mineral causes a decrease in the leaching rate leading to nutrient limitation in the
bioleaching system. This creates an interesting scenatio where the hydrodynamic as well as
physiological (nutrent) stress capacity of the organisms can be tested and the critical solids

concentration and energy dissipation in terms of impeller tip speed can be determined.

In order to describe the effects of hydrodynamic stress in the slurry reactor successfully, a2 number
of key questions are posed in this study. These include:
® Under which conditions does significant cellular stress occur?
()  What is maximum amount of stress that can be tolerated by the cells, albeit in a
laboratory system?
(i) How does the extent of damage affect the rate of dissolution of the
chalcopyrite conce ntrate?
(iv)  Whatis the nature of the stress response at a cellular level?

(%)  Ase morphological changes associated with cellular damage?
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(vi) Is the protein expression within the cell modified in response to exposute to
stress to cause the overproduction of specific proteins or production of new

proteins during stress conditions?

An important point to note is that a laboratory-scale reactor was used for this study and this may
have implications with regards to scale-up. However, in this study the primary aim was not to
determine the magpitude of hydrodynamic stress at a laboratory scale but to determine the nature
and relative effect of hydrodynamic stress and the biological response and not to. This information
will provide insight into how to haadle these stresses when they prevail in bioleaching sluery

reactors.

14 STRUCTURE OF THE THESIS

The dissertation begins with an overview of literatuse pertaining to the causes, the effects and the
responses of organisms to stress with particular reference to hydrodynamic stress (Part A). In Part
B of the literature review, a brief outline of bioleaching processes is given followed by a discussion
on the effect of hydrodynamic stress in these systems. Chapter 3 provides detail on the
expetimental protocol, reactor setup and analytical methods utilised in the study. In Chapter 4 the
effects of (i) increasing quarizite concentration (if) increasing impeller speed and (itl) simultaneously
increasing solids loading and impeller speed on the leaching of chalcopyrite by a Sufobbus culture is
presented. Chapter 4 begins with a discussion on varability of the Swfolobus culture, reproducibility
of the experiments as well as results obtained for abiotic leach experiments. This section is followed
by a description of the chemical and biological processes that occur during leaching of chalcopyrite.
In the next section the effect of increasing solids loading and impeller tip speed independently on
the process performance presented. Growth and metal solubilisation rates as well as extents of
leaching are discussed. The results are presented as raw data and normalised data. The results were
normalised to enable comparison between different experimental runs. The concluding section of
Chapter 4 presents further analysis of growth and redox potential data from the solids loading
experiments. Here, the applicability of empirical models developed in the yeast-quartzite systems to
the archaeal-mineral-quattzite system is elucidated. Furthermore, the change in redox potential over
time observed at quartzite loading for the solids loading experiments is examined using the kinetics
of the bioleaching of chalcopyrite by a Swffolobus sp.. Finally, in Chapter 5 the biological response to
increased hydrodynamic trauma is investigated. Changes in morphology, metabolic activity, viability
and protein expression of the micro-organisms with increasing hydrodynamic stress are discussed.
The dissertation culminates in Chapter 6 which presents the final conclusions and recommendations
of the study. In additon, recommendations for future work pertaining to an improved

understanding of hydrodynamic stress and bioleaching in chalcopyrite systems are discussed.
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2.1 INTRODUCTION

Biological systems hold great value in industry. Prokaryotic and eukaryotic cells are used in the
production of antibiotics and enzymes, in bio-transformations, in mineral processing and in waste
treatment to name a few. During production, cells are exposed to various physicochemical and
mechanical (e.g. hydrodynamic) stresses. In large-scale equipment, hydrodynamic stress is caused
through sub-processes such as agitation, aeration, pumping and solid-liquid separation processes
and in some processes the stress is compounded by the presence of solids in the reactor
(Bronnenmeier and Mitkl, 1982). Depending on the severity of the hydrodynamic stress, the
effect on the micro-organisms can range from minor cell envelope damage to complete cell

disruption and this, as with physicochemical stresses, can impair process performance.

The resilience of micro-organisms to hydrodynamic stress is largely dependent on three factors ()
the structure of the cell envelope, (ii) the size of the micro-organisms and (iii) the physiological
status of the cells. Bacteria and yeast possess highly resilient cell walls that can, in most cases,
withstand severe hydrodynamic stress. However some micro-organisms such as the Gram-
negative Archaea have less resilient cell walls comprising only protein or glycoprotein subunits.
These micro-organisms arte fragile and susceptible to even mild hydrodynamic trauma. Large cells
are mote prone to the effects of hydrodynamic stress than small cells because they interact with a
greater range of eddy sizes and thus a greater amount of energy is dissipated in larger cells. In
general, small cells tend to be entrained within fluid eddies and because the flow within eddies is
laminar, the shear effects of eddy-cell interactions are minimal. Micro-organisms that are
physiologically stressed respond differently to hydrodynamic stress than those cells growing under
optimal conditions (Bronnenmeier and Mirkl, 1982). Nutrient stress as well as temperature and
pH stresses have been shown to influence a micro-organism’s susceptibility to hydrodynamic

stress.

In the thermophilic tank bioleaching of mineral concentrates, micro-organisms are exposed to
severe physiological and hydrodynamic stress. Physiological stress arises primarily from a
decrease in pH, an increase in metal concentrations and nutrient limitation in the case of
chalcopytite due to passivation of the mineral. Hydrodynamic stress arises primarily from the
optimisation of mass transfer and solids suspension through intensive mixing and aeration which
compounds the detrimental effect of the presence of particulate solids in the reactor. Mesophilic

tank bioleaching systems have failed at oxidisable solids concentration above 20 %. In the past
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this failure has been attributed to reduced oxygen availability. Recently studies have shown that
the failure could be as a result of a combination of oxygen limitation and hydrodynamic stress.
Mesophilic bioleaching micro-organusms are prokaryotes with resilient cell walls. The micro-
organisms involved in thermophilic bioleaching possess cell walls of reduced structural integrity
and thus it is proposed that the thermophilic bioleaching system will fail at a lower solids
concentration than the mesophilic system. To design bioleaching plants, it is important to know
the stress capacity of the micro-organisms involved in the process and thus the study of the effect
of hydrodynamic and physiological stress is imperative in defining the process requirements for

the biological systems.

The literature review that follows is divided into two parts. In Part A, cellular stress in biological
systems is considered. The first section covers the sources of hydrodynamic stress in the
bioleaching stirred tank reactor (STR) and the mechanisms of hydrodynamic stress within the
STR. The second section deals with the structure of micro-organisms with emphasis on the cell
envelope as the first line of defense against hydrodynamic stress. This section is followed by a
discussion on the negative impact of hydrodynamic stress on micro-organisms followed by a
teview of literature studies on the effect of hydrodynamic stress in solids-free and solids-
containing systems and the effect of compounding stresses. In Part B of the review, bioleaching
in stirred tank reactors is considered. The first section covers the role of bioleaching in the
mining industry followed by a short discussion on the bioleaching process and large scale
bioleaching operations. In the second section the micro-organisms involved in bioleaching are
reviewed with particular reference to the genus Su/folobus due to its relevance to the current study.
Finally, a detailed review of literature available on hydrodynamic stress within tank bioleaching

systems is presented.
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PART A
CELLULAR STRESS IN BIOLOGICAL SYSTEMS

2.2  CELLULAR STRESS IN STIRRED TANK REACTORS

Thetre are many causes of stress in stirred tank reactors. These include physicochemical and
mechanical stressors (Chetry and Papoutsakis, 1986; Macario & 4/, 1999). Common
physicochemical stresses include sub-optimal temperature, pH, redox potential, pressure, osmotic
potential, salinity, oxygen, nutrient starvation, and product inhibition (Brock and Madigan, 1991;
Craig ef a/, 1993; Hei and Clark, 1994; Jobin ¢ 4/ 1997, de Macario and Macario, 2003). Within the
domain Archaea, examples of physicochemical stresses that have been investigated include: hyper-
and hypo-osmolatity, pressure, ethanol, UV light, copper, pH, ammonia and phosphate starvation
(Macatio e 4/, 1999). Mechanical stress in stirred tank reactors arises from the movement of fluid
caused by mixing and aeration. In the active bioleaching of finely milled concentrates, stirred
tank reactors are commonly used. The primary stressor in these systems is mechanical stress;
however physicochemical stresses also prevail. In this section, the origin of hydrodynamic stress
will be considered primarily in such STR systems followed by a discussion on the mechanism of

hydrodynamic stress to the micro-organisms.

2.2.1 REACTOR CONSIDERATIONS IN STIRRED TANK REACTORS

In this section, reactor considerations within STRs are discussed with emphasis on the sub-
processes that contribute to cellular stress and are of relevance to bioleaching systems. Mixing,
gas-liquid mass transfer and the role of solids are examined. These contribute to the energy input
into the system which leads to hydrodynamic stress. Furthermore, these processes are interlinked
with mixing as the primary cause of hydrodynamic stress in the STR and its effect is compounded

by intensive aeration (to promote gas-liquid mass transfer) and the presence of solids.

2.2.1L1 Description of stirred tank reactors

Stirred tank bioreactors ate typically operated as two-phase or three phase systems. Biological
two-phase systems are characterised by liquid and gas phases while biological three-phase systems
are charactetised by solid, liquid and gas phases. In three-phase (slurry) systems, the solid phase
may be microcarriers on to which cells or enzymes are immobilised or, in the case of mineral
slutries, mineral particles which form both the biological nutrient supply as well as an

immobilisation surface. The liquid phase consists of nutrients, planktonic cells and waste
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products. In aerobic systems, the gas phase is made up of air or combinations of air and other
pazes. Fipure 21 llustrates the typical components of a binlngical stiveed tank slorey reactor. On
considening bulk properties, the biomass phase may be considered as part of the liquid phase,
wheteas on considering properties at the micro-scale, the biomass forms a second solid phase.
Hydrodynamic stress in the STR oripinates (rom agitation due to rotation of the impeller, aceation

and the presence of solids,

Impelle shal
Solid panticle
cell Harfle
Aar hubbile
Spatper Tmpeller bladis

Figure 2,1; [ypical components of a hiotogical atireed tank slarey ceactor,

2212 Agitation
To maintain a homogenous environment, the phases within the reactor require good contacting
through tnixing, Mixing cnables (i) mass tmasfer of nutdents from the lyuid and gas phases and
the salid surface to the cells and waste materials away from the cells, (i) suspension of solid
particles and {iii] promotion of heat transfer. ‘L'he averall reactor performance may decline
because of the appearance of zones of the flud with insufficlent aotrients of non-optimal

temperature of pH (Abu-Reesh and Kangd, 1991; Namder ¢f ¢/, 1994, Deved, 20025,

In addition to its positve etfects, mixing can lead to unfavourable hydrodynamie conditions that
cause cell stress and, in extreme cases, cell death.  In order to attain proper mixing, fluid flow
must be turbulent (Doran, 1997). The kinetic energy in turbulent flow is directed into regions of
rotatnonal flow called eddies, Tiddies are broken down by the acion of the streer into decreasing
stzes, The size of the smallest eddies 15 given by the Kolmogorov-scale of turbulence, n (Kunas

and Papoutsalis, 1990,

In the 51R, mixing is attained by rotaton of the impellet and the flow region with the highest
turbulence is the impeller stream (Rao and Brodkey, 1972, The most commeon impeller types
used in bioreactors are radial and axial flow impellers. The blades of axial flow impellers form an
angle of lezs than Mk to the plane of rotation and promote axial motion.  Radial-flow impellers

have blades at 90° to the plane of rotaton. These impellers provide good s dispersion thereby
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awding as-liquid mass transfer, whereas axial flow impellers provide good sclids suspension, The
busic impeller desipns and How patterns for a radial- and axial-flow impeller, maxitmsing

dispersion and suspension respectively, are shown in Figare 2.2.

1 e 2 | .
_ E\’ ) ]
LH B s
N B -

Tigure 2.2: (1) radial (Rushton) and (2) axaal (prtched-blade) flow impellers. Tlow patterns
produced by {3 radial- and 4) axial-flow impelless in baffled tanks (sourced from Dorn, 1297),

The hydrodynamic shear produced by the impeller depends on the impeller design and agitation
mate. High shear develops i the wicinity of the impeller blades with the lughest mcidence of cell
damage conditions occurring at the rurbine tip (Bronnenmeicr and Mickl, 1982). Radial flow
impellers creare a hiph shear enviconment, while axial flow impellers generate less shear. Thus to
achicve opdmal mizing under low shear conditions, axial flow impellers are advantageous over
radial flow impellers (Junker of of, 1998: Myers and Bakker, 1998). Recently, new wpes of
impellers that provide increased pumping efficiency with high gas handling capabilities and low
shear have been developed. These include hydreofoil impellers such as the Lightnin A315 (Figore
2.3) and Prochem Maxflo T tmpellers. Hydrofol impellers have been shown to induce a stronger
axial flow and produce higher relative pumping efficiencies than pitched blade turbines (Bakker
atd van den Akker, 1990). The success of the hydrofoil inpellers lies i ther high solidicy mto,

which is defined as the ratio of the ol blade area to the projected, or swept, area of the impeller.
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b=
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Figure 2.3: Compatison of (a] six-bladed Rushton mathine; (b six-bladed hollow blade disk

warbine and () Lightnin A315 impellet types (sourced from Otome e &, 2003).

2213 Gas-liguid mass transfer

The mass transfer of oxypen and carbion dioxde is an important consideration in the thermophilic
bioleaching STR because the enerpy-producing oxidalion reactions of ferrous fo fertic iron and
sulphur to sulphate require cxygen, while carbon dioxide is required a3 a soutee of catbion to build
biomass. It thus fallows that oxygen and catbon dioxide limitation wall canse physiological stress
t the micro-organisms, Limitalion of gas-liquid mass teansfer will be considered further through

oxypen transfer,

Dwe to the sparingly soluble namre of ozygen, especially at elevated temperarures, intensive
mixing and feration are required to improve oxygen mass transfer and this promotes
hydredynamic cell damapge. As gas bobbles move throogh the liguid phase during the mising
process (Figure 243, bubbles are dispersed while bubble collapse cocars at the liquid surface (Lu o
af 1992). 'The gas diffuses from the bubble across the interfacial area into the solution m
reapomnse to the concentraton driving force. An expression for rate of oxygen transfer from gas

o Mguid 1s given b
N, =kafC*, -C,,) By 2.1

where N1 is the mate of oxygen tratisfer per unit volhme of fluid (pmal m3s1), & is the liquid-
phase mass-teansfer coefficient (m s, ¢ is the gas-liquid interfacial area per unit vohune of fluid
(m? m?), Cy is the oxygen concentration n the broth {gmol o), and O (gmol m-S) represents
the solubtlity of oxygen in the broth at saturanon. The efficency of pas-liquid mass wansfer

depends to a large estent on the characteristics of bubbles in the liquid medium (Doran, 1997),

The difference (C*.9.— Car) between the maximum (saturated) and actual oxygen concentralions

in the liquid represents the councentration-difference driving force for mmss transfer.  The

10
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solubility of oxygen, even at ambient temperature, is low. This low solubility guarantees that the
concentration difference (C¥4. — Car) 1s always very small. A critical oxygen concentration Cedt is
required above which the rate of microbial growth and metabolism is independent of the
dissolved oxygen concentration. Meeting this requirement further decreases the concentration

driving force.

The temperature of the aerobic bioprocess affects both the solubility of oxygen (C*4) and the
mass-transfer coefficient (&1). Increasing temperature causes C¥4, to dectease, so that the driving
force for mass transfer (C¥4-Car) is reduced. At the same time, diffusivity of oxygen in the
liquid film surrounding the bubbles is increased. As the mass transfer coefficient is the quotient
of this diffusivity and the boundary thickness, this results in an increase in & For temperatures
between 10°C and 40°C, the effect of temperature on diffusivity and thereby 41 is more dominant,
hence an increase in temperature is more likely to increase the rate of oxygen transfer. Above
400C, the solubility of oxygen decreases significantly, adversely affecting the driving force and rate

of mass transfer.

2.2.1.4 Solids suspension and related effects

Particulate solids may be present in a reactor for a number of reasons, the most significant of
which are (i) as immobilisation surfaces for the cells e.g. in animal cell microcarrier cultutes, (if) as
a supply of nutrients e.g. in mineral bioprocessing, and (iif) in bead mills for the disruption of cells
to recover intracellular products. Through mixing, the solid particulates interact with each other,
cells in the reactor and the reactor components. These interactions cause hydrodynamic stress to
the organisms and thus the complete suspension of solids is desired at low power inputs and low

levels of turbulence (Chisti and Moo-Young, 1996).

In addition to promoting hydrodynamic stress, the presence of solids can also influence gas-liquid
mass transfer in the reactor. Several investigators have reported the reduction of mass transfer
due to the presence of solids. Solids are postulated to affect the mass transfer coefficient by
either modifying the interfacial turbulence at low solids concentration or by a diffusion-blocking
effect. The specific interfacial area a is affected by an increase in the apparent viscosity and by
altered bubble coalescence rates. A decrease in gas hold up at high solids concentrations was
observed by Mills ez 4/. (1987), van Weert ¢f 4/ (1995) and Derksen e a/. (2000). Mills ¢ 2/ (1987)
investigated the change in the mass transfer coefficient (k14) in slurries containing glass beads
(66 um diameter) and 0.1 M NaCl. The presence of particles reduced the £.a by 63 % at a solids
concentration of 40 % v/v. A 60 % dectease in &4 in a 40 % v/v quartzite slurry (< 50 pm) was
reported by van Weert e 2/ (1995), comparing favourably with the results of Mills ¢ /. (1987).
Derksen e 4/ (2000) studied bubble size and gas hold-up in finer quartzite slurries (dso 13 pm)

11
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than those used by Mills &z a/ (1987). They reported that in an aerated system, as the solids
fraction increased from 0 to 15 % v/v, kra decreased by 40 %. Boon ez 4/ (1992) showed that the
volumetric 414 decreased with increasing solids hold-up in coal slurries (< 100 um). The authors
found a 40 to 50 % decrease in &Lz at a volumetric solids hold-up of 28 %. The results of Boon &
al. (1992) for coal compare favourably with those of Mills ez 4/ (1987) and Derksen e a/. (2000)
for quartzite. However, in studying the effect of solids on mass transfer, it is important to take

into consideration the oxygen consumption by solids such as pyrite and coal.

2.2.2 THE MECHANISM OF HYDRODYNAMIC STRESS IN STIRRED TANK
REACTORS

Hydrodynamic stress can be defined as stress (to organisms) that originates from the movement
of fluid In biological reactors, this movement results from mixing and aeration of the flud
(sometimes bearing solids) within the system. If there are no nutrient and mass transfer
limitations, cell injury in a hydrodynamic environment results from the application of mechanical
stresses (Garcia-Briones and Chalmers, 1994). Hydrodynamic conditions in the stirred tank
reactor are usually characterised by agitation intensity and aeration intensity (Toma e 4/, 1991).
During these processes, various interactions occur between the micro-organisms themselves, the
abiotic reactor components and, if present, the particulate phase. These interactions can lead to
cell stress and even cell death. Figure 2.1 illustrated the components common to most biological
slurry reactors. From this diagram we can predict the interactions that may occur in a stirred tank

shurry bioreactor. These are shown in Table 2.1.

Table 2.1: Interactions between cells and components of the slurry reactor vessel.

High frequency stress interactions Low frequency stress interactions
Particle-cell-particle Cell-impelier blades
Particle-cell Cell-vessel wall
Cell-bubble Cell-baffle
Cell-fluid
Cell-cell

These interactions result in (Cherry and Papoutsakis, 1986; Dunlop and Namdev, 1994; Michaels
et al., 1996; Doran, 1997):

(i)  Shear stress occurring near solid objects in the vessel, especially in the impeller region,
(il} Interactions between cells and turbulent eddies,
(iii) Attrition caused when the cell is caught between two solid patticles entrained in the

liquid medium,

12
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(iv) Attrition from a particle rubbing against a cell,

(v)  Collisions between cells, collision of cells with the impeller, and collision of cells with
stationary surfaces in the vessel,

(vi) Sheat stress affecting cells as bubbles rise through the liquid, and

(vii) Cell injury caused by compression waves generated due to bubbles bursting at the

liquid surface.

In solids-free teactors, interactions between cells and bubbles and cells and turbulent eddies are
considered most likely to damage cells (Cherry and Papoutsakis, 1986). In solids-containing,
aerated reactors, the collisions between cells and solid phase particles are the predominant cause

of cell injury (Scholtz-Brown, 1998).

2221 Interaction between cells and turbulent eddies

Cell damage has been associated and correlated with the relevant size of Komolgorov-scale
turbulent eddies,  (m). Investigators have shown that cell damage becomes severe when
Kolmogorov—-scale eddies ate similar in size to the size of the cell (freely suspended cells) or
microcatrier (attached cells) (Kunas and Papoutsakis, 1990). The Kolmogorov eddy size can be
calculated from Eqn. 2.2.

n = (W/e)l/4 ...Eqn. 2.2

where v = kinematic fluid viscosity (m? s1)

e = turbulent energy dissipation rate per unit volume (W m-3)

If the cells are small relative to turbulent eddies, they tend to be captured or entrained in the
eddies. As fluid motion within eddies is laminar, if the density of the cell is similar to the
suspending fluid, there is little motion of the cell relative to the eddy. Hence the shear effects of
eddy-cell interactions ate minimal. Excessive agitation leads to formation of eddies with size
small enough and of sufficient energy to cause damage to cells. The typical size of the smallest
eddies in a 2 litte STR and a 100 m? STR was determined by Zhang e 4/ (1995) and Einsele
(1978) to be 9 and 16 um respectively. The characteristic size of microbial cells range from 0.5 to
5 um indicating that shear stress due to eddy-cell interactions are an important consideration in
STRs. In Figure 2.4, Cherry and Papoutsakis (1986) best illustrate the interaction between eddies
and cells or particles (microcarriers). Figure 2.4 (a) shows microcarriers captured in large eddies
and moving with the streamline flow while Figure 2.4 (b) shows the interaction between smaller
eddies of opposing rotation and the microcarrier, simultaneously causing high levels of shear on

the bead surface. Cells immobilised on the surface of micro-catriers or aggregates of comparable
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size to turbulent eddies will be deformed in a turbulent regime due to work performed on the
cells in this region (Dunlop and Namdev, 1994).

(a) (b)

High sheur

Eddy
streamlines

Microcarrier

Microcarrier
paths

Figure 2.4: Eddy-microcarrier interactions (sourced from Cherry and Papoutsakis, 1986).

2.2.2.2 Interaction between cells and bubbles

It has been proven extensively that the cell damage mechanisms resulting from gas sparging into
bioteactors are associated primarily with bubbles bursting at the surface of the liquid and, to a
lesser extent bubbles bussting within the bulk liquid (Kunas and Papoutsakis, 1990; Lu e 4/, 1992;
Zhang et al, 1992; Boulton-Stone and Blake, 1993; Illing and Harrison, 1999). Kunas and
Papoutsakis (1990) showed that in a STR at agitation rates between 150 and 600 rpm, hybridoma
cell damage was due to bubbles bursting at the liquid surface. Only at agitation rates above
approximately 600 to 700 tpm did cell damage due to fluid forces (cell-eddy interactions) in the
absence of bubbles play a role. Michaels ef 4/ (1996) studied the effects of bubble break-up
within the bulk liquid on animal cell damage in an STR. They postulated that at lower agitation
intensities (below 200 to 250 rpm), bubble breakage in the bulk caused cell damage.

Breakage of the thin bubble film and rapid flow from the bubble rim back into the liquid generate
high shear stress capable of damaging certain types of cells. A large number of hydrophobic
substances, especially micro-organisms, tend to accumulate in the thin layer of liquid at the air-
liquid intetface. The contributing factors for cell-gas adhesion include: electrostatic forces, van
der Waals forces, chemical interactions between the cell surface and the air-liquid interface, and
hydrophobic interactions (Chattopadhyay ef a/, 1995). It is proposed that cells are damaged by the
rapid acceleration of the bubble film after rupture and the high levels of shear stress in the
boundary layer associated with bubble jet formation. The location of a cell relative to a rupturing
bubble can be classified into two regions: (i) cells adsotbed to the bubble film when the film
breaks and (ii) cells adsotbed to or very near to the bubble cavity wall (Chalmers and Bavarian,
1991). Cells adsotbed to, or in the thin liquid layer surrounding a rupturing bubble, will be
subjected to extremely high hydrodynamic fotces, which are probably sufficient to disrupt them.

14
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2.2.2.3 Interaction between cells and solids

In the presence of solids, the particle-cell-particle damage mechanism predominates over the
damage due to eddies and bubble shear (Pearce, 1993; Scholtz-Brown, 1998; Nemati and
Harrison, 2000; Lamaignére, 2002; Deveci, 2002). During the solids suspension process, solids
can either have a grinding effect (incompletely suspended solids or a high concentration of solids)
on the cells or collisfons can occur between cells and completely suspended solid particles
(Scholtz-Brown, 1998). The extent of collision damage is expected to be a function of solids
concentration and the impeller agitation rate (Scholtz ef @/, 1997, Deveci, 2002, Nemati and
Hartison, 2000). Collision damage is also affected by the size, shape and density of the particles
(Pearce, 1993; Nemati ez @/, 2000; Deveci, 2004).

It may be deduced that the frequency of the particle-particle collisions at a given agitation
condition would ultimately govern the extent of cell damage. The increase in solids concentration
ot agitation speed or both gives rise to the increase in the probability and thereby frequency of the
collisions between patticles (Cherry and Papoutsakis, 1986, 1988). Collision frequency is
extremely sensitive to the particle size and decreases with increasing the particle size under the
same agitation conditions. However as the particle size becomes finer, the particle mass and
terminal settling velocity will decrease with an increasing tendency of the finer particles to
completely follow the fluid motion in eddy streamlines (Cherry and Papoutsakis, 1986, Kusters ef
al, 1997). This could lead to the decrease in the probability and frequency of particle-particle
encounters (Deveci, 2004). Pearce (1993) also supported this argument. Further, she argued that
latger particles have greater kinetic energy than smaller particles and thus greater momentum. As
2 minimum force event is required to effect cell damage, smaller particles are unable to disrupt
cells and only damage cells. However, for the same mass or volume concentration of solids, the
number of particles increases with decreasing particle diameter, thus increasing the frequency of

collisions between particles.

Several studies have been conducted in order to determine the mechanisms of damage when cells
are grown in the presence of solid particulates. These studies could broadly be classified as
mictocatrier systems whete cells are attached to microcarrier beads, yeast slurries where cells are
grown in the presence of inert particles, and mineral slurries where cells are grown in the presence

of mineral particles that serve as the energy source for the micro-organisms.

Cherry and Papoutsakis (1988) investigated the physical mechanisms of damage using growing
primary bovine embryonic kidney cells attached to microcarrier beads in a STR. Three
mechanisms of damage in the solids-containing system were hypothesised based on fluid

mechanics. These were (i) collisions of a cell-covered microcarrier with other beads, (ii) collisions
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of the cell covered microcarrier with parts of the reactor (primarily the impellet), and (i)
interaction of the microcarrier with turbulent eddies. When microcarrier beads collide, a
physiologically significant amount of energy is released to the cell. Stathopoulos and Hellums
(1985), reported that an applied shear stress © of 10 dynes cm? or more reduced the viability of
flat monolayers of human embryonic kidney cells. The collision sevetity (CS) between patticles
and cells where the Kolmogorov microscale is of a similar size to the cells can be expressed as the
product of the frequency and kinetic enetgy of collisions per cell (Eqn. 2.3). Collisions between
beads and internal reactor components have a similar effect to bead-bead collisions. The

important difference is that the kinetic energy of the collision is much higher.

3
CS, = (ev)iz’p,ed, ...Eqn. 2.3
72
whete CSt = collision severity based on eddy velocity (J.s1)
€ = rate of turbulent energy dissipation per mass of liquid (W m-3)
v = relative velocity of cells (m s1)
Op = particle density (kg m™)
o = volume fraction of cells
dp = particle diameter ()

Pearce (1993) conducted a study on the effect of hydrodynamic stress on stationary phase cells of
Saccharomyces cerevisiae in a model yeast slurry system. The author found that disruption of the yeast
cells occurred in the presence of solids. A first order rate equation was found to describe the
disruption of the cells and the disruption rate constant (&) of the cells was dependent on the
concentration of solids particles, particle size and impeller tip speed. For impeller speeds between
115 and 770 rpm, £ increased to 0.0024 s-! thereafter £ remained constant up to an impeller speed
of 1090 rpm. The disruption rate constant followed a power law curve in the impeller speed
range 115 to 540 rpm thereafter the model deviated from the data. This indicated that different
disruption mechanisms dominated at impeller speeds below and above 540 rpm. The extent of
disruption at low impeller speeds (< 380 rpm) was due to incomplete suspension of solids in the
lower region of the reactor. Scholtz-Brown (1998) continued the studies of Pearce (1993) and
investigated the effect of completely and incompletely suspended patticulates on stationary phase
cells of §. cerevisiae. Considering the incompletely suspended solids system, Scholtz-Brown (1998)
identified two regions. The upper region where the solids are completely suspended and cells are
disrupted by collisions between cells and one or more solid particles and the lower region where
the solids are not fully suspended and the cells are disrupted by the grinding action of the adjacent
solid particles. The author proposed that the cell disruption in the experiments with completely
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suspended solids was found to occur mainly in the impeller region due to solid-cell-solid
collisions, solid-cell collisions and solid-cell-reactor collisions. Experiments showed that
collisions between the cell and two solid particles was the dominant mechanism of cell disruption.
A modified mass transfer-type equation, Eqn. 2.4, describing the first order disruption rate
constant as a function of power input per unit volume and the volume fraction of suspended

solids, was derived for the completely suspended solids system (Scholtz ez a/, 1997):

k=711x 105 (P/V) 056 Prles ...Eqn. 2.4
whete P/V = power input into the system per unit volume (W/m?)
O = total solids volume fraction

The exponent of ®r can be related to the types of collisions that are responsible for cell
disruption. The solid-cell-solid disruption mechanism is expressed as c®? (Hinze, 1971 and
Abrahamson, 1975 cited by Scholtz ¢ al, 1997). The cell-solid collision and solid-cell-reactor
collision mechanisms are represented by c®. In Eqn. 2.4, the exponent of @r is closer to 2 than
to 1 indicating that solid-cell-solid collisions are the dominant disruption mechanism in the yeast

slurry system investigated.

Deveci (2002, 2004) investigated cell damage of mesophilic acidophiles in quartzite slurries.
Several parameters including particle loading (0 to 30 % w/w), patticle size (< 45 pm to
-180+125 pm) and particle shape (spherical and irregular) were studied. The author showed that,
as obsetved in the yeast-quartzite studies, hydrodynamic shear alone as a characteristic function of
impeller type and speed has very limited effect on the bacterial cells during mixing in STRs, but
mechanical damage occurs, to a more significant extent, via the attrition by solid particles and
promoted by the intensity of agitation. In an attempt to determine the mechanism of damage to
the cells, Deveci (2002) calculated the size of the smallest eddies generated in the presence of
solids. In the presence of solids the smallest eddy size is greater (approximately 3 fold) than in the
absence of solids. At 30 % w/w and an impeller tip speed of 3.35 m s, this was approximated to
59 um in the bulk fluid and 28 pm around the impeller zone. Thus, due to the relatively small size
of the cells (0.5-1.5 pum) compared to the smallest eddy size, turbulent shear effects were
considered negligible. Howevet, this conclusion is only valid for planktonic cells and not for cells
attached to the solids. Deveci (2001) also showed, as found by Scholtz-Brown (1998) and Pearce
(1993), that collisions between cells and internal reactor components were minimal and thus

concluded that the mechanism of damage was particle-cell-particle collisions.
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23  THE STRUCTURE OF MICRO-ORGANISMS

A review of the structure of micro-organisms contributes to the understanding of their
susceptibility to, and the structural defences they possess against, hydrodynamic stress. Four
aspects of cell anatomy are important as barriers to mechanical stress. These ate (Prokop and

Bajpai, 1992):

(@)  The cell envelope (comprised of membrane and wall) which forms the physical
barrier against hydrodynamic forces;

(i)  The cytoskeleton which absorbs the energy generated by turbulence;

(i) The cell size which determines the magnitude of kinetic energy absorbed by the
cell; and

({iv) The presence of mechanisms to receive fluid mechanical stimuli.

Further consideration will be given to the cell envelopes of bacteria, yeasts and Archaea, due to
the implications of the dissimilar structure and composition of the cell walls and membranes of
micro-organisms belonging to these phylogenetic domains on their resistance to mechanical

stress.
231 THE CELL ENVELOPE

The cell envelope is the only physical barrier between the micro-organism and the surrounding
environment. In general, cell envelopes of prokaryotic bacteria and eukaryotic unicellular yeast
consist of 2 cell membrane, a cell wall and in some micro-organisms, a sutrface layer while the cell
envelopes of Archaea comprise a cell membrane and a cell wall (Figures 2.52 and 2.5b). The cell
wall provides structural support and determines the cell shape (Brock and Madigan, 1991) while
the plasma membrane is a highly selective barrier enabling the micro-organism to concentrate

specific metabolites and excrete waste material.
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Figure 2.5: Schematic illustrations of the cell walls of (a) bacteria and Archaea, and (b) yeast
{srrarced from Schuster and Sleytr, 2000 and Walker, 1908)

2311 The cellwall

The structure of the bacterial cell wall is used (o distinguish between two oroups of bacteria,
Crram-positve and Grum-nepative, Gram-positive cells possess a single, thick peptidoglycan laver
outside of the plasma membrane, The cell wall of Gram-positive bacteda comprises 50 to 80 %
peptdoglycan, presentng a greater structural resistance to fracture. The Grm-neganve bactetia
have a thin peptidoglycan laver outside the plasma membrane that 15 surrounded by an outer
membrane. The rigid peptidoglycan Jayer is poimarily responsible for the strength of the bacrerial
cell wall (Trock and Madigan, 1991}, “The peptidoglvean structure is similar i all bacreria and is
compnsed of linear polysaccharide chains of altemnating N-aceryl-12-glucosamine (INAG) and
N-acetyl- muramic acid (NAM) tesidues jnined by B-(1-4) slycosidic bonds. The chains are cross-
linked by a tetea peptde of basic structure L-alanyl-D-glotamyl-L-Ry-D-alanine artached to the Gy
lactic acid side chains of the NAM residue. The resultane macromolecular structare provides the
cell wall with tensile strength (Tlolfe and Glooner, 199400,

The veast cell wall 15 reladtvely thick and 5 15 to 25 % of the total dey mass of the cell. The cell
wall consists predominantdy of three macromolecules: lipids, proteins and polysaccharides
(mannan, glucan and chitin), Polysaccharides are the most abundant constituents accounung for
8 to 90 % of the wall by mass. Glucan and mannan are the predominant polysacchanides and

render strength o the veast cell wall
There are twn cell wall types in Archues. The Gram-positve Archaca have a similar cell wall

structure to the Gram-positive bacteria with a tigd peptdoglyean layer. The cell walls of the
Gram-negative Archaea do not possess the rpid peptidoglvean layer “Their cell wall consists only
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of ane ot two surface lavers (S-lavers) compased of protein or glycoprotein subunits in a two-
dimensional crpstalline arrangement (Konip, 1983; Bavmeister and Lembke, 1992, Pum of 2/ 1999,
A possible explanation for the lack of peptidoplycan in Gram-negatve Archaea 15 that some of
the enzymes required for peptidoplycan biosvnthesis do not funcrion either at pH 2 or at high
temperature {Michel ef o/, 1980; Konig, 1988). In addition, cell envelopes with & high depree of
rigidity are not required for life at high temperatures and low pH values.  “Lhe 5-layer 15 closely
associated with the cytoplasmic smembrane and covers the entire cell surface (Baumester and
Lembke, 1992}, Mast S-lavers ate composed of single, high molecular-weight palypeptide species
{protein or glycopratein) with apparent molecular masses of 4t to 220 k[Ja (Messoer, 1996; Pum
¢t al, 1999}, S-layer subunits are usually held ro each other and to the underlying wall by weak
bonding forces: electrostatic interactions. Consequently, retanively mild extraction procedures can

be used for their termaval.

2.31.2 The cell membrane

Ihe bacterial and yeast plasma membrane is an 8 nm thick bilaver composed mostly of
phospholipids and sterols, The archaeal membrane lacks fatty acids and instead has brdrocarbon
maoleties bonded to glyceral by ether linkages instead of ester linkages. There are founr
fundamental differences hetween the archaeal, and bacterial and yeast membranes: (i} chirality of
glycerol, (i) ether linkage, (1ii} 1soprenoid chains, and {iv) branching of side chains, Their ability to
survive in extreme conditions is probably due to the unique stucture of the archaeal membrane
lipids. For example, at temperatuces abave the optmal tempemture of growth, the membmanes of
bacteria and yeast become excessively fluid resulting in leaky membranes. In conerast, the
Archaea are able to adapt the {luidicrof their membrane and thus maintain the normal membrane

permeability (van den Vossenberg, 1999,

2313 Differences between the cell envelopes of bacteria, veast and Archaea

Table 2.2a lists exarnples of the major differences between the cell envelopes of bacteria, Archaea
anc] veasts, The Gram-negative Archaea have chemieally different cell membranes and chemucally
and stroctumally different walls to bacteria and veast. It is clear that the cell wall of the Archaea
lacks the macromotecules that provide ngidity to the cell walls of bacteria and yeast, thus
rendering these micro-organisms more susceptible to the effects of mechanical stress. The effect
of a less rigid cell wall or the lack of a cell wall on an arpanism’s capadity to tolerate hydrodynamic
stress capacity is mote cleatly seen in Table 2.2b. The orgamsms are compared on the basis of
their susceptibility to hydrodynamic stress based on the results of a2 study by Mirkl e a4 (1991}
Oirpanisms containing macromolecules such as murein and cellulose which confer rgidity to the
cell wall were less suscepuble to the effects of hydrodynamic stress than those organisms without

a cell wall or with enly glyeoprotein- or protein-containing cell walls,
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Table 2.2a: Some of the major differentiating and common molecalar traits among the bacteria,

Cram-negauve Archaea and veast (adapred from Marmnac and Kloda, 2003),

Trait Hucleria Gram-Negative Archasa  Yeast

Cell size =1 ygm =1 pm = 10 um

el vwall T T Protein o1 gheoprotein Gluc:?n, Friatian aid
S-lavers protein

Memboing Fater linked, steaight chaing  Ether linked, branched Hster bnked, strpght chains

lipids fatty acids hydrovathons fatty acids

Cytoskeleron Absent Alsent Present

Table 2.2b: Organisms arranged by victue of their susceptibility ro hydrodynamc shear stress
(adapred from Markl ar 2/, 19213,

Cell wall thickmess

Cell weall constituent
{nm)

Organism Geouap

Least susceptible 1o iydrodynamic stress

(e Crecn algae §00-120 Cellulase, pectn,
sporopallenin

Methaushacteriam Methane acteria 1013 Prend oouirein

Symechoaarer Cranshacteria L300 Murein

Most susceptible to hydrodynamic stress

hdarrydamronas wild trpe Giteen algae 40 Glycoprotein
Meibampocses Bethane bacteria 18 Protein
Chiamivdimtanar CW 13 Green algan Mo cell wall /e

n/a = not applicable

2.4 THE IMPACT OT STRIISS ON ORGANISMS

As a resudt of the effects of hydeodynatnic stress, several changes are observed within the culure
tn an TR, These indude changes in cell viability and cell morphology, as well as a decrease in the
owerall metabolic tate, an increased requirement for cell maintenance and cell death (Augenstein o
at, 1971; Croughan o 2f, 1987; Abu-Recsh and Kargi, 19%1; Chalmers and Bavarian, 1991
Lamaignére, 2002). Depending on the severity of the stress, reduced levels of product formation
nr transformation may cesult and thes mfluence the overnall process performance. Basson o al
(1997} proposed a scheme (Figure 2.6) highlighting the clicets of hydrodynamic and physiological
stress on microbial performance in process svsrems,  In this scheme, the elfects of differing
degrees of hydendynamic stress oo the coll are illustrated, starting with minor damage fo the outer

cell layers and leading up 1o cell lysis.
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Healthy cells exposed to mild mechanical stress experience minor envelope damape. Althoush
the extent of this damage may not affect cell growth or metabolism directly, uther factors such as
the release of certain proteins or wall fragments into solution may be wndesired,.  More severe
mechanical stress leads to membrane damage in which cells lose their ability Lo feplicate due to
weakened membrane funcoon.  During this process cells become ‘leaky’ and are unable to
maintun nternal cytoplasmie function. Prolonped or extreme mechanical stress may lead o cell
death and in extreme cascs, cell lysis. The sensitivity of orpanisms to hydrodynamic stress
depends on the stability and morphology of the cell wall (Mirkl o 2/, 1991). Hence, in the case of
organisms with no coll walls, eg. animal cells, or organisms with cell walls of reduced stuctural
inteprity, eg Grm-neygative Archaen, this effect is seen on cxposure to less extreme

hydrodynamic stress.

Dinset of sxcoeme ! .
mechanacal stres R e L .

tn; LPLE VRIT R TP Fareme nvechameal aoces
Azreve e eliren leailivp el dliseiipiom

Prolosygid tneekanica
atrees leading oo membmne
damugee

¥ _
r — Tt Proscesacs leading
— Replisatis chy 1oy vell deally y
Yo I e N

3 & 'y
: Physwoloyneal steess leading:
ta membrane dimage o
: proseth intubiticn Physivlagienl screes
; leading o metabolic
IGsILY
Physiolomeal st
o hypdeodpnanuc
v

Figrure 2.6 Scheme for the loss of cell quality due to the effeet of physiological and hydrodynamic
stress fadapted from Basson ¢ al, 1997).

241 CELL WALL DAMAGT
The lack of a cell wall or the presence of a cell wall of reduced structural strength has been
proposed to increase the susceptibility of ofganisms to mechanical stress.  Loss of cell wall

integrity has been linked to hydrodynamic stress as well as to stress induced by changes in
tempetature and pli (Abo-Reesh and Kargr, 1991; Han of 2, 1997, Lamaignére, 2002). A cell wath

2%
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2 damaged wall may rein its ability to grow and metbolise. However, extreme or prolonged
mechatical stress may lead to ruplure of the cell wall and conscquently the cell membrane. For
example, Lamaignere (2002} investguted the effect of mechanical steess on 5. srevivize and found
that on exposure to 1 % v/v quartzite and an agitation mtc of 850 rpm, rupmre of the cell wall
was obserred  Fipure 27 shows a veast cell with a disnupted cell envelope releasmg intraccilular

compounds inte the gﬂ:mrth medium.

Figure 2.7: Transmission electron micrograph of « Ivsed veastcell exposed to 1 % v/v quarezite

atidl an impeller speed of 850 tpm (sourced from Lamaignére 2002},

24.2 CELL MEMBRANE DAMAGE

When mechanical stress leads to damage of the cell membrane, the growth and merabolism of the
cell becomes cotmprotmsed. The ecll membrane is vital for separanng the biclogical functon of
the cell from its covironment. If membrane inteprity is lost, the cell inteprdty is destroyed (Brock
and Madipan, 19913  Theee main metabolic processes ate affected by damage to the ecdl
membrane: the ‘reproducdve capability’ (viability) of the cells, the functioning of the electran
transport system o and, for acdophilic micro-orpanisms in particular, chemiosmoss  and
maintenatice of » near neutral intertial pIL  The viabilicy of a cell is dependent on the presence of
4 functonal plasma membrane (Jones, 1987} 1f the membrane iz damaged, the cell loses the
ability to divide, In addiion to having 4 reproductyve functon, the eodl membrane also provides a
basrrier to the low pH envitomment, regulating a constant internal pH necessary for maintaining
microbial growth and metabolism. Permeabilisation of the cell membrane of acidophiles leads to
rapid inactivation of biomolecules in the ovtoplasm (Peeples and Kedly, 1925), The membrane of
acidaphilic micro-orpanisms maintaing a plI gradient of 4 or 5 pll units (van de Vossenberg & af,
1994).  ‘Thermoacidophiles such as Y. acidonaldariur accomplish this task by proton pumping
(Anemidler  =f, 1985} When Mewloiphaers seduly, gtowing at 7T4°C, was transferred lo
temperatiures above B¢, the micto-organism appeared to lose its capability 1o maintain the

cquivalent ncar neutral internal pH levels measured during gfow'th ar Dp'rimal LCmpCratures.
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Han ef 2l (1997} proposed this to result in part from damaged membeane integrity at non-optimal
temperatures, In additon to maintaning a near neutral inteacellular pH, the large plI gradient is
linked to cellular respiration, The extracytoplasmic oxidaton of suiphur and metal sulphides has
been linked 1o the generation of energy through chemiosmotic coupling in chemolithotrophic
actdophtles (Peeples and Kelly, 1995, 'Thus, permeabilisation of the membrane could cause

acidification of the cytoplasm and atfect the cell enerpetics,

2.4.3 THE IMPACT OF HYDRODYNAMIC STRESS IN S0OLIDS-FREE AND
SOLIDS-CONTAINING SYSTTIAS

As discussed in Sectton 2.2.2, 10 well mixed biological reactors in the ubsence of particulate solids,
hydrodynamic stress may be attributed to the interiction between cells and turbulent eddies, shear
stress penerated throuph fuid flow, shear stress generated by fising bubbles and those associated
with bubble rupture. In the slurry bioreactor, whete particulate solids ace present, hvdrodynamic
stress arises primarily from patticle-cell-particle collisions, particle-cell-teactor internal collisions
and attrtion in the expanded bed of solids should incomplete suspension resule (Secton 22.2)
In this secnon, Bterature studies on miceobial cdl damage m solids-free and solids-containing

reactot systems are reviewsd,

2431 The impact of hvdrodvnamic stress in solids-free systems

The effect of hydrodynamic stress on prowth and death in unicelinlar systems has been
extensively studied, Table 2.3 lists relevant studies carried out oo haman, amimal, plant, yeast and
micrabial cells io the presence of hrdrodynamic sbear condinons in the absence of soluds,
Experiments were carvied out in a varlety of reactors ranging from stirred tank reactors (o
capillary systems. 'L'he negative effects induced by hrdrodynamic shear induded loss of viability,
decrensed product formation, physical damage and cell death while in mass tansfer limited
systems, improved mixing of the reactor contents led 1o an increase in omass production. [n
ceneral, cell-rurbulent eddy as well as cell-bubble interactions have been identified as the primary
causes of bydmdynamic stress.  The extent of damage was also linked to the cell type, more

specifically the cell wall structure and celt size.
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Table 2.3: The effect of hydrodynamie shear 1o solids-free systems.

Proper
Oganism cell wall Reactor Expeoriment Cuauee of stress Effect Beference
preseni?
Hlutman 1[cka 53 and mowse Be Capillaries Efteer of pumping cells Wall shear Loss af wiable cell count and cell deach Augenstein ef &, 1971
[.029 through capillanes
Methawocosns Mo R Fiffect of agntation Tacecase in agiration raw iocreased Liomass Peillex of af, 19ER
shprmsaiitbatropiicn Hage poducdon
Hrlridnma cells wa Stirred wossel Effect of aptaton tate Fluid shear Inhibition of DINA synthesis; incressed Al-Bubeai o af, 19H)
metabolic activity decrease in growth tae
Hyldoma cells No TR Hffect of agitanon rate Flaid shear Preetedse 1 cetl concentrtion and Abu-Reesh und Karg,
respiradon; increased lactae dehydeogenase 199]
release; increase in specific glocose
CONSNMIHON rate
Inzect eclls Mo nfa Effect of insect-ladille Buhble shear Cell death Chalmers and Bavatian,
interactions 1991
BEesuibaeterinm o, Yes TR Elleet of asitation e Fluid shear Leitubition of ticobial growth and Tuima of o, 1991
1 revhogrma veeied an mictatralism
Kercubuproeycer coreniae
Ptant cclls Yok STH Effect of fAuid forces Flaid shear Physical dumiage po cells as well as loss of Drunlop and Matnder,
viabiliey 1994
Fnzect eells Mo o Effzet of lubble rpue Buhhle shear Cell death due o cell adhesion oo bubble Chastopadbyay ef af,
surface; proteceve addidves decreased the 1995
damage ckfect
Porvceiceecs firevize and N Stireed membane Eftect of apitation vare Flyid shear B fwrmorie low cell vields above 1500 mpny; Erahe & «f, 1996
Aethemocosar vandilii reactor Movariedfiz Torar cell yield alwove 1000 mpm
Metbmacgss fumnarchis M 5TR Eftecr of agiration rate - Eoerease it oell densicy with Incecase in tp Mukhopadhyay o af,
spead up 1o 235 m &l 144
Carpneiacierrsie Qivtamion Yes STR and Effect of agitatiog ratc -Fluid shept: Cell apgregate hreakup Wing and Harrison,
Adr Tifr reactor -Bubdibe shear: 1554

n/a = not applicable
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AT The offery of flutd iear

Increasug the agitation and aeration rate fn & svsrem may mctease microbial actvity by cnhanang
mass Lranster and mixing, However, bevond a certain hmiy, murbulent flows inhibic microbial prowth
and activity (Toma ¢f 2/, 1991, In most studies where apitation and aceanion rates were Increased up
to A concal podnt, thete was an midal eeease in prowth rate and metabolic activite of the culmare
(MMukhopadhyay ef @i, 1999; Abu-Recsh and Fagg, 1990, Abu-Recsh and Kargd (1991 studied the
effect of impeller speed on coll viability, plucose consumption, lactate dehydropenase (LDH) release
and monocclonal antbody (MMAR) production of hybodoma cells 1n an 8TIL They determuned  that
wncreasing the agitation eate from 68 o 137 rpm m & STR tesulted i a0 inctease inthe hebodoms cell
concendration #s the oxypen-trnsier limitation found at low agiration rates was overcome. Increasing
the agilation rate “rom 108 ro 191 pm did not evhance growth further and led 1o a loss of culmre
activity, a dectease of 15 % in the cell concentration, a decreazed MAbD production and a release of
20 %% of LIPH mto the culmore medium. Incteasing the specd from 191 roo 330 pm caunsed

:{pprcr};ﬁnnre]}r Th % of the 113H to be released 1nto the medinm,

Toma & &l (1991} found that the microbial prowth rate and lysine bioswndhesis of the Gram-positive
hacterium B, fiwram dectessed when the wmopeller tip speed of the STR was nereased alove 311 m 5!
(9K gpm). Lysine productdon was affected due to & decrease i aconutase production, the key enzyme
in lvsine biosynthesis, In addition, the high agradon rates mduced the producton of the soess
indicator, histadine. The growth rates of the fungus T reered and the yeast b ceresdniae wire also shown
to dechine above wunpeller tip speeds of 0.52 m s+ {130 epm) and 276 m st (800 rpn) respeetvely.
The aulhors also showed thar shear effects caused decreased adenovmine tophosphate (ATT)
peneraton, Shesr steess darmaged cell membranes regulanng ATP regencrating systems and led o
alterations m cell morphelopy and metabolism. The term turbohypobiosis was introduced 10 deseribe
this mhibidon. ‘lutbohypobiosts was chatscterised by a stress facror expressing the inlersction of
medium flow with microbial cells 1o local mrbulent zones, dependent on the cnerpgy distnbunion of

e apilation regime.

The extent 1o which fhud shear affects cells iz a functon of the coll morphology and the cell wall
strucrare. o the study of Toma e & (1991), tesulls indicaled dhar alchough the shear stress caused by
Increasing agitation rate had an effect on all cheee cell trpes (hacterial, fungal and yeast) tested, the
resistance (o shear varied between the micto-otpanisms, The bacleriurn, 8. Furser, showed the highest
resistance o incrcased agitation rates. Broonnenmeter and bMirkl {1982 showed cells devoid of cell
walls are more prone to shear effects, The anthors investigated the effect of impeller speed on the

cvanobactetium, Stéwiag platenrs and a cellwall-defredve mutant stmain of the green alga,
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Chlamydomonas reinbardit in a STR. 1. platemszy was found to be sensitive to shear stress bul stil less
sensitive than the cell-wall-defecrve mutant steain of C sdwfundt. The specific growth rate of the
cyanobacterium remained ar (L1053 b -t on jncreasing the mpeller speed ro 2400 mgam while the specific
growrh mate of the cell-wall-defectrve green alpa declined from (L085 ki ar 300 rpm 1o 004 ht at
900 rpro. ‘The authors contuged this snady and Markl e 2l (1991} reporred the effect of shear stress
aomn on O resbardi and S pieens and also studied 2 Spmcbocsoer sp., 2 Methanshacteraer
thermputotmpbioen culture and a Metbanaocaur rawiellf culture,  The susceptibilitr of the colls to
hydrodvoamic stress was dependent fisstly on the absener or presence of 2 cell wall as weported by
Bronnenmeier and Mirkl {1982), and secondly on the cell wall strucmee. O all the organisms
stadied, the cellswpll-defectve murane steain of O minburdy was the most sensitve to the cffects af
shear stress, indicating that the lack of a cell wall was the overriding factor i determmning the
hydrodvnamic stress czpacity of an organism. The resistance o damage of the mutein-containing
cvanobactenum Syrechosar md the pseudotmurein-containing M shermatotrobhism vwas higher than

M parieti cells whose walls consisted of {ml}’ prDLt:in ot gl}-'mpmtfin 5-1:1}’&1‘5,

24302 The effect of cei-bubble intevactions

In Scction 2223, the mechanism of cell injurs wduced by the presence of bubbles was discussed.
Rupture of bubbles at tre liguud surtace was derermined to be the prmary mechanism of cell damage.
Chalmers and Bavartan {1291 subjected two stratms of Insect cells to bubble shear. The avthors
found thal cell death ocourred when cells were esther atrached to or found near ruproring bubbles.
Chattopadhyay ef ol [1995) reported a similar effect. Insect cells were killed when exposed ro hubbles
wihuch, witen ejected from a hypodersue needle ruprared at the liquid surface.  The number of
distupted cells decreased on addition of protecnve agents such as pluronic acid into the medim
Mling {1996 investgated the effects of bach liquid shear and bubble ruprure ar the liquid surface on
the bacterum O ghotasrionm. No cifect oo the wability, rate of growth, mte of metsbolism and cdl
Iysis was cbserved, however fmgmentation of cell ageresares occurred. Further experiments using the
s micro-orpamsm were conducted to determine the contrbutieon of collapsing bubbles to ccll
apgregate break-up, The cells were grown in contnuous culture in a 5TR and an aclift reactor,
Appgregare bresk-up in the aielift reacror was exclustvely due ra collapsing air bubbles whereas in the
STR barh agitation and collzpsing air bubbles contnbuted. The particle count in the 8TR increased
by 15 % compared to 7 % 1o the aitlift. The increase in patticle counl was indicative of an increase in
apprepate breal-up, illustrating 3 contmbunon from both agication and collzpsing air bubbles ([Tlling
and Harrzon, 1999
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2432 The effecc of hydrodynamic stress in solids-containing systems
Iy Section 22.2.3 it was shown that when solids sre presenc in a reacror, the cell distuption vecurs
primatily dug o solid-cell interactions and thar fluid shear and bubble shear effects are negligille

iPrearce 1993; Scholtz-Broram, 1994)

24327 Saids foading

The concentranon of solids in a reactor can affect the extent of cell damage owing to drs effect on rthe
collision frequency. Increasing the solids loading ihcteases the frequency of collisions between cells
atd solids and thus inceeases the hvdrodvnamic stoess. Croughan e @l (1988 studied the effecr of
Mmereasing microcartier concentratnon on antmal cells inoan STRL At high conventtatons of mmero-
carriers, the cells showed verv long lay phases and decreased rates and extents of growth, Whereas a
2.3 fold increase 1 cell concentralion was obseréed at a 005 ¢ I loading, a L2 fold Increase weas
vhserved over the same tme petiod at 4 loadieg of 15 ¢ 1! (Figure 2.84). Purthetmore, the growth
rate decressed from 5.51 to 1.53 h - on mereasing the micracarrier concentration from 0.0 o 30 g 1

(Figrure 2 8h).

In a quartzite sharry system, Scholte o @l (1997) and Scheltz-Brown (1998) investgated the effects of
solids concentration on non-growing cells of Secdermmyees gerepiriae, They reported mcreased soluble
protein release with increasing solids loading. The disruption rate of 5, cerreivive at a dp speed of
291 m s, and a parncle size distribution in the range G0 o 850 am, vared from 708 x 10551 at
LR [va:l mert solids, o 405 © W s at 40 % G/%) inert solids. "The smudy by Scholtz-Brown (1998
was cxtended vy Lamumgnére (2002) to investigate the effect of solids loading (0 o 3 % v/v) on
growing vells of 5. eawidas.  An increase in the kg phase from 3.0 through to 6.5 b was observed on
increasing the solids loading from O 1o 2%, Tutthermore the specific death rate increased from 0,00
through 1o 0.142 b on inereasing the quartzite concentlralion form & o 2 % Ava 5 % quartzite
loading, ne cell growth, substrate consumption or product formation was observed, indicating a

complete loss of metabolic actvity, At this solids concenimabon the EPL‘L'iﬁL' death rate was 0273 kel
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Figure 2.8: Change in (a) cell concentration and (b growth rate of F5-4 cells at increasing

microcartier eoncentrations fadapred from Croughan o 2, 1988).

24322 lmpeiler speed and 2y

Croughan #f af (1987) investigated the effect of agiration speed in a magnetically strred vessel at a
solids loading of 0.3 % w/v on the growth of homan diploid fibroblasts cells attached to micro-
carriers. They repurted a decrease in the growth rate and an increase in the specific deach rate [Table
2.4) with increasing impeller speed. The specific death rate increased as a power law function of
impeller speed A simular relationship between the specific death rate constant and impeller speed was
observed by Lamaipnére {2002), The author studied the influence of apieation intensity ar a solids
loading of 1 %4 v/v on growing cclls of 5. arede The cell death rare was found tu increase as a
puwet liw function of increasing impeller specd (Table 2.4), Below an impeller speed of 363 rpm, the

cell growth rate and the extent of growth was low. This effect was atttiluted to nutrieat limition
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owinyr to inddeguate mass tmanster, At speeds above 600 o, 2 decrease in cell viahilioy and acovity

was ohserved.

Table 2.4: Spectfic death rates calculated for vanous impeller speeds and cell grpes.

Croughan ef af (1987 Lamaignére (2002)
Husman diplodd fibroblasts immaobilised on S, cereséivae procwn in the presence of Guartzite;
micro-carriers ; magnetcally sticred vessel SR
Impeller specd Specilic death rate Impeller speed Specilic death rale
(rpm) (') {rpm) ()

60 i 365 0,118

144 0,011 (KD 0128

180 0.018 S 0.140

2210 0.027

The type of apitator used n 2 S1R cancally affects solids suspension, mass tansfer and the intensity
of hydrodvnamic siress.  Scholtz-Brown (1998) found that at a given impeller speed, ether below or
above the critical impeller speed required for complete suspensinn of the solids, cell disniption was
lower on agitatton with the pitched blade turbine than the Rushton tarbine.  She attributed this
difference Lo the lower power input of the pirched blade nirbine compared o the Rushion mrhine
and successfully modelled the distuption rate as 4 function of power input per unit volume across
both impellers. Lamaignére confirmed these observations for the growing yeast system (Table 2.5).
At a 0 % v/v solids concentration the maximun spenfic growth mle (Ume op) of the culoare was
higher using a Bushron impeller than o mtched blade impeller.  This difference In pme sp WS
atteibured to improved mass transfer provided by the Rushton impeller. On increasiop the solids
loading to 1 %o v/v, a sharp decline 0 Ly op Was observed with the Rushton impeller, Increasing the
solids concentration to 1 % had g less significant mfluence 08 o cop 204 Pl e (specific growth
rate based on the viable cell concentratinn) using the pitched blade impellet comparad to he Rushron
impeller. The increased hubulence caused by the Rushton turbine improved the maximum specific
growth rate compared to the pitched blade turbine when there were no solids present in the reactors.
However, the increased murbulence combined with increased solids concentration at 1 % compounded

the hvdrodynamic stress effect leading to a decrease in the maximum specific growth rate.
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Tahle 2.5: [nfluence of impeller rrpe v the maximum specific growth rate and dhe specific growth
rate hased on the viable cell concentraion of 5 wrwgdae in the presence of absence of quareite solids

{650-300 poy) {Tamaipnére, 2002),

Solids toading

& vj'v] Impefler type B enp (B2} Myiabte cetls (b}
0% Rushton urbine 0.254 (.253%
0% pitched blade turbine 0164 0155
1% Fushron mrbine 1135 {133
1% pitched blade urbing 0141 0,144

24.3.23 Partice vizy

Harrison & & (2003) investgated the effect of varying quartzite particle size (nean diameters ranging
from 114 to 1245 pwm) on staitonary phase S eresae 1o a STR. At a solids concentration of
20 % v/v, the disruption tate constant {k) increased from 0.00013 1o 9.00037 s on increasing the
niean particle diameter from 114 40 304 ym, "I'he rate conslant reached a plateau at a mean dameter
of 703 um. The maximum extent of disruption, given by the ralio of the maximum disrupted soluble
protein to the maximum available soluble protem, increased from 3008 to 743 % with increasing the
mean particle diameter from 114 o 304 um. A 6.0 % disruption was observed at a particle size of
mean diameter of 1245 pm.  Lamaigoéee (2002) found that increasing the mean quartzite particle
diameter from 693 to 1021 pm even at a solids loading of 1 % v/v, caused a decrease in the specific
growth rate and biomass vield & 5, ceraiver culiuee on glucose. The spealic growth rate declined
Eron 0,135 to 0108 k! swhile dhe yield of cells on glicose decreased from 715 o 209 x 109 cells g
on ingreasing the mean particle dhameter from 693 to 1021 pm. No difference in wrms of specific

growth rate and biomass yield was obsetved at particle sives below 623 po.

24.3.24 Solids shape and e
In a study conducted in shake fask caltures, Deveei (2004) showed that spherically shaped plass beads
induced a greatcr loss of cell viability of a mixed mesophilic culuce of acidophilic bacteria (A2
Jerroadkens and Leptosprifins ferripbeluy) than the irregular and angular quartzite particles. It was found
thar affer a 3 h exposure to glass beads particles, 92 % of viable cells were deacuivated while 84 %
were deactrvated with the imegular quartzite particles. This effect was ascribed to the more efficiens
grinding action of the spherical glass beads. In apreement with tesults of Deveal [2004), Dispirito
it af {1981) whe studied die effect of plass beads on ferrous iron oxidanon by AAx fervmcdans in shake
flask culture at 160 rpm, found thai the smooth, spherical glass beads caused significant nbibition,
The rates of iton oxidabon declined with increasing solids leading from 1 1o 4 % and almost complete

31



Chapter 2: Lateratuee Review

inhibition was observed ar a 3 % concentration of solids. In contrast, Pearce (193] who studied the
effect of particle shape in a veast-quartzite slurey resctor, showed that irepular quarrzite particles
{mean size of 364 um) with jagged edges caused a higher maximum extent of disruption of veast cells
when compared o smooth quartzite particles (mean size of 304 pun). The ratios of the maximum
soluble protemn released on disagption to the maximuom available soluble protein was 74 and 88 %% for

the smooth and jagged particles respectively.

In addition to glass beads, Dispirito o & (19B1) also studied the effect of flowers of sulphur,
flucrapatite, glass beads and pyrite on ferrous ron oxdaton by A% fermaadanr. Pyrite mnd flowers of
suiphur had the greatest effect on ferrous iron oxidation, At a 0.1 % solids loading both particle rypes
caused inhibition of the bactena  Above a 1 % pyrite concentration, bacterial oxidation was
completely inhibited. In conteast, 3 % fhiorapatite had litrle influence on iton oxudation but at lower

concenlratons {01 to 4 Y4} these particles completely mhibited bactenal activity (Duspinto ef 2/, 1981).

2.5 1THE EFFECT OF COMPOUNDING STRIESSES

Stresses to micro-Organizms in bioteactors ate rarely singular. Hydrodynamic stress in itzelf can be
termed a compound soeess tesulting from the combinabon of stresses induced by aeratton, mibang and
the presence of solids resulting in shear stress, attrition and pressyre fluctuations. Frequently,
hydrodynamic steess is accompanied by one or more of the physicochemical stresses listed 1n Seedon
22, According to Al-Rubea ef of {1990), ir is recopniscd that the sensittnty of cells such as
hybndomas to hvdrodynamic stress 15 elevated by physicochemical factors such as ammonia
accumuladan and pH changes, decrease in cubrure medinm viscosity, decrease in sera concentration
and the shsence of surface-active agents. Futhermors, in processes such as high temperarute tank
hicleaching, the solubility of oxygen and carbon dioxide is reduced and thus nutnent limitation may
occur and compound the alteady intensive hydrodynamic siress that is prevalenr in these slurry

achars.,

On investigating shear effects on animal cells, Goima of af (1997) observed that condibons (e
remperature] that vield hipher membrane fhodity produce more fragile cells.  Furthermore, Al-Rubeai
(1991 identifted membrane inregrity as well as metabolic state, as having an influence on shear
sensitivity. The authors found that the sensitivity of the cells to hydrodynamic stress increased with
decressing incubation temperatutes from 34 to 2B84C. At lower lemperarures the viability declined

more tapidly at high agiration rates. Reduced temperatures not only affect cell physiology and
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metabolism but also alter membrane fhadity wath potental to cause mereased peomeability,  Nutrient
starvation also influenced the cell activity oo subsequent exposure to high agitabon rate. Similar
results were found by Mkl of &0 (199 who also found that nutdent stoess affected the sensitivity of
cells to hydrodvnanyic stress. The aurhors found that cells of Methasemaser spmetd caltured m o STR
showed increased sensiovity to mechanical stress when a trace elemwent {scleninm) was absent from

the growth medinm.

Thus, it 15 integral in the design of bioprocesses that mechanical and physicachemical stresses are nor

treated as separate factors but as having combined and compounding effects.

2.6 THE BIOLOGICAL STRESS RESPONSE

In narurc all organisms are subjected to a chanping environment and have developed a vanery of
response mechanisms to help them survive these changes  Unicellular micro-orpanisms are
parocudarly vulnerable to the changing environment due o their large surface area to volume ratio.
The stress response seen 1 nature 18 also found, possbly to a preater extent, in bioprocess systems
where conditions are optimised t0 maximnise productvicy rather than echance the phystological seate
of the cells. A fundamental understanding of the stress response of micro-organisins is thus useful to
further optimise biosvstems. Unlike physicochemical stresses, the response to hydrodynamic stress is
not well docamented.  However, preliminary studies have led to the hypothesis that many of the
strcss responses may De simibar, o addition, once 4 micro-organism has suivived the effect of anc
form of sttess, wletance to other forms of stress may be induced, for example cells exposed to
substrate limitations haye increased resistance to heat shock, osmobc stress or dismfecting agents

(Schlegel, 1993},

In nature, micro-organisms such as the thermoacidophilic Archaea are found i hostle, low pll, high
temperature habisats, Hlowever, in their commercial application as hioleaching micro-organisms in
high tempetatute tank leaching processes, they are required to toletate and thove under more severe
sub-optimal conditions. For example, intetactions with high concentrations of metal ions, ihcreased
energy mpus and, in some cases, mberactions with fnely milled meneral are required in conventional
leach environments,  Funthermorse, occasional disruprion of cultuire conditions i terms  of
temperanie of reduction potential may oceut. Consequently, the capacity of the thermoacidophiles

to respond to vadous stresses is of interest (Burton o &, 1995; Peeples and Kelly, 1923).
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Micto-organisms display several responses to stress effects. Muost micro-organisms pussess delence

mechamisms Lhat are indtated once the stress has been “sensed”™. The response o physicochemical

stresses, especially thermal stress, has been studied to a greater extenr in mesophilic bacteria and

eukaryotes than Archaca. The gencralised undemstanding of this stress response is shown in Figure

2.9 (Lopez-Garcla and Forterre, 2(HHh). The resprnse tu stress appears to be transitocy, A shift in an

environmental parameter such as temperature 1s fAest detected (1) by the cell which subseguently

adjusts penc cxpression (2] to counteract the physical effects of the exrernal ehaoge on s molecular

compenetts, bnally recovering a steady state (3). In this scction a short review on seosing

mechamsms 15 presented followed by & discussion on selected stress responses of micto-otganisms to

physicochemical and mechanical stress,
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Figure 2.9: General mechanizms involved in the transicot response to thermal stress (sourecd from

Lapee-Ciarcia and Forteree, 20005},

Lk= linkng number (the number of himes two closed simnds are linked or,
the mumbet of dmes that ope DNA steand winds around anocher)
hs =  heat shock,

cs =  cold shock

Sensing mechanisms are not well onderstood; however, several theodes exist,. Aceording to a elassical

model, the major tnmrer of stress protein formation #s accumulation of denatured protems in the

cvtoplasm. A second model implieates the cell membrane as a0 ideal location for a stress sensor
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The physical state of the membrane is known to be a very sensitive monitor of the most diverse
environmental changes. The fluidity properties of cell membranes permit the cell to sense changes in,
for example, temperature, pH, osmotic and atmospheric pressure (Vigh ez 4/ 1998). Data show that
the expression of several genes, particularly those that respond to changes in temperature, is
influenced and controlled by the membrane’s physical state (Horvith ez a/ 1998). The micro-
otganism responds to the changes in its environment by means of signal transduction across its
membrane. A major mechanism of signal transduction is the so-called two-component sensory
system (Boutret ef a/., 1991; Stock ez al, 1989). The first component of the sensor includes histidine
kinase that autophosphorylates a histidine residue in response to an environmental stimulus. The
phosphate group is then transferred to an aspartate residue on the second component, the response
regulator, which effects a cellular response. Limited studies exist on the archaeal signal transduction
systems but evidence suggests that a sensoty system in the archaeon Halbbacterium halobium may be
similar to those of bacteria (Osorio and Jetez 1996). Osorio and Jerez (1996) studied the adaptive
responses in Sulfolobus acidocaldarius BC65 to phosphate starvation. They found preliminary evidence

for the existence of a two-component sensory system in the archaeal micro-organism.

Changes in the physical state of macromolecules may also function as a sensory mechanism. For
example, a shift in temperature acts on the physical state of macromolecules. Alterations in the
fluidity of membrane lipids, changes in supercoiling of DNA and mRNA, protein conformation and
the state of the ribosome may be involved in this step. It has been proposed that DNA supercoiling
could also be used as a sensor for environmental changes (Wang and Syvanen, 1992; Lépez-Garcia
and Forterre 20002). Changes in temperature or ion concentration have been found to induce
changes of the linking number of DNA in E. wi (Dinnbier ¢f a/, 1988). Increasing the linking of
DNA causes the molecule to become more compact which may also serve as a protection
mechanism. A transcriptional response follows the change in the physical state of the
macromolecules. A set of specific proteins is synthesized. For example during heat shock most
proteins synthesized are molecular chaperons involved in protein folding, proteases involved in

degradation of partially denatured proteins, proline and disulfide isomerases or specific regulators.

Possible sensory and response mechanisms to mechanical stimuli have been found in the Archaea.
Mechanosenstive (MS) ion channels are proposed to play a significant role in the responses of
Atchaea to a variety of mechanical stimuli. A distortion of cellular membranes is converted into
electrical or biochemical signals or both. The MS channels function as mechanoelectrical transducers
of the mechanical force exerted on cellular membranes and coordinate numerous cellular processes

associated with mechanosensory transduction (Hamil and Martinac, 2001). Among the prokaryotes,
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the MS channels of Escherichia coli have been rigorously investigated while recently MS channels in
Haloferase volcanii, Thermoplasma acidgphilum and Methanococius jannaschii have been found (Martinac and
- Kloda, 2003).

2.6.1 THE HEAT-SHOCK PROTEINS

Stress proteins are commonly termed heat shock proteins (HSPs) because they derive their name
from early studies on the effect of changes in temperature on the protein content of various
organisms. Heat shock proteins represent the most highly conserved genetic system known and have
been found in all organisms in which they have been sought (Lindquist and Craig, 1988). In general, a
short exposure of cells to elevated temperatures or other stress agents reduces the synthesis of normal
cellular proteins and induces a transient overproduction of a specific group of proteins, the HSPs
(Jerez, 1988). The HSPs are divided into sub-groups based on their molecular weights (Table 2.6)
(Laksanalamai e al, 2001; Lopez-Garcia and Forterre, 2000b). Large numbers of HSPs can be
induced by stress. When Escherichia coli is starved for phosphate, over 80 different genes are
transcribed in response (Brock and Madigan, 1991). Even though they are still termed heat shock
proteins, it is now accepted that not all HSPs are exclusively induced by heat (Craig ez al, 1993).

Table 2.6: Classification of HSPs into families according to their molecular weights
(adapted from Macario ¢ a/, 1999).

Name Mass (kiDa)
Heavy (high mol wt, Hsp100) 100 or higher
HSP90 81-99
HSP70 65-80
HSP60 55-64
HSP40 35-54
Small HSPs <35

2.6.11 The function of HSPs

The very nature of the heat-shock response is that of an emergency reaction where cells respond
rapidly to the onset of stress (Lindquist and Craig, 1988). The mechanism by which HSPs protect
cells at high temperatutes still remains unclear (Trent e al, 1990). Several authors have hypothesised
the function of these HSPs. Finley ef o/ (1984) suggested that heat-shock proteins might bind to
denatured or abnormal proteins after a heat shock to prevent their aggregation and thus prevent
cellular damage. Pelham (1986) extended this hypothesis to include the assembly and disassembly of

36



Chapter 2: Literature Review

proteins and protein-containing complexes both duting normal growth and after heat shock. A
second hypothesis suggests that the heat shock proteins need not bind to denatured proteins to have
an influence but as heat stable globular proteins themselves, an increase in their concentration after
stress can prevent aggregate formation by influencing the diffusion-rate-limited interaction of

denatured proteins (Trent ¢f 4/, 1990).

HSPs may be found in cells under normal growth conditions and play a vital role in cell function
(Lindquist and Craig, 1988; Macario ¢ 4/, 1999). Under normal growth conditions they assist in the
folding, translocation and assembly of other proteins and are termed molecular chaperones. However
not all stress proteins are chaperones and not every molecular chaperone is 2 stress protein (Macario
et al, 1999, Lopez-Garcia and Fosterre, 2000b, Laksanalamai ¢f 4/, 2001). An alternative hypothesis to
the chaperone function of HSPs (during optimal and sub-optimal conditions) is that these proteins
mediate membrane permeability (Trent, 2000). In some bacteria the majonty of the chaperonins are
not present in the cell ;:ytoplasm where most protein folding is believed to occur. Instead, they are
associated with the plasma membranes (Garduno ef a/, 1998; Tor6k ¢f al, 1997). Trent (2000) found
that in hyperthermophilic Archaea most of the chaperonin proteins are associated with the plasma
membrane and suggested that chaperonin interactions with membranes allow cells to adjust
membrane permeability rapidly and respond to short-term fluctuations in their eavironment. The
hypothesis is further substantiated by observations that most of the stresses that induce cells to
produce HSPs are suspected or known to damage membranes (T'rent, 2000). These stresses include
the presence of alcohol, peroxide, and heavy metals. The small HSP from Lewconostoc oenos (smHSP
Lo18) investigated by Jobin ez 4/ (1997) was associated with the cytoplasmic membrane. Based on the
expression of Lo18 and its cellular location, the authors concluded that smHsp Lo18 may be involved
in the maintenance of membrane integrity. Sales of 4/ (2000) also found a membrane associated HSP
in the yeast Saccharomyces cerevisiae. The LEA-like protein HSP 12 was identified as having a plasma
membrane location in yeasts. The authors proposed that the role of the LEA-like protein HSP 12 is
to protect the plasma membrane against desiccation. From the evidence presented, it is proposed

that the primary function of HSPs is membrane stabilisation with a secondary chaperone function.

2.6.1.2 The archaeal HSPs

Table 2.7 lists some the HSPs found thus far in several hyperthermophilic Archaea. The archaeal
chaperonin (chaperone of the HSP60 family) is the most abundant and the best studied (Lépez-
Gatcia and Forterre, 2000b). It is also considered the most critical of the HSPs in Sulfolobus shibatae
(Trent, 2000). One of the chaperonins of the HSP60 family, thermophilic factor 55 (TF55), is

referred to as the thermosome (or rosettasome or archeosome). Unlike eubacteria and eukaryotes,
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which strongly induce 5 to 15 proteins in response to high tempexratures, it is reported that Sujfolobus
produces only TF55 (Parsell and Lindquist, 1993). Given that members of the Swlfolobales appear to
contain a single, prominent heat shock protein, they represent an interesting model with which the

regulation of thermal stress response can be studied (Han ez 4/, 1997).

Table 2.7: Some of the HSPs found in hyperthermophilic Archaea in response to temperature or

nutrient starvation.

Micro- Type of Proteins Cross reaction with any

organism stress Test induced known HSPs Reference
Sulfolobus Heat Shifted from 70 to  64-66 kDa; 38, Not determined Jerez, 1988
acidocaldarins 85°C 86, and 22kDa
Sulfolobus Heat Shifted from 70 to 55 kDa (TF55);  Negative cross reaction Trent ef al,
shibatae B12 920C 2B and 35 kDa with DnaK and GroE 1990
from E. cob
Pyrococeus Heat Shifted from 95t 98 kDa Not determined Holden and
strain BES4 105°C Baross,
1993
Metallosphaera  Heat Shifted from 70 to 62 kDa Cross reaction with TF 535 Peeples and
sedula 80 or 85°C from Sulfolobus shibatae Kelly,
Nutrient Reduced levels of 62 kDa Cross reaction with TF 55 1995
Casamino acids from Sulfolobus shibatae
and ferrous iron
Heat Shifted from 74 to 66 kDa Cross reaction with TF 55 Han eral,
81°C in continuous  (MseHSP60) from Sulfolobus shibatae 1997
culture
Pyrococeus Heat Shifted from 95 to  SHSP Not determined Laksanalamai
Sfuriosis 105°C (Pfu-sHSP) ¢f al,
2001

2.6.2 OTHER PROTEINS

Proteolytic systems, which degrade unfolded proteins, are as essential as heat shock proteins. A large,
ubiquitous (2mDa) ATP-dependent proteolytic complex, the 265 proteasome performs these tasks
(Ruepp et al., 1998). The proteasome is the major non-lysosomal proteolytic system in eukaryotes.
The proteasome of the moderate thermophile Thermoplasma acidophbilum was found to be expendable
under normal growth but not under heat shock (Ruepp e 4/, 1998). Complete cessation of cell

growth was observed under proteasome inhibition.

The peptidyl-prolyl cis-trans isomerases (PPI) also play an important role analogous to the HSPs. They

are involved in protein folding and are induced by heat shock (Lopez-Garcia and Forterre, 2000b).
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Substrate deficiency stress has been shown to initiate the production of non-HSP proteins. These
catabolic enzymes have higher substrate affinities than the enzymes produced in nutrient rich media

allowing them to scavenge nuttients (Schlegel, 1993).
2.6.3 ORGANIC SOLUTES

A vatiety of non-protein molecules play a role in protecting the cell from the effects of stressors.
Some of these molecules may play a role similar to that of the chaperone proteins (Macario ef al,
1999). Most micro-organisms subjected to osmotic stress accumulate organic solutes to control their
internal water activity, maintain approprate cell volume and turgor, and protect intracellular
macromolecules. The compatible organic solutes, also called osmolytes, include sugars, amino acids
and their derivatives. Recent investigations of water and temperature stress in thermophilic and
hyperthermophilic micro-organisms led to the identification of several new compatible solutes. Some
(e.g. mannosylglycerate) accumulate in response to salt stress while others (e.g. di-myo-inositol-
phosphate) accumulate in response to growth at supraoptimal temperatures (Lamosa e a/ 1998). Di-
glycerol-phosphate was the prominent organic solute accumulated by the archaecon .Archacoglobus
Julgidus. 'This solute increased in concentration as the salinity of the medium and the growth
temperature were raised, suggesting that this compound serves as a general stress solute (Martins ¢ g/,
1997). While di-mys-inositol-phosphate (and its derivatives) is particulacly characteristic of
hyperthermophilic Archaea or bacteria, the type of solutes accumulated varies depending on the
micro-organism and the medium composition. The non-methanogenic Archaea and bacteria appear
to use the same range of organic solutes as osmoprotectants and thermoprotectants. Solutes
commonly found in mesophiles also accumulate in micro-organisms that grow at the highest

temperatures (Martins ef 4/, 1997).

Members of the kingdom Crenarchacota belonging to the domain Archaea also appear to accumulate
trehalose (Lamosa ef af, 1998). The disaccharide has been found in a few archaeal species but its
function has not been elucidated (Macario ¢ 4/, 1999). Trehalose is a well known stress protectant
playing a role in protein folding and membrane fluidity in yeast and some bacteria. Heat shock, cold
shock, exposure to toxic chemicals and desiccation have all been shown to promote trehalose
synthesis (Wiemken, 1990; Quain, 1991). Trehalose may trigger a slowing-down in metabolism prior
to entry into a resting state (Quain, 1991). Iwahashi ¢f @/ (1995) hypothesised that trehalose acts as a
protecting agent which stabilises membrane structure while Galinski (1995), Wiemken (1990) and

Macario e @/, (1999) reported that trehalose also serves as a reserve carbohydrate.
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264 MULTICELLULAR STRUCTURES

As discussed previously, the first line of defence of micro-organisms against mechanical, physical and
chemical stressors is the cell wall. The cell wall can be re-enforced by the formation of supracellnlar
structures, which may be flat or globular and termed the biofilm and granule respectively (Lépez-
Garcia and Forterre, 2000b). Biofilms and granules are very resistant to disruption by chemical and

mechanical means (Macario ¢f 4/, 1999).

Biofilm formation may be a common stress response mechanism in hyperthermophilic Archaea.
LaPaglia and Hartzell (1997) found that Archacoglobus fulgidus formed a biofilm in response to stressors
such as non-optimal pH, temperature, high concentrations of metals, antibiotics, xenobiotics or
oxygen. The biofilm was composed of proteins, polysaccharides, and metals and enhanced cell
survival presumably by creating a protective environment. Cells within the biofilm showed an
increased tolerance to otherwise toxic environmental conditions. Metals caught up within the biofilm
were found to stimulate the growth of the micro-organism in metal depleted medium. Thus the
biofilm may serve as a protective barrier and as a reserve source of nutrients (LaPaglia and Hartzell,
1997). This phenomenon has also been observed in Archacoglobus profundus, M. jannaschii, and
Methanobacterium thermoantotrophicum suggesting a common stress response among the Archaea (Lépez-
Garcia and Forterre, 2000b).

2.6.5 MORPHOLOGICAL CHANGES AND METABOLIC RESPONSES

Several morphological changes have been observed in response to stress. These include change in cell
size and thickening of cell walls (Wase and Patel, 1985; Gormerly and Branion, 1989; Lamaignére,
2002). Lamaignére (2002) found that the cell walls of Saccharomyces cerevisiae cultivated in a quartzite
shurry bioreactor at 2 1 % v/v solids loading increased in cell wall thickness. Increasing the quartzite
loading from 0 to 1 % caused an increase in the cell wall thickness from approximately 70 to 110 nm.
It is possible that the increase in wall thickness is a repair mechanism in response to damage of the
cell wall by the presence of solids in the reactor. Slaninovi ef 4/ (2000) postulated a similar repair
mechanism in S. cerevisiae in response to hyperosmotic shock. The authors found that local
redistribution of periplasmic and matrix cell wall material occurred with the onset of stress. Portions
of the cell wall matrix may have been incorporated into the invaginated areas formed during shrinkage

of the plasma membrane caused by hyperosmotic shock.



Chapter 2: Literature Review

Nemati and Harrison (2000) found that the size of freely suspended cells of Swffolobus metallicus
cultivated in a pyrite slurry were smaller in experiments conducted at higher levels of hydrodynamic
stress. Smaller cells have a higher surface area to volume ratio and provide increased relative area for
the rate of nutrient transport. To maintain this diminished size, non-essential cellular components are
not synthesised (Shuler and Tsuchiya, 1975). It is possible that the energy expenditure shifts from
growth to maintenance, resistance t0 mechanical stress and repair of cell injury. Illing (1996) stated
that hydrodynamic stress may result in the use of the carbon and energy source normally used for cell
division and product formation for maintaining intracellular functioning and repair mechanisms.
Potgieter (2002) observed this effect through a metabolic flux analysis of Coryrebacterium glutamicum on
exposure to shear stress in cross-flow filtration for cell retention. Searby and Hansford (2003) found
kinetic evidence of an increase in the maintenance requirement of thermoacidophilic Archaea on
studying the effect of temperature and nutrient stress on the kinetics of ferrous iron oxidation. When
grown at low dilution rates or elevated temperatures there was an increase in the cell maintenance
requirements and reduced cell concentrations. This increase in maintenance requirements could point
towards higher energy expenditure on repair mechanisms and the maintenance of cellular function
instead of growth under the sub-optimal growth conditions. Sissing (2002) and Lamaignére (2002)
observed a decrease in the biomass yield coefficient Yy/s on exposure of S. cerevisiae and S. metallicus
respectively, to increasing stress due to solids loading and agitation. This is consistent with an

increase in maintenance energy (not measured).

2.7 SUMMARY: PART A

In Part A of the literature review, Section 2.2.1 covered reactor considerations in the STR that are
relevant to the present study. Mixing, gas-liquid mass transfer and the presence of solids were
discussed. Mixing is attained through rotation of the impeller. Impellers such as the Rushton turbine
require a greater power input per unit volume than pitched blade and hydrofoil impellers, thus
providing more energy dissipation dispersion and potential cell damage in the reactor. Gas-liquid
mass transfer was shown to be an important consideration in the thermophilic bioleaching STR due
to the limited solubility of oxygen and carbon dioxide especially at high temperatures. The limited
solubility of these gases requires intensive agitation and aeration of the reactor which leads to
increased hydrodynamic stress. The presence of solids in the reactor not only increases the intensity
of hydrodynamic stress through interactions of solid particle with the cells but has been shown to

reduce gas-liquid mass transfer in the reactor. In Section 2.2.2, the key mechanisms of hydrodynamic
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stress within solids-free and solids-containing STR systems were discussed. In solids-free systems,
mechanisms included interactions between cells and turbulent eddies and interactions between cells
and bursting bubbles. In solids-containing systems, the principle mechanism of cell damage was
identified as particle-cell-particle interactions. These mechanisms of cell damage have an effect at the
process performance level as well as at the cellular level. At the process performance level, changes in
substrate utilisation rates, product formation and growth rates were observed. While at the cellular

level, changes in morphology, viability and cell envelope integrity were identified.

In Section 2.3, it was shown that the cell envelopes of the Archaea differed considerably from those
of the bacteria and yeasts. The cell envelopes of the Archaea are of reduced structural integrity due to
the lack of re-enforcing macromolecules. Furthermore, the sensitivity of micro-organisms to
hydrodynamic stress was shown to be determined primarily by the presence of a cell wall or the cell
wall composition. Cells with no cell wall or with walls of reduced structural integrity are more

susceptible to the effects of hydrodynamic stress.

In Section 2.4, the impact of physiological and, to a greater extent, mechanical stress on micro-
organisms was discussed. It was shown that depending on the intensity of stress applied, the effect of
stress can lead from minor envelope damage to complete cell disruption. The impact of a disrupted
cell wall and cell envelope was also examined. Permeabilisation of the cell membrane leads to a loss
of ‘reproductive capability’ (viability) of the cells, impairs the functioning of the electron transport
system and, for acidophilic micro-organisms in particular, impairs chemiosmosis and maintenance of
a near neutral internal pH.  This section culminated in a review of the impact of hydrodynamic stress
in solids-free and solids-containing systems. In essence, increasing hydrodynamic stress by increasing
either fluid and bubble shear or by changing solids loading, impeller speed and type, particle size and
solids shape and type has an influence on the morphology, viability and metabolic activity of the
organisms leading to reduced rates and extents of growth which ultimately result in reduced process
performance. Increasing the impeller speed up to a critical rate leads to improved process
performance due to improved mass transfer. However, above this critical rate, process performance

declines.

In Section 2.5 the effect of the combination of physicochemical and hydrodynamic stress was
considered. Investigators have shown that when organisms are physiologically stressed, their
sensitivity to mechanical stress increases. Finally, Section 2.6 the various mechanisms micro-
organisms possess to counteract the effects of stress were presented. The first step in the response

process is sensing the stress. The second step is initiation of the response mechanism and eventually
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a resumption of steady-state. The response mechanisms identified in this section were (1) the
production of stress proteins and non-protein molecules; (i) the formation of biofilms; (i)
morphological changes such as reduction in cell size and increase in cell wall thickness; and (iv)

metabolic changes such as a shift in energy expenditure from growth to maintenance.

Thus, in Part A of this review, an understanding of the mechanisms of cell damage within the STR,
the effects of this damage at the reactor performance level and cellular level, and the biological
response to stress was attained. This understanding can now be applied to systems directly relevant

to the present study.
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PART B
BIOLEACHING SYSTEMS

Bioleaching systems for the extraction of metals have been in existence for many years. Rio Tinto
mines in south-westemn Spain have been exploited since pre-Roman times for their copper, gold and
silver values (Brandl, 2001). In Sweden, Germany and China, biooxidation of sulphide ores for
copper recovery has been practised for centuries by solution mining techniques. Typically, early leach
processes took place as uncontrolled dump leaching. Presently, bioleaching processes use engineered
heap bioleaching systems for low-grade ores and tank leaching for flotation concentrates. Because
tank leaching operations employ classic STRs, hydrodynamic stress conditions prevail in these

systems.

Thus far the focus of this review has been on the stress, particulatly hydrodynamic stress, experienced
by micro-otganisms, particulatly the thermophilic Archaea, in shurry reactors. The current section
focuses on bioleaching in STRs and provides an overview of the principles and mechanism of
bioleaching with an emphasis on chalcopyrite systems. Further to this, the typical bioleaching micro-
organisms, particularly those belonging to the genus Suffolobus, are discussed. The section culminates

in a detailed review of the literature on hydrodynamic stress in bioleaching systems.

2.8  THE PRINCIPLES OF BIOLEACHING

2.8.1 THE ROLE OF BIOLOGICAL LEACHING

Two primary incentives drive the need for biological leaching. The first is the need for cleaner
minetal extraction technologies and the second is the cost effectiveness of the process, especially for
the leaching of low-grade ore. Universal metal extraction processes such as roasting or smelting
produce sulphur dioxide and other environmentally harmful gases (Rawlings, 2002). For example, in
the pyrometallurgical treatment of chalcopyrite, two tonnes of sulphur dioxide gas are produced for
every tonne of copper extracted (Rivera-Santillin ¢ 4/, 1999; Rawlings, 2002). Sulphur dioxide has
been implicated in acid precipitation and in several ecological and health problems including crop
damage, forest die-back and respiratory complications (Wathurst and Bridge, 1996). Another
advantage of bioleaching is that mine tailings from biological leaching operations ate also less
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chemically active due to the absence of oxidisable iron and sulphur and thus less likely to lead to acid
mine drainage (Rawlings, 2002). Process economics are measured by capital and running costs.
Depending on the application, bioleaching may be a favourable option due to lower capital costs,
lower energy requirements and flexibility of scale. Biological leaching is thus an innovation in the
mining industry enabling mining companies to combine gains in productivity with improvements in

environmental management,
2.8.2 THE BIOLEACHING PROCESS

The bioleaching process involves the oxidation of iton and sulphur moieties contained in mineral
complexes by micro-organisms either to expose trapped metal e.g. gold in the case of pyrite or to
solubilise commercially important base metals, e.g. copper in the case of chalcopyrite. The process is
proposed to occur via chemical attack of the mineral by ferric iron. The main role of the micro-

organisms is to re-oxidise the resultant ferrous iron back to ferric iron (Rawlings, 2002; Brandl, 2001).

The process is based upon the microbial utilisation of ferrous iron as an oxidisable energy source.

Using pyrite as an example the following equations are proposed:

Ferric iton oxidises the metal sulphide mineral, resulting in the solubilisation of the metal as the metal
sulphate (Chong ¢ 4/, 2002):

FeS; + Fex(SO4)s — 3 FeSO, + 2§ ..Eqn. 25

The resultant ferrous iron is oxidised by the micro-organisms to regenerate the ferric iron oxidant

according to (Bare ez af, 1992):

4 eSOy + Oy + 2H804 — 2 Fep (804)3 + 2 H.O .. ,Eqn. 2.6

Several factors are known to affect the bioleaching process. Some of these are listed in Table 2.8.
These factors affect the biological leaching process performance to varying extents. Process

optirnisation requires an ideal balance between each parameter.
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Table 2.8: Factors and parameters affecting bacterial mineral oxidation and metal mobilisation

(adapted from Brandl, 2001).
Factor Parameter
Physicochemical parameters of a Temperature; pH; redox potential; oxygen content and
bioleaching environment availability; carbon dioxide content; mass transfer; nutrient

availability; ferric iron concentration; water potential; light;
pressure; surface tension; presence of inhibitors

Microbiological parameters of a bioleaching  Metal tolerance; microbial diversity; morphology of the
enviromument micro-otganismy; population density; microbial activities;

spatial distribution of micro-organisms; adaptation abilities
of micro-organisms

Properties of the minerals to be leached Mineral type; sutface area; mineral composition; mineral

dissernination; grain size; porosity; hydrophobicity; galvanic
interactions; formation of secondary minerals

Processing Leaching mode (i sifw, heap, dump, or tank leaching);

solids loading, agitation rate (in the case of tank leaching
operations); heap geometry (in the case of heap leaching)

e Physicochemical parameters

Temperature of the bioleaching process affects the rate of chemical reactions occutring in
the system as well as the activity of the micro-organisms present. In exothermic leaching
systerns, an increase in temperature above the optimal physiological temperature of the

leaching micro-organisms may lead to inactivation of the cells.

In order for leaching to occur, the redox potential of the system is required to be above the
rest potential of the mineral. In addition, minerals such as chalcopyrite have a narrow redox
potential operating window (estimated between 490 and 590 mV; Ag/AgCl) within which
the process operates optimally (Hiroyoshi ¢ 4/, 2004). Outside this operating window the

rate of bioleaching leaching is reduced due to passivation of the mineral surface.

Osxygen is a vital microbial nutrient. The limited solubility of oxygen necessitates intensive
mixing of reactor contents in tank leaching systems. Intensity of mixing must be optimised

to improve oxygen transfer with minimal loss in microbial activity due to cell damage.

® Microbiological parameters

The metal tolerance of micro-organisms involved in the bioleaching process is an important
consideration. In chalcopyrite tank bioleaching operations, iron and copper concentrations
in the order of 30 to 40 g I have been reported. Bioleaching micro-organisms, though

resistant to a range of metals, have varied metal tolerances (Rawlings, 2002).
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In tank bioleaching operations, the resistance of the leaching micro-organisms to
hydrodynamic stress plays an important role in determining the efficiency of the leaching
process. The thermophilic acidophiles used in high temperature tank leaching processes
possess cell walls of reduced structural integrity compared to their mesophilic counterparts.
This difference in cell wall structure reduces the concentration of mineral that can be
treated by the thermophilic micro-organisms and agitation rate at which the system can be

operated.

® Properties of the mineral
Some minerals such as chalcopyrite are resistant to conventional bioleaching techniques
used in commercial pyrite bioleaching operations while secondary copper sulphide minerals

such as chalcocite and covellite are more amenable to leaching.

Increased oxidation rates have been reported with an increase in the surface area of the
mineral available for leaching (Nemati ¢z 4/, 2000; Gericke ¢t 4/, 2001). However, in some
studies where the mineral particle size was reduced to below a critical size, reduced rates of
leaching were observed. This reduction was attributed to damage of the leaching micro-

organisms by the fine mineral particles (Nemati ¢ 2/, 2000; Harrison ez a/,, 2003).

® Processing

Heap leaching operations are long term operations. Tank leaching operations are faster
processes because intensive mixing and aeration to promote mass transfer ate attainable. In
tank leaching operations, the solids loading determines the agitation rate required to

suspend the solids and thus determines the power requirements of the system.

2.8.2.1 Pyrite bioleaching

Pyrite is a common metal sulphide of importance in the sulphur cycle. It is of economic interest
because uranium and gold are often closely associated with it (Sand ef 4/, 2001). Further, it is
frequently found in combination with base metals. The pre-treatment of refractory gold-bearing
pytitic minerals is necessary to remove in the interfering metal sulphide in order to facilitate the
cyanide leaching process to liberate the gold. Biooxidation presents both an economic and
environmentally attractive alternative to conventional pre-treatment methods such as pressure
leaching and roasting. Mesophilic, moderately thermophilic and extremely thermophilic micro-
organisms have been implicated in pyrite bioleaching,
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The pyrite bioleaching system has been studied extensively. The reactions describing pyrite leaching
are given in Eqns. 2.5 and 2.6. In Table 2.9, selected mesophilic and thermophilic laboratory-scale
pyrite bioleaching systems are presented to illustrate key performance factors. Thermophilic
bioleaching is an attractive process due to increased reaction rates at elevated temperatures and the
enhanced temperature driving force for cooling of the exothermic process (Konishi e 4/, 2001a). The
data of Konishi ¢f 4/ (1995) and Nemati and Harrison (2000) show that the thermophilic bioleaching
process offers a higher extent of iron solubilisation than the mesophilic process. In general, similar
extents of pyrite solubilisaion were observed for the studies using thermophilic micro-organisms
(Table 2.9). At low pulp densities (1 to 3 %) in STRs almost complete solubilisation was observed in
5 to 6 days (Konishi ¢ 4/, 1995; Nemati and Harrison, 2000; Sissing and Hatrison, 2003). The type of
bioreactor utilised has also been shown to influence the pyrite leaching process. Norris and Barr
(1988) found that the maximum rate of solubilisation of pyrite by Suffolobus BC was 200 mg I'* h-! iron
using an airlift reactor at a 5 % w/v solids loading while a rate of 40 mg 1 h! was obtained at a
1 % w/v solids loading using a STR. Valencia er 4/ (2003) studied the effects of increasing solids
loading and particle size on the bioleaching of pyrite using Suffolobus metallicus in shake flask reactors.
The authors found lower extents of pyrite solubilisation than Nemati and Harrison (2000) who

studied pyrite bioleaching in STRs at various pulp densities using the same micro-organism.

48



Table 2.9: Comparison of pyrite bioleaching data obtained by different investigators.

Size

Extent of Fe

Reference Micro-organism rl\:::;)ran ! Impeller Ag’::t:mn Aeration Temperature &ac.tion of mg leaching g%) or Time
type (=C) pyrite o Fe solubilisation  (days)
type (pm) (um) %) tate (mg h)
Nortis and Barr,  Mixed mesophilic 1 litre STR n/g 100 1% CO;, 30 <75 10; 40 mg Itht nfa
1988 pyrite enrichment in air at staged
culture 0.251 addition
mint
Sulfolobus BC 1 litre STR n/g 100 1% CO, 70 <75 10; 40 mg bt n/a
in air at staged
0.251 addition
mint
Sulfolobus BC Airlift nfa nfa 1% CO» 70 <75 10 and 200 mg Hht n/a
reactor in air at 15;
0.5 1 min-t staged
and
single
additions
Konishi ef al., Acdidithiobackillus 1 litre nfg 500 0.5-21 30 25-44 0.2-1 50 % 9
1995 Jferrooxcidans round- min?
bottomed
flask
Acidiansus brierleyi 1 litre nfg 500 0.5-21 65 25-44 0.2-1 100 % 5
round- min!
bottomed
flask
Nemati and Subolobus merallicns Batch; 1 Pitched 550 1] min! 68 53-75 3,6, 9; 3% =100% 6 days for a
Harrison, 2000 litre STR blade 12; 15; 6% =92% 3 Y% pyrite
18 9% =88% loading
12% = 88%
15%=T70%
18%=11%
Valencia ¢ af., S. metallious Batch; 1 nfa 220 n/a 68 38-75 2.5, 5; 25%=64% -
2003 {itre shake 10; 15 50%=74%
flasks 10% =41%
15% =22%
Sissing and S. metallious Batch; 1 Pitched 560 2 ] min? 68 38.75 3 91% 5
Hagrison, 2003 litre STR blade

n/a = not applicable; n/g = not given
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2.8.22 Chalcopyrite bioleaching

Copper is the third most widely used metal in terms of tonnage throughout the wotld, after iron and
aluminium. Copper is an excellent conductor of electricity and heat. At present, almost 75 % of
copper consumption is centred on its conducting properties. In its natural state, copper is found
mixed with numerous minerals. This gives tise to the following classification: native copper; sulphide
minerals and oxidised minerals (http://www.escondida cl/english/copper uses.htm). The common
sulphidic coppet minerals are chalcopyrite (CuFeSy), chalcocite (Cu:S), covellite (CuS), and bornite
(CusFeSq) (Mutr, 1980). Chalcopyrite is the most widely occurring copper-bearing sulphide mineral.
It is processed entirely by muineral concentration and smelting to achieve up to 99 % copper recovery.
However this process generates sulphur dioxide and in addition, there is a limitation on the grade of
chalcopyrite that can be smelted. A cleaner technology with economic advantage is sought

(Montealegre and Bustos, 1991).

The bio heap and dump leaching of copper oxide and secondary copper sulphides are proven
processes and account for about 20 % of annual copper production. Copper recoveries of 70 to
90 % can be achieved in 150-210 days (Montealagre and Bustos, 1991). Stirred tank bioleaching
processes for the extraction of copper from chalcopyrite ate not currently being used at 2 commercial

scale, but are at an advanced state of development (Rawlings, 2002).

The main intermediates of chalcopyrite leaching are polysulphides and elemental sulphur (Konishi e#
al., 1999):

CuFeS; + 2 Fex(SO4)3 — CuSO4 + 2 80 + 5 FeSO4 ...Eqn. 2.7
The elemental sulphur is further oxidised microbially to sulphate by the following reaction (Konishi ez
al., 2001b):

280+30;+2H0 — 2HaS04 ...Eqn. 2.8

Chalcopyrite ores are notoriously difficult to leach both biologically or abiotically (Mehta and Murr,
1982; Sand ez al, 1992; Stott ¢ al, 2003). Leaching is characterised by an initially rapid rate of copper
extraction that slows as a function of time owing to a phenomenon often referred to as passivation
(Rivera-Santillin e 4/, 1999; Gericke ez 4/, 2001). Sulphur depositions, polysulfide surface layers and
jarosite precipitation have all been proposed as possible causes of passivation (Stott ez 4/, 2003). Thus
in a bacterially assisted heap leach, while it may take 50 to 100 days to recover 75 to 80 % of the
copper in a chalcocite deposit, the same recovery of the copper in a chalcopyrite deposit would be
achieved in 250 to 600 days (www.hatch.ca/Non_Ferrous/ articles/copper_hydrometallurgy.pdf).
Thermophilic bioleaching of chalcopyrite has shown increased rates and extents of leaching compared

to mesophilic processes. Several studies with mesophilic micro-organisms such as Addithiobacillus
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Serrooxidans and Leptospirillum ferviphilum have shown very slow copper leach rates (Mehta and Murr,
1982; Sand et 4/, 1992). Typically, Az ferroxcidans releases only 10 to 25 % of the available copper via
the aerobic oxidation of ferrous iron and sulphur before the copper release slows significantly or
ceases (Mehta and Murr, 1982; Le Roux and Wakerley, 1988; Stott 2 4/ 2000). Thus the incentive
exists to focus current research on processes which increase the bioleaching rate. Thermophilic
chalcopyrite bioleaching yields increased leach rates due to high temperatures and higher metal
tolerance capacities (Clark and Norris, 1996). Brierley and Brierley (1978) found that, using Addianus
brierleyi, a chalcopyrite concentrate (74-210 yum) was efficiently leached with 78 % copper dissolution
in 60 days. The high temperature leaching was approximately 10 times faster than leaching at
mesophilic temperatures. In the presence of thermophilic micro-organisms at 55°C, Mehta and Murr
(1982), found that a chalcopyrite concentrate (< 37 pum) was solubilised appreciably beyond 30 % in
30 days. When Su/folobus BC was used for the leaching of chalcopyrite concentrate (< 90 um) at 68°C,
greater than 80 % leaching was achieved in 28 days (Le Roux and Wakerley, 1988).

For more than two decades, researchers have studied chalcopyrite bioleaching under thermophilic
conditions. A précis of their results is given in Table 2.10. High extents of solubilisation have been
obtained for temperatures between 65 and 78°C under a wide range of experimental conditions and
reactor designs. In general the concentrates used were finely milled (< 90 um). The finely ground
concentrate yielded high extents of copper dissolution. On average, greater than 80 % dissolution
was obtained within approximately 10 days. The highest solids loading tested was 12 % w/v.
Agitation rates ranged from 250 to 500 tpm in the studies utilising STRs. In almost all investigations,
air was enriched with carbon dioxide; however Konishi e 4/ (2001a) obtained complete chalcopyrite

dissolution within 10 days using Acadianus brierleyi in the absence of carbon dioxide supplementation.

The thermophilic Archaea most studied are those of the genus Sw/blobus that oxidise metal sulphides,
sulphur or ferrous iron at an optimum temperature of about 68°C. However, the most promising
data presented in Table 2.10 is that of Dew e 4/ (1999) who obtained high rates of copper
solubilisation in a large-scale continuous system at 78°C. The continuous 1040 1 pilot plant housed at
the BHP Billiton Research Laboratories in Johannesburg (South Africa) consisted of a two 240 | and
four 140 1 stirred tank reactors connected in series. Copper dissolution of 66 % was obtained in the
first tank in a residence time of 5 days with 95 % copper dissolution attained using all six reactors
with a total residence time of 14 days. Because these stirred tank systems ate most undoubtedly the
future of chalcopyrite flotation concentrate bioleaching, the study of the effect of hydrodynamic

stress on the micro-organisms used in these processes is important.
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Table 2.10: Comparison of thermophilic chalcopyrite bioleaching data obtained by different investigators.

. Mode and o . . Solids .
Reference M1cro.- Impeller type reactor Agitation Aeration Size fraction loading E‘,Xtem of Cu leaching Time {days)
organism rate (rpm) (pm) N ()
type (%)
Le Roux and Sulfolobus BC Single blade Batch, STR 500 1 vvm; < 90 5.5 83 =29
Wakerley, paddle entiched
1988 with CO,
Gémez ef al, Subfolobus nfa Batch, 150 - < 74 1 > 80 11
1996 rivotincti shake flask
Konishi ef o/, Acidianus Paddle Baich, STR 500 1 vwm 38-53 10 Complete dissolution 10
2001a brierleyi
Sulfolobus sp.
Gericke et al., Extreme n/a Batch, STR 220 Air dop 10 7.5 > 98 11
2001 thermophile enriched
with 0.15
% CO,
Gericke ¢ ., Extreme Dual impeller: 6- Continuous, 250 Air doo 10 and 5 7.5 > 90 for both grind sizes  6.3-8.4 day overall
2001 thermophile blade Rushton STR enriched across all residence times  residence time
turbine and a 6- with (.15
blade pitched- % CO;,
blade turbine
Dew et al, 78°C Lightnin A315 Continuous, n/a Air dso 38 10 95 14 day overall
1999 thermophilic 6 cascade enriched residence time
culture 1eactors, with 0.15
STR % CO;
d'Hugues e#a/, Novel, mixed  Mixed axial-radial ~ Continuous, 350 Air dso 44 12 > 90 5
2002 78°C impeller STR enriched
thermophilic with CO»
culture
Plumb e ol Thermophilic  n/a Batch, n/a - dso 85 2 Up to 91 4.5
2002 micro- shake flask
organisms
related to
3. solfataricus

n/a = not applicable
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2.8.3 LARGE-SCALE COMMERCIAL TANK BIOLEACHING PROCESSES

Tank bioleaching of sulphide concentrates has undergone substantial development over the last
20 years and has emerged as a serious alternative to the conventional treatment of mineral
sulphides (d'Hugues ¢ 4/, 2002). Industrial scale processes such as the BIOX® process developed
by Gencor (BHP Billiton) and currently operated by Goldfields and MINBAC developed by
Mintek South Africa (Warhurst and Bridge, 1996; d’Hugues ¢f 44, 2002). There ate eleven full-
scale stitred tank bioleaching plants worldwide employing three different technologies to process
sulphidic-refractory precious metal concentrates and concentrates of pytite, cobalt and
chalcopyrite. Table 2.11 presents commercial pyrite (in association with arsenopyrite and
pyrrhotite) plants currently in operation. The full-scale BIOX plant at Fairview in South Africa is
the longest running pre-treatment plant. It has been in operation since 1986 treating refractory
arsenopyrite-pyrite gold-bearing concentrates (Olsen ef @/, 2003). All commercial tank leaching
operations bar two are operated using either mesophilic or moderately thermophilic bactetia. The
exceptions are the BHP Billiton BioCOP™ plant in Chile and a Mintek-BacTech three-way joint
venture with Pefioles in Mexico. Both plants operate at temperatures in excess of 60°C using
thermophilic bioleaching micro-organisms. The BioCOP plant is the only commercial tank
leaching operation used for chalcopyrite leaching (Rawlings ez 4/, 2003).

Table 2.11: Operational commercial bioleaching processes for gold recovery (adapted from
Rawlings e al., 2003).

Plant Year Tonnage Total reactor Concentrate Location
commission (d)y volume (m3)
ed
Fairview 1986 14 440 Pyrite 28 %; Barberton,
BIOX® arsenopyrite 10%  SA
Sdo Bento 1991 150 580 Pyrite 16 %; Brazil
BIOX® arsenopytite 38 %;
pyrrhotite 46 %
Wiluna 1993 115 2820 Pyrite 37 %; Western
BIOX® Assenopyrite 22%  Australia
Ashanti- 1994 720 16 200 Pyrite 6.5 %; Obuasi,
Sansu arsenopyrite 17 %;  Ghana
BIOX® pytthotite 14 %
Tamboraque 1998 60 1570 Pyrite 35 %; San Mateo,
BIOX® arsenopyrite 57 %  Peru
Laizhou 2001 100 4 050 Pyrite 25-49 %; Shandong
MINBAC arsenopyrite 7-15  Province,
%o China
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2.9

MICRO-ORGANISMS IN BIOLEACHING

A diverse range of micro-organisms spanning two domains and with broad temperature and pH

ranges are known to be involved in bioleaching processes. Since the first acidophilic, iron- and

sulphur-oxidising bacterium T. ferrvoxidans (renamed Adidithiobacillus ferrooxidans) was isolated and

described in 1951 by Temple and Colmer, several new genera have emerged as sulphide mineral

oxidisers. These micro-organisms have been sourced from environments such as thermal springs

(Le Roux ez al, 1977; Brietley, 1976), copper leach dumps (Brierley, 1978), gas vents and coal

mine effluents (Brierley, 1986). Table 2.12 lists the commercially important micro-organisms

known to be prevalent in bioleaching systems. These micro-organisms are usually present as a

consortium of two or more species. Depending on the conditions that prevail, a different micro-

organism dominates the system (Olsen ez a/, 2003).

‘Table 2.12: Micro-organisms involved in bioleaching processes.

Micro-
organism
Acidithiobacillus
Jerrooxcidans

At thiooxidans

At caldus

Leptospirilium
sp.

Subfobacilius
spp-

Sulfolobus spp.

Acidianus pp.

Metallosphaera
sp.

Sulfurisphacra
sp.

Ferroplasma
pp.

Domain WNutrient Electron donor/s Growth Reference
type Temperature
Bacteria  Autotrophic  Ferrous and reduced Mesophilic Olsen o af,
morganic sulphur 2003; Rawlings,
2002
Bacteria  Autotrophic  Reduced sulphur Mesophilic Rawlings, 2002;
compounds Rohwerder ef al,
2003,
Bacteria ~ Mixotrophic  Reduced sulphur Moderately Olsen o al,
compounds thermophilic 2003,
Rohwerder & al,
2003
Bacterda  Autotrophic  Ferrous iron Mesophilic Das et al, 1999;
Rawlings, 2002;
Rohwerder ef al,
2003
Bacteria ~ Autotrophic  Autotrophic: Moderately Brierley, 1986;
or ferrous iron and thermophilic Das et al, 1999,
heterotrophic  reduced inorganic Rohwerder ez al,
sulphur compounds 2003
Archaea  Autotrophic  Ferrous iron and Thesmophilic  Brock ef af,
reduced inorganic 1972; Brandl,
sulphur compounds 2001
Archaea  Autotrophic  Perrous iron ot Thermophilic ~ Rawlings, 2002;
or reduced inorganic Rohwerder et al,
heterotrophic  sulphur compounds 2003
Archaea  Autotrophic  Autotrophic: Thermophilic  Rawlings, 2002;
or ferrous iron and Rohwerder ¢f al,
heterotrophic  reduced sulphut 2003
compounds
Aschaea  Autotrophic  Ferrous iron and Thermophilic  Rawlings, 2002;
reduced sulphur Rohwerder ¢z al,
compounds 2003
Archaea  Autotrophic  Ferrous iron Mesophilic Rawlings, 2002;

Rohwerder ¢ al,
2003
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As discussed in Sections 2.6.2.1 and 2.6.22, the advantages of hiph temperamre leaching have
come to the fore in the last owo decades.  Bicleaching is an exathermic process and reactar
cooling 15 2 requirement in mesophilic systems ([Konishi e &f, 2001a). Leach dump environments
have recorded temperatutes up to Bi¢C (Brierdey, 1990). The use of thermoaadophilic Archaea
not only increases chemical reacuon tates bur also minimises cooling requirements. The
mutotrophic thermoacidophiles are useful in hiomining due to their ability o oxidise ferrous and

sulphude ions and to thrive at low pHs, hugh temperatures and high metal concentrations.

The currently recopnised taxonomic framework of the Archaea is based on 165 tRNA phyvlogeny
(Ttoh, 2003:. The thermoacdophilic micro-orpanisms presented in Table 212 fall within the
domain Archaea, the phylun Crenarchacota, the class Thermoproted, the order Sulfolobales and a
single family, Sulfolobaceaea which is composed of six genera (Ttoh, 2003}, The genera of interest
in this study are the strictly aerobic Safibbss, Metalospheers and Salfarocorsr and the fcultative
acrobic Acdianar and Safarisphacrs. In the following section, the characteristics of the genus
Suifiobus, are discussed,

291 THE GENUS SLULFCIOBES

{Ine of the more common groups of extremophiles used in biomining are the micro-organisms
belonging to the getms Yufabbar. The isclation of the fimst Ssfobbur—like species was published by
J-A. Brerley in 1966. However, chatactetisation of the spedes was only camred ont by Brock o «f
in 1972, Safabbar cells are cocomd, about 008 o 2 um in damerter, highly 1rrepular and usually
occurring singly (Figure 2.10). When cells are tumbling through the microscope field, distinct
lobes can be seen (Brock o &, 1972).

Figure 2.10:  a) Electron micrograph of a thin section of Sajfa/abiis addocaldariu (85 B00 x).
Under the electron microscope the micro-orgahisms appear as irtegulac spheres which are often
lobed fsourced from Brock and Madigan, 19910 b) Sefalebnr cell negatuve stined wirh urany]
acetate, ¢ 3. fofadar (sourced from hip:/ /web pdx.edu/ ~dore /EMY20pics.html),
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Some members of the genus Suffalobies are aerobic, autotrophic and thermoacidophilic growing
above 50¢C and at pH 1 to 3. Saffadobur has been isolated from acidic continental solfatara fields
including Yellowstone National Park (US.A), New Mexico, Solfatara crater (Italy), Birch Coppice
(UK, Teeland and Japan (Brietley, 1966; Briedey, 1978; Marsh and Norris, 1983), 'Hhese micro-
organisms are able to oxidize sulphidic ores like pyrite, chalcopyrite and sphalerite, forming
sulphuric acid and solubilising the heavy metal tons. Many sirains are able to oxidise ferrous 1ron
(Bruck, 1978; Brietley and Brierley, 1973).

As discussed i Section 2.3.1, the cell walls of the mesophilic (bacteriaj and thermophilic
{Archaea) bioleaching micro-organisms have ciffering structural integrives. The cell walls of
Suffaloszy spp. compnse only protews subunits while the mesophilic bactetia have cell walls re-
enforced with peptidoglycan.  In hioleaching systems, these structural differences influence
optimal system performance Le. the solids loading unlised in the reactor of enerpy nput inco the

reactor may govern the system performance rather than the mineral leach rate.

230 HYDRODYNAMIC S5TRIESS IN TANK BIOLLACHING
SYSTILMS

Biohydrometzllurgical processes take place in three-phase systems (Rossi, 2001). The solid phasze
comprises the mineral to be leached {to which micro-otpanisims may be attachied) and precipitates,
the liguid phase consists of nutdents, planktonic cells and waste products and the gas phase is
usuzlly a combination of air and carbon dioxide. The three phases requite mixing at a rate to
consure effective inter-phase contact and transfer.  As detailed 1 Section 221, these mixdng
requirements and the presence of solids 1 the reactor have the porental to cause shear and
collision damage of the leaching micro-organisms. These damage events manifest themselves in
several ways. In terms of averall process performance: the growth, oxidation rates and cell
attachment to the mineral may decrease. At the cellular level: damagpe to cell walls (if present) and
cell membranes can have compounding effects leading to the inability of the cells to maintain
uternal pH, the shutdown of memabolic pathways and the loss of nuclear acdvity, In order o
impteve the efficiency of the bicleaching process it is important to know how hydrodynamic
stress affects the rate and extent of leaching (Chong ¢f o/, 2002).

The type of the micro-organism used in the bioleaching process plays a role n determining the
extent of hydrodynamic cell damage. Mesophilic bactenta possess dpid cell walls while the
thermophilic Archaea used in high temperature bicleaching do not possess true cell walls but
prolein of glycoprotein S-layers, In Sections 2.4.3.1 and 2.4.5.2 cells with no cell wall or cells with
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walls of reduced structural integrity were shown to be less resihent to the effects of hydrodynamic
stress in solids-free reactors and that the presence of solids in the reactor compounded the

hvdrodynamic stress cffect (Scholte-Broen, 1998; Valenciz & 24, 2003).

Table 2.13 lists the results of several investigatons carried out on the effects of solids in mineral
slurries using mesophilic and thermophilic cultures. The investpations highlight the effect of key
pperating parameters sach as solids loading, selids size, agttation rate (power wpat) and reagtor
design on bigleaching performance, The investyatons ase revicwed forther 10 Secgen 2.108.] to

2104,

=7



Table 2.13: The effect of solids loading and agitation intensity on micro-otganisms grown in mineral slurry reactors.

Micro- Peptidoglycan Impeller Batch or . . Cause cited for . tepas
t NI
organism cell wall Reactor type Continuous Solid phase  Experimen inhibition Mature of inhibidon — Reference
Acidithiobacillus Yes Shake flask n/a Batch Flowers of Effect of particulate Attrition and friction Declined iron oxidation Dispirito e
ferrooxcidans sulphur, materials effects; oxygen diffusion;  rates and prolonged lag o, 1981
flucrapatite, toxic constituents on ore  phases.
glass beads
and pyrite
Acidithiobacillus Yes STR Rushton Batch Pyrite and Effect of Artrition effects from Increase in lag phase. Pearce, 1993;
spp- (RT) and quartzite Solids loading solids in the reactor. Inhibition at 20 % and Harrison ef
pitched (quartzite only) complete reactor failure at ;2903
blade 0-30 % w/v 30 % ’
(PBT)
Effect of impeller - No inhibition at the
speed speeds tested
(400-1090 rpm)
Sulfolobus sp. No STR PBT Batch Pyrite Effect of solids - None Nemad and
loading: Harrison,
3-9% (W/ V) mineral 2000
solids
12 and 15 % mineral Increased solids loading Reduced leach rates and
solids cell numbers
18 % mineral solids Process failure
Suifolobus sp. No STR PBT Batch Pyrite Effect of particle size:  Increased surface ares No inhibition observed, Nemati of af,
37-150 pm with decreased size rather increased surface 2000;
area leads to increased Harrison
oxidation rates al. 2003
<25 pm -Small particles damaged  Reduced leach rates and

structure of cells.

- Particle size disttibution
affected the
physicochemical
properties of the slutry

specific growth rates
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Micro- Peptidoglycan Impeller Batch or . . Cause cited for e
otganism cell wall Reactor type Continuous Solid phase Experiment inhibition Nature of inhibiton Reference
At ferrooxidans Yes STR; n/g Batch Coal Effect of reactor Mechanical stress due to Decreased cell number Beyer er al,
and mixed Airift (AL); containing design: increased solids loading and pyrite oxidation rate 1984
culture of Modified pyrite with a and oxygen limitation
mesophiles airlift (MAL) particle size f’;{R
< 0.5 mm MAI
Mixed Yes STR RT Batch Pyrite only Effect of solids loading ~ Ouxygen limitation Dectease in the Bailey and
mesophilic and pyrite biooxidation rate Hansford,
culture and quartzite 1994
AL ferrooxidans Yes STR n/g Batch Coal Effect of solids Oxygen limitation Decreased leach rates Loia ef al,
containing concentration 1994
pyrite 30 % (w/v)
At ferrooxidans Yes STR and ore- Pyrite Comparison between a  Shear between sulphide Decrease in oxidation Chong e af,
immobilised frictionless reactor and  particles; oxygenwas not  rate; increase in lag phase 3002
reactor an STR at 12, 20 and limiting
30 % (w/v) solids
loading
At ferrooxidans, Yes STR RT Batch Chalcopyrite Effect of solids Shear stress due to -Rapid decrease in leach Witne and
Sulfobacillus loading: attrition by high solids rate for Suffolobnus BCGS Phillips, 2001
i dop Bilur 3,10, 20, 30 concentration; toxicity to and S.acidaphilus,
and 40 % (w/v) metal irons (Ag, Cu); -Low redox potential
Sulfolobus BC65 No formation of precipitates
impeding leaching
process; oxygen limitation
at 30 and 40 % solids
At ferrooscidans, Yes STRs RT and Continuous  Cobaltiferous  Effect increasing Inhibition of bacterial Limitation of bioleaching  d’Hugues ef
At thivoscidans PET pytite agitation speed (390 ~  attachment efficiency, decrease in al, 1997
550 rpm) at 20 % bacterial productivity
(w/v) solids loading
Sulfolobus B6-2- No STRs RT-PBT  Continuons  Chalcopyrite  Effect of: - No significant effect at d’Hugues e
like mnicro- mix 1. Solids loading: solids loadings up t0 12% 4/, 2002
organism 4,812 15% w/w but decrease in oxidation
" . 2. Agiration efficiency was noted at 15
Acidianss infernis 3. Aeration % solids loading
AL ferroocidans Yes STR RT and Batch Quartzite Effect of up to 30 % Astrition by solid particles  Loss of viabitity Deveci, 2002
PET solids and impeller tip promoted by intense
speed range of 2.01- agitation
335 ms!
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Micro-

Peptidoglycan

Impeller

Batch or

Cause cited for

organism cell wall Reactor type Continuous Solid phase  Experiment inhibition Nature of inhibition  Reference
Mesophile Yes STR RT and Batch Quartzite, Effect of impeller type - Greater loss of cell Deveci, 2004
(MES1) PBT glass beads viability with Rushton
turbine
Mesophile Yes STR RT Batch Quartzite, Effect of particle size Atwition Loss of viability: Deveci, 2004
(MES1) glass beads ~-45Lm 70 %
63+45 pm 63 %
180+125um 89 %
Mesophile Yes STR RT and Batch Quartzite, Shape of solids Mote efficient grinding After 3h, 92 % loss of Deveci, 2004
(MES1) PBT glass beads action of the glass beads viability with glass beads
and 84 % loss of viability
with quartzite
Su#blobm’ No STR PBT Batch 3 % Pyrite Effect of quartzite Increase in the number of  Leach rate decreased Sissing, 2002;
metallious (38 -75 pm) solids loading: particles in solution significantly with Sissing and
with quartzite 0-24 % w/v lcadling to ir‘u_:reascd incre.asing quartzite Harrison,
loadi patticle attrition loading > 15 % 2003
ranging from Effect of impeller tip Increase in the impeller Cell death and no Sissing, 2002
0t024% (38 speed: speed leading to increased  oxidation at tip speed of
~75 pum) 1.67-2.27 m 5! particle-particle collisions 227 m s and quartzite
loading of 15 %
Sulfolobus No STR - Batch Pyrite Effect of particle size: - Leach rate improved on Lindsteém ef
acidocaldarius < 70 um, < 33um and decreasing particle size al, 1993
< 20 um
Effect of solids - Increase in leach rate up
loading: to 6 % and a decline in
1-10 % (w/v) leach rate from 6 to 10 %
S. metallicus No Shake flask - Batch Pyrite Effect of solids -Mechanical (attrition) Leach rate declined to Valencia ¢f al,
loading: causing metabolic stress 058gFelthtatal’b% 2003
25t0 15% w/v -gas transfer limitations pytite loading using a 38-
75 um size range
Effect of particle size: Mechanical (attrition) Increasing particle size at
-38, 38.-75, 75-106, causing metabolic stress a 15 % pyrite loading
106-150 um decreased the leach rate
from 0.62 to 0.08 g Fe I!
Kl

n/g = not given
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2.10.1 SOLIDS LOADING

All endeavours to employ STRs for the bioleaching metal sulphide suspensions with oxidisable
solids concentrations higher than 20 % have failed (Rossi, 2001). Bailey and Hansford (1994)
studied a mesophilic leaching system using both low and high sulphur pyrite and postulated that
the determining factor in bioleaching is the proportion of oxidisable solids, i.e. the oxygen—
consuming solid fraction in the suspension, not simply the solids concentration. They
hypothesised that the solids inert to oxidation only affect the process matginally. This means that
the oxygen mass transfer potential of the STRs does not provide enough oxygen for oxidising
increased concentrations of metal sulphides. While oxygen availability has been identified by
Bailey and Hansford (1994) as a key factor limiting biooxidation at high solids concentration,
recently the role of the sheat stress and collision forces due to interactions between cells and solid
particles in solution has gained more interest in both mesophilic and thermophilic bioleaching
systems (Nemati and Harrison, 2000; Sissing 2002; Deveci, 2002). The increase in the aeration
rate and agitation rate needed to meet the oxygen transfer rate requirements cause increased

turbulence in the reactor thus influence collisions between particles and cells.

2.10.1.1 Mesophilic systems

Dipitito et @/ (1981), Bailey and Hansford (1994) and Loia (1994) ate in agreement that increased
oxygen demand was the reason for the failure of their systems at high mineral concentrations.
However, the studies of Pearce (1993) and, more recently, Deveci (2002) and Witne and Phillips
(2001) were able to show that in the absence of oxygen limitation, reactor failure was caused by

the effect of hydrodynamic stress due to increased solids loading,

Dispirito et a/ (1981) investigated the inhibitory effects of pyrite on growing cultures of
At. ferroxidans. The cultures were grown in shake flasks at solids loadings of 0, 0.1, 1, 2, 3, 4, and
5 % w/v on a gyratoty shaker at 160 tpm. The authors found inhibition of the bacteria at pyrite
concentrations of 1 % and above (Figure 2.11). The inhibition was described by prolonged lag
periods with increasing pytite concentration. At a pyrite concentration of 4 %, the lag period
lasted approximately 5 days while at a concentration of 5 % pyrite, iron oxidation was inhibited in
excess of 10 days. Increased oxygen demand due to the increased pyrite concentration was cited
as the reason for the increased lag phases and complete system failure at a 5 % pyrite

concentration.
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Figure 2.11: Effect of particle concentration on bacterial iron oxidation at various pyrite solids

loadings (adapted from Dispirito 7 4/, 1981).

Bailey and Hansford (1994) studied the effect of solids loading on a mixed mesophile culture in
an STR at an impeller speed of 495 rpm in pyrite and pyrite-quartzite slurries. Using the STR
configuration improved mass transfer could be attained compared to the shake flask system of
Dispirito ef /. (1981). In the first study, the effect of solid loading was studied using a mineral
with a low sulphide (1.24 % S) content at solids concentrations of 20, 40 and 60 % w/v. The
bicoxidation rate was found to be proportional to the solids concentration (Figure 2.12a). The
maximum solids concentration tested of 60 %, was three times higher than the solids
concentration of 20 % where oxygen limitation is commonly encountered with high sulphide
content materials in mesophilic systems. The authors observed that the pyrite oxidation rate was
directly proportional to the surface area of the mineral, which is affected by the concentration of
solids in the reactor. The slope of the oxygen demand line was dependent on the sulphide
content of the mineral. By using a low sulphide containing mineral, the authors showed that if
sufficient oxygen was available, the biooxidation rate was proportional to the solids concentration,
even at high solid loadings. In a second study, a high pyrite content mineral was diluted with inert
quartzite. In this way the results of the first study could be confirmed (Figure 2.12b). The
specific biooxidation rate temained constant at approximately 0.035 kg pyrite oxidised kg pyrite?
d! with increasing total solids concentration from 10 to 30 %. This experiment confirmed the
authors’ previous results that the increasing oxygen demand with increasing pyrite loading was

responsible for the decrease in bicoxidation using a mesophilic culture over the range tested.
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Figure 2.12: (a) biooxidation rate vs. solids concentration for low sulphur pyrite and (b) specific
biooxidation rate based on amount of high sulphur pyrite present in mixtures of quartz and pyrite

in an STR operated at an impeller speed of 495 rpm (adapted from Bailey and Hansford, 1994).

The results obtained by Loia e /. (1994) substantiated the inhibition mechanism of Bailey and
Hansford (1994). The author studied low sulphur coal depyritisation by mesophiles in a STR.
The performance of the bioreactors was relatively unchanged in the solids concentration range of
5 to 40 % whereas failure of pure pyrite bioleach system at 30 % solids concentration was
observed in the same reactors. This result supports the finding that the influence of solids
concentration on bioleaching performance is related to the proportion of oxidisable mineral
present in the solid phase. Conversely, in a study by Pearce (1993) a negative effect of high
concentrations of low sulphur pyrite solids (0, 10, 20, 30 % w/v) on mesophilic acidithiobacilli
growing in an STR was observed. The mechanism of inhibition was attributed to attrition via
solid particles. The redox potential time profiles at 0 and 10 % solids loadings, were similar
(Figure 2.13) while at 20 % solids, there was a very slow increase in redox potential indicating the
bacteria were still viable. At 30 % solids no change in redox potential was observed. Pearce
(1993) used a very similar system to Bailey and Hansford (1994), using low sulphur (1.5 % §)
pyrite in order to minimise oxygen limitation. The studies were characterised by different reactor
configurations and may have used micro-otganisms of differing activity or inoculum size. In both

studies the taxonomy of the micro-organisms present in the mixed cultures were not elucidated.
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Figute 2.13: The effect of low sulphur pyrite on the biooxidation of acidithiobacilli in an STR
operated at an impeller speed of 350 rpm (adapted from Pearce, 1993).

Pearce (1993) confirmed the results of the low sulphur pyrite experiments by studying the effect
of increasing solids loading of quartzite on the bicoxidation of ferrous iron by acidithiobacilli in a
one litte STR. The mixed culture of acidithiobacilli was agitated using 2 Rushton turbine in an
STR for two hours at a speed of 770 rpm and quartzite volume fractions of 5, 10, 20 (equivalent
to mass fractions of 24, 48, 96 %) and a mean quartzite diameter of 53 um. The activity of the
cells was then determined. The presence of solids caused an increase in the lag phase for the 5
and 10 % volume fractions. No growth was observed using a volume fraction of 20 % (Figure
2.14). These results confirmed that hydrodynamic stress due to the presence of solids negatively
affected the cells.
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Figure 2.14: The effect of quartzite loading on the biooxidation of ferrous iron by acidithiobacilli
at an impeller speed of 770 rpm (adapted from Pearce, 1993).
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The results obtained by Deveci (2002) on investigating the effect of inert quartzite particles on the
viability of mesophiles corroborated the results of Pearce (1993). The choice of quartzite as the
solids fraction ensured that there was no oxygen limitation. The effect of increasing solids
concentration using a pitched-blade turbine at an impeller speed of 2.51 m s resulted in a
decrease in the viability of the cells. The extent of decrease in viability depended on the exposure
time, the concentration of solids and the impeller speed. At 10 % w/w solids there was a limited
effect on the viability of the cells (derived from the oxygen utilisation rate on 100 mM Fe?*) over
a 4 h period. The extent of the decrease in viability rose significantly with increasing the
concentration of solids to 30 % w/w (Figure 2.15). The percent decrease in the cell numbers was
lower than the decrease in viability, which suggests that a portion of the cells remained intact

despite losing their ability to divide.
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Figure 2.15: Effect of quartzite concentration on the viability of 2 mesophilic bacterial population
using a pitched blade impeller at 2.51 m s (adapted from Deveci, 2002).

In an applied system using a copper mineral instead of inert quartzite, Witne and Phillips (2001)
studied the effect of solids concentration on A% ferrvoxddans. They used a mixed copper
concenttate in which the main minerals were chalcopyrite, bornite, chalcocite and covellite. The
concentrate contained 18.4 % sulphur and a size fraction characterised by a doo of 112 um. Solids
loadings of 3, 10, 20, 30, and 40 % w/v were investigated in a STR at 200 rpm. The experiments
were conducted under optimal gas (oxygen and carbon dioxide) enrichment conditions
determined in previous experiments. At solids loadings of 3, 10 and 20 % almost 100 % mineral
solubilisation was achieved (Figure 2.16). The recovery of copper at higher pulp densities
decreased with increasing solids concentration. At a solids loading of 40 %, a moderate decrease
in copper extraction to 75 % was observed. The authors were able to firmly conclude that since

the oxygen and carbon dioxide availability could be excluded as having a negative impact on the
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leaching process, the low extents of leaching at the higher solids loadings were due to
hydrodynamic stress.
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Figure 2.16: Copper extraction by Az ferrooxidans from a copper concentrate as a function of
solids loading (adapted from Witne and Phillips, 2001).

2.10.12 Thermophilic systems

As observed with mesophilic bioleaching systems, investigators have shown that increasing solids
loading either by increasing the inert particle concentration or the mineral concentration has a
detrimental effect on the leaching micro-organisms and thus on the process performance.
Nemati and Harrison (2000) and Sissing and Harrison (2002) repotted the effects of solids loading
on the growth rate and oxidation of pyrite by a Su/folobus sp.. Nemati and Hatrison (2000)
investigated the effect of a 53-75 pm size fraction of pyrite up to a solids loading of 18 % w/v
and an impeller speed of 550 rpm. They found reduced performance of bioleaching above a
12 % solids loading and complete inhibition at 18 % (Figure 2.17). At a solids loading of 12 %,
the mechanism of inhibition was postulated to be due to a low cell to solid ratio and thus the
microbial ferric iron regeneration step may have been rate limiting. At solids loadings of 15 and
18 % the dominant mechanism of inhibition was proposed to be attrition of cells by the pyrite

particles imposing severe hydrodynamic stress on the cells.
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Figure 2.17: Effect of solids loading on the bioleaching of pyrite by S. metallicus (adapted from
Nemati and Harrison, 2000).

Sissing and Hartison (2003) carried out similar studies to those of Nemati and Harrison (2000).
They studied the effect of solids loading on S. metallicus using inert quartzite particles (38-75 um)
to increase the solids loading above the 3 % pyrite. In this way they eliminated all effects except
those of the solids phase. On addition of the inert particulates, no effect on bioleaching or
microbial growth was observed on increasing the inert solids concentration from 0 to 15 %.
However bioleaching rates were progtessively reduced with increasing quartzite loading above
15 %. The specific gtowth rate increased to 0.020 h -1 at a 15 % quartzite loading and decreased
to 0.011 h -t at a 21 % quartzite loading. No growth was observed in the presence of 24 %
quattzite. The biomass yield decreased with increasing quartzite loading above 15 %. The
decteased pyrite oxidation was attributed to both decreased microbial concentration and

decreased specific activity.

Valencia e a/ (2003) ascertained the effect of solids loading on the biooxidation of pyrite by
S. metallicus grown in shake flasks (220 rpm). Pyrite loadings of 2.5, 5, 10, and 15 % w/v were
investigated. Using a size fraction of 38-75 um pyrite the extent of iron solubilisation increased
from 64.0 to 73.7 % using pyrite concentrations of 2.5 and 5 % respectively (Table 2.14).
However, increasing the pyrite concentration above 5 % to 10 and 15 % caused a decline in the

extent of solubilisation to 40.9 and 21.5 % respectively.

The extents of solubilisation obtained by Nemati and Harrison (2000) and Sissing and Harrison
(2003) are similar at the low particle loadings (up to 12 %) (Table 2.14). Nemati and Harrison
(2000) showed that increasing the solids loading beyond 12 % caused a sharp decrease in the
extent of pyrite solubilisation while Sissing and Hartison (2003) only showed this effect above
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21 % total solids. It is likely that phenomena such as oxygen limitation, the difference in the
densities of the pyrite and quartzite particles and to a lesser extent, metal inhibition and low pH
were responsible for the observed difference. Compating the results obtained by Nemati and
Harrison to those of Valencia e a/. (2003) show much lower extents of solubilisation in the latter.
Valencia ¢ al. (2003) employed shake flasks hence oxygen limitation may have occurred.
Furthermore, incomplete suspension of the pyrite could have led to cellular stress caused by the

grinding effects of the incompletely suspended particles (Scholtz et 4/, 1997).

Table 2.14: Comparison of iron solubilisation at varying solids loadings and a particle size

fraction of 38-75 um reported in the literature.

Nemati and Harrison Sissing (2002) Valencia et al
(2000) 3 % pyrite with varying (2003)
Pyrite only quartzite loading Pyrite only
Total solids Extent of Total solids Extent of Total solids Extent of
loading solubilisation loading solubilisation loading solubilisation
(Y, w/v) (%o; w/w) (%o, w/v) (Yo; w/w) (Yo; w/v) (%o; w/w)
3 100 3 91 2.5 64.0
6 92 9 86 5.0 73.7
9 88 15 80 10 40.9
12 88 18 86 15 215
15 70 21 86
18 11 24 62
27 46

Witne and Phillips (2001) studied the effects of a copper concentrate at solids loadings of 3, 10,
20, 30 and 40 % w/v on acidophilic micro-organisms including a Suffolobus sp.. For the Sulfolobus
sp., the leaching rate decreased with increasing solids loading in the range 30 to 40 %. The
decrease in leaching rate observed at high solids loadings under optimum gas enrichment (i.e.
oxygen and catbon dioxide availability were not limiting) was accompanied by low metal
dissolution and low redox potential. These effects were postulated to be due to shear stress
caused by attrition of the cells at high solids concentration. d’Hugues ¢ 4/ (2002) identfied
potential limiting factors in an STR with a Sufobbus-like micro-organism and Addianus infernus
used for bioleaching chalcopyrite. These factors were the sensitivity of the micro-organisms to
hydrodynamic stress, nutrient concentrations, and oxygen transfer efficiency. The authors
investigated the effects of increased chalcopyrite loading on the oxygen and carbon dioxide
utilisation rates (OUR and CUR respectively). At a 15 % (w/v) solids loading they observed a
decrease in the OUR from 820 mg I'' b to 450 mg 11 h in 4 days. A comparable decrease was
also observed with microbial growth (CUR). Although the study did not conclusively show
disruption of the thermophilic cells due to mechanical shearing, the authors proposed that
hydrodynamic turbulence caused by agitation (and aeration) could potentially be a limiting factor

if they ate combined with relatively high solids concentrations.
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2.10.2 SOLIDS SIZE

It is recognised that increasing solids loading and decreasing particle size across a limited
operating window have positive effects on the volumetric rate of biooxidation of refractory gold
concentrates. Decreasing patticle size increases the surface area of mineral available for oxidation
(Bailey and Hansford, 1994, Nemati ¢f 4/, 2000). However, below a critical particle size, this
positive effect can be negated by decreased attachment of cells to the particles as well as increased
collision events associated with increased loading, leading to reduced leach rates. Deveci (2004)
and Valencia ¢f 4/ (2003) postulated that cell attachment is impaired when the diameters of the
patticles and cells are of similar magnitude. Deveci (2004) found that the first order death rate of
a mixed mesophilic culture growing on ferrous iron in an STR, increased from 0.23 to 0.58 h
with decreasing particle size from the 125-180 pum range to the 45-63 pm range, below which a
reverse trend was noted. Nemati ¢f 4/ (2000) studied the effect of particle size on a thermophilic
Sulfolobus sp.. A change in particle size from the 150-180 pm range to the 25-45 um range
enhanced the bioleaching rate from 0.05 kg m3 h to 0.098 kg m? h-l. This increase in rate was
attributed to an increase in the surface area available for leaching and was consistent with the
findings of Bailey and Hansford (1994). No influence on morphology or growth kinetics was
seen at these size fractions. However, decreasing the particle size to less than 25 um had a
negative effect on the activity of the cells. The presence of fine particles appeared to damage the
structure of the cells, resulting in their inability to oxidise pyrite. Using particle size fractions with
nominal mean diametets varying from 25 to 5 um, a reduction in both iron leach rate (from
0.065 kg m~>h-! at 20 pm to 0.020 kg m* h! at 5 um) and specific growth rate (from 0.040 h! at
25 pm to 0.025 h1 at 5 um) were observed on decreasing particle size. The authors postulated that
below a critical size fraction, the increase in the number of particle-particle collisions increased the
hydrodynamic stress factor. Further, the fine particulate phase affected physiochemical properties

of the suspension such as viscosity and oxygen transfer potential.

In a system where the influence of improved leaching due to increased surface area was not a
factor, Pearce (1993) was able to elucidate cleatly the effect of particle size on acidithiobacilli. The
rate of oxidation of ferrous iron was monitored at quartzite particle sizes ranging from 53 to
255 pum, at a solids loading of 5 % v/v and an impeller speed of 770 rpm (Figure 2.18). Lag
periods of 98 hours were observed for the 53, 114 and 161 pm size fractions. A shorter lag
period of 74 hours was found in the presence of the 255 um size fraction. It is probable that a
similar effect is seen here as observed by Nemati ¢f 4/ (2000) where the reduced size fractions
damage the cells more easily. Furthermore, Pearce (1993) proposed, as postulated by Deveci
(2004) and Valencia e a/. (2003), that since acidithiobacilli are known to attach to solid particles,

the shorter lag period observed with the larger particles may be related to the reduced surface area
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available for attachment allowing equilibrium concentrations of planktonic cells to be achieved

more rapidly.
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Figure 2.18: The effect of quartzite particle size on the oxidation of ferrous iron by
acidithiobacilli at a solids loading of 5 % v/v and an impeller speed of 770 rpm (adapted from
Pearce, 1993).

2.10.3 IMPELLER DESIGN AND IMPELLER SPEED

As with other solids-containing and solids-free systems discussed in Section 2.2.2, the impeller
plays an important role as regards the intensity of hydrodynamic stress within the bioleaching
STR. The extent of the adverse effect depends on the impeller design and speed. The power
input per unit volume is higher for radial (Rushton) turbines compared to axial (pitched blade)
turbines. This increased power input for the Rushton turbine causes more damage to micro-
organisms as was shown in the studies of Pearce (1993) and Deveci (2002). Pearce (1993)
investigated the effect of impeller type on the bioleaching of 10 % w/v pyrite by acidithiobacilli.
The axial and radial turbines showed no inhibition and similar redox potential profiles at 350 rpm
(Figure 2.19). Increasing the impeller speed to 630 rpm caused a lag period of approximately 14
days using the axial flow impeller. The redox potential for the system agitated by the radial
turbine at 630 rpm did not increase during the course of the experiment (20 days). These results
illustrate clearly the increased hydrodynamic stress induced by the radial turbine compared to axial

turbine.

Deveci (2002) also found similar effects to those observed by Pearce (1993). The author reported
that the loss of viability of mesophilic bioleaching micro-organisms growing on ferrous iron was
more extensive with the Rushton turbine than the pitched blade turbine at impeller tip speeds in

the range 2.01 to 3.35 m s, With the pitched blade turbine, there was no effect on cell viability at

70



Chapter 2: Literature Review

a 10 % solids loading on increasing tip speed from 2.51 to 3.35 m s while the viability of the cells
decreased by 15 % under the same conditions using the Rushton turbine. The higher power input
per unit volume generated by the Rushton turbine resulted in an elevated intensity of

hydrodynamic stress to the micro-organisms.
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Figure 2.19: The effect of impeller speed and impeller type on the biooxidation of high sulphur
pytite by acidithiobacilli at a 10 % w/v pyrite loading (adapted from Pearce, 1993).

Sissing (2002) investigated the effect of agitation speed (1.67, 1.97 and 2.27 m s') on pyrite
oxidation by the atchacon Sulfolobus sp. in a STR in the presence of 18 % w/v total solids (3 %
pyrite and 15 % quartzite). The iron leach rate and extent of pyrite solubilisation was higher at a
tip speed of 1.97 m s (650 rpm) than at 1.67 m s? (560 rpm). Leach rates of 0.091 and
0.096 kg m? h! were obtained at tip speeds of 1.67 and 1.97 m s respectively. The extent of
leaching was 86 % at a tip speed of 1.67 m s and 90 % at a tip speed of 1.97 m s, This effect
was attributed to increased mass transfer at the higher tip speed. However, the specific growth
rate and culture activity were higher at a tip speed of 1.67 m s. Improved mass transfer at the
higher impeller speed may have increased the metabolic activity of the micro-organisms through
an increase in the rate of ferrous iron and sulphur oxidation; however the increased hydrodynamic
stress at the increased impeller speed may have affected the viability of the organisms. At a tip
speed of 2.27 m s (760 rpm) there was no pyrite solubilisation and cell death occurred. At this
impeller speed, the negative effects of increased hydrodynamic stress outweighed the positive
effects of improved mass transfer. The results obtained by Sissing (2002) suggest a greater
resilience of the Archaea than the acidithiobacilli studied by Pearce (1993) even though Sissing
utilised a higher size fraction and a micro-organism without a true cell wall. This comparison is
however invalid as a rigorous comparison of reactor geometry, microbial activity, inoculum size

and mass transfer achieved has not been included.
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2.10.4 REACTOR DESIGN

In an effort to reduce the detrimental effects of interactions between patticles and bioleaching
organisms, Beyer ¢f 4/. (1986) and Karamanev ¢ 4/ (2001) proposed two new reactor designs.
Beyer ¢t al. (1986) showed that modification of an air lift reactor could improve the rate of pyrite
biooxidation by At ferrvoxidans. The author studied three reactor configurations, namely a
conventional airlift (AL) a STR and a modified airlift (MAL). At a pyritic coal (1.7 % sulphur)
concentration of 20 %, both the STR and conventional airlift reactors failed. In contrast, the
redox potential and the cell concentration of the modified aitlift reactor increased. The redox
potential in the STR and AL reactors did not increase during the course of the experiment
(16 days) and remained at approximately 425 mV (Figure 2.20). The redox potential in the MAL
increased from 465 to 669 mV over the 16 day period. The cell concentration in the MAL
increased from 6.25 x 107 to 9.13 x 107 cells ml'. No growth was observed in both the AL reactor
and STR. In the conventional aitlift reactor, rigorous mixing was required to achieve forced
recycle of the coal slurry. Modification of the air lift reactor through replacing the round bottom
of the airlift with a conical bottom reduced the intensity of mixing required to circulate the coal
without sedimentation and thus reduced the degree of detachment of micro-organisms from the

surface of the coal as well as the frequency and intensity of particle-cell-particle collisions.
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Figure 2.20: Influence of bioreactor design on (a) pyrite oxidation and (b) microbial growth at a
20 % w/v solids loading (adapted from Beyer ez 4/, 1986).

Karamanev ¢ a4/ (2001) proposed a new type of bioreactor, named the immobilised ore
bioteactor, to reduce particle-cell-particle interactions within the leaching system. The reactor,
based on the airlift principle utilises a porous matrix (geotextile fibre) within which the mineral
particles are trapped. Nutrients are supplied to the micro-organisms by circulation of the
nutrients through the immobilised structure. The assumption made is that the majority of the

leaching organisms ate attached to the surface of the mineral. Under frictionless conditions there
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was fast adsorption of AL ferrooxidans cells onto pyrite whereas in the slurry reactor it was difficult
for the cells to adsorb to the surface of the particles due to the great amount of sheating. The
teactor was shown to handle solids loading up to 40 % w/v pyrite, two fold that reported by
Bailey and Hansford, 1994 for classic mesophilic stirred tank operations. The volumetric rate of
pyrite oxidation by A4¢ ferrvoxidans in the immobilised ore reactor was found to be 2.5 times higher
than in a STR. Changing reactor configuration reduced the intensity of hydrodynamic stress and

promoted cell attachment and this in turn influenced the extent and rate of solubilisation.

211 SUMMARY: PART B

In Part B of the literature review, a slurry STR system of industrial importance and directly
relevant to the current study was considered. Sections 2.8 to 2.10 detailed the relevance of
bioleaching in the mining industry, the bioleaching process, the extremophilic micro-organisms
involved in commercial bioleaching processes and finally the role of hydrodynamic and to a lesser
extent chemical stress in tank bioleaching were discussed. The bioleaching of chalcopyrite was
shown to present a particular challenge to the bioleaching industry because of the recalcitrance of
this mineral to chemical and biological leaching. Passivation of the mineral causes reduced rates

of mineral leaching and hence nutrient limitation of the micro-organisms.

Section 2.9 reviewed the diverse range of micro-organisms involved in bioleaching process with
an emphasis on the characteristics of the genus S#/ffolobus. Section 2.10 reviewed studies from the
literature investigating hydrodynamic stress of bioleaching micro-organisms in STRs using
quartzite-only, quartzite-mineral and mineral-only slurries. Hydrodynamic stress was shown to be

a function of the solids loading, particle size the impeller design and speed, and the reactor design.

In solids loading studies, in the absence of oxygen limitation, increasing solids loading reduced the
productivity of the tank bioleaching process under both mesophilic and to a greater extent,
thermophilic conditions. Deceasing particle size within a limited window increased the rate and
extent of leaching. However, below a critical particle size, the process performance was adversely
affected due to increased hydrodynamic stress to the cells at the reduced particle size. The
Rushton turbine was shown to cause a greater decline in microbial viability and system
petformance than the pitched blade turbine. This difference in effect was attributed to the higher
power input pet unit volume generated when using the Rushton tutbine causing increased
hydrodynamic stress conditions. Increasing the impeller speed up to a critical level improved
mass transfer which improved the metabolic activity of the cells and resulted in an increased

extent of leaching. However, beyond a critical speed the negative effects of hydrodynamic stress
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outweighed the positive effects of improved mass transfer. By changing reactor design
investigators were able to minimise the effect of hydrodynamic stress in the bioleaching reactor.
Modifying an airlift reactor (i) through changing the shape of the reactor base from round to
conical and thus reducing the intensity of mixing required to circulate solids, and (ii) through
immobilisation of the mineral in a matrix, the detachment of micro-organisms and the frequency
and intensity of particle-cell interactions were reduced. These changes in reactor design resulted

in improved rates and extents of leaching.

Although physiological stresses such as reduced mass transfer, increased metal concentrations and
incteased acidity have been identified as contributing to loss in the rate and extent of leaching,
hydrodynamic stress has been shown to be one of the primary reasons for reduced metal

recoveries in mesophilic and thermophilic bioleaching systems.

212 CONCLUDING REMARKS: LITERATURE REVIEW

This literature review has shown that hydrodynamic stress is an important consideration in the
slurry STR, in particular the bioleaching STR. It has been shown that increasing solids loading
and impeller tip speed causes (i) a decline in the overall process performance of the bioleaching
system and (ii) influences the micro-organisms at a cellular level by changing for example their
viability, metabolic activity and morphology. Furthermore, it was also shown that micro-
organisms possess response mechanisms to stress. In this way they are able to sense and react to

the effects of stress and regain a steady state.

The present study aims to determine the effect of and the biological response to increasing solids
loading and impeller tip speed, separately and in combination, on the bioleaching of a chalcopyrite
mineral by an acidothermophilic archeaon. This would provide improved understanding of the
effects of hydrodynamic stress on a micro-organism devoid of a proper cell wall, growing in a

nuttient limited environment under increased levels of hydrodynamic stress.
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Chapter 3: Materials and Methods

In this chapter, the experimental protocols utilised in this study are discussed with emphasis on the
reactor set-up and configuration, reactor start-up, experimental protocol and the analytical methods
employed. In addition to these, a description of the micro-organism as well as the solids fractions is

provided.

31  REACTOR CONFIGURATION

A stirred tank reactor was used as this configuration is ideal for the study of slurry systems. A
pitched blade (axial) impeller was chosen to provide good solids suspension and generate low shear.
Currently, commercial stirred tank bioleach processes utilise axial hydrofoil impellers such as the
Lightnin A315. Owing to the high solidity of the Lightnin A315, this impeller type could not be
scaled-down for use in a 1 litre stirred tank and thus a conventional pitched blade impeller was
chosen. A standard reactor configuration was not utilised because complete solids suspension was
not possible under standard reactor set up conditions. A decreased off-base impeller height was
utilised. Decreasing this height enabled complete solids suspension at the lowest power input to

maximise the range of impeller speeds attainable with the overhead stirrer motor used.

The experimental setup consisted of a one litre jacketed glass, stirred tank reactor equipped with a
4-blade pitched blade impeller, a condenser, a 4-blade ring baffle and an L-shaped sparger through
which 2 vvm air supplemented with 1% v/v CO; was supplied. The L-shaped spatger contained 6
holes, 1 mm in diameter, on the surface of the arm of the sparger tube. The temperature of the
reactor was maintained between 66 and 68°C using a circulating water bath. The speed of the
impeller was controlled with a Heidolf overhead stitrer. In order to minimise evaporation, the
condenser water was cooled to 4°C using a Lauda thermocirculator. A schematic representation of
the reactor system is illustrated in Figure 3.1. The dimensions of the reactor components are given

mn Figure 3.2,
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Figure 3.1: Schemaric representation of the stirred tank system. B = baffle;

1= impeller; 5 = sparger tube

- . sl
IT
b ] e |
o T Wl

Figure 3.2: Dimensions of stirced tank reactor,

Internal diameter of reactor = 115 mm I Diameter of impeller = 53 mm
Ieight of working volume = 145 mm W Width of impeller = 20 mm
Baffle widrh = 1 mm Blade thickness = 2 mm
Length of imnpeller shaft = 470 mm Angle of twist = 45~
Iinpeller clearance = 10 mm
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3.2 SOLIDS FRACTION

Two types of particulates were used for the experiments. A chalcopyrite concentrate comprised the
reactive mineral particulates releasing microbial substrate while quartzite particles comprised the inert

solids fraction. The properties and size fractions of the solids are described below.
321  CHALCOPYRITE MINERAL

A chalcopyrite concentrate (Andina) milled and steved to a size fraction between 38 and 75 pm was
provided by BHP Billiton, South Africa. The density of the chalcopyrite concentrate was determined
to be 453 g cm® Density measurements were carried out using an AccuPyc 1330 V1.02

pycnometer. The major elemental composition and mineralogy of the concentrate are presented in

Tables 3.1 and 3.2,

Table 3.1: Major element composition of the Andina chalcopyrite concentrate.

Copper (o) Iron (%) Total sulphur (Vo)

29.8 259 317

Table 3.2: Mineralogy of the Andina chalcopyrite concentrate,

Mineral Formula Wt %
Sulphides

Chalcopyrite CuFe$y 79.52
Bornite CusFeSa 4.14
Chalcocite CuzS 0.01
Covellite CuS 0.33
Pyrite FeS; 8.05
Other sulphides 1.23
Gypsum CaS04.2H,0 0.50
Silicates

Quartz S0z 1.45
Feldspar CaAl:8i20s 1.83
Mica KoAL(SisAL O (OH) 1.88
Altered silicates 0.10
Other silicates 0.29
Other

Iron-oxides FexOs / FesOu 0.32
Carbonates (calcite) CaCOs 0.09
Accessories 0.17
Other 0.08
Total 100
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The particle size distribution (Figure 3.3) of the chalcopyrite sample used in this study was
determined by laser diffraction using a Malvemn Mastersizer (Malvern Instruments) particle size
analyser. For the chemical control experiments, the mineral was irradiated to destroy any organisms
that were present on the surface of the particles. The material was treated by exposing the particles

to gamma radiation (Atomic Energy Corporation, South Africa).
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Figusre 3.3: Size distribution of chalcopyrite particles sieved in the 38 to75 pm size range.

dio = 48 pum, dsp = 66 um, dyg = 89 pum.
3.2.2 QUARTZITE

Quartzite particles of the 38 to 75 pum size fraction were obtained by milling and wet sieving quartzite
provided by CONSOL Glass (Cape Town). The quartzite required pre-treatment to remove organic
and inorganic impurities. To remove inorganic contaminants, the solids were washed in 30 % v/v
nitric acid at 40°C for 4 h and subsequently rinsed with distilled water at least 8 times until the
supernatant appeared coloutless and the pH stabilised. To remove organic contaminants, the
quartzite was calcined in a furnace at 400°C for 6 h. The density of the quartzite was determined to
be 2.6 g cmy3. The size distribution of the washed and calcined quartzite sample is presented in

Figute 3.4,
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Figure 3.4: Size distribution of quartzite particles sieved in the 38 t075 pm size range.

d1o"—"41 pm,d50=65um,d90=104um

3.3 CULTURE

The experimental work was initiated using a Suffolobus metallicus culture, provided by BHP Billiton
(South Africa), was maintained in a one litre stirred tank reactor at 68°C on Norris OK mineral salts
medium at pH 1.6 (Norris and Barr, 1988) and 30 g 1! of a < 22 pum size fraction of Andina
chalcopyrite (Section 3.2.1). The reactor setup was as described in Section 3.1. The stock culture
was sub-cultured daily by removing 150 ml of slurry from the reactor and replacing it with 150 ml of
fresh Norris OK mineral salts medium and 4 g of chalcopyrite. The Notris OK mineral salts medium
consisted of (per litre of distilled water):

(NH4)2SO4 = (.40 g

MgSO4 =025¢g
KH:PO4 =020g
Kl =010g
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3.4 REACTOR OPERATION AND EXPERIMENTAL
PROCEDURE

3441 REACTOR START-UP

The first step in the start-up procedure was pH stabilisation of the chalcopyrite concentrate. pH
stabilisation was carried out in the reactor prior to inoculation. This stabilisation procedure was
necessary to prevent fluctuations in the solution pH causing stress to the micro-organisms on
inoculation of the reactor. A 21 g sample of the 38-75 {im fraction of the concentrate was added to
550 ml of Notris medium at 68°C in the STR. The solution pH was measured (Section 3.5.1) every
hour and adjusted to pH 1.6 with sulphuric acid uatil a stable pH of 1.6 was obtained.

After pH stabilisation the reactors were inoculated. For each reactor, the inoculum was prepared by
removing a 200 ml sample from the stock reactor sub-cultured 24 h earlier. The sample was allowed
to settle for 30 min to remove as much precipitate and mineral phase as possible. A 150 ml aliquot
of the supernatant containing cells and residual precipitate was added to the equilibrated medium and
pH stabilised chalcopyrite and allowed to mix in the reactor for 10 min before sampling for the O h
sample. The gas flow rate was maintained at 2 vvm. The tip speed of the stirrer was set to 0.76 ms-.
The culture was allowed to grow under the minimal hydrodynamic stress conditions for
24 h. After 24 h, the impeller speed was increased and the inert particulate fraction was added to the

reactors where required to achieve the conditions specified for the experiment.

The critical impeller speed at which the solid particles were completely suspended was determined
using the method of Scholtz-Brown (1998). The reactor vessel was raised and a mirror placed under
the base of the vessel. The impeller speed at which the particles did not remain on the vessel base
for greater than 1 or 2 seconds was determined to be the critical impeller speed (1.67 m st). Impeller

speed was measured using a Veeder-Root 6611 tachometer.
34.2 REACTOR MONITORING AND SAMPLING PROCEDURE

The reactor temperature, gas flow rates and impeller speed were checked on a daily basis. In
addition, the reactor volume was compensated for evaporation, with distilled water, every 12 h.
Samples were removed from the reactors daily using a 50 ml syringe with a silicone tubing

attachment. Samples were removed from midway down the reactor approximately 2 cm away from
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the impeller shaft. Upon extraction of the sample, the syringe was inverted for 30 seconds to retain
the concentrate at the base of the syringe. After 30 seconds, a 20 ml sample devoid of mineral and
quartzite particles and containing precipitate and cells was expelled from the syringe. The sample and
concentrate remaining in the syringe were mixed thoroughly and returned to the reactor. The 20 ml

suspension sample was used for all analyses described in Section 3.5.

3.5  ANALYTICAL PROCEDURES

When using an analytical technique, it is important to consider the reliability of equipment,
reproducibility and the robustness of the procedure in order to ensure accurate data retrieval. In the
current study, the reproducibility of the analytical methods was tested by conducting analyses in
triplicate and calculating the standard deviation between the replicates. Equipment used for the
analyses was tested and calibrated on a regular basis to ensure proper functioning and reliability.
Analytical methods were chosen from procedures widely used by researchers in the field of
bioleaching and those working with extremophilic micro-organisms. Some techniques utilised were
modified for application to the specific requirements of this study. The analytical error was
calculated where possible according to the calculation presented in Appendix A.6.

Bioleaching performance was determined by measuring the suspension pH, redox potential, cell
concentration and iron and copper concentration. The response of the micro-organisms to
hydrodynamic stress was determined by observing changes in (i) cell morphology using phase
contrast microscopy, particle size analysis (CellFacts) and scanning electron microscopy (SEM), (i)
viability using differential fluorescence staining, (iif) metabolic activity by measuring the oxygen
utilisation rate of the culture using respirometry methods, and (iv) protein expression by conducting
SDS PAGE analysis.

351 pH

pH measurements were taken in sitw using a hand-held Metrohm 704 pH meter and probe. The
analytical error was calculated to be 0.71 %.
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3.5.2 REDOX POTENTIAL

Redox potential measurements were taken /s sit using a hand-held Metrohm 704 pH meter equipped
with a combined Pt| Ag/AgCl electrode redox probe. The redox electrodes were tested weekly by
measuring a Crison standard redox solution of 468 mV (25°C). The analytical error was calculated
to be 0.09 %.

3.5.3 CELL CONCENTRATION IN TERMS OF CELL NUMBER

Cell concentration was determined by either direct microscopic counting using 2 Thoma counting
chamber with well dimensions of 0.02 mm in depth and 2 1/400 mm? area and phase contrast optics
at a magnification of 1000 x or by using a CellFacts particle analyzer (Microbial Systems, U.K.).
Direct microscope counting has been successfully employed by several researchers (Konishi e 4/,
1995; Nemati and Hatrison, 2000; Lamaignére, 2002; Sissing, 2002). However, Konishi ¢f o/ (1995)
reported that the inherent error of this method could be as high as 11 %. Although the inherent
error of direct cell counting is high, the reproducibility of the method was found to be acceptable.
Only the planktonic cell concentration was measured. The free cell count was postulated to be
representative of the total cell count in the reactor based on the bioleaching studies by Nemati and
Hatrison (2000), Nemati ¢f 4/ (2000) and Sissing (2002). Sissing (2002) completed adsorption studies
on the partitioning of Suffolobus cells between the pytite mineral phase and the liquid phase in a pyrite
bioleaching system. These experiments were conducted to confirm the applicability of the proposed
method of biomass determination i.e. microscopic counting of planktonic cells. The results of these
studies showed that the Su/olobus cells remained predominantly in the liquid phase, thus confirming
the applicability of free cell counting as a method for biomass determination in the bioleach slurry

reactot.

The CellFacts particle size analyser system (Cellfacts I, Cellfacts Instruments Limited) can be used for
the detection of planktonic cells and the generation of a cell size distribution curve. The system is
based on the Coulter principle, employing electrical sensing flow impedance to enumerate and size
particles by volume displacement. Integration of the area under the peak of cell number as a
function of cell size yields a cell concentration. Error is minimised by dynamic procedures for self-
check, calibration and a wash routine to eliminate cross contamination between samples. Several
researchers have successfully utilised flow cytometry methods including the CellFacts system to
enumerate and size micro-organisms (Kubek and Shuler, 1978; Illing, 1996; Lu Chau e o/, 2001;
Schwarzentruber, 2002).
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3.5.31 Direct microscopic counting method

A 1 ml aliquot of sample was allowed to settle for 30 min in a 2 ml Eppendozf microfuge tube to
remove residual precipitate particles. For direct counting, the top 0.5 ml of the settled sample was
removed and mixed thoroughly. A 40 ul aliquot of the settled sample was diluted as required. A
10 pl aliquot was ejected into the well of the counting chamber under a coverslip. Direct counts
were made at a 1000 x magnification using phase contrast microscopy. The concentration of micro-

organisms (cells mlt) in the sample was calculated using the following equation:

2]
Cy N Ly ...Eqn. 3.1
D*A d,
?Q’
where: Cy = cell concentration (cells mi1)

c = number of cells counted in the large squares
Nr = total number of large squares = 16
NL = number of large squares where cell were counted
D = depth of the chamber (0.02 mm)
A = total area of the chamber (1 mm?)
d. = dilution ratio

The analytical error was calculated to be 6.33 %.

3.8.3.2 Cell counting based on the Coulter technique

To determine cell concentration using the CellFacts analyser, a 100 il sample was removed from the
upper region of the 1 ml sample using the CellFacts sample wand and diluted 100 fold with the
electrolyte solution (Cell lyte, Microbial systems, U.K.). In order to confirm the absence of cell
debsis, precipitate and fine quartzite and chalcopyrite particulates the sample was viewed under
1000 x magnification using phase contrast microscopy before CellFacts analysis. All samples
analysed were free of particulates and only cells remained in solution. The CellFacts was set to

perform two dilutions per sample. The cell diameter limits were set between 0 and 2 im and 0 and 5

jim where applicable. The analytical error of this method was calculated to be 1.32 %.
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3.54 FERROUS IRON ANALYSIS

Ferrous iron analyses were carried out using a standard potassium dichromate titration (Vogel, 1989).
This procedure has been used by several investigators in the field of bioleaching for ferrous iron
determinations (Bailey and Hansford, 1993; Nemati and Hatrison, 2000; Third e 4/, 2000; Sissing,
2002).

3.5.41 Procedure

The bulk 20 ml suspension sample was mixed thoroughly. A 2 ml suspension sample devoid of
mineral or inert solid particulates and containing iron precipitates was removed for ferrous iron
determinations. Acid digestion of the precipitate in the suspension samples was necessary in order to
solubilise any ferrous iron present in the precipitate. A 2 ml aliquot of concentrated hydrochloric
acid was added to each sample prior to heating at 100°C until complete dissolution of the precipitate
was attained. Three drops of a barium diphenylamine sulphonate indicator (Appendix A.3.2) were
then added to the samples which were titrated against 0.0149 M potassium dichromate (Appendix
A.3.1). The redox reaction is based on the oxidation of the ferrous ion to ferric ion (Eqn. 3.2). The

endpoint of the reaction is characterised by a purple colour mediated by the indicator.
6 Fe2t + Crz00% + 14 HY — 2 + 6 Fet + TH0 ...Eqn. 3.2

The moles of potassium dichromate added in the titre required to convert all ferrous iron is
proportional to the number of moles of ferrous iron in the sample. The concentration of ferrous iron

in solution was determined using Eqn. 3.3.

¢ =&V, "M N, ..Eqn33
Vsol
where: C; = concentration of Fe2* (g 1)
Cz = concentration of KoCr207 (g 1)
V2 = titre volume ()
Via = sample volume (})
M = molar mass of iron (g mol 1)
Nge = number of moles of iron (mol)

The analytical error was calculated to be 1.37 %,
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3.5.5 COPPER AND TOTAL IRON ANALYSIS

Atomic absorption spectroscopy (AAS) was used to determine copper and total iron concentrations
in solution. A Vanan Spectra AA-200 Atomic absorption spectrophotometer, incorporating Spectra
AA 100/200 version 1.1 software, was utilised. The analytical error was calculated to be 2.86 and

0.62 % for iron and copper respectively.

3.5.5.1 Procedure

A 2 ml aliquot devoid of mineral and inert quartzite solids was removed from the bulk 20 ml
suspension sample (Section 3.4.2). The sample was acidified with 2 ml of concentrated hydrochloric
acid, heated at 100°C to just below boiling point and diluted to the required concentration range.
Standards were prepared by diluting 1000 mg I acidified copper and iron standard solutions (Merck)
to 500, 250, and 50 mg | -* for copper and 250, 100 and 10 mg 1 ! for iron. Examples of iron and
copper standard curves are given in Appendix A.4. The detection limit of the analysis was 0.03 and
0.06 mg I for copper and iron respectively. The concentration of iron and copper in all suspension

samples was above the detection limit of the AAS. The operational parameters were as follows:

Slit width = 0.2 nmy
Flame = air/acetylene;
Lamp current = 4 mA;
Wavelength = 217.9 nim.

3.5.6 PROTEIN ANALYSIS

Protein profiles of the cells were obtained by extracting total intracellular protein from samples taken
at mid-growth phase and separating the proteins on sodium dodecyl sulphate polyacrylamide gels
(SDS PAGE). The concentration of protein in the bulk solution was determined using the Bradford
assay (Appendix A.2).

3.5.6.1 SDSPAGE

Protein separation by SDS-PAGE is commonly used to determine the relative abundance of proteins
in a sample, their approximate molecular weights, and in what fractions or under what conditions
they are found. Sodium dodecyl sulphate (SDS) denatures proteins enhancing the separation process
by ensuring reproducibility of the technique. SDS is an anionic detergent, its molecules having a net

negative charge. It binds to most soluble protein molecules in aqueous solutions over a wide pH
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range. The negative charge destroys most of the complex (secondary and tertiary) structure of
proteins, and is strongly attracted toward an anode (positively-charged electrode) in an electric field.
The samples treated with SDS are run on a vertical gel bed composed of a porous acrylamide gel.
The relative amount of acrylamide in the gel determines the rate at which protein molecules move
through the matrix. Larger proteins migrate more slowly than smaller proteins. Because the chasge-
to-mass ratio is similar among SDS-denatured polypeptides, the final separation of proteins is
dependent on the differences in molecular weight of polypeptides. In a gel of uniform density the
relative migration distance of a protein (Rg) is negatively proportional to the log of its molecular
weight. If proteins of known molecular weight are run simultaneously with the unknowns, the
relationship between R¢ and molecular weight can be plotted, and the molecular weights of unknown

proteins detesmined.

3.5.6.1.1 Procedure

One 100 ml sample was removed from each reactor during mid growth phase and centrifuged at
500 g in a Hettich Universal centrifuge for 6 min to remove mineral concentrate and ferric
precipitate. The supernatant was decanted into a beaker and 12 x 1.5 ml samples were transferred to
Eppendorf tubes and centrifuged for 3 mines in a Heraeus Biofuge centrifuge at 16 000 g. The
supernatant was discarded and the pellets combined in 1 ml saline solution (pH 1.6). The sample was
then centrifuged for 3 min at 16 000 g. The supernatant containing soluble metals was discarded.
Although the initial centrifugation step was included to remove precipitates from the sample, some
precipitate particles were found associated with the washed pellet. The washed pellet consisted of
two layers. Microbial cells have a lower density than the precipitate particles and thus comprised the
top layer. The top layer was used for protein extractions. The pellet was resuspended in 200 pl of
Tris-HCl pH 8 (Appendix A.1.1.11). A 200 ul aliquot of 2 x SDS sample buffer (Appendix A.1.1.6)
was added to the sample and incubated at 60°C for 20 min. The protein markers (Appendix
A.1.1.12) were prepared by removing 10 il of marker protein solution from the vial and adding equal
volumes of 2 x SDS sample buffer. After heat treatment, the samples were centrifuged for 3 min at

16 000 g. The supernatant was decanted into a clean Eppendorf tube.

A 100 l aliquot of samples and standards was loaded into each well. The gel was run at 15 mA for
18h (overnight) and then removed and stained for 2 h on a gel shaker with Coomassie blue stain
(Appendix A.1.1.8). After 2 h, the gel was destained by removing the stain solution and adding
destain I (Appendix A.1.1.9) for 1 h. This process was repeated with destain 1 for 30 min and then
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with destain 2 (Appendix A.1.1.10) until the background of the gel was totally destained. The gel was

then stored in an airtight container in 5 % acetic acid.

3.5.6.2 Bulk solution protein measurements

A bulk sample of 300 ml was removed from each reactor and was centrifuged at 500 g for 6 min to
remove all precipitates. After centrifugation, the sample was concentrated through a polyethersulfone
Pellicon Biomax 5 membrane filter (Millipore) retaining molecules larger than 5 kDa. The samples
were circulated through the filter until only 2.5 ml remained (80-fold concentration). Soluble protein
was measured using the Bradford assay (Appendix A.2). The analytical error of the Bradford assay
was calculated to be 8.9 %.

3.5.7 ANALYSIS OF CELL MORPHOLOGY

Cell morphology was determined using phase contrast microscopy, particle size analysis and scanning

electron microscopy (SEM).

3571 Phase contrast microscopy

Changes in cell size, shape and density were determined with phase contrast microscopy. This
method has been utilised successfully by Illing (1996) and Nemati and Harrison (2000). Samples
were prepared as described in Section 3.5.3.1. Micrographs were taken using an Olympus BX40
microscope equipped with a ColorView Soft Imaging System camera which was controlled using

analySIS 5 Image Processing software.

3.5.7.2 Particle size analysis

Quantitative analysis of cell size was petformed by using data generated by the CellFacts particle
analyser. The sampling procedure was the same as discussed in Section 3.5.3.2. The change in cell
size was determined by fitting a Weibull 4 parameter peak curve (Section 5.1.3) to the size
distribution curves generated by the CellFacts analyser. Three of the 4 parameters, Xo, 4 and &,
describing the curve were utilised. Parameter Xo represented the mode of the peak. Using these
mode data, the change in cell size was determined as a function of time and intensity of

hydrodynamic stress.
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3.5.7.3 SEM

Scanning electron microscopy was used as a tool to magnify and enable a 3-dimensional observation
of the archaeal cells which approached the detection limit of light microscopy at 1000 x
magnification. A 20 ml sample was removed from the experimental reactor and centrifuged in a
Hettich Universal centrifuge at 500 g for 4 min to remove particluates. The supernatant was catefully
removed. A 1 ml sample was centrifuged in a Heraeus Biofuge at 13 000 g for 3 min. The resultant
pellet was washed with saline solution of pH 1.6. The pellet was re-suspended in 3 % gluteraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.4) and then filtered through a 1 cm, Nucleopore (Millipore)
filter with a pore size of 0.22 um. The sample was kept in contact with the glutaraldehyde solution
for 30 min and then washed three times with 0.1 M sodium cacodylate buffer. A 30 % solution of
ethanol in water was then passed through the filter. The filter was left for 15 min in contact with the
ethanol solution. This procedure was repeated for 50, 70, 90 and 100 % ethanol. The 100 % ethanol
step was repeated three times. The filter was taken through a critical point drying (CPD) process.
Samples were subsequently coated with a gold/palladium plasma and viewed using a JEOL JSM-840
scanning electron microscope. On average a 5 kV beam and a working distance of 13 cm were

utilised.

Initially, residual precipitate embedded the cells and obscured the view of the cells on SEM analysis.
Subsequent samples were centrifuged at 500 g for 6 min and washed three times with saline solution
to separate the cells from the fine precipitate prior to sample preparation for SEM. The disadvantage
of increasing the centrifugation time and increasing the number wash steps is that a higher

percentage of cells were lost compared with the previous centrifugation and wash regime.

3.5.8 CULTURE VIABILITY USING DUAL FLUORESCENCE STAINING

Dual fluorochrome staining is often used to determine the viability of micro-organisms (Beck and
Huber, 1997). The stains differentiate between viable and non-viable cells based on the ability of one
of the dyes to penetrate permeabilised cell membranes. In the current study, membrane integrity
was determined using a dual fluorescence staining method. SYTO 13 green (Molecular Probes)
which has a green fluorescence emission at 520 nm and propidium iodide (Molecular Probes) which
has a red fluorescence emission at 610 nm were the fluorochromes of choice. Dual staining using
propidium iodide and SYTO dyes is commonly used to distinguish between dead and live bacterial
cells such as Staphyloccous anreus, Pseudomonas fluorescens and Escherichia coli (Comas and Vives-Rego,
1998; Gunasekera ¢f a/., 2003). Propidium iodide can only penetrate cells with damaged membranes.

SYTO 13 green can permeate through most cell membranes. The dye is non fluorescent until it
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binds to nucleic acids. When combined with propidium iodide, simultaneous staining of live- and
dead-cell populations is possible. In membrane compromised and dead cells, the SYTO 13 green is
replaced by the red fluorescent dye, resulting in yellow-, orange- or red-fluorescence depending on

the extent to which the membrane is compromised.

To date the methodology reported with these fluorochromes has been developed to function
optimally at neutral pHs. The pH of the suspending medium utilised in this study was approximately
pH 1.6. This presented a particular problem since increasing the pH caused the archaeal cells to
rupture. A range of pHs (pH 1 to pH 6) were tested to determine at which pH optimal staining
without cell lysis could be attained, resulting in selection of pH 2. The relative concentrations of the
fluorochromes and staining times required for optimal dual staining without severe background

effects were provided by Noruis (2001).

3.5.81 Sample preparation and viewing

A 5 ml sample was removed from the reactor using a sytinge. The sample was settled for 30 min
before centrifuging at 500 g for 6 min to remove precipitates. The supernatant was centrifuged at
16 000 g for 5 min to separate the cells from the suspending medium. The cells were resuspended in
0.85 ml Norris medium adjusted to pH 2.0. A 5 pl aliquot of SYTO 13 green (5 mM) and a 10 pl
aliquot of propidium iodide (1 mg mlb?) were added to the sample and allowed to stain for 5 min.
The sample was viewed using a Nikon Eclipse E600 microscope fitted with a B-2A (EX 450-490,
DM 505, BA 520) filter set. Images were captured using a Nikon DXM1200F digital CCD camera.

3.59 OXYGEN UTILISATION RATE (OUR) MEASUREMENTS

Respirometry methods provide a well recognised approach to assess the microbial activity of micro-
organisms (Illing, 1996; Basson e 4/, 1997; Sampson and Blake, 1999; Harahuc ¢ 4/, 2000). Thas
technique can also be applied to autotrophic organisms present in bioleaching systems. The
processes of carbon dioxide catabolism and energy generation via the oxidation of ferrous and
sulphide ions result in the consumption of oxygen. Thus, by measuring the oxygen utilisation rate,
the activity of the micro-organisms can be elucidated. OUR measurements were taken using a Micro
Oxymax V6.03 Respirometer. The Micro Oxymax is an indirect “closed circuit” respirometer,
designed to detect extremely low levels of oxygen consumption. In a closed circuit system, the air in
the headspace above the sample is circulated through the sensors, measured and then returned back
to the headspace. The operation of the instrument is based on the principle that the consumption or

production of a gas may be calculated by multiplying the change in the gas concentration on two
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consecutive readings by the volume of the gas. The rate of gas consumption or production may be

obtained by dividing the result by the time interval between the readings according to Eqn. 3.4.

([02 ]1 - [02 ]2 ) *V

ro = e Eqﬂ 34
’ I,=4
where: 7, = OUR (pl minY)
Vv = volume of gas ()

[02 ]1 = oxXygen concentration at time #; (ul 1)
[02 ]2 = oxygen concentration at time #, (1 1)
t, = time 2 (min)

4 = time 1 (min)

3.5.9.1 Procedure

A 5 ml sample was removed from each reactor at intermittent intervals during growth, stationary and
death phases of the culture during the experimental runs and allowed to settle for 2 min. The sample
was added to a 100 ml Schott bottle (sample chamber) containing 20 ml of Nozris medium at pH 1.6
equilibrated to 68°C and 3 % w/v chalcopyrite concentrate (size fraction < 22 pm). The bottles were
connected with tubing to the respitometer channels using modified lids that provided a tight seal.
The bottles were placed in an incubator set to 68°C (Figure 3.5). The gas blends used for the
respirometer calibration are given in Appendix A.5. The OUR was measured at specified time

intervals over a 5h period. The analytical error was calculated to be 2.89 %.

Ko

Air at 1 atm

T \J/ T /]\ J, —— Orbital shaker

incubator

Schott bottle

A

T T S e e Clamp

Figure 3.5: Schematic representation of the setup used for OUR determinations.
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3.5.10 POWER MEASUREMENTS

Power measurements were made by fixing a one litre glass reactor to a frictionless torque table,
which was fitted with a torque arm. Rotation of the impeller in the vessel resulted in the torque arm
exerting a force on a load cell. Various solids loadings and impeller speeds were tested. The load cell

reading was converted to 2 global power input using the following equation:

p - 78LN27 ...Eqn35
60
where: m = the mass reading on the load cell (kg)
g = gravitational acceleration (9.81 m s%)
L = distance from the tip of the torque arm to the centre of the torque table (0.1 m)

N = impeller speed (rpm)

3.6 EXPERIMENTAL APPROACH

The one litre STR set up described in Section 3.1 was used to conduct all solids loading and impeller
speed experiments (Table 3.3). For all experiments each reactor contained 3 % chalcopyrite as the
source of nutrdents. The solids loading experiments were conducted in two sets. The first
experimental set consisted of 4 reactors with a chalcopyrite loading of 3 % by mass and quartzite
loadings of 0, 6, 9 and 12 % w/v operated at 1.97 m s while the second experimental set consisted
of 3 reactors with quartzite loadings of 0, 15 and 18 % operated at 1.97 m s1. The impeller tip speed
experiment was conducted in one experimental set comprsing 4 reactors. Two reactors were
operated at 1.67 m s (0 and 9 % quartzite) while the remaining two reactors were operated at 1.97 m
st (9 % quartzite) and 2.13 m st (9 % quartzite). While the experimental sets described in Table 3.3
formed the central focus of the study, repeat experiments (not shown) were performed which
provided confirmation of results reported. A sample of these data is presented in Section 4.3 to

illustrate the reproducibility of the experiments.
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Table 3.3: Quartzite loadings and impeller tip speeds employed for each experimental set. 3 % (w/v)

chalcopyrite was present in all reactors.

Experiment Quartzite solids loading Impeller tip speed
(%3 w/v) (m s)
Solids loading experiment 1 0,6,9,12 1.97 (650 rpmy
Solids loading experiment 2 0,15,18 1.97
Impeller speed experiment 0 1.67 (550 gpm)
9 1.67,1.97, 2.13 (700 rpm)

The reactors in each experimental set were run simultaneously to prevent variation in process
conditions. All sampling and analyses for each reactor were conducted in an identical manner to
minimise experimental and analytical error. The range of impeller tip speeds utilised were chosen
based on those used in previous studies conducted by Nemati and Harrison (2000) and Sissing
(2002). The authors used impeller tip speeds straddling those utilised by BHP Billtion in the stirred
tank reactors operated at the laboratories in Johannesburg (South Africa). The three impeller speeds
chosen are above the critical impeller speed required for suspension of up to 27 % (w/v) solids. The
solids loading and impeller speed experiments were conducted 24 months apart in different
laboratories and using differing analytical approaches, hence direct comparison across these
experimental sets is not made. For the impeller speed experiments, a 48 h inoculum build-up phase

was required because the cell concentration did not increase appreciably between 0 and 24 h.

It is recognised in the setup of an experimental study that extrapolation from a one litre reactor for
scale-up is inappropriate and specific scale-up studies would be required. Scale-up was not

considered the focus of this study; hence experiments were not expanded to include it.

The initial redox potential in the reactors was high (500-550 mV). This high redox potential resulted
because a sufficiently high cell concentration was required to resist the effects of hydrodynamic stress
induced at 24 h. Due to the high initial redox potential, passivation of the chalcopyrite mineral

occurred, resulting in nutrient limitation and experiments being complete in 10 days.
In the following two chapters the results of the solids loading, impeller tip speed and combined

experiments are presented and discussed. An analysis of the change in process petformance and the

bioresponse as a function of increasing hydrodynamic stress is reported.
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Chapter 4: Results and Discussion I

The effect of solids loading and impeller tip speed on
the bioleaching of chalcopyrite by a Sulfolobus sp.

4.1 INTRODUCTION

In the present study several process parameters were investigated in order to assess the effect of
increased hydrodynamic stress on the bioleaching of chalcopyrite by a Su/folsbus sp.. Solution pH,
redox potential, the rate and extent of growth, and iron and copper solubilisation were the
petformance criteria utilised. The effect of hydrodynamic stress was determined by (i) varying
quattzite loading at a constant impeller tip speed and (if) varying impeller tip speed at two solids
loadings. In addition to these expetiments, repeat experiments (selected randomly) were also
conducted for each experimental set. In this way the reproducibly of the results was ensured.
Chalcopyrite and quartzite particles in the size range 38 to 75 um comprised the solids fraction.
The temperature was maintained at 68°C and the pH at the start of each run was approximately

1.6 pH units.

To study the effect of solids loading, a constant chalcopyrite loading of 3 % was used in all
reactors and the solids concentration was vared by the addition of quartzite in increasing
quantities of 3 % by mass. Quartzite loadings of 6, 9, 12, 15 and 18 % were used and reactors

were operated at a constant impeller tip speed of 1.97 m s-1.

To study the effect of impeller tip speed, reactors were run at tip speeds of 1.67, 1.97, and
2.13 m s, corresponding to averaged hiquid shear rates of 91.7, 108 and 117 s respectively.

Liquid shear rates were calculated using the following equation:
y= 10N ...Egn 4.1

where: y = liquid shear rate (s!)

N = rotational speed of the impeller (rpm)
The solids loadings utilised were 0 and 9 % w/v quartzite in the presence of 3 % chalcopyrite.

For each sub-set of experiments (2 for solids loading, 2 for impeller speed and 3 for the combined

study), a reactor containing no quartzite and 3 % chalcopyrite was run concurrently. The impeller
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tip speed in the reactor was 1.97 m s for the solids loading experiments and 1.67 m s for the
impeller speed and combined experiments. This reactor was designated as the baseline control

reactor operated under conditions of negligible hydrodynamic stress.

4.2  CULTURE VARIABILITY

Microbial cultures maintained over long periods are known to show changes in activity. A 3 %
chalcopytite run was repeated after a two-month period in order to determine if the activity of the
culture was variable. The results from a set of repeat runs are presented in Figure 4.1. Both
redox potential and copper solubilisation data showed good reproducibility. The highest standard
deviation for redox potential was determined to be 6.36 mV and variation in the percentage
copper solubilised was 2.14 %. These results indicate that there was limited variability in the

culture after a two month period.
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Figure 4.1: Chalcopyrite bioleaching at a 3 % w/v chalcopyrite (38-75 um) loading and an

impeller tip speed of 1.67 m s'. Experiments 1 and 2 were conducted two months apart.
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4.3 REPRODUCIBILITY OF EXPERIMENTS

In an effort to determine whether the experimental data was reproducible within sets of
experiments, tests wete duplicated for selected expetiments. The results of one such repeat
experiment for a 6 % quartzite run are presented in Figure 4.2. The highest standard deviations
for redox potential and percentage copper solubilised were 3.54 mV and 1.08 % yielding a
coefficient of variance of 0.56 and 4.58 % respectively. These results show that the data were

reproducible within experimental sets.
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Figure 4.2: Reproducibility data for chalcopyrite bioleaching at a solids loading of 6 % w/v
quartzite (38-75 pim) and 3 % w/v chalcopyrite (38-75 pim) and an impeller tip speed of
1.67 m sl
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44  ABIOTIC CONTROL

In order to ensure that the leaching of chalcopyrite was primarily as a result of biclogical activity,
control leaching experiments were conducted in the absence of micro-organisms. The
expetiments were carried out in a similar manner to the bioleaching experiments except that
micro-organisms were excluded. The mineral samples were itradiated to ensure no contamination
of the solution with micro-organisms from the mineral. The mineral sample, 550 ml Notris 0K
medum (pH 1.6) and 150 ml of a one day old ‘inoculum’, from which the micro-organisms had
been removed by centrifugation at 16 000 g for 20 min, were added to the one litre STR. The
150 ml aqueous solution excluding micro-organisms served as the ferric iron oxidant.
Compressed air supplemented with 1 % carbon dioxide was supplied at 2 vvm through an
L-shaped sparger. The experiments were conducted at 68°C over a 74 h period. The pH, redox

potential, cell concentration and ferric and ferrous iron concentrations were monttored.

The data obtained for duplicate chemical leach experiments were averaged and are presented in
Figures 4.3 and 44. The solution pH increased from pH 1.57 to 1.68 from 0 to 6 h
concomitantly with the inital ferric iron leaching, Thereafter it increased gradually to pH 1.82.
Stott e al (2000) found a similar result for the abiotic control reactor where the iron
concentration did not increase above 0.18 g I'! and the pH increased from pH 2 to 24. In the
present study, no cells were observed during the course of the experiment (74 h) in the three
replicates per sample viewed using phase contrast microscopy. The detection limit for the
microscope counting method is approximately 7.8 x 104 cells ml'. The ferrous and ferric iron
concentrations in solution increased to 0.43 and 0.24 g ! respectively. There was an initial sharp
decrease in redox potential from 500 to 390 mV due to ferrous iron leaching from the mineral by

the ferric iron introduced with the sterile ‘inoculum’

The biological oxidation of chalcopyrite under identical conditions of temperature, aeration and
solids loading used in the chemical leach experiments yielded 2.91 g Fe I in solution while
chemical leaching yielded 0.67 g Fe I'. Chemical leaching of the chalcopyrite, via oxidation of the
mineral by fertic iron introduced into the reactor, liberated ferrous iron. The fertic iron
concentration in solution decreased while the fetrous iron concentration increased. In order for
chemical leaching to be sustainable, regeneration of the leaching agent (ferric iron) is required. In
chemical leaching, regeneration of the ferric iron occurs via the oxidation of ferrous iron by
oxygen introduced into the system through sparging. This oxidation rate is slower than the
biological oxidation of the ferrous iron and thus ferric iron regeneration in the chemical system
was slower than in the biological system, leading to reduced mineral solubilisation. The extent of

leaching after approximately 74 h was determined to be 25.8 and 7.9 % w/w for the biotic and
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abiotic systems respectively. However, in the chemical oxidation expetriment, the redox potential
in solution remained below 400 mV from 4 h to 74 h which is not representative of the
bioleaching system where the redox potential remained above 550 mV throughout the course of
the experiment. An investigation of chemical oxidation of ferrous iron at high redox potentials
and temperature was thus sought. Searby (2005) studied the chemical and biological oxidation of
ferrous iron in an STR at 70°C and aeration rate of 400 ml min at controlled redox potentials.
The rate of chemical oxidation of ferrous iron at 70°C and a redox potential of 606 mV was
found to be 1200 fold lower than the bioclogical oxidation rate at the same temperature and redox
potential. These data confirm that the contribution of chemical oxidation to the overall oxidation
of ferrous iron to fetric iron, for the process conditions utilised in the present study, is negligible

compared to the biological oxidation rate.
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Figure 4.3: Time profiles of pH and redox potential for a 3 % w/v chalcopyrite solids loading in
the absence of micro-organisms. Experiments were run at a pH of 1.6, temperature of 68°C,

aeration rate of 2 vvm and an impeller tip speed of 1.97 m s,
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Figure 4.4: Time profiles of ferric and ferrous iron concentrations for a 3 % w/v chalcopyrite
solids loading in the absence of micro-organisms. Experiments were run at a pH of 1.6,

temperature of 68°C, aeration rate of 2 vvm and an impeller tip speed of 1.97 m s

4.5 THE BASELINE EXPERIMENT

The baseline reactor, operating under conditions of negligible hydrodynamic stress, provided a
data set to which results from each experimental reactor could be compared. For each set of
solids loading, impeller tip speed and combined experiments, a baseline was attained using 2
reactor in which the solids fraction consisted of 3 % chalcopyrite concentrate and no quartzite.
The impeller tip speed was maintained at either 1.67 m s ! or 1.97 m s-!. Figure 4.5 illustrates a
set of results obtained during one such baseline experiment. Variations in the pH, redox
potential, cell concentration and iron and copper concentrations in the system under optimal

conditions are shown as 2 function of time and discussed in Sections 4.5.1 to 4.5.5.
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Figure 4.5: Chalcopyrite leaching in the baseline reactor characterised by a solids loading of 3 %
chalcopyrite and an impeller tip speed of 1.97 m s. Changes in pH, redox potential, cell
concentration and iron and coppet solubilisation are shown. Dashed line indicates the time at

which the impeller tip speed was increased from 0.76 to 1.67 m s™.
4.5.1 REDOX POTENTIAL

In sulphide mineral leaching systems, the primary redox couple is the Fe?* /Fe2* couple. Changes
in this ratio have a significant influence on the solution redox potential. Therefore the solution
potential can be monitored to indicate the telative rates of the various chemical reactions in the
bioleaching mechanism. The change in redox potential with time in Figure 4.5 comprised three
phases: (i) a sharp increase in redox potential from 520 to 610 mV over the first 24 h, (i) 2 slower
increase to 650 mV at 120h, and (iii) stabilisation around 650 mV after 120 h.

In phase one, all available ferrous iron in solution, resulting from the initial 24 h acid pH
stabilisation (Section 3.4.1) and from leaching of the mineral by the ferric iron introduced with the
inoculum, was oxidised to ferric iron by the microbial population according to Eqn. 4.2 (Jordan &
al., 1993):

2 FeSOq + 0.5 Oz + Hz80, — Fea(SO4)s + Hz0 ... Eqn 4.2

The rapid increase in the ferric ion concentration caused the redox potential to rise sharply.

Accumulation of ferric ion occurred because the chemical leach step in the two stage leaching

process was inhibited i.e. ferric ions were unable to leach the mineral and release additional
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forrous dons ot soluton while undergoing concomutant reducnon w forrous on (Tgo 4.3)
Jordan e gf, 1993
CuFelz + 2 FeafS0h)s — CuS0) + 5 Fel0) +2 50 ... Byn43

This inhibiton, termed “passtration”, has been observed by several researchers (Rivers-Sannilin
ef @b, 1999, Georke of af 2000]; Stott e of, 20000 and 15 cited as Lhe prmary cause af Lhe
tecaleicrance of chaleopynte to chemical and biological feaching. Passwvation of the chalcopynie
leach process is thought B be caused by the coaling of lhe mineral with one or more leach
reaction produces. lnvestigators have speculared that the surface of the mmneral could be coated
with elemental sulphur, jarosite or a copper-tich polysalfide. It is likely thar passivation is caused
by the combined effects of these products, The presence of these inhibitosy componnds creates a
diffusiongl bammer an the swrface of the nneral and as a comsequence restrices the rate of ferric
leaching with concomirant release of lerrows oo and elemental sulphur inta soluton. Where
these rates are lower than the mucrobisl oxidation rates of forrons won and clemental sulphor,
their concentranons in solutton decrease. [n the present study, jarosioe precipitation was visible in
all reactors thronghoot the mn bot significant amounts appeared after approximately 30 b (Pl
4.6%. These observations are similar to those of Stott & @l (2003) who found jarcsic precipitanon
after approzimately 30 h, Io the present study the ino¢ulum was setlled for 3 min prior
maogulatjon in an effort to reduce the amount of jarosite added to the system, Lo so, a
significant amaount of jarosite was mrodured into the reactor and may have provided nucleanon
sites for further precipitation, specdiog up the passivation process,  This could eaplain why
passivation ocenrred eadier in this study. In essence, the microbial cells were substrate- (ferrous
ony lmited quiic carly in the expement (approsimately 48 b after the nocolum build-up phase).
This limitation affcceed the growth rane of the cells and decrcased the oate at which feteous won
was oxidised o ferre won. Eventually borh electron donors (femrous izon and sulphide} requiced

for microbdal prowth were liminng.

Figure 4.6: Chalcopynie bioleaching 51T showang extenstve jaosite present in the reactor affer
30h STE operated ata 3 % nuncral loading and an tmpclicr tip speed of 1.97 m 5.
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In phase two of the redox potendal curve, the chemical leaching process ar the mineral surface
occurred at a lower rate due to muneral passivation. This led o a decline in the rate of fernc iron
generatton by the micro-organisms and thus the redox potential increased at a slower rate
compared to phase one. I phase three the rate at which the ferric iron leached the mineral (Eqn.
4.3) was equal to the rate at which the micro-orpanisms repenerated the ferric iron (Eqn. 4.2, thus
malntaining a constant redox potental  Stott of &l (2003) reported compazable data vsing
Suifobaciles thermarulfideoxidans where the ferrous iron concentration in soluton remained low
theoughout the experiment and the redox potential increased from 435 mV (Ag/ ApCl) to 570 mV
(Ag/ApCly in approximarely 33 h.  Thereafer, the redox potential increased gradually to
approximarely 600 mV (Ag/ApCh and smbilised around this value for the remminder of the

crpotment,

Gercke & 2. (2001) found that when leaching chalcopyrite with an extreme thermophile, the
redox potential increased by 35 mVY from 313 to 348 mV after 24 hh and rhen remained at the
same value for a further 24 b after which the potential increased ata slower rate to 450 mV after
T days. During the 7 to 10 day period this rate inecreased apin and finally stabilised e
approximately 620 mV. At this ime almost complete oxidation of the mineral was realised. The
initial redox potential data of Gericke ef @ (2001) follow a similar trend to the data prescated in
Figure 4.3, but the overall increase in redox potential was slower than observed in this study.
There arc two possible reasons for this obsctvatdon. Fitstly, in the present study, the initial redox
potential of approximately 514 mV (Ap/AgCl) was high, ic. the initial ferric jon concentration
was gh, Investigarors have shown that high initial redox potennmals fhigh ferric iron
concentration) hampetr chalcopynite leaching possibly owing to passivaton of the mineral
(Howard and Crundwell 19993 Thitd & &, (2000) found that even a redox potential of
approximately 450 mV awas too high to sustain a consistently high chalcopyrite leach rate.
Reduced chalcopyrite leach rates at hiph redox potentials 5 explancd more cleatly by the profiles
presented in Figure 4.7 which illustrare the ferre iron demand of chaleopytite and pyrite as a
function of the ferric to ferrous iron ratio and hence the redox potential. Region (2) cutlines the
redox potental window (approdmatcly 450 to 560 mV) whetein the forre iron demand of
chalcopyrite is greatest. Much debate surrounds the exacr location of region (1), The data
presented in Figure 4.7 is that of Hiroyoshi &7 el (2004}, In the present study the redox potennal
from 48 h to the end of the experiment lay within the window cuthned by region (b) where, at the
increased tedox potential the fertic iron demand of chaleopytite was diminished and thus the rate

of mineral dissoludon was reduced.
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Figure 4.7: The rate of oxidation of chalcopyrite and pyrite at 70°C s a function of redox
potential (Ag/ApCl) (adapted from Hiroyashi ¢f af, 2004), Region {a) optimal redox potential
window for chalcopytite leaching, region (b} sub-optimal redox potential window for chalcapyrire
leaching. Tlashed secondary “x axis’ shows the corresponding redox potential at each

ferric/ ferrous ron ratio presented in the primary x axls,

In non-recalcitrant bicleaching systems, such as the pyrite system studied by Sissing and Harrison
(2003), no reports of ruineral passivation have been published and complete dissolution of the
concentrate ocours readify.  In the stady by Sissing and Hardson (2003}, the redox putenﬁal
decteased from 548 o 505 mV over the first 24 b duc to the rapid mate of ferrie leaching of the
mincral cxceeding the microlial ferrous oxidaton rate and resuldng in the accumuladon of
ferronus iron. Thereafter the redox potendal increased gradually hefore stabilising around 630 mV
afiee approximatcly 5 days (Figure 4.8). Although Sissing and Haeson (2003) worked in & very
high redox potential tegime, these redox potentials were ideal for pyrite oxidation as is illustated
in Figure 4.7 where the rate of pyrite oxidation increases cxponentially at redox potentials abore

50 mV. A second reason for the improved leaching observed by Gerdcke of al {2001) is
postulated to be the very fine size fracton of concentrate (dan 10 im) used. Ultra-line grinding

has been shown o mprove chalcopyrite bioleaching (Lawrenee and Poulin, 1996 cited by Guancke

gt at, 2001}
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Figure 4.8: Redox porem.i.al as 1 function of tme for the dissolution of pytite by Sajfed b
metaificus (adapred from Sissing and Harrison, 2003).

4.5.2 pH

Several processes povern the varfation in solutien pH in the chalcopyrite bivleaching system. The
reactions expected to occur in the thermophilic bideaching of the Andina chalcopynre
concentrate, which contains a pyrite fraction, are summarised as Eqns. 4.4 to 4.8, These are either
acid-consuming or acid-producing reactions and occur simultaneously, at varying rates depending

on conditions prevailing in the reactor,

Ferrous iron oxidation by micro-organisms: Ferrous iron leached from the mineral during 1he
chemical leach stefs was re-oxidised to fernic fon, regenerating the ferric leaching agent through an

acid consuming reaction {Jozdan ¢ 2/, 1993):

2 FeS0y + 0.5 Oz + 1804 — Fea(SOua + HaQ  aved eonsaming ..Eqnd.4
Precipitation of farosite: Significant jarosite precipitation commenced berween 25 and 30 h into
the leach process. In addition, precipitation increased with a rise in solution pH. Ferric jons

precipitated with monovalent cations (especially 1K) present in solution, with the concomitant

generation of acd as illusteated in Bgn. 4.5 (Gomez o o/, 1996
A Fe't + Xt + 2 HaS0y + 6 HaOr = XFPes(SO4)00H) + 10 HY aad generaring .-Eqn 4.5

X= K+, Nat, NH,*, H*
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Elemental sulphur axidation by micto-organisms: The sulphide oxidized 1o elemental sulphur
in the chemical leach step was further oxidised by the micro-organisms to sulphate with

concomutgnt ackd generation according to Eqn. 4.6 {Stott e af, 2000);

250+ 2150 + 3 Oy — 250045 + 4 11* aad pererating ..Bgn. 4.6

Pyrite disselution The Anding chalcopyrite concentrate used it this study contatned
approximately 9 % w/w pydte. The pyrite dissolution is acid generating as ustrated by Eqn. 4.7
(Btott e al, 2003

4 TeSy + 13 0s + 2 Ha( = 4 Te¥ + 8 30y + 4 H* awrd mrerating ...Egn. 4.7

Acid-induced chalcopyrite dissolurion: The acid-induced partial dissclution of chalcopytite can
be represented by Eqn. 4.8 (Stott o 2/, 2003):

CuolleS: + 4 H*— Cu** + e + 2 HiS anid commwaning . Hon 48

During the baseline experiments the pH decreased steadily from pH 1.68 to 1.4% over the fust
70 h after which the rate of H* producton decreased causing a more gradual decline in the pH.
The plT stabilised around pH 1.4 at approximately 200 h. In some basehine experitnents an mitial
tncrease in pIl was observed for the first 24 h whereafiet it decreased over the ensuing 100 h.
This initial nise in pH was consistent with the oxidation of ferrous ions present in solution at the
stact of the run. When ferrous iron avalability decreased due to mineral passivation, the oxidauon
of elemental sulphur was the predominang reacton and the soluton pH decreased Le the
decrease i pll is indicative of a change in the metabolic activity of the bactetia from a dominant
dependence on ferrous oxidation, an acd consuming reaction to sulphur oxidadon, an acid
generating reaction (Stote & @/, 2000 The dechine in the rate at which the solution pH decreased
and the smbilisation of the pH around 14 correlates wath an merease in the culbure death eate.
The profile of cell concentration, shown in Figure 4.5, indicates that at the onset of the stationary
phase, the rate of pH decrease declined. When the cells entercd the death phase, the pH
remained around pII 1.4, Stott ef &l (2003) observed a sinnlar plI profile, an initial sharp decrease
tn pH with stabilisation around pH 1.4 during leaching of chalcopyrite using <ladianss brierkyi,
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4.5.3 CELL CONCENTRATION

In batch culture, the miceobial prowth curve consists of lag, exponential growth, stationary and
death phases. The growth curve for the thetmophilic acidophiles used in this srudy showed a
growth phase, a stationary phase and a death phase {Figure 4.5). The 24h inoculum build-up
period cxhubited wapid grewth, As a result of substrate limitation duc to passivation of the
minetal and because large inomla were used in the experments, the growth phase of the culture
on commencing the cxperiment al 24 b was not cxponental bur rather in the late growth phase.
Hence a limited number of gencrations resulted before the chalcopyrite miperal became
passivated. Heowever, as discossed in Section 3.6, a sufficienty high inoculum size was required
in all experiments to resist the effects of hydrodynamic stress induced at 24 h, From 24 to 71 L,
the cell concentration increased from 4.52 x 10° 1o 5.76 x 10° cells ml! afier which the cultute
reached the stationary phase. The culture remained in the stationary phase dll 121 h and the cell
concentration started to decline appreciably after 192 h. As menuoned earlier, the chemical lesch
step 15 the rate-limitng step in the biological leaching of chalcopyeite under the conditions utilised
in this study. )£ chemical leaching is inhibited, the concentration of ferrous 1on and elemental
sulphur available for biolegical oxidation 15 affected and the growth rate will decrease more
rapidly owing to lmitation of nutrient and enerpy sources. In practice, under the conditions
studied, leaching reactons continued at @ reduced rate following ininal passivanon (Figure 4.3),
Ience the percentage of total iron and copper in solution continued to increase, but at 4 slower
rate. This continued leaching indicates that the micro-organisms, though substrate-limited, were
still metabolically actve, Another factor that could hamper microhial growth, o a more limited
extent, was the precipitation of jazosite removing nutrients form sclution. According to Eqn. 4.5,
ammonitm and potassiom jons may co-precipitate with jarosice,

4.5.4 IRON SOLUBILISATION

1)

Tron solubilisation followed in three distnct phases (Figure 4.5). Over the Hrst 24 h there was a
rapid increase in amount of iron solubilised with an iron solubilisation rate of 0.055 g 1'h!. At
24 h when the impeller tip speed was increased 10 1.97 m &' ro amain complers solids suspension,
the iron solubilisation rate declined ro 0.017 g 1th ! during the 24 1o 118 h period. After 118 h the
vate declined further to 00079 g Hh', Deom 191 to 216 h no forther deon solubilisation was

abiscrved,
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4.5.5 COPPER SOLUBILISATION

Coppet solubilisation followed the same trend as iron dissolution up to 191 h (Figure 4.5). There
was a rapid increase in solubilised copper over the first 48 h with a solubilisation rate of
0.035 g I'h!. Thereafter the rate of solubilisation decreased to 0.013 g I''hr! during the 48 to
118 h period. A further decrease in the copper solubilisation rate to 0.0099 g I'th'! was observed
from 118 to 191 h. Sadowski ez 4/ (2003) found a similar trend when leaching a copper sulphide
flotation concentrate with Addithiobacillus ferrooxidans. Two similar phases of biooxidation were
observed. Stott ez a/. (2000) also found that copper release was initially rapid (over the first 50 h)
but slowed over time. This reduction in the copper solubilisation rate coincided with significant

precipitation of jarosite on the mineral surface.

Care must be used in comparing results obtained in this study with those of other researchers due
to the diverse microbial species, mineral types, solids loadings, patticle sizes, reactor types and
reaction conditions used. These variations in process conditions are expected to lead to variation
in the leach results. Despite the differences in process conditions, normalisation of the copper
data presented in Table 4.1 to the mass of copper leached per volume corrected to 10 days,
showed very similar extents of copper solubilisation for all studies detailed, except those of
Gericke et al. (2001) and Konishi ¢ 2/ (1999). The higher extents reported by Gericke e 2/, (2001)
and Konishi ¢f 2/ (1999) may be attributed to the use of ultra-fine chalcopyrite particles and a low
solids loading respectively. Literature reports (Gericke ef 2/, 2001; Stott e 2/ 2000, Konishi ef a/,
1999) indicate that improved chalcopyrite bioleaching rates and extents may be achieved by fine
grinding mineral concentrates (e.g. do 10 um), decreasing solids loadings, controlling redox
potential or using different microbial cultures.

In this section it has been established that chalcopyrite leaching does not follow the conventional
sulphide mineral leaching process. It is a complex system controlled by several intetr-linked
processes. An understanding of these processes occurring under conditions of negligible
hydrodynamic stress provides a basis for comparison to conditions of increased hydrodynamic
stress mediated either by the addition of quartzite to the reactors or by increasing the tip speed of
the impeller. In the sections that follow, the effects of increasing solids loading and impeller tip
speed on the processes discussed in this section are determined. It is hypothesised that the
hydrodynamic environment caused by the solid phase results in stress ot stresses on the microbial
cells and, as a result, impact chalcopyrite leaching via inhibition of two biological oxidation
reactions, namely the oxidation of ferrous iron to ferric iron, and the oxidation of sulphur to

sulphate.
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Table 4.1: Percentage total iron and copper leached from chalcopyrite using thermophilic Archaea for the present study and studies from literature.

Size Solids Initial redox Time  Agitation rate Total Fe Total Cu Mass of.C v lf ached
Reference Concentrate Organism  fraction  loading potential of run {rpm)}, released released c 5;2;?; ::;) 1‘:;36’
ays
(pm) Y, w/v) (mV; Ag/AgCl) (days) Reactor type (%o, w/w) (%o, wiw) (g Cu 1 day") ¥
Present study Chalcopyrite Sulfolobns -like  38-75 3 514 10 550; STR 40.03 40.8 1.22
Rivera-Santillin  Predominantdy  Sufblbbus sp. Not 5 285 10 150; shake =8 =25 1.25
et al., 1999 chalcopyrite available flask
Plumb e al., Chalcopyrite Sulfolobus deo 85 2 n/g 10 Adirlift n/g =58 1.16
2002 metallicus
Gericke et al, Chalcopyrite Extreme deo 10 7.5 320 11 220, STR 98.4 95.9 6.5
2001 thermophile
Le Roux and Chalcopyrite Sulfolobus sp. <90 5 n/g 29 500; STR n/g =83 1.43
Wakerley, 1988
Konishi ef a/, Chalcopyrite A briesleyi 38-53 0.5 a/g 9 500; STR 70 =95 21
1999
Stott e# 2/, 2003 Chalcopyrite A. brierleyi deo 66 32 415 =24 160; shake n/g 72 0.96
flask

n/g = not given
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46 THE EFFECT OF SOLIDS LOADING ON THE
BIOLEACHING OF CHALCOPYRITE BY A
SULFOLOBUS sp.

The effect of solids loading was investigated at quartzite loadings in the range 0 to 18 % w/v.
Reactors were operated over a 9 day period at an impeller tip speed of 1.97 m s and maintained
at approximately 68°C. Solution pH, redox potential, and cell, iron and copper concentrations

were measured on a daily basis.

Quartzite was chosen to replace chalcopyrite because a number of investigators have shown that
studying the effects of increased solids loading in bioleaching systems by increasing the mineral
concentration caused changes in the physicochemical process conditions, typified by an increase
in oxygen demand and increased iron and copper concentrations in solution (Bailey and
Hansford, 1994; Nemati and Harrison, 2000). Experiments were standardised to contain 3 %
chalcopyrite concentrate while the balance of the solids comprised inert quartzite particles of the
same size fraction. By using this experimental protocol, the combined effects of increasing
chalcopyrite mineral concentration on the physicochemical environment with increasing solids

loading were reduced.

Eatlier investigations by Nemati and Harrison (2000), where the authors studied the effect of
solids loading on Sulfolobus metallicus vsing a pyrite concentrate, concluded that a 3 % pyrite
loading caused negligible mechanical damage to the culture and provided sufficient nutrients for
the duration of the experiment. However, in the present study, using chalcopyrite, initial
experiments showed that when using 3 % chalcopyrite concentration, nutrient limitation occurred
approximately 48 h after the inoculum build-up phase. This limitation was not due to complete
dissolution of the mineral, but due to mineral passivation. Thus increasing the chalcopyrite
concentration above 3 % would not have improved the nutrient supply and hence a 3 %

concentrate loading was maintained.
4.6.1 SAMPLE DATA

In the analysis of the effect of solids loading and impeller tip speed on thermophilic bioleaching
petformance, direct comparison between results across experimental sets was not possible. Thus
the experimental data was normalised against a baseline experiment conducted concurrently.
Through this, simplified data was readily integrated and inter-batch variation in operating
procedures overcome. In this section, a set of results (Figures 4.9-4.11) representing typical

baseline (0 % quartzite) and experimental (12 % quartzite) results is presented to enable
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compatison between the typical time profiles (prior to normalisation) obtained when quartzite
particles were added to a growing Suffolobus culture. In each experiment, a 23 h inoculum build-up
phase (0 to 23 h) was conducted in the reactor before the quartzite fraction was added. On
addition of quartzite, the impeller tip speed was increased in both reactors from 0.76 m s! to 1.97
m s1 to ensure complete suspension of the solids. Figure 4.9 provides a comparison of solution
pH and redox potential between the baseline and the experimental reactor at a 12 % quartzite
loading. In Figure 4.10 the cell concentration results are compared while Figure 4.11 presents a

comparison between the extent of iron and copper solubilisation in the two reactors.
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Figure 4.9: Effect of solids loading on redox potential and pH at 0 and 12 % w/v quartzite and
an impeller tip speed of 1.97m s-. Dashed line indicates the time at which the impeller tip speed

was increased from 0.76 to 1.97 m s-L
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Figure 4.10: Effect of solids loading on cell concentration at 0 and 12 % w/v quartzite and an
impeller tip speed of 1.97 m s. Dashed line indicates the time at which the impeller tip speed was
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Figure 4.11: Effect of solids loading on the percentage of iron and copper solubilised at 0 and
12 % w/v quartzite and an impeller tip speed of 1.97 m s, Dashed line indicates the time at

which the impeller tip speed was increased from 0.76 to 1.97 m s

As the primary redox couple in the chalcopyrite leaching system is the Fe3*/Fe?* couple, an
increase in the redox potential is indicative of an increasing ferric iron concentration with an
associated diminishing or unchanging ferrous iron concentration. In Figure 4.9 the reactor
containing 0 % quartzite showed an increase in redox potential from 606 to 650 mV from 23 to
118 h after which the ferrous iron oxidation rate decreased possibly due to continued mineral
passivation. The increasing solution redox potential is representative of the microbial oxidation
of ferrous ion to ferric iron. Almost no ferrous iron remained in solution (< 0.12 g 1), indicating
that the microbial oxidation may be limited by availability of ferrous iron as substrate. At this

point the chemical leach reaction is the rate-limiting step in the process.

In the reactor containing 12 % quartzite, the redox potential decreased from 605 to 567 mV over
the first 25 h following quartzite addition, after which a similar trend to the baseline reactor was
observed. The initial decrease in redox potential could be due to two processes. Firstly, the
introduction of solids into the expetimental reactor may have caused the micro-organisms present
to become stressed, hence the cells may have oxidised ferrous iron in solution at a reduced rate.
This in turn decreased the amount of ferric iron in solution, causing a decrease in the chemical
leach rate of the mineral In this case the microbial ferrous oxidation reaction was the rate
limiting step in the process. Secondly, a reduction in the solution ferric iron concentration may
have occurred due to the precipitation of ferric iron as jarosite. The stressed micro-organisms
were unable to regenerate the ferric iron in solution and this contributed toward an overall

decrease in the solution redox potential. After 71 h, the ferrous oxidation rate increased to almost
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the same rate as the control. The redox potential stabilised around 630 mV and did not reach the

redox potential of the baseline during the time period of the experiment.

Over the first 24 h after quartzite addition, the same extent of decrease in pH was seen in both
reactors (Figure 4.9). From 48 to 118 h the solution pH in the reactor containing 12 % quartzite
decreased at a slower rate than the baseline reactor and plateaued to around pH 1.6 at 192 h.

During this time the pH of the baseline reactor continued to decrease to pH 1.4 at 192 h.

Growth parameters are presented in Table 4.2. The culture growth rate was adversely affected by
the addition of inert solids at 23 h (Figure 4.10). In the reactor to which 12 % quartzite was
added, the cell concentration remained lower than the baseline reactor throughout the course of
the experiment. The apparent specific growth rate (calculated using method outlined in Appendix
B.2) and maximum cell concentration were higher in the baseline reactor, indicating the negative
influence of the addition of 12 % quartzite. In contrast the length of the growth phase was longer

in the reactor containing 12 % quartzite.

Table 4.2: Growth parameters for 0 and 12 % quartzite loadings operated at an impeller tip speed

of 1.97 mst,
Quartzite loading Papp Kinax Time at Xmax  Length of growth
(%o, w/¥) (h) 23-71h) (%108 cells mlY () phase (h)
0 0.005 5.90 94 48
12 0.002 4.96 168 144

The rate of iron oxidation is not directly growth linked but linked indirectly through the chemical
leach rate of the mineral. Over the first 118 h of the run, the iron oxidation rate in both reactors
was similar (Figure 4.11). After 118 h, the rate of iron release in both reactors decreased. This
decrease occurred to a greater extent in the reactor containing 12 % quartzite. At this stage the
rate of the chemical leach step was significantly reduced due to passivation of the mineral and this
led to a decline in the amount of iron solubilised. The specific iron oxidation rates for the two
phases of leaching at both solids loadings are presented in Table 4.3. The specific iron leach rate
in phase one was higher than in phase two. Thus the specific iron oxidation rate was not only a

function of solids concentration but also a function of time.
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Table 4.3: Specific iron oxidation rates for 0 and 12 % quartzite operated at an impeller tip speed

of 1.97 m sl
Quartzite loading  Specific iron oxidation rate  Specific iron oxidation rate
(%, w/v) (x10-1 g Fe cellt hY) (x10-! g Fe cell' bl
(23-118 by (118-192 )
0 312 1.40
12 2.88 0.46

Over the first 25 h after the addition of solids, there was a sharp increase in the copper
concentration in solution for both the 0 and 12 % quartzite loadings (Figure 4.11). This rise in
concentration was greater for the baseline reactor than for the quartzite reactor; however, the
copper solubilisation curves follow each other more closely than their respective iron release
curves. Following the initial sharp increase in copper concentration, there were two phases of
copper release. The specific copper oxidation rates for the two phases of leaching are presented
in Table 4.4. As observed with iron dissolution, the rate of copper solubilisation was higher in the
first phase of leaching than in the second and thus copper solubilisation was a function of solids
loading and time. However, in phase 1 (48-118 h) the specific rate was higher at the 12 %
quartzite loading than at the 0 % quartzite loading. This effect is discussed further in Sections
4.6.2 and 4.6.3.

Table 4.4: Specific copper solubilisation rates for 0 and 12 % quartzite operated at an impeller tip

speed of 1.97 m s,

Quartzite loading  Specific copper solubilisation rate  Specific copper solubilisation rate

(Y%, w/v) (x10" g Cu cell! b)) (x10-% g Cu cell' b))
(48-118 h) (118-192 h)
0 2.27 1.51
12 2.85 0.29

From Figures 4.9-4.11 it is clear that the overall effect of adding 12 % quartzite to the
experimental reactor is a decrease in the extent of leaching effected primarily by a decrease in cell
concentration. This decrease in cell concentration may be due to a decrease in the culture growth
rate or an increase in the culture death rate or both. Further, the decrease in redox potential, prior
to acclimatisation to increased solids loading, resulted from a reduced rate of ferrous iron

oxidation by the microbial phase.
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4.6.2 THE EFFECT OF INCREASING QUARTZITE LOADING ACROSS THE
RANGE 0 TO 18 % w/v AT AN IMPELLER TIP SPEED OF 1.97 m s

Two sets of experimental runs were carried out to determine the effect of increasing solids
loading at an impeller tip speed of 1.97 m s (agitation rate of 650 rpm and shear rate of 108 s1).
The total solids loadings used were 3, 9, 12, 15, 18 and 21 % w/v containing 3 % w/v
chalcopyrite and 0, 6, 9, 12, 15 and 18 % quartzite respectively. The quattzite and the
chalcopyrite concentrate were of the 38-75 um size fraction (Section 3.2). Table 4.5 summarises

the experimental conditions utilised.

Table 4.5: Test regime for solids loading experiments.

Reactor conditions All Reactors

Impeller speed (m s'):

0-23 h 0.76

23h-192h 1.97
Working volume (ml) 700
Temperature (°C) 68
Initial pH =~1.6
Inoculum size (%o, v/v) 21

The time profiles for these experiments are presented in Figures 4.12, 4.14, 4.16, 4.19 and 4.22.
The two sets of experiments were conducted at different times. In order to facilitate comparison
between the two expetimental sets, the data obtained from these runs were normalised. Each
experimental run consisted of a baseline reactor (0 % quartzite) containing only 3 % chalcopyrite
and two or three experimental quattzite-supplemented reactors. Operating conditions were held
consistent between reactors, hence the difference in process performance between the baseline
and experimental reactors was attributed only to the presence of the inert quartzite.
Normalisation of the data was achieved in two ways. Firstly, all 24 h readings were set to 1
(reference point). Secondly, the data was normalised by dividing the result obtained for the
experimental reactor at each time point by the corresponding result for the baseline reactor.
Using an example to illustrate, the normalised pH value for the baseline reactor at 48 h was

calculated using Eqn. 4.9:

HBase
Normalised pH baseline = Pro0 % ...Eqn 4.9

pHBase,g,

Similarly, the normalised pH values for experimental reactors at 48 h were calculated using
Eqn. 4.10:
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HEX,
Normalised pH experimenta = P TPusn ...Eqn 4.10
pHBase g,
where: pHBasessn = the pH value for the baseline reactor at 48 h
pHExpash = the pH value for the experimental reactor at 48 h

Normalised pH, redox potential, cell concentration, iron and copper data are presented in Figures
4.13, 4.15, 4.17, 4.20 and 4.23. The significance of the data has been shown using a t-Test: paired
two sample for means (Appendix E).

The calculations for growth and metal solubilisation rates are detailed in Appendix B.1. The
calculations were performed over the same time period for each solids loading. These results

were subsequently normalised against the baseline data (Figures 4.18, 4.21 and 4.24).

In Section 2.2.1.4, it was reported that van Weert ¢f 2/ (1995) and Derksen e# 4/. (2000) determined
that the presence of patticles impaired oxygen mass transfer in quartzite shurries. In order to
determine whether the presence of quartzite in the experimental reactors caused oxygen
limitation, dissolved oxygen concentrations were measured at the various solids loadings and
impeller tip speeds tested. Using an aeration rate of 2 vvm, the dissolved oxygen concentration
was maintained in the range 2.1 to 2.3 mg 1! for all experiments. This result is greater than the
ctitical dissolved oxygen concentration and within the acceptable limits of 1.5 and 4.1 mg I
published by Dew ¢z 4/ (1999).

4.6.2.1 The effect of solids loading on slurry pH

The solution pH in all reactors, except the reactor containing 18 % quartzite, decreased over time
(Figure 4.12). The rate of decrease in pH was faster in the reactor containing 0 % quartzite than
in the experimental reactors. In the baseline reactor, the magnitude of the decrease was about 0.3
pH units while the magnitude of decrease the experimental reactors ranged from 0.10 to 0.18 pH
units. The pH in the reactor containing 18 % quartzite continued to rise for the duration of the
experiment from a pH of 1.77 at 23 h to a pH of 2.03 at 216 h. Analysis of the data normalised
against the baseline reactor (Figure 4.13) clearly shows that the pH in the experimental reactors
remained higher than the baseline reactor throughout the experimental runs. In addition, the
difference in pH values between the experimental reactor and the baseline reactor increased with
time. The reactors containing 6, 9 and 12 % quartzite behaved similarly with respect to the
baseline reactor while the pH in the reactor containing 15 % quartzite was unexpectedly more

similar to the baseline reactor than the 6, 9 and 12 % quartzite cluster.
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Several reactions are responsible for changes in pH during chalcopyrite leaching (Section 4.5).
The most pertinent processes that could contribute towards a slower rate in the decrease of pH
observed for the 6 to 15 % quartzite loading and the continuous increase in pH observed for the
18 % quartzite reactor are the suppression of the oxidation of elemental sulphur to sulphate
(especially post 50 h) and the suppression of pyrite dissolution due to hydrodynamic stress
experienced by the micro-organisms. The extent of the suppression was proportional to the
solids loading hence resulting in a proportional decrease in the rate of pH decline and an increase
in pH at an 18 % quartzite loading. When a critical quartzite loading was exceeded, the pH
increased instead of decreasing. It is cleatly seen that in the reactor containing 18 % quartzite
different chemical reactions were dominating in the system. It is possible that at an 18 %
quartzite loading, in addition to suppression of elemental sulphur oxidation and pyrite leaching,
physicochemical conditions favoured the leaching of chalcopyrite. Itis postulated that the shift in
the leaching bias is controlled by the redox potential and will be discussed further in Section
4.6.2.5. It is concluded that with respect to the pH data presented, the critical solids loading at
which the leaching process was affected significantly due to hydrodynamic stress lay between 15

and 18 % quartzite.
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Figure 4.12: Effect of solids loading on solution pH for two experimental sets with solids
loadings of 0, 6,9, 12 and 0, 15 and 18 % w/v quartzite and operated at an impeller tip speed of
1.97 m s'. Dashed line indicates the time at which the impeller tip speed was increased from 0.76

to 1.97 m s
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Figure 4.13: Change in pH relative to the baseline as a function of time for 0 to 18 % w/v
quartzite loadings operated at an impeller tip speed of 1.97 m s'. Dashed line indicates the time at

which the impeller tip speed was increased from 0.76 to 1.97 m s,

4.6.2.2 The effect of solids loading on slurry redox potential

There was an initial decrease in redox potential for the reactors containing 6 to 15 % quartzite
with an apparent recovery after 48 h (Figure 4.14). The magnitude of this decrease was
proportional to the solids loading used. The extent of recovery was inversely proportional to the
solids loading. At the end of the run the redox potential in the experimental reactors approached
that of the baseline reactor. The redox potential profile for the reactor containing 18 % quartzite
differed from the reactors with lower quartzite loadings. While a large decrease in redox potential
was observed on addition of 18 % quartzite, the redox potential in this reactor continued
decreasing throughout experiment even after the redox potential in all the other reactors had
stabilised above 600 mV. This decline in redox potential of approximately 140 mV was due to an
increase in the solution ferrous iron conceniration. This correlated to reduced microbial activity
resulting in limited or no ferrous iron oxidation. Normalised redox potential profiles are
presented in Figure 4.15. In the reactors containing 6 to 15 % quartzite there was an initial
decrease in redox potential with respect to the baseline reactor whereafter the redox potential
increased at a higher rate than the baseline. This increase, post 71 h, is attributed to eatlier
passivation of the chalcopyrite in the baseline reactor causing a stabilisation of the redox potential

around 650 mV. The profiles for the reactors containing 6 and 9 % quartzite followed a similar
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trend while the profiles for the reactors containing 12 and 15 % quartzite were similar. It is
concluded that with respect to the redox potential data presented, the critical solids loading at

which the leaching process became significantly affected due to hydrodynamic stress was 9 %

quartzite.
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Figure 4.14: Effect of solids loading on redox potential for two experimental sets with solids
loadings of 0, 6, 9, 12 and 0, 15 and 18 % w/v quartzite and operated at an impeller tip speed of
1.97 m s.. Dashed line indicates the time at which the impeller tip speed was increased from 0.76

to 1.97 m s,
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Figure 4.15: Change in redox potential relative to the baseline as a function of time for 0 to 18 %
w/v quartzite loadings operated at an impeller tip speed of 1.97 m s'. Dashed line indicates the

time at which the impeller tip speed was increased from 0.76 to 1.97 m s,

4.6.2.3 The effect of solids loading on the planktonic cell concentration

Several authors have reported increased lag periods on increasing solids loading in the minerals
shurry reactor (Liu e a/. 1987; Pearce, 1993; Nemati and Harrison, 2000; Sissing and Harrison,
2003). No distinct lag petiods were observed in the current study. A lag period was not observed
because of the 24 h inoculum build-up phase where only 3 % chalcopyrite was present in the
reactors and agitation was restricted to a tip speed of 0.76 m s! (250 rpm). The high cell
concentration, sufficient nutrients and conditions of negligible hydrodynamic stress ensured no
lag period. The inert quartzite was added after this 24 h inoculum build-up period. Nemati and
Harrison (2000) and Sissing and Harrison (2003) used similar reactor configurations and
experimental protocols to this study however they added all solids at the beginning of their
experiments exposing the inoculum to the grinding effects of partially suspended solids prior to
complete suspension. This caused stress to the culture and thus when the agitation rate was

increased at 24 h after the inoculum build-up phase, a lag phase was induced.
Over the 23 to 94 h period, at the 0, 6, 9, 12 and 15 % quartzite loadings, the cell concentration

increased in all reactors (Figure 4.16). After 94 h the reactors containing 0 and 6 % quattzite

reached stationary phase, while the reactors containing 9, 12 and 15 % quartzite reached the
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stationary phase after 118, 168 and 118 h respectively. At an 18 % quartzite loading, no growth
phase was observed; instead cell death occurred over the 23 to 71 h period. This phase was
followed by a lag phase that extended to the end of the experiment. Although no growth was
observed, mineral dissolution continued (Section 4.6.2.4 and 4.6.2.5). Kelly and Jones (1978),
Mandl (1984) and Nemati and Harrison (2000) have reported ferrous iron oxidation in the

presence of non-growing micto-organisms.

A comparison of cell concentration in all reactors using the normalised data, presented in Figure
4.17 showed that over the 23 to 94 h period the cell concentration in reactors containing 6, 9, 12
and 15 % quartzite was lower, between 0.7 and 0.9 fold that of the baseline reactor. Thereafter an
inicrease in the normalised cell concentration from 94 to 168 h was observed for the 6, 9 and 12 %
quartzite loadings. This increase coincided with the baseline reactor shifting from growth to the
stationary phase with a concomitant increase in cell concentration in the experimental reactors.
As observed with the redox potential and pH profiles, the reactor containing 18 % quartzite
showed the greatest difference with respect to the baseline reactor with a cell concentration of 0.3

fold that of the baseline reactor for most of the experiment.
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Figure 4.16: Effect of solids loading on cell concentration for two experimental sets with solids
loadings of 0, 6,9, 12 and 0, 15 and 18 % w/v quartzite and operated at an impeller tip speed of
1.97 m st Dashed line indicates the time at which the impeller tip speed was increased from 0.76
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Figure 4.17: Change in cell concentration relative to the baseline as a function of time for 0 to 18
% w/v quartzite loadings operated at an impeller tip speed of 1.97 m s'. Dashed line indicates the

time at which the impeller tip speed was increased from 0.76 to 1.97 m s-t.

Both the apparent specific growth rate and the extent of growth were influenced by the addition
of quartzite to the expetimental reactors. Apparent specific growth rates, calculated using the
method detailed in Appendix B.1, are shown as a function of solids loading in Figure 4.18. The
addition of quartzite to the experimental reactors caused the apparent specific growth rate to
decrease from 0.005 ht at a 0 % quatrtzite loading to 0.004, 0.003, 0.002 and 0.001 h' at 6, 9, 12
and 15 % quartzite respectively. At an 18 % quartzite loading cell death occurred and the specific
death rate was 0.002 k!,

The extent of growth defined as the stationary phase cell concentration (71 h) was lower in all
reactors containing quartzite compared to the baseline reactor (Figure 4.18). The maximum cell
concentration in suspension was highest at a 0 % quartzite loading and decreased with increasing
solids loading. Several processes resulting from increased hydrodynamic stress due to the
addition of solids may contribute towards a reduced extent of growth. These processes include (i)
the loss of cell viability; (i) damage to cell structure leading to cell death and thus causing a
reduction the extent of growth and (iif) an increase in the maintenance energy requirement for cell
repair mechanisms (Chapter 5). The reduced extent of growth may be linked to an increase in the

death rate with increased solids concentration and can be related to the specific growth rate by
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Eqn 4.11. Further analysis of the specific death rate constant as a function of solids

concentration is given in Section 4.9.

Happ = 1 - kg ...Eqn. 4.11

whetre Happ = the apparent specific growth rate (h'')
w = the specific growth rate (h'') and is a function of physiological factors such as
temperature, pH, nutrient availability, and ferrous and fetric iron

concentration

ks = the specific cell death rate (h?)

Using the cell concentration data presented in this section the critical solids loading at which the
leaching process became significantly affected due to hydrodynamic stress was 9 % quartzite.

Process failure in terms of absence of culture growth was observed at 18 % quartzite.
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Figure 4.18: Apparent specific growth rate and normalised extent of growth and as a function of

quartzite loading and an impeller tip speed of 1.97 m s,

4.6.2.4 The effect of solids loading on iron solubilisation

Figute 4.19 reflects the change in soluble iron concentration with time and quartzite
concentration while Figure 4.20 illustrates the change in iron concentration in the quartzite-
containing reactors relative to the baseline reactor. The concentration of solubilised iron was

lower in the quartzite-containing reactors than in the baseline reactor over the course of the
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experiments. Over the 24 to 96 h period, the percentage iron solubilised increased in all reactors;
however the rate of increase was higher in the baseline line reactor compared to the experimental
reactors (Figure 4.19). This effect is more clearly seen when comparing the normalised data
(Figure 4.20). The normalised percentage iron solubilised in the experimental reactors decreases
with respect to the baseline reactor over the 23 to 94 h time period.  Clusters of solids loading
showing similar extents of solubilisation were identified. At 216 h, the 6 and 9 % solids loading
showed similar extents of solubilisation of approximately 0.9 fold that of the baseline reactor
while the 12 and 15 % quartzite loadings resulted in extents of solubilisation of 0.7 to 0.75 fold
that of the baseline reactor. Iron solubilisation remained very low in the reactor containing 18 %
quartzite and decreased to 0.2 fold that of the baseline value even after passivation had occurred

in the baseline reactor.

As illustrated in Figure 4.19, the iron solubilisation followed two phases. The first phase (23 to
118 h) was characterised by a high solubilisation rate followed by a slower rate over the second
phase (118 to 216 h). The first phase of solubilisation coincided with the growth phase of the
culture while the second phase corresponded to the stationary phase of the micro-organisms.
The rate of iron solubilisation decreased in phase 2 due to increasing passivation of the
chalcopyrite mineral surface with time. Further analysis of this data is presented in Section
4.6.2.5.
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Figure 4.19: Effect of solids loading on the percentage iron solubilised for two experimental sets
with solids loadings 0f 0, 6,9, 12 and 0, 15 and 18 % w/v quartzite and operated at an impeller tip
speed of 1.97 m s1. Dashed line indicates the time at which the impeller tip speed was increased
from 0.76 to 1.97 m s-%. Solid line indicates the start of phase 2 of iron solubilisation.
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% w/v quartzite loadings operated at an impeller tip speed of 1.97 m s'. Dashed line indicates the

time at which the impeller tip speed was increased from 0.76 to 1.97 m s'..

The normalised, overall iton solubilisation rate data (23 to 192 h) and extent of iron solubilisation
(192 h) are presented in Figure 4.21. The solubilisation rates were calculated as detailed in
Appendix B.1. The rate at which iron was released into solution decreased with increasing pulp
density. At 6 and 9 % quartzite loadings, the iron release rate was approximately 0.85 fold that of
the baseline while at 12 and 15 % quartzite concentrations, the iron solubilisation rate was 0.7 fold
that of the baseline reactor. The iron solubilisation rate for the reactor containing 18 % quartzite
was approximately 10 fold lower than the baseline reactor. The extent of iron solubilisation from
0 to 192 h was calculated as the percentage of the iron content of the mineral present in the
reactor (5.9 g) released into solution duting this period. The extent of iron solubilisation decreased
with increasing hydrodynamic stress. With respect to the iron data presented, the critical solids
loading at which the leaching process became significantly affected due to hydrodynamic stress

was 9 Yo quartzite.

123



Chapter 4: Results and Discussion I

1.2

104 @

038 - g w

0.6 ?

i

0.4 4

Normalised iron solubilisation

0.2 4 &
]

0-0 v L] L) L) 1 | ¥ L L} L] )
0 2 4 6 8 10 12 14 16 18 20

Quartzite loading (%, w/v)

O Relative rate of iron solubilisation
@ Relative extent of iron solubilisation

Figure 4.21: Notmalised rate and extent of iron solubilisation as a function of quartzite loading

and an impeller tip speed of 1.97 m s°L.

4.6.2.5 The effect of solids loading on copper solubilisation

The concentration of copper in solution as a function of time is shown, across the range of solids
loadings studied, in Figure 4.22 and is normalised with respect to the baseline in Figure 4.23.
Coppet solubilisation followed a similar trend to iron solubilisation except that there was an initial
sharp increase in copper in solution over 23 to 48 h. Thereafter the solubilisation followed two
distinct phases. As observed with iron solubilisation, the first phase of leaching was characterised

by a higher solubilisation rate than the second.
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increased from 0.76 to 1.97 m s, Solid line indicates the start of phase 2 of iron solubilisation.
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Figure 4.23: Change in copper solubilisation relative to the baseline as a function of time for 0 to
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the time at which the impeller tip speed was increased from 0.76 to 1.97 m s

Copper solubilisation rates (0 to 192 h) were calculated as detailed in Appendix B.1. The extent

of copper solubilisation from 0 to 192 h was calculated as the percentage of the copper content of
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the mineral present in the reactor (6.2 g) released into solution during this period. A decrease in
both the copper solubilisation rate as well as the extent of copper leaching with increasing solids
loading was observed. The rate of copper solubilisation was similar at 0, 6 and 9 % quartzite
loadings and decteased to approximately 0.7 fold that if the baseline reactor at 12 and 15 %
quartzite loadings. At an 18 % quartzite loading the normalised copper solubilisation rate was
0.32.
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Figure 4.24: Normalised rate and extent of copper solubilisation as a function of quartzite

loading and an impeller tip speed of 1.97 m s,

The ratio of the extents iron to copper solubilised at the end of leach phases 1 and 2 are
compared in Table 4.6. The ratio at the end of phase 1 varied between 0.62 and 1.10 while in
phase 2 the ratio varied between 0.50 and 0.94. There is 29.8 % copper and 25.9 % iron in the
Andina concentrate which comprises predominantly chalcopyrite with 8.1 % pyrite and 4.1 %
bornite (Section 3.2.1). If all minerals leached at equivalent rates, the iron to copper ratio would
be 0.87. Instead, duting the first leach phase, the ratio was greater than 1.00 at solids loadings
ranging from 0 to 12 % quartzite and lay between 0.82 and 0.94 in phase 2 for these quartzite
concentrations. Investigators have linked several processes to the change in the iron to copper
ratio. These processes include (1) complete dissolution of pyrite leading to predominantly
chalcopyrite leaching, (i) increased precipitation of iron as jarosite on the surface of the mineral
(Konishi et al,, 1999), (iii) galvanic interactions between pyrite and chalcopyrite minerals present in

the concentrate leading to the preferential leaching of chalcopyrite (Natarajan, 1990) and (iv) the
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selective leaching of non-ferrous copper sulphide minerals such as chalcocite, covellite or bornite
(Witne and Phillips, 2001; Arce and Gonzilez, 2002). In the present study, several theories may
be proposed. Firstly, if the iron to copper ratio is higher, as observed in phase one, then a mineral
devoid of copper (e.g. pyrite) was leaching at a higher rate leading to a higher iron concentration
in solution. The complete dissolution of pyrite (1.32 g Fe 'V in phase one may have led to
predominantly chalcopyrite leaching in phase two and thus a decrease in the ratio. Secondly, the
selective leaching of bornite in phase 2 may have resulted in higher concentrations of coppet in
solution than iron. Thirdly, jarosite precipitation is greater at higher pH. It can be seen from
Figure 4.12 that the pH increased in the reactors with increasing solids loading. If the jarosite
precipitated from solution coated the mineral surface, it would not have been taken into account
during iron analysis (Sections 3.5.4 and 3.5.5). Stott e 4/ (2000) found extensive jarosite
precipitation on the surface of chalcopyrite particles during bioleaching while Konishi e 4/ (1999)
found that when leaching a chalcopyrite concentrate with Acidianus brierlys, all the metals in the
concentrate were equally released into solution. However, after nine days, there was a decrease in
the iron concentration in solution. The substantial decline in the percentage of iron leached
observed after nine days was attributed by the authors to the formation of iron precipitates such

as jarosite.

At 15 and 18 % quartzite loadings, the iron to copper ratio remained below 1.00 in both phases 1
and 2 of leaching. This effect was more significant at the 18 % quartzite loading. In this reactor
it is proposed that chalcopyrite leaching dominated throughout the experiment, more so in phase
2 than in phase 1 where the ratio decreased further to 0.50. Chalcopyrite leaching dominated
because the redox potential in this reactor lay between 460 and 510 mV from 48 to 216 h (Figure
4.14). As discussed in Section 4.5.1, these redox potentials lie within the redox potential window
for optimal chalcopyrite leaching. In addition, the higher pHs (Figure 4.12) measured at this
quattzite loading could have led to greater jarosite precipitation than at the other quartzite
loadings. Despite the phenomena discussed here and considering the copper and iron
solubilisation in conjunction, the important observation is that the reactor containing 18 %
quartzite had the lowest final copper concentration in solution indicating the lowest extent of
copper leaching. With respect to the copper data presented, the critical solids loading at which
the leaching process became significantly affected due to hydrodynamic stress was 9 % quartzite.

This adverse effect increased in magnitude as the quartzite loading increased from 9 to 18 %.
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Table 4.6a: Iron to copper concentration ratios at 118 h (end of phase 1) for all reactors. Total

suspension iron and copper concentrations measured after acid solubilisation of precipitate.

?::cll.;f:gte ?;%?Egggl concir:t?ation congzgtl;::ion Fe/Cu ratio
(o3 w/v) ’ e (gl

0 650 2.85 2.58 1.10

6 637 2.56 2.39 1.07

9 634 2.51 2.29 1.10

12 615 2.28 2.24 1.02

15 604 1.37 1.49 .92

18 497 0.60 0.97 0.62

Table 4.6b: Iron to copper concentration ratios at 216 h (end of phase 2) for all reactors.

(}::;t':llgte Redox potential conczii)t!:ation con(izll:tliziion Fe/Cu ratio
(Yo w/v) (mV; Ag/AgCh (gl (g1

0 653 3.36 3.61 0.93

6 639 2.85 314 0.91

9 639 2.91 3.53 0.82

12 632 247 2.62 0.94

15 618 1.71 210 0.81

18 463 0.66 1.30 0.50

The results discussed thus far show cleatly the detrimental effect of the addition of mnert solids
into the stirred tank after the 23 h inoculum build-up period. The reduced performance increased
* with increasing solids loading and the nature of the inhibition varied from decreased growth rates
to decreased metal solubilisation rates. The intensity of the stress appeared to be clustered within
three sets of solids loadings. The first cluster comprised the 6 and 9 % quartzite loading which
appeated to perform similarly and caused a low intensity of stress to the micro-organisms. The
second cluster comprised the 12 and 15 % quartzite loadings which showed significantly reduced
reactor performance compared to the first 6 and 9 % solids loading cluster. Finally, at an 18 %
quartzite loading a drastic decline in system performance, approaching system failure, was

observed.

4.6.2.6 Integration of analysis of microbial growth and mineral leaching

Further analysis of growth data as a function of solids loading are presented in Table 4.7. The
duration of the growth phase increased from 48 h at the 0 and 6 % quartzite loadings to 95 and
144 h at the 9 and 12 % quartzite loadings respectively. It is postulated that because the cell

concentration was lower in these reactors, the ferrous oxidation rate was slower, thus delaying the
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onset of passivation of the mineral At the 0 % quartzite concentration, a high redox potential of
640 mV was attained more rapidly (at approximately 80 h) and the mineral became passivated
eatlier in the time course than in the quartzite-containing reactors, resulting in nuttdent limitation
of the micro-organisms. Nutrient limitation caused the cells to enter the stationary phase of
growth at 71 h and further nutrient limitation led to a decline in cell concentration at 118 h.
Nemati and Harrison (2000) found a similar effect. Following nutrient exhaustion at the lowest
solids loading (conditions of low hydrodynamic stress), they observed a sharp decrease in the
biomass concentration. In the current study, the increase in redox potential to above 640 mV was
delayed by approximately 72 h at 6 and 9 % quartzite loadings and at quartzite loadings above

9 %, the redox potential did not reach 640 mV during the course of the experiment.

Table 4.7 presents the biomass yield on substrate (Yy/r). If the assumption is made that all
ferrous iron leached from the mineral is oxidised by the cells, then the ferric iron concentration
provides an estimation of the amount of ferrous iron substrate consumed by the cells. Because
this estimation was used to determine the biomass yield on substrate, the Y,/re results are
approximations and can only be compared within solids loading experiments in the present study

and not to the impeller speed experiments or other studies in literature.

The yield was calculated as detailed in Appendix B.3. The yield of microbial cells on iron was
similar across quartzite loadings of 6 to 12 %. The average normalised yield over this range was
0.66 with an error of 4.4 %. At a 15 % quartzite loading the normalised yield was higher than at
the lower quartzite loadings. A possible reason for this is as discussed in Section 4.6.2.5, at the
higher solids loadings, the measured iron solubilised may have been an underestimate of the true
concentration of iron solubilised hence leading to a higher yield value. At a quartzite
concentration of 18 %, the normalised yield was significantly lower at 0.49 compared to the other
quartzite loadings. Here, even though the amount of iron solubilised may have been

underestimated, the yield of cells on substrate was very low resulting in an overall decrease in Y,/s.
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Table 4.7: Growth parameters for 0 to 18 % w/v quartzite loading experiments operated at an
impeller tip speed of 1.97 m s-1.

Quartzite Solids Length of initial Normalised Yx/r. Error for normalised
loading (%, w/v) growth phase (h) (72h) Yx/re (72 b)
0 48 1.00 0.04
6 48 0.59 0.02
9 95 0.71 0.03
12 144 0.67 0.03
15 72 0.96 0.04
18 n/a 0.49 0.02

n/a = not applicable

The decrease in the estimated yield of cells on iron at 6, 9, 12 and 18 % quartzite compared to the
baseline reactor suggest that the micro-organisms were less efficient at utilising the substrate for
growth. At a quartzite loading of 0 % quartzite, where the effect of hydrodynamic stress was
negligible, the culture was able to utilise the energy source efficiently for the production of
biomass. Sissing (2002) reported similar trends when using a Swffolobus sp. to leach 3 % w/v
pysite. The biomass yield with respect to iron solubilised decreased from 1.81 10!!cells g Fe! at 0
and 6 % quartzite to 1.6 and 1.1 x 10"cells g Fe! at 15 and 21 % quartzite respectively and to
0.22 x 10" cells g Fe! when the solids loading was increased to 24 % quartzite. As proposed in
Section 4.6.2.3, increased hydrodynamic stress conditions can result in an increased maintenance
energy requirement. Energy derived from the oxidation of iron may be directed to cell repair
mechanisms instead of growth, resulting in a reduced biomass yield on iron. van Uden (1969)
teported that in the absence of stress, the maintenance energy used for counteracting the stress
effect will be zero and the yield will be a maximum. However, as the intensity of stress increases
the amount of substrate consumed for maintenance will increase. In extreme cases where all the

substrate consumed is used for maintenance, the yield will be zero and no growth will occur.

As discussed in Section 4.4.3.5, iron and copper leaching occurred in two phases (Figures 4.19 and
4.22) at all quartzite loadings. In the pytite system studied by Nematt and Harrison (2000) dual
phase leaching was only observed at pyrite loadings greater than 9 %. The change from single to
dual phase leaching may be linked to increased hydrodynamic stress at the higher solids loading in
the pyrite system. In the chalcopyrite system, the dual phase leaching for iron and copper
observed in all reactors was linked to nutrient limitation as well as to increased solids loading.
The effect of nutrient limitation causing a decline in the iron solubilisation rate is illustrated in
Figure 425. At a 9 % total solids loading, the rate of iron solubilisation remained constant
throughout the experiment for the pyrite system (no nutrient limitation) with 88 % of the iron

solubilised after 357 h. In contrast, the chalcopyrite system showed a change in the solubilisation
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rate after approximately 118 h and at this stage only 30.5 % of the iron was solubilised from the

mineral.
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Figure 4.25: Iron solubilisation and cell concentration as a function of time for a total solids
loading of 9 %. (a) Nemati and Harrison (2000) (b) Present study.

Dual phase leaching due to increased hydrodynamic stress in both systems is observed in Figure
4.26 where at a 15 % total solid loading, the iron solubilisation rate in the pytrite system decreased
after 177 h. Only 70 % of the mineral was solubilised at this stage. In the chalcopyrite system, as
observed for the 9 % solids loading, the change in solubilisation rate for the 15 % total solids
loading occurs after 118 h, however at this stage only 27.5 % the mineral was solubilised
compated to 30.5 % at 9 % total solids illustrating the effect of primarily nutrient limitation at
9 % total solids loading and the concomitant effect of nutrient limitation and hydrodynamic stress
at a 15 % total solids loading. Rubio and Garcia Frutos (2002) also found dual phase leaching
with increasing solids loading when leaching chalcopyrite. Figure 4.27 illustrates the change from
single phase leaching at 1 % w/v chalcopyrite to dual phase leaching at 15 and 20 % chalcopyrite.
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Figure 4.26: Iron solubilisation and cell concentration as a functon of dme for a total solids
loading of 15 %. (a) Nemati and Harrison (2000) (b) Present study.
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Figure 4.27: Copper extraction during chalcopyrite leaching (adapted from Rubio and Garcia
Frutos 2002).

4.6.2.7 Comparison of results to literature studies

The adverse effects of increased solids loading in slurry reactors have been identified by several
researchers (GOmez ez al, 1994; Nemati and Harrison, 2000; Chong e 4/, 2002; Sissing and
Harrison, 2003). In most experiments, the effects of increased mineral concentration were
investigated. Some authotrs postulated that, despite the concomitant effects (e.g. oxygen mass
transfer limitations and the build-up of toxic leach products) posed by increasing the mineral
concentration and not using inert material to bulk up solids, hydrodynamic stress could still be
identified as having a profound effect on the mineral leach rate (Torma ¢f 4/, 1970; Nemati and
Harrison, 2000; Brandl, 2001; Valencia ¢z 4/, 2003). In this section the results obtained in the
present study are compared to those in literature where hydrodynamic stress was concluded to
have the greatest effect on process performance. The experimental conditions utilised by the
different investigators are presented in Table 4.8. It is important to note that although Gémez ez

al., 1994 conducted experiments in shake flask culture, where oxygen limitation may occur and

shear forces may be lower,
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Table 4.8: Experimental conditions utilised in the vatious solids loading studies.

Reference  Reactor Solids Size range  Agitation  Shearrate  Solids loading

fraction (um) rate (%; w/¥)
(cpm) )

Gomez et Shake  Chalcopyrite Not given 100-200 16.7-33.3 1.7

al., 1994 flask only

Nemati and STR Pyiite only 53-75 500-550 83.3-91.7 3-18

Harrison,

2000

Witne and STR Chalcopyrite dog 112 pim 200 33 3-40

Phillips, only

2001

Sissing, STR Pyrite and 38-75 560-760 93.3-126.7 Pyrite : 3

2002 quartzite Quartzite : 0-24

Rubio and STR Chalcopyrite dgo 20pum 130 21.6 1-20

Garcia

Frutos,

2002

Valencia &7 Shake Pytsite only 38.75 220 36.7 2.5-15

al, 2003 flask

Present STR Chalcopytite 38-75 550-700 91.7-116.7  Chalcopyrite: 3

study and quartzite Quartzite: 0-18

Gomez ¢ a/. (1994) studied the effect of solids loading on the bioleaching of chalcopyrite by a
Sulfolobus-like micro-organism and found similar changes in pH with increased hydrodynamic
stress to those obtained in the present study (Figure 4.28). At the higher solids loadings the pH
increased, indicating reduced microbial activity. At the lower solids loadings of 1 % chalcopyrite
there was initial increase in pH over the first 24 h followed by a decrease in pH from 1.5 to
approximately 0.87 at 190 h. At a 3 % solids loading, the pH increased over the first 24 h and
then proceeded to decrease from a pH of 1.75 to a pH of 1.4 at 190 h over the remainder of the
experiment. At the higher solids loadings of 5 and 7 % chalcopyrite, the pH rose over the first

48 h and then remained constant at a pH of approximately 1.9 until the end of the experiment.
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Figure 4.28: Effect of solids loading on solution pH for (a) the study of Gomez ef a/. (1994),
and (b) 0, 6, 9 and 12 % quattzite for the present study and (c) 0, 15 and 18 % quartzite for the

present study.

In the present study, increasing solids loading caused a decrease in the solution redox potential
Similar observations were reported by Witne and Phillips (2001) and Nemati and Harrison (2000).
Witne and Phillips (2001) investigated the leaching of a primarily chalcopyrite concentrate by a
Sulfolobus culture in shake flasks. The maximum redox potentials observed, in the absence of
oxygen limitation, were 612, 606, 597 mV for 3, 10 and 20 % w/v chalcopyrite loadings
respectively. They concluded that one explanation for the low redox potential observed with

increased solids concentrations was shear stress to the cell caused by increased solids loading.
Nemati and Harrison (2000) found that at pyrite solids loading of 3 and 6 % w/v, the redox

potential increased from 450 to 600 mV during the bioleaching process. Ata 9 and 12 % solids
loading, the redox potential only increased from 450 to 500mV with a sharp increase during the
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final stages of the process. At 15 and 18 % solids loading, the redox potential remained constant
between 400 and 450 mV. Although the redox potential is also highly dependent on the quantity
of mineral, these data also indicate a decline in the ability of the cells to oxidise ferrous iron as the
solids loading increased. This was confirmed by comparison of the ferrous iron and ferric iron
concentrations in solution. Two mechanisms were proposed for the lower redox potential values
at high solids loadings. Firstly, the low cell to solid ratio may have resulted in limitation of the
ferrous oxidation step leading to a decrease in the ferric to fetrous iron rato and thus low tedox
potentials. Redox potentials below 500 mV do not support high pyrite dissolution rates.
Secondly, intense hydrodynamic stress to the micro-organisms may have caused a decline in the
specific microbial ferrous oxidation rate. Severe hydrodynamic stress was proposed as the

dominant mechanism for reduced leaching at 15 and 18 % solids loading.

Gomez ¢ al (1994) studied the effects of solids loading on cell concentration. Their results,
presented in Figure 4.29, are similar to those obtained in the present study. The authors found a
decrease in the rate and extent of growth with increasing chalcopyrite loading across the range 1
to 7 % w/v. The extent of growth declined from 8.5 x 108 to 6.2 x 108 cells ml? at 1 and 7 %
chalcopyrite loadings respectively. Ata 7 % chalcopyrite loading, there was growth up to 100 h

after which growth ceased and a sharp decline in cell concentration was observed.
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Figure 4.29: The effect of chalcopyrite loading on cell concentration (adapted from Gomez ez 4/,
1994).
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Sissing and Harrison (2003) investigated the effect of quartzite loading on the leaching of pyrite
by S. metallicns and found similar apparent specific growth rates over the first 50 h of the
experiment for quartzite loadings of 0 to 15 %. The apparent specific growth rates ranged from
0.016 to 0.020 h ! for 0 to 15 % quartzite loadings. No difference in the apparent specific growth
rate between the reactor with 0 % quartzite and the reactors containing 12 and 15 % quartzite was
obsetved. This result indicates no influence of solids loading on the growth of the cells over the
first 50 h of the experiment. These data differ to those obtained in the present study where on
addition of quartzite to the reactors the apparent specific growth rate declined from 0.005 h" at a
0 % quartzite loading to 0.004 and 0.003 h' at 6 and 9 % quartzite loadings respectively.
Increasing the quartzite loading above 9 % caused a further decline in the apparent specific

growth rate to 0.002 and 0.001 h-! at 12 and 15 % quartzite loadings.

Valencia e 4/ (2003) studied the effects of increasing solids loading on pyrite dissolution by
S. metallious in shake flasks. A high percentage of iron solubilisation was obtained for the lower
pyrite loadings of 2.5 and 5 % w/v while solids loadings above 15 % negatively influenced pyrite
oxidation. Although, unlike the present study and the study of Sissing and Harrison (2003), the
mineral concentration was not standardised in the experiments, increased mechanical stress was

considered as one of the factors contributing to lower leach rates.

Figure 4.30 shows the iron solubilisation results of Gomez et 4/ (1994). As observed in the
current study and by other investigators, the authors found a decrease in percentage iron
solubilised with increasing solids loading. The rate of iron solubilisation decreased with increasing

solids loading and ultimately affected the extent of solubilisation.
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Figure 4.30: The effect of chalcopyrite loading on iron solubilisation (adapted from Gomez ef 4/,
1994).

The iron solubilisation results obtained in the present study are compared to results obtained in
studies by Gomez ¢ 4l (1994), Nemati and Harrison (2000), Sissing (2002) and Valencia ez 4/
(2003) in Figure 4.31. The solids phases comprised either chalcopyrite only, pyrite only or pyrite
and quartzite of the 38-75 um size fraction. For each study, the data were normalised by dividing
results reported for the higher pulp densities by those reported for the lowest pulp desnsity (3, 3, 3,
5, 1 % for Nemati and Harrison, 2000; Sissing, 2002; present study; Valencia e# 4/, 2003 and
Gomez ¢ al., 1994 respectively).
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Figure 4.31: Comparison of leach parameters determined for pyrite (Nemati and Harrison, 2000,
Sissing, 2002 and Valencia e @/, 2002) and chalcopyrite (present study and Gomez ez 4/, 1994) at

various solids loadings.

For both the extent of iron solubilisation as well as the overall iron leach rate, the trends observed
by Sissing (2002) and the present study were similar. In both investigations the solids fraction
comprised 3 % concentrate (pyrite or chalcopyrite) and the remainder inert quartzite. The overall
extent of iron solubilisation was lower for all solids loadings in the chalcopyrite study compared
to the pytite study. This is expected due to the recalcitrance of chalcopyrite to biological leaching.
The results also show that the negative impact of hydrodynamic stress was observed at a lower
solids loading in the chalcopyrite system compated to the pyrite system. From Figure 4.31, the
critical solids loading for the pyrite system was 15 % quartzite (18 % total solids loading) while the
critical solids loading for chalcopyrite system was 9 % quartzite (12 % total solids loading). It is

postulated that nutrient stress due to passivation in the chalcopytite system compounded the
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effect of hydrodynamic stress causing higher levels of cell trauma at lower solids loadings. The
study by Nemati and Harrison (2000} used only pyrite as the solids phase. At solids loadings up
to 12 %, where hydrodynamic stress was less significant, the extent of iron solubilisation and the
iron leach rate follow the same trend as the present study and the work by Sissing (2002). At
15 % pyrite loading there was a decrease in the normalised extent of iron solubilised and at an
18 % pyrite loading and complete solids suspension, there was complete system failure. The data
of Sissing (2002) and the present study show continued leaching up to a total solids loadings of 27
and 21 % indicating that, unlike the study of Nemati and Harrison (2000), complete system failure

did not occur.

The solids loadings at which leaching was significantly impaired were lower in the pyrite-only
studies than in the studies using a constant mineral concentration and quartzite. Further, some of
the experimental conditions employed by Nemati and Harrison (2000) were different to those
used in the quartzite-mineral systems. These differences in terms of experimental protocol
included a smaller inoculum size while the physicochemical differences intrinsic to increasing the
mineral loading are postulated to be (i) decreased oxygen availability due to oxygen scavenging by
the mineral; (i) an increase in the amount of solubilised metal concentration which may be
inhibitory; (i) the adverse effects of increased ionic strength and (iv) a decline in pH to less than
pH 1 leading to a decline in microbial activity (Bailey and Hansford, 1993a; Nemati and Harrison,
2000; Witne and Phillips, 2001). In order to assess the effect of these differences, Sissing (2002)
repeated the 18 % pyrite loading experiment conducted by Nemati and Harrison (2000). The
author used a larger inoculum size and attained improved mass transfer by changing the reactor
configuration. Similar results were obtained in the repeat experiment. Inoculum size was
discounted as a reason for reactor failure and no decisive conclusion was possible regarding mass
transfer. Sissing (2002) compared results obtained for the repeat pyrite-only experiment to her
pyrite-quartzite experiment conducted at an 18 % solids loading. The two systems were compared
on the basis of iron concentration, solution pH, redox potential, mass transfer coefficient, and
particle density (specific gravity). The author concluded that at an 18 % solids loading, the first
five effects did not contribute to the reduced pyrite solubilisation observed in the pyrite-only
system. Instead, the difference in density of pyrite and quartzite was cited as a contributing
factor. The density of a particle affects its momentum. Momentum is a function of particle size,
particle density and agitation speed and is a product of the particle mass and the impeller tip
speed. Since the particle size and agitation speed of the two systems wete similar, the momentum
was postulated to vary with particle density. In all experiments conducted by Sissing (2002), the
momentum of the dsp pyrite and quartzite particles was calculated to be 3.21 x 10° and
4.20 x 100 kg m s respectively. The pyrite-only system had a higher particle momentum which

led to particle-cell-particle collisions with higher momentum. Thus the reduced pyrite
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solubilisation observed by Sissing (2002) and Nemati and Harrison (2000) at an 18 % pyrite
loading may be attributed to increased particle density and possibly mass transfer limitations.
Bailey and Hansford (1994) confirmed that mass transfer limitations occur at increased pyrite
loadings. The authors investigated oxygen demand in agitated high sulphur pyrite slurries at
mesophilic temperatures in an STR. They showed that at a solids concentration less than 13.6 %
w/v the system was not oxygen limited However, increasing the pyrite concentration above

13.6 % was predicted to induce oxygen limitation in the system.

The tesults of an investigation by Valencia ¢f a/ (2003) who leached pyrite using 5. metallicus are
also presented in Figure 4.31. The normalised maximum rates and extents of iron solubilisation
are presented. There was a sharp decrease in the extent of leaching with increasing pyrite loading
from 5 to 15 % w/v. The maximum iron solubilisation rate increased with increasing pyrite
loading from 5 to 10 % and decreased at the 15 % pyrite loading. This adverse effect on the
extent of leaching observed at a lower solids loading could be because Valencia ez a/ (2003) used
shake flask reactors while STRs were employed in the other three studies. Valencia e 4/ (2003)
conducted experiments in Erlenmeyer flasks which were rotated at 220 rpm on an orbital shaker.
Complete solids suspension and optimal mass transfer are difficult to obtain in shake flask
reactors at low shear rates. At the speeds employed in the various studies, the shear rates were
lower in shake flasks than in the STRs. If slurry remains at the bottom of the flask, it reduces
mixing and oxygen transfer capacities within the flask (Lotter and Biichs, 2004). Scholtz-Brown
(1998) showed that when solids are incompletely suspended, the mechanism of cell damage
changes from collisions between cells and particles to disruption by grinding of solid particles
against each other. This change in mechanism of cell damage as well as reduced mass transfer in
the flask reactors could account for the difference observed between data reported by Nemati and
Harrison (2000) and Valencia et 4/ (2003). Gomez e al (1994) also studied the effect of
increasing solids loading in shake flask culture and found a decrease in the extent of iron
solubilisation with increasing solids loading from 1 to 7 %. The extent of leaching at a 3 %
chalcopyrite loading decreased sharply to 0.4 fold that at a 1 % chalcopyrite loading. Nutrient
limitation, increased hydrodynamic stress as well as oxygen mass transfer are possible reasons for

the poor leaching in the flasks containing 3, 5 and 7 % chalcopyrite.

A summary of the critical solids loadings at which the transition between vatying intensities of
hydrodynamic stress occur for the studies discussed is presented in Table 4.9. The results show
clearly that cultures grown in flasks are more sensitive to changes in solids loading than those
grown in STRs. In addition, the results of Sissing (2002) compared to those obtained in the
present study and Nemati and Hartison (2000) show that the chalcopyrite-quartzite system and

pytite system are more sensitive to increases in solids loading than the pyrite-quartzite system.
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Furthermore, the system of Gomez ¢z 4/ (1994) failed as a lower solids loading than the system of
Vaencia e o/ (2003). This confirms that in the chalcopyrite systems, nutrient limitation

compounds the hydrodynamic stress effect.

Table 4.9: Critical solids loadings (total solids) defined by the intensity of hydrodynamic stress
for thermophilic bioleaching laboratory studies.

Reactor type . Critical solids loading
Reference and scale Mineral (%; w/v)
No Effector  Moderate Large Reactor
Minor Effect Effect Effect failure
Gomez ¢t al,  Shake flask; Chalcopyrite 1 3 5,7 >7
1994 n/g
Nemati and STR; 1 litre Pyite 3012 15 n/a 18
Hazrrison,
2000
Sissing, 2002 STR; 1 litre Pyrite 3to 18 21-24 27 >27
Valencia e @/, Shake flask; 1 Pyrite 25and 5 10 15 > 15
2003 litre
Present study  STR; 1 litre Chalcopyrite 3109 9-18 21 > 21

n/a = not applicable

4.6.2.8 Recovery

In order to determine whether a culture exposed to the effects of hydrodynamic stress can
recover or adapt to the stressful conditions, 2 456 h experiment was conducted at a 15 % quartzite
loading. It is postulated that, on average, there were three phases of leaching in the quartzite
experimental runs discussed in Sections 4.6.2.1 to 4.6.2.5. The three phases for a 15 % quartzite
experiment are shown in Figure 4.32. In phase 1, the culture required a period of acclimatisation
to the addidon of quartzite to the reactor. The start of phase 2, depended on the concentration of
quartzite added and was delayed as the solids loading increased. In phase 2 the cells acclimatised
to the presence of solids and the extent of recovery depended on the percentage solids added. In
phase 3 (not visible for all the solids loadings), the process performance started to decline possibly
due to prolonged exposure to stress. The decline in system performance was also linked to

mineral passivation, which was the primary cause of nutrient limitation.
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Figure 4.32: Time profiles, for (a) redox potential, pH and cell concentration, and (b) metal
solubilisation, at a solids loading of 15 % quartzite and 3 % chalcopyrite and an impeller tip speed
of 1.97 msL.

In order for full recovery to occur, the culture must remain viable and consequently the extent of
cell damage and the microbial response mechanisms to hydrodynamic stress are important
factors. It is clear from the data presented in Sections 4.6.2.1 to 4.6.2.5 that the addition of
quartzite adversely affected the rate and extent of bioleaching. Increasing the amount of quartzite
added to each reactor also increased the extent of the adverse effect. However, despite these
negative effects, complete reactor failure did not occur in the solids loading range investigated.
Figure 4.33 shows the change in pH, redox potential, cell concentration and iron and copper
solubilisation from 216 to 456 h at a 15 % quartzite loading.
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metal solubilisation, at a solids loading 15 % quartzite and 3 % chalcopyrite and an impeller tip

speed of 1.97 m s,

The reactor was tun for 240 h longer than the average 215 h experiment to determine whether
process performance would improve or whether reactor failure would occur. Between 240 and

456 h the reactor performance appeared to improve. The following changes were noted:

(i) An increase in the redox potential from 240 to 456 h indicating the oxidation of ferrous
iron
(i1) An increase in the cell concentration from 288 to 456 h indicating cell growth

(1) An increase in iron and copper solubilisation

The percentage iron solubilised increased from 20.4 % at 216 h to 25.9 % at 456 h. The rate of
copper leaching was higher during this time with an increase from 23.7 to 35.5 % in the
percentage copper solubilised Thus, the overall process performance increased showing the

ability of the cells to recover from the negative effect of the increased quartzite loading. These
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data also suggest the presence of repair and adaptation mechanisms. Other investigators have
observed the adaptation of cells to increased hydrodynamic stress. Allan e 4/ (1988) found that
over a period of approximately twelve months, Picrasma quassioides plant cells were able to develop
shear resistance. A suspension culture exposed to an agitation rate of 440 rpm (shear rate of
73 s1) in a STR failed to grow after 2.5 h of exposure to these hydrodynamic conditions.
Approximately 12 months later the culture showed improved growth. In addition, no loss of

viability was observed when the cells were exposed to a shear rate of 1.67 s

4.6.3 CONCLUSIONS

In this section, the effect of increasing solids loading on the bioleaching of chalcopyrite by a
Sulfolobus culture was reported. Increasing solids loading by increasing the inert quartzite
concentration caused a decline in process performance as measured by changes in pH, redox
potential, cell concentration, and iron and copper solubilisation. The data presented for the 6 and
9 % quartzite loadings show very similar overall process performance when compared to the
baseline (0 % quartzite). At the 12 and 15 % quartzite loadings a further decrease in process
performance compared to the baseline reactor was observed. The reactor containing 18 %
quartzite solubilised the least amount of copper and iron. Even though intensive hydrodynamic
stress was applied, complete reactor failure did not occur. Furthermore, results discussed in

Section 4.6.2.8 show that, with time, system recovery was possible.

Reviewing the process data presented in this section enables the identification of the critical solids
loading at which the leaching process becomes adversely affected due to hydrodynamic stress.
This critical solids loading is proposed to be 9 % w/v quartzite in the presence of 3 %
chalcopyrite in this laboratory study. The sensitivity of the indicators used to measure the effects
of hydrodynamic stress is an important consideration. Some assays, for example cell
concentration, are more sensitive indicators of the effects of hydrodynamic stress than pH or
redox potential measurements. Copper dissolution was a more accurate indicator of the process
performance than iron dissolution due to the precipitation of iron causing underestimation of the
iron concentration. Lamaignére (2002) studied the influence of solids loading on the growth of
Saccharomyces cerevisiae. She reported that the critical solids loading for cell damage varied between
0.5 and 1 % depending on the parameter used as an indicator. Using pmax 3s an indicator showed
that solids loading exhibited a negative effect on growth at a loading greater than 1 % w/v;
however indicators such as the yield of cells on glucose and the length of the lag phase yielded a
critical solids loading of 0.5 %. Similar observations apply in the current study.
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The primary mechanism of cell damage in the present study reactor is proposed to be solid-cell-
solid interactions. This conclusion is supported by the literature study (Section 2.2.2.3) where it
was shown that the dominant mechanism of cell damage in slurry systems is proposed by several
researchers to be solid-cell-solid interactions. In the present study, it was not possible to conduct
experiments in the absence of solids to confirm the contribution of other mechanisms to cell
damage because chalcopyrite was required as the microbial energy source. However, previous
studies conducted with yeast cells in the presence and absence of particles have shown that
negligible cell disruption occurs in the absence of solids (Peatce, 1993; Scholtz-Brown, 1998;
Lamaignére, 2002) and the primary mechanism of damage is contact between cells and

particulates.

As mentioned in Section 4.6.2.7, the rate at which cells contact with solids particles in the reactor
is dictated by the particle momentum which in turn is influenced by the impeller tip speed.
Increasing impeller tip speed would increase both the rate frequency at which particles collide
with each other and with cells in the reactor as well as the momentum transfer of the collision. In

Section 4.7 the influence of impeller tip speed on process performance is examined.

47 THE EFFECT OF IMPELLER TIP SPEED ON THE
BIOLEACHING OF CHALCOPYRITE BY A
SULFOLOBUS sp.

The effect of three impeller tip speeds namely, 1.67, 1.97, and 2.13 m s, on the bioleaching of
chalcopyrite by a S#/folobus culture was determined at quartzite loadings of 0 and 9 % w/v. Two
sets of experiments were conducted. In the first set, the solids loading was maintained at
3 % chalcopyrite with no quartzite and the impeller tip speed was varied in the range 1.67 through
to 2.13 ms?. In the second set, the solids loading was maintained at 3 % chalcopyrite with 9 %
quatrtzite and the impeller tip speed was varied in the range 1.67 through to 2.13 m s1. For both
sets of expetiments, the baseline reactor contained 3 % w/v chalcopyrite and no quartzite and

was operated at an impeller tip speed of 1.67 m s,

The impeller tip speeds used exceeded the critical impeller speed required for complete solids
suspension at the highest solids loading. Experiments were run under the same conditions as
those discussed in Section 4.6 except that the impeller speed was increased after 48 h as opposed
to 23 h. Detailed experimental methodology is given in Sections 3.4 and 3.6. Reactors were
operated over an 8 day period and maintained at approximately 68°C. Solution pH, redox

potential, and cell, iron and copper concentrations were measured on a daily basis. In this section
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it was not necessaty to normalise the process data since all experiments were run simultaneously.
Selected data are presented in Figure 4.41 for the first set of experiments while detailed results for
the second set of experiments are presented in Figures 4.34 to 4.40. The data pertaining to the
power input per unit volume corresponding to each impeller tip speed and solids loadings utilised

in these expetiments are detailed in Appendix D.
471  THE EFFECT OF AGITATION RATE ON SLURRY pH

Figure 4.34 illustrates the change in solution pH as a function of time for a 0 % quartzite loading
operated at an impeller tip speed of 1.67 m s and 2 9 % quartzite loading operated at impeller tip
speeds of 1.67, 1.97 and 2.13 m s!. During the inoculum build-up phase (0 to 48 h), the pH in all
reactors increased to the same extent of approximately 0.2 pH units. The addition of solids and
increasing the agitation intensity at 48 h to cause complete suspension of the particulate phase
resulted in a sharp decrease in solution pH by approximately 0.3 to 0.4 pH units between 48 and
72 h. At a solids loading of 0 % quartzite, the pH remained constant at approximately pH 1.45
from 72 h to the end of the run. After 72 h the pH in the reactors containing 9 % quartzite
increased and subsequently remained constant from 120 h to 192 h. The rate and extent of
increase in pH was indirectly proportional to the impeller tip speed applied. At a 9 % quartzite
loading, the pH reached a maximum of pH 1.67, 1.69 and 1.80 at tip speeds of 1.67, 1.97 and

2.13 m s respectively.

The increase in solution pH in the reactors containing 9 % quartzite coincided with increased
hydrodynamic stress imposed by increasing the impeller tip speed and solids loading. As
discussed in Section 4.6, this increased hydrodynamic stress combined with ferrous iron limitation
(especially post 96 h) owing to passivation of the chalcopyrite caused an increase in pH due to

limited elemental sulphur oxidation.
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Figure 4.34: Change in solution pH in the presence of 3 % chalcopyrite and 0 and 9 % w/v
quartzite and impeller tip speeds of 1.67, 1.97 and 2.13 m s**. Dotted line indicates the onset of

the specified experimental conditions.
4.7.2 THE EFFECT OF AGITATION RATE ON SLURRY REDOX POTENTIAL

The change in the ferric to ferrous iron ratio, illustrated by the change in the solution redox
potential, is presented in Figure 4.35. The final redox potential attained in the experimental
reactors at 192 h was inversely proportional to the intensity of hydrodynamic stress applied.
Redox potential increased similarly in all reactors during the inoculum build-up phase prior to the
increase in impeller tip speed and the addition of quartzite. An increase from approximately
460 mV to approximately 540 mV was observed. For the reactors containing 0 and 9 % quartzite
operated at an impeller tip speed of 1.67 m s, the redox potential continued to increase to

615 mV for a 0 % quartzite loading and 588 mV for 9 % quartzite loading at 144 h.

At a9 % quartzite loading and an impeller tip speed of 1.97 m s, the redox potential decreased
for the first 24 h after the inoculum build-up phase. Thereafter, it remained constant for 48 h at
approximately 528 mV and increased gradually until the end of the run reaching 540 mV at 192 h.
The decrease in redox potential may be attributed to an increase in the ferrous iron concentration
due to a decline in the biological ferrous iron oxidation rate as a consequence of the increased
solids loading and agitation rate corresponding to increased energy dissipation in the reactor. The

culture appeared to recover after 120 h, at which point the redox potential proceeded to increase
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with a concomitant decrease in the solution pH. Complete system recovery was not observed

within the time frame of the experiment (192 h).

The redox potential in the reactor containing 9 % quartzite operated at 2.13 m s'! decreased from
532 mV at 48 h to 470 mV at the end of the run. The ferrous iron concentration in solution
increased to approximately 0.12 g 1! and remained at this concentration for the duration of the
experiment. As observed at a 9 % quartzite loading and an impeller tip speed of 1.97 m s,
increasing the impeller tip speed caused a reduction in the biological ferrous iron oxidation rate,
indicating impaired microbial function and leading to an increase in ferrous iron concentration
and a decrease in the solution redox potential. No apparent recovery was observed at 2 9 %

quartzite concentration and an impeller tip speed of 2.13 m 1.
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Figure 4.35: Change in redox potential in the presence of 3 % chalcopyrite and 0 and 9 % w/v
gu 2 p p py:
quartzite and impeller tip speeds of 1.67, 1.97 and 2.13 m s'.. Dotted line indicates the onset of

the specified expetimental conditions.

4.7.3 THE EFFECT OF AGITATION RATE ON THE PLANKITONIC CELL
CONCENTRATION

The planktonic cell concentration was also adversely affected by the increase in solids loading and
agitation intensity (Figure 4.36). During the inoculum build-up phase, the cell concentration
increased similarly in all reactors from approximately 7.5 x 107 to approximately
1.8 x 108 cells mi!. The rate and extent of growth declined on addition of quartzite to the

experimental reactors and increasing the impeller speed after the inoculum build-up phase.
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In the reactor containing 0 % quartzite and operated at an impeller tip speed of 1.67 m s, the cell
concentration increased to 4.4 x 108 cells ml at 120 h. Increasing the solids loading and impeller
tip speed caused a reduction in cell growth. From 48 to 72 h no growth was observed at a tip
speed of 1.67 m s and cell death occurred at a tip speed of 1.97 m s1. Subsequent to this, a
growth phase was observed in both reactors. This growth phase was followed by stationary and
death phases. For the reactor containing 9 % quartzite and operated at 2.13 m s, no growth
phase was observed. Cell death occurred over the first 24 h after the increase in impeller tip
speed and the addition of solids. Thereafter the cell concentration remained constant till 140 h.

From 140 to 168 h there was a further decrease in the cell concentration.
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Figure 4.36: Change in cell concentration in the presence of 3 % chalcopyrite and 0 and 9 % w/v
quartzite and impeller tip speeds of 1.67,1.97 and 2.13 m s-!. Dotted line indicates the onset of

the specified expetimental conditions.

The increase in cell concentration from 72 to 120 h (phase 2) for the 0 and 9 % quartzite loadings
operated at 1.67 m s' and 1.67 and 1.97 m s respectively, after the net decline in cell
concentrations from 48 to 72 h (phase 1), signifies that the cells adapted or recovered after the
increase in hydrodynamic stress applied at 48 h. The extent of recovery was propotrtional to the
intensity of hydrodynamic stress applied. Ata 0 % quartzite loading and an impeller tip speed of
1.67 m s the growth rate over phase 2 was the highest at 4.17 x 106 cells mlth'. Ata 9%
quartzite loading at the same impeller tip speed the growth rate over phase 2 was lower at
2.63 x 106 cells ml'h!. The lowest growth rate of 9.65 x 105 cells mlth-! was observed at a tip
speed of 1.97 m s and a 9 % quartzite loading. The apparent specific growth rate (japp) Was
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calculated for the periods 48 to 72 h (phase 1) and 72 to 120 h (phase 2) using the method
outlined in Appendix B.2. These data are presented in Table 4.10.

The length of the growth phase, the yield of cells on iron, the maximum cell concentration and
the specific death rate presented in Table 4.11 were determined for each impeller speed and solids
concentration. The biomass yield on substrate was calculated as described in Appendix B.3 and
the specific death rate was calculated as described in Appendix B.2. The length of the growth
phase decreased from 72 to 48 h with increasing the solids concentration from 0 to 9 % quartzite
at an impeller tip speed of 1.67 m s and increased from 48 to 72 h with increasing the impeller
tip speed from 1.67 to 1.97 m s in the presence of 9 % quartzite. The yield of cells on iron
decreased from 2.84 to 1.94 x 10" cells g! Fe due to the presence of 9 % quartzite. Increasing the
impeller tip speed from 1.67 to 1.97 m s at a constant quartzite loading of 9 %, caused a further
decline in the yield from 1.94 to 0.9 x 10! cells g Fe.

The maximum cell concentration at the initiation of the stationary phase decreased from 4.35 to
2.98 x 108 cells ml! with increasing solids loading from 0 to 9 % quartzite at an impeller tip speed
of 1.67 m s (Table 4.11). Increasing the impeller tip speed to 1.97 m s at a 9 % quartzite
loading caused a further decrease in the extent of growth with a maximum cell concentration of
1.83 x 108 cells mlt. However, in this reactor the cell concentration did not increase above the
initial concentrations of 1.85 x108 cells ml* observed at 48 h before the increase in impeller speed
and the addition of quartzite to the reactors. The extent of growth over a fixed time period is
influenced by the growth rate as well as the cell death rate during the growth phase. Increasing
the hydrodynamic stress decreased the rate of growth and increased the cell death rate.

In Figure 4.36, a death phase is observed at all solids loadings and impeller tip speeds. The
specific death rates shown in Table 4.11 were calculated between 144 and 192 h. The specific
death rate increased with increasing intensity of hydrodynamic stress. The specific death rate
increased from 0.0012 to 0.0039 h -1 with increasing the quartzite loading from 0 to 9 % at an
impeller tip speed of 1.67 m s Increasing the impeller tip speed from 1.67 to 1.97 m s-! while
maintaining a constant 9 % quartzite loading caused the specific death rate to increase
approximately two fold from 0.0039 to 0.0082 h 1. A further increase in the impeller tip speed
from 1.97 to 2.13 m s caused an approximately 5 fold increase in the specific death rate to

0.0386 h-1.
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Table 4.10: Apparent specific growth rate as a function of impeller tip speed for 0 and 9 % w/v
quartzite loadings over phase 1 and phase 2.

Conditions “;‘g!’ag:;) 1’}‘:;;1; :2;) A"czzgflzi‘apg )(h'l)
0 % quartzite; 1.67 m s 0.010 0.012 0.011
9 % quartzite; 1.67 m s+ -0.001 0.011 0.005
9 % quartzite; 1.97 m ! -0.029 0.008 -0.011
9 % quartzite; 213 m 5! -0.030 -0.005 -0.017

Table 4.11: Growth parameters for impeller tip speeds of 1.67,1.97 and 213 m s? at O and 9 %

w/v quartzite loadings.
Impelles Quarletc Length Ya/pe Maximum (fell ' Specific
. loading concentration Time at death rate
tip speed o of growth (10" cells g'Fe) P
@s) Y phse®m) (2120 (Kemer) Xowx () ()
(108 cells mi 1) (144-192 h)
1.67 0% 72 2.84 4.35 120 0.0012
1.67 9% 48 1.94 298 120 0.0039
1.97 9% 72 0.90 1.83 144 0.0082
2.13 9% 0 n/a n/a n/a 0.0386

n/a = not applicable

474 THE EFFECT OF AGITATION RATE ON IRON AND COPPER
SOLUBILISATION

The percentage iron solubilised as a function of time, solids loading and impeller tip speed is
presented in Figure 4.37. At 0 and 9 % quartzite loadings and an impeller tip speed of 1.67 m s,
the iron release curves followed the same trend except that the solubilised iron concentration
increased up to 192 h at a 0 % quartzite loading and up to 168 h at 2 9 % quartzite loading. Ata
9 % quartzite loading and impeller tp speeds of 1.97 and 2.13 m s, the initial (48 to 96 h)
increase in solubilised iron followed the same trend as the reactors run at the lower impeller tip
speed, however, the rate of iron solubilisation decreased appreciably from 96 to 148 h with a
slight increase from 144 to 192 h. These data show that the increased hydrodynamic stress caused
by increasing the impeller tip speed from 1.67 to 1.97 and 2.13 m s at a 9 % quartzite loading
caused a decline in the concentration of iron solubilised. As the experiment progressed past 96 h
this effect was more evident indicating that the reduced concentration of iron solubilised was not
only a function of solids loading and impeller tip speed but also time of exposure of the cells to
the sub-optimal conditions.

Iron solubilisation followed 3 phases in all reactors. At 0 and 9 % quartzite loadings and an

impeller tip speed of 1.67 m s, there was an increase in the solution iron concentration over the
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first 48 h after the inoculum build-up phase (phase 1). Phase 1 was followed by a sharper increase
in the solution iton concentration over the 96 to 144 h period (phase 2) and a reduced rate of
increase from 144 to 192 h. The initial slow increase in the percentage of iron released
corresponded to the low apparent specific growth rate of the organisms during the 48 to 72 h
time period reported in Table 4.10. The increase in the apparent specific growth rate over the 72
to 120 h period was accompanied by an increase in the iron release rate as observed in phase 2 of

the iron release curve,

Iron solubilised (%6, w/w)

0 50 100 150 200
e 167 5 0% quartzite Time (h)
i 167 m 5'1; 9% quartzite
el 1,97 m s 9% quartzite
—~g~ 213 m s"'; 9% quastzite
Figure 4.37: Change in iron concentration in the presence of 3 % chalcopyrite and 0 and 9 %
w/v quartzite and impeller tip speeds of 1.67, 1.97 and 2.13 m s1. Dotted line indicates the onset

of the specified experimental conditions. Solid lines indicate the end of phase 1 and phase 2.

The change in the rate and extent of iron solubilisation, as a function of solids loading and
impeller tip speed, is more clearly illustrated in Figure 4.38. The specific iron oxidation rate (qre)
was calculated over the phase 1 (Figure 4.38a) and phase 2 (Figure 4.38b) as detailed in Appendix
B.2. The specific iron solubilisation rates at 0 and 9 % quartzite loadings and an impeller tip
speed of 1.67 m s were higher in phase 2 than in phase 1. Ata 9 % quartzite loading and an
impeller tp speed of 1.97 m s the specific iton solubilisation rate was lower in phase 2 than in
phase 1. Furthermore, in phase 1 at 2 9 % quartzite loading and impeller speed of 1.97 m s the
specific iron solubilisation rate was 1.7 fold higher than at the lower speed. However, as the
experiment proceeded and the culture was exposed to the elevated intensity of hydrodynamic
stress for an extended period, the specific iton solubilisation rate at a 9 % quartzite loading and
impeller speed of 1.97 m s declined significantly from 6.24 x 10 to 7.22 x 10-15 g Fe cell? h't in
phase 2.
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Figure 4.38c presents the average specific iron oxidation rate over phase 1 and phase 2 and the
extent of iron solubilisation over the course of the experiment. The extent of iron solubilisation
from 48 to 192 h was calculated as the percentage of the iton content of the mineral present in
the reactor (5.9 g) released into solution during this period. Increasing the solids concentration
from 0 to 9 % quattzite, while maintaining a constant impeller tip speed of 1.67 m s, resulted in a
decline in the average specific rate of iron solubilisation from 57 x 10" to
4.9 x 1014 g Fe cell h'. Increasing the impeller tip speed from 1.67 to 1.97 and 2.13 m s - while
maintaining a constant solids concentration of 9 % quartzite resulted in a further decline in the
average specific iron solubilisation rate to 3.5 x 101 and 1.3 x 104 g Fe cell! respectively. It is
important to note that although the specific iron solubilisation rate was higher in phase 1 at an
impeller speed of 1.97 m s the sharp decline in phase 2 caused a decline in the average specific
iron solubilisation rate. The extent of iron solubilisation decreased from 24.0 and 14.0 % at 0 and
9 % quartzite and an impeller tip speed of 1.67 m s to 8.0 and 1.8 % at a quartzite loading of 9 %
and impeller tip speeds of 1.97 and 2.13 m s . Further analysis of iron release data was not
sought because, as discussed in Section 4.6.2.5, the measured iron concentration may have been
an undetestimate of the iton concentration in solution. Copper solubilisation data was thus used

to tepresent the status of the system.
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Figure 4.38: Specific iron solubilisation rate (a) phase 1 and (b) phase 2, and (c) average iron
solubilisation rate and extent of iron solubilisation as a function of impeller tip speed at 0 and 9 %

w/v quartzite loadings.

Figure 4.39 illustrates the change in the solubilised copper concentration as a function of time,
impeller speed and solids concentration. Copper solubilisation, like iron solubilisation was
described by three phases except that the copper solubilisation rate was lower in phase 2 than
phase 1 for all reactors. In phase 1 (48 to 96 h) the percentage copper solubilised increased in all
reactors. Phase 2 (96 to 144 h) was characterised by a reduced copper release rate, while in phase
3 (144 to 192 h) the rate of solubilisation approached 0 in all reactors. Copper solubilisation was
recorded up to 170 h despite the cultures having reached stationary phase at 120 h confirming the
continuation of leaching in the presence of non-growing cells. The concentration of copper in
solution was inversely proportional to the solids loading and impeller tip speed applied and
copper solubilisation ceased earlier in the reactors operated at higher intensities of hydrodynamic

stress.
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Figure 4.39: Change in copper concentration in the presence of 3 % chalcopyrite and 0 and 9 %
w/v quartzite and impeller tip speeds of 1.67, 1.97 and 2.13 m s*. Dotted line indicates the onset

of the specified experimental conditions. Solid lines indicate the end of phase 1 and phase 2.

As discussed in Section 4.6.2.5, if all minerals in the Andina concentrate were leaching at the same
rate, the ratio of iron to copper is expected to be 0.87. In the solids loading experiments at the
lower solids loadings (lower intensities of hydrodynamic stress), the ratio was higher than 0.87 in
both leach phases and higher in phase 1 than in phase 2. The change in ratio of iron to copper
was postulated to result from the operating redox potential determining which mineral in the
concentrate leached at a higher rate. Using the same argument for the impeller speed
experiments, if the ratio was lower than 0.87 in both phases (Tables 4.12a and 4.12b) then this
would signify that chalcopyrite leaching dominated both phases. However, at the 0 and 9 %
quartzite loadings and an impeller tip speed of 1.67 m s, the ratio in phase 2 increased
approximately 1.4 fold indicating that the pyrite leach rate had increased. This is confirmed by
observing the decrease in the solubilisation rate of copper in phase 2 (Table 4.13) and the increase
in the solubilisation rate of iron on phase 2 in these reactors. At a 9 % quartzite loading and
impeller tip speeds of 1.97 and 2.13 m s1, the ratio was similar in both phases for both reactors.
Chalcopyrite leaching is postulated to have dominated in both phases in these reactors because
the operating redox potential remained between 480 and 535 mV. These redox potentials are
within the redox potential window where the rate of chalcopyrite leaching is elevated. As
mentioned previously, care needs to be taken when using iron data because as mentioned in

Section 4.7.4, if the measured iron concentration was an underestimate of the true iron
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concentration, this would have affected the iron to copper ratio and the ratios presented in Table

4.123 and 4.12b would also be underestimates.

Table 4.12a: Iron to copper concentration ratios at 96 h (end of phase 1) for impeller tip speed

experiments. Total suspension iron and copper concentrations measured after acid solubilisation

of precipitate.
Quartzite Impeller Redox Iron Copper
. . . . . Fe/Cu
loading (%, tip speed potential concentration concentration ratio
w/v) (m s7) (mV) (gl gl
0 1.67 603 1.50 2.60 0.58
9 1.67 565 1.30 2.34 0.56
9 1.97 529 1.14 2.10 0.54
9 213 487 1.05 1.85 0.57

Table 4.12b: Iron to copper concentration ratios at 144 h (end of phase 2) for impeller tip speed

experiments.
Quartzite Impeller Iron Copper
loading (%,  tip speed otelz?:i:;) ?mV) concentration concentration F:a/t i(;';u
w/v) (msh P (g1 (g1
0 1.67 615 2.60 3.20 0.81
g 1.67 588 215 2.70 0.80
9 1.97 535 1.20 2.30 0.52
9 213 481 1.00 1.73 0.58

Table 4.13: Copper leach rates for phase 1 and phase 2 and the ratio of copper release rate for

the two phases determined for the impeller speed experiments.

Impeller tip speed  Rate of copper release  Rate of copper release Ratio of Cu release

{m &Y} and quartzite phase 1 (g1 phase 2 (g1-hY) phase 1/phaseZ
loading (48-96 h) (96-144 h)
(%03 w/v)
1.67, 0% 0.0240 0.0113 21
1.67; 9% 0.0194 0.0075 2.6
1.97; 9% 0.0163 0.0050 33
213 9% 0.0088 0.0000 n/a

n/a = not applicable

Figures 4.40a and 4.40b present the specific copper solubilisation rates (qc.) over phase 1 and
phase 2. The specific copper solubilisation rate was calculated as detailed in Appendix B.2. As
observed with iron solubilisation, the specific copper solubilisation rate at a 9 % quartzite loading
and an impeller tip speed of 1.97 m s! was higher than at the 0 and 9 % quartzite loadings
operated at 1.67 m st.  During phase 1 (48 to 96 h), the specific copper solubilisation rate at a
9 % quartzite loading and impeller speed of 1.97 m s was 1.2 fold higher than at the same solids
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loading but a lower impeller speed of 1.67 m s!. During this phase the apparent specific growth
rate in this reactor was 2.5 fold lower than at the lower impeller speed (Table 4.10). Thus
although the apparent specific growth rate is lower at the higher mmpeller speed, the specific
copper solubilisation rate 1s higher. The specific growth rate is a measure of the formation of
biomass. The increased hydrodynamic stress at the higher impeller tip speed may have caused a
loss of cell viability and cell lysis due to solid-cell-solid interactions thus causing a decline in the
apparent specific growth rate of the culture. The specific copper solubilisation rate is an indirect
measure of the metabolic activity of each cell. It is an indirect measure because, as discussed in
Section 4.6 the process of copper solubilisation is not directly linked to the metabolism of the
micro-organisms but indirectly linked through ferric leaching of the mineral. The increase in
specific copper solubilisation rate at the higher impeller speed may be linked to improved mass
transfer. Improved mass transfer resulting from the increased agitation rate would have (i)
enhanced leach reactions through improved contact between the solid and liquid phase and (i)
mmproved oxygen transfer would have influenced the microbial ferrous oxidation rate and thus
enhanced the rate of leaching. In addition to mass transfer effects, the specific activity of the
culture may have been elevated due to the low solution redox potential at the higher impeller tip
speed. A similar argument is applicable to the specific iron solubilisation rates, however variation
in the measured iron concentrations due to factors such as jarosite precipitation discussed in

Section 4.6.2.5 may occur.

At a9 % quartzite loading and impeller speed of 2.13 m s, the positive effects of increasing the
impeller speed were eclipsed by the negative impact of the increased hydrodynamic stress. This
conclusion is validated by data obtained from experiments conducted at a 0 % quartzite loading
and impeller tip speeds of 1.67, 1.97 and 2.13 m s (Figure 4.41). Increasing the impeller tip
speed from 1.67 to 1.97 m s'! while maintaining a constant quartzite loading of 0 % resulted in an
increase in the apparent specific growth rate (app) from 0.010 to 0.020 h! and an increase in the
specific iron solubilisation rate (qre) from 6.2 x 101! to 8.2 x 10-11g Fe cell' h -! over the 24 to
74 h period. A further increase in the impeller tip speed to 2.13 m s caused a decline in the
apparent specific growth rate to 0.012 h'!; however the specific iron solubilisation rate remained at
8.2 x 1011 g Fe cell! h -1. Although the apparent specific growth rate of the cells declined when
the impeller tip speed was increased from 1.97 to 2.13 m s, the appatent specific growth rate
remained higher than that at the lowest impeller speed of 1.67 m s'. Furthermore, at an impeller
tip speed of 2.13 m s, the specific iron oxidation rate was equal to that at an impeller tip speed of
1.97 m s'. Thus, the leach rate remained elevated even though the apparent specific growth rate
had declined; indicating that the improved mass transfer due to the increased agitation rate was

enhancing the leaching process.
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Figure 4.40c presents the average specific copper release rate and extent of copper release as a
function of solids loading and impeller speed. The extent of copper solubilisation from 48 to
192 h was calculated as the percentage of the copper content of the mineral present in the reactor
(6.2 g) released into solution during this period. The average specific rate decreased with
increasing the quartzite loading from 0 to 9 % while maintaining an impeller speed of 1.67 m s
However, contrary to the average specific iron solubilisation rate data, the average specific copper
release rate increased on increasing the impeller speed to 1.97 m s-! while maintaining a quartzite
loading of 9 %. The extent of copper release declined with increasing solids loading and impeller
tip speed. Increasing the solids concentration from 0 to 9 % quartzite caused a slight decrease in
the average specific copper release rate from 7.15 x 10 to 6.78 x 10-** g Cu cell'! and a decrease
in the extent of solubilisation from 28.8 to 24.7 %. Increasing the impeller tip speed from 1.67 to
1.97 and 2.13 m s caused a significant decline in the average copper release rate to 6.57 x 1014
and 4.5 x 101 g Cu cell! respectively. Although there was no cell growth observed at a 9 %
quartzite concentration and an impeller tip speed of 2.13 m s, the maximum percentage copper
leached was 7.7 %. This confirms previous findings indicating that despite the absence of growth
in the reactor, the cells still remained metabolically active with iron and sulphur oxidation

contributing to the solubilisation of the mineral.
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and 9 % w/v quartzite loadings.
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function of impeller tip speed at a 0 % w/v quartzite loading.

4.7.5 COMPARISON OF RESULTS OBTAINED IN THE PRESENT STUDY TO
LITERATURE STUDIES

In this section the results from the impeller speed experiments in the present study are compared
to related studies on slurry reactors presented in the literature. These studies include mesophilic
and thermophilic bioleaching systems as well as yeast systems. The solid phases include pyrite,

chalcopyrite and quartzite. Operating conditions are detailed in Table 4.14.
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Table 4.14: Experimental conditions utilised in the slurty reactor systems reported in literature.

Size Agitation

Micro- Solids loading Shear rate

Reference otganism Reactor e w/v) range rate (s
’ (um) (rpm)
Pearce, 1993 Thiobacilli STR 10 % Pyrite 55 350-630 58.3-105
Gomez et al., Thermophile Shake flask  1-7 % Chalcopyrite Not 100-200 16.7-33.3
1994 given
d’Hugues ¢ a/, Mesophiles STR 20 % Pynite dsp < 63 390-450 65.0-75.0
1997
Nemati and 5. metallicus STR 3-18 % Pyrite 53-75 500-550 83.3-91.7
Harrison, 2000
Lamaignére, 5. cerevisiae STR 0-1 % Quartzite 600-850 460-850 76.7-141.7
2002
Sissing, 2002 5. mietallicus STR 3% Pyrite 38.75 560-760 93.3-126.7
0-24%Quartzite

Present study Sulfolobus sp. STR 3 % Chalcopyrite 38-75 550-700 917 - 117

0-18% Quartzite

As discussed in Section 4.7.4, increasing agitation rate up to a critical level can have a positive
effect on reactor performance by improving the mass transfer rates of nutrients (e.g. oxygen and
catbon dioxide). Typically, gas-liquid mass transfer coefficients are correlated with the agitation

rate according to the form:
kae< N* ...Eqn 4.12
ot

k ac (PIV)F ...Eqn 4.13

Improved mass transfer rates could lead to increased growth rates, as growth rate is dependent on
the carbon dioxide and oxygen concentrations below critical threshold values. In addition, in the
chalcopyrite bioleaching system, improved mass transfer could improve iron and copper
solubilisation rates as the biological ferrous iron oxidation rate is a function of oxygen
concentration. Gomez ¢f al (1994) showed that increasing the mixing rate of flasks from 100
through 150 to 200 rpm improved the growth of Saffolebus sp. on chalcopyrite (Figure 4.42). The
growth rate as well as the maximum cell concentration increased with increasing rotational speed.
This improvement was attributed to improved oxygen and carbon dioxide mass transfer at higher
rotational speeds. The shake flask system utilised by Gomez e a/ (1994) was mass transfer
limited at the low rotational speed. In addition, the energy dissipated in a shake flask system is
low compared to the STR at the same agitation rate. Thus increasing rotational speed of the
shake flasks over the range of speeds investigated served to improve mass transfer and solids
suspension, thus enhancing reactor performance without the negative effects of hydrodynamic
stress. For example, it is possible that at 200 rpm, solids suspension was enhanced resulting in

improved dissolution kinetics.
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Figure 4.42: The influence of agitation rate on cell concentration (adapted from Gomez ¢f 4/,
1994).

However, increasing the impeller tip speed beyond a critical value could lead to a decline in
process performance. Pearce (1993) observed the effect of increasing impeller speed on the
growth of acidithiobacilli at a quartzite loading of 10 % w/v. The cells were grown in STRs using
axial or Rushton turbines (Figure 4.43). Using either impeller, a speed of 350 rpm (1.4 m s) did
not inhibit the metabolic activity of the acidithiobacilli, illustrated through ferrous iron oxidation
and thereby the increase in redox potential. However, increasing rotational speed of the axial
impeller to 630 rpm (2.6 m s7) induced a lag period of 11 days while no activity was observed
using a Rushton impeller at a speed of 630 tpm over 20 days. A similar effect was seen in the
present study. At a 0 % quartzite loading, increasing the impeller tip speed from 1.67 to
2.13 m s while maintaining a constant quartzite loading of 0 % resulted in an increase in the
apparent specific growth rate from 0.010 to 0.018 h' and an increase in the specific iron
solubilisation rate from 6.2 x 10" to 8.2 x 1011g Fe cell'! h ! over the 24 to 74 h period. Thus the
improved mass transfer improved the metabolic activity of the culture. However, a further
increase in the impeller tip speed to 2.13 m s! in the absence of quartzite caused 2 decline in the
apparent specific growth rate to 0.012 h' and the specific iron solubilisation rate remained the
same at 8.2 x 1011 g Fe celkt h -1,
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Figure 4.43: The influence of agitation rate on metabolic activity of the acidithiobacilli in the
presence of 10 % solids loading measured in terms of redox potential (adapted from Pearce,

1993).

Lamaignére (2002) carried out similar studies to Pearce (1993), studying the effect of
hydrodynamic stress on growing yeast cultures in the presence of 1 % v/v quartzite. The author
found similar results to Pearce (1993) and the present study. Increasing the impeller speed from
460 (1.91 m s1) to 565 rpm (2.33 m s7) increased the growth rate of the micro-organisms.
However when the agitation rate was raised above a critical speed of 565 rpm, both the rate and
extent of growth declined. In additon to a decrease in the growth rate, the author also found a
decrease in the biomass yield coefficient with increasing agitation rate. The yield decreased from
7.15 to 4.92 x 10° cells g glucose! with increasing tip speed from 2.33 to 3.51 m s''. As discussed
in Section 4.6, the decreased yield of cells on substrate suggests an increase in the maintenance
energy requirement with increased stress. Abu-Reesh and Kargi (1991) found that the specific
glucose consumption rate of hybridoma cells increased with increasing agitation rate and

postulated the increase to be due to the high cell maintenance requirements at high agitation

speeds.

Apparent specific growth rate data obtained in this study are compared to results obtained in
previous studies by Sissing (2002) and Lamaignére (2002) in Figure 4.44. Sissing (2002) studied
the influence of increasing impeller tip speed on the bioleaching of pyrite by S. metallicus in a
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pyrite-quartzite system. In these studies the solids loading was kept constant at 15 % quartzite
while the impeller tip speed was varied. The results presented in Figure 4.44 were obtained at
impeller tip speeds higher than the critical impeller tip speed at which process performance was
found to improve. Direct compatison of the Suffolobus systems to the yeast system was difficult
because the structure of the cells differ considerably, the solids loading was lower and the impeller
speeds were higher in the yeast system compared to the two Suffolobus systems. Despite these
differences, the overall results were similar in all three investigations i.e. 2 decrease in papp with
increasing impeller tip speed. Both Swffolobus investigations (pyrite and chalcopyrite) showed
similar results. Increasing the impeller tip speed from 1.67 to 1.97 m s caused a decrease in the
apparent specific growth rate. A decline in papp from 0.011 to 0.008 h' was observed in the
present study compared to a decline from 0.014 to 0.011 h -! in the study by Sissing (2002).
When the impeller tip speed was increased further to approximately 2.20 m s, no growth was
observed in either system, instead cell death occurred. The results of Lamaignére (2002) showed
that there was an initial sharp decline in papp from 0.135 to 0.125 h -! with marginal increase in the
impeller tip speed from 233 to 248 m s. A further increase in the impeller tip speed to
3.51 m s resulted in 2 more gradual decline in papp to 0.114 h .

The apparent specific growth rates observed by Sissing (2002) were higher than those observed in
the present study. This increased rate may be attributed to the different minerals utilised in the
two studies. As discussed in Section 4.5.1, the pyrite-quartzite system utilised by Sissing (2002)
was significantly less nutrient limited than the chalcopyrite-quartzite system used in the present
study. This nutrient limitation resulted in a lower growth rate and thus a reduced apparent specific
growth rate. In addition to the difference between the two Sw/folobus systems, the apparent
specific growth rates were an order of magnitude higher in the yeast system compared to the
Sulfolobus systems. In addition, the apparent specific growth rate in the yeast system did not
decrease below 0 over the range of impeller tip speeds studied. It is expected that the yeast
system would have the highest apparent specific growth rate due to the superior strength of the
yeast cell wall comprised of cross-linking mannan and glucan. This cell wall structure would have

increased the resistance of these organisms to the effects of hydrodynamic stress.
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Figure 4.44: Comparison of apparent specific growth rates for §. cerevisiae (Lamaignére, 2002) and
Sulfolobus sp. (Sissing, 2002 and present study) at various impeller tip speeds using a pitched blade

impeller.

Iron leach data are compared for the chalcopyrite-quartzite system (present study) and the pyrite-
quartzite (Sissing, 2002) system in Figure 4.45. At a 9 % quartzite loading, the chalcopyrite system
followed the expected trend of a decrease in the iron leach rate with increasing agitation rate.
However, in the pyrite system at a 15 % quartzite loading, there was an increase in the leach rate
from 0.076 to 0.107 g Fe I'* h'! with an increase in the impeller tip speed from 1.67 to 1.97 m s™.
Sissing (2002), like Gomez e a/. (1994), concluded that this increase in leach rate was possibly due
to enhanced mass transfer in the 1.97 m s reactor. If the positive effect of improved mass
transfer (e.g. oxygen and carbon dioxide) prevailed over the effect of the increased hydrodynamic
stress induced by increasing the impeller tip speed, then the result is a higher leaching efficiency.
Over the range of impeller tip speeds and solids concentrations tested in the present study, the
positive effects of increasing tip speed were observed at a 0 % quartzite loading and to a limited
extent at a 9 % quartzite loading. At a 9 % quartzite loading an increase in the initial (48 to 96 h)
specific iron and copper solubilisation rates was observed with an increase in the impeller tip
speed from 1.67 to 1.97 m s'. However this initial increase in the rate did not improve the overall
extent of metal solubilisation due to the decline in the apparent specific growth rate resulting
from the increased hydrodynamic stress at the higher impeller tip speed. As discussed in Section

4.6, the sensitivity of the micro-organisms in the chalcopyrite system to lower levels of
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hydrodynamic stress than the micro-organisms in the pyrite system could stem from nutrient
limitation due to passivation of the chalcopyrite i.e. the effects of hydrodynamic stress coupled

with nutrient stress outweighed the positive effects of improved mass transfer.
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Figure 4.45: Comparison of iron leach rates for pyrite (Sissing, 2002) and chalcopyrite (Present

study) as a function of impeller tip speeds at quartzite loadings of 15 and 9 % w/v respectively.

Gomez ¢z al. (1994) found that the final extractions of copper were similar in tests run at 150 and
200 rpm and greater than those obtained at 100 rpm. At mixing rates of 100, 150 and 200 rpm
the extent of solubilisation was 63, 89 and 84 % respectively. Here again mass transfer limitations
are cited as the reason for the improved copper solubilisaion. The effects of improved mass
transfer due to improved mixing conditions need to be accounted for before addressing the
effects of hydrodynamic stress. d’Hugues ¢f 2/ (1997) who investigated the bioleaching of pyrite
at high solids concentrations using mesophiles were able to conduct experiments in the absence
of mass transfer limitations. The authors discovered that, after removing the oxygen limitation in
the stitred tank reactors, the decline in bioleaching efficiency was as a consequence of stress
induced by increasing the agitation rate from 390 to 450 rpm. Similar results were obtained in the
present study where in Table 4.12 it was shown that at a 9 % quartzite loading, increasing the
impeller tip speed from 1.67 through to 2.13 m s caused a progressive decline in the iron and

coppet solubilisation.
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4.7.6 CONCLUSIONS

In this section, the effect of increasing quartzite loading from 0 to 9 % and impeller tip speed
from 1.67 through to 2.13 m s! on the bioleaching of chalcopyrite by a Sauffolobus culture was
investigated. The positive effects of increasing agitation rate on leaching were observed at a 0 %
quartzite loading and to a limited extent at a 9 % quartzite concentration and an impeller speed of
1.97 m s, Increasing impeller tip speed up to a critical level of hydrodynamic stress (determined
by the solids loading) resulted in improved mass transfer and hence improved dissolution kinetics.
However, above a critical intensity of hydrodynamic stress, the positive effects of improved mass
transfer were outweighed by the detrimental effects of increased hydrodynamic stress. The
adverse effects were similar to those observed for the solids loading experiments where increasing
solids loading caused a decline in the extent of growth, and iron and copper solubilisation.
Increasing solids loading increased the number of particles in suspension while increasing
agitation rate increased the collision frequencies of the particles in solution as well as the energy
dissipated in these events. Ata 9 % quartzite loading the critical impeller tip speed above which
the effects of hydrodynamic stress on process performance were significant was determined to be

1.67 m s L

In Section 4.6 and the cutrent section, the effects of solids loading and impeller tip speed have
been treated separately. In the following section the combined effect of increasing solids loading

as well as impeller speed on the process performance is assessed.

4.8 FURTHER ANALYSIS OF GROWTH AND REDOX
POTENTIAL DATA

In this section, the analysis of the growth and redox potential results discussed in Sections 4.6.2.3
and 4.6.2.2 is extended. Firstly, growth kinetics data were used to determine the specific death
rate. The vatiation of the specific death rate with the concentration of quartzite was modelled
using the power law function. Secondly, the change in redox potential over time observed for the
solids loading experiments (Section 4.6) was examined using the kinetics of bioleaching of

chalcopyrite by a Suffolobus sp..
4.8.1 GROWTH DATA
4.8.1.1 Determining specific growth and death rates

Figure 4.46 illustrates a typical growth profile for the Suffolobus culture used in this study. The
profile is described by growth, stationary and death phases. No distinct lag phase is observed
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owing to the inoculum build-up approach used. Furthermore the growth phase is described by a
linear increase rather than an exponential increase in cell concentration. Primary factors that
affect the cell concentration and the growth rate in the growth phase include viable cell
concentration, maintenance energy and cell lysis. The first factor, cell viability, refers to the ability
of cells to grow and reproduce. Viability may be reduced due to damaged cell membranes caused
by hydrodynamic stress. The second factor deals with the increase in the cell maintenance energy
requirement which may contribute to cell repair mechanisms in response to cell damage due to
stress. If the metabolic energy directed to growth is reduced, a decrease in cell concentration is
observed. Finally, cell lysis may occur due to high intensity solid-cell-solid collisions causing the

cell envelope to rupture.

Primary factors that affect the cell death rate and cell concentration in the death phase include an
increase in metal ion concentration and ionic strength of the medium, nutrient limitation and cell
lysis. The build-up of toxic concentrations of metals and increased ionic strength of the growth
medium may cause cell death. If the substrate becomes limited due to depletion of the nutrient
soutce or passivation of the mineral and no energy is available for cell maintenance, cell death
results. Cell lysis may occur due to high intensity solid-cell-solid collisions causing the cell
envelope to rupture. Furthermore, cells which remained intact and viable in the growth phase
with only minor envelope damage may lyse due to prolonged exposure to hydrodynamic stress

during the growth and stationary phases.
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Figure 4.46: Growth curve of a Suffolobus culture in the presence of 3 % chalcopyrite. Dashed
lines indicate (A) growth, (B) stationary and (C) death phases.

The growth and death phases are represented by regions A and C in Figure 4.46. Under

conditions of negligible stress, the growth rate dominates the death rate such that:
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Papp = W ... Bagn. 4.14
whete: [app = appatent or measured specific growth rate (h-t)
m = maximum specific growth rate in the absence of stress (h-1)

Under conditions of increased hydrodynamic stress it is postulated that the death rate becomes

significant hence:
Happ = l-l”kdl Eqn 4.15
where: kat = specific cell death rate in the growth phase (h)

This death rate is a function of the magnitude of hydrodynamic stress. Lakhotia and Papoutsakis
(1992) stated that hydrodynamic forces can reduce pap, by decreasing i or by increasing kai.

In batch culture, the apparent specific growth rate is expressed by the following equation:

dC
Mapp = dtN /CN ... Eqn 4.16

In the present study, in the growth phase of the growth curve presented in Figure 4.46, the
apparent specific growth rate is controlled by the substrate concentration. As explained in
Section 4.5, the system becomes substrate limited due to passivation of the chalcopyrite mineral
resulting in reduced ferrous iron in solution. However, although the apparent specific growth rate
is controlled by the substrate concentration in the absence of hydrodynamic stress and not by the
cell concentration, the rate of change of p,pp on increasing exposute to hydrodynamic stress is
significant enough to be used as an indication of the system performance. This is facilitated by

the limited change in available ferrous iron following passivation of the mineral.
Integrating Eqn. 4.16:

In (Cn/Cho) = pappt ... Eqn 4.17
where Cn = biomass concentration at time t (cells ml)

Cno = initial biomass concentration (cells mlt)

t = time (h)
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Hence papp can be determined using the slope of In Cn as a function of time or differential

elements of Cyn per unit time and biomass present.

The specific death rate, kg, can be determined by the difference between papp and p, where p is
defined as the maximum growth rate attainable in the system under the experimental conditions

utilised in the absence of the stress factor investigated.

Region C (Figure 4.46) is characterised by a high specific death rate (kaz) and a low specific growth
rate owing to substrate depletion or reactor product inhibition of metabolic energy generation and
the effects of hydrodynamic stress. Where the specific growth rate is very much smaller than the
specific death rate, the biomass profile is defined by kaz, hence:

Mapp = M -kaz = ka ...Eqn 4.18

In this study it was not possible to determine kg, values due to the incomplete growth curves

obtained in some experiments and thus only ka results are presented.

4.8.1.2 Review of the effect of solids loading and impeller speed on ky in the slurry reactor
Pearce (1993) investigated the power law model and the exponential model to describe the
correlation between the disruption rate constant (&), solids concentration and agitation rate. For
solids loading experiments, data were obtained from experiments where non-growing §. cerevisiae
was exposed to a quattzite volume fraction across the range of 0.00 to 0.40 at an impeller speed of
770 tpm. The extent of disruption was measured by determining the equilibrium release of
soluble protein from the cells as a fraction of the maximum soluble protein available for release.
The rate of protein released was described by the first order rate constant, £ The models were
chosen empirically. The exponential model described the experimental data with a correlation
coefficient of 0.954 while the power law model described the experimental data with a correlation

coefficient 0f 0.999. An equation of the form:
k= 000198 P23 ... Eqn 419
whete @ = solids loading (w/w or w/v)

was denived for the dependence of £ on the solids concentration. The model was validated using

the data of Currie ¢ al. (1972) collected using a high-speed bead mill cell disrupter.
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Scholtz-Brown (1998) conducted similar studies and modelled yeast cell disruption in
incompletely and completely suspended solids regimes. The author investigated the effect of
solids concentration and impeller speed on the disruption rate constant. For the solids loading
experiments using a completely suspended solids regime, experiments were performed over a
quartzite volume fraction range of 0.00 to 0.40 at an impeller speed of 750 rpm. An equation of

the form:

£ =0,0202 @19 ... BEqn 4.20

with a2 correlation coefficient of 0.99 was derived.

Pearce (1993) also correlated the impeller speed to cell disruption in the slurry reactor. The
author conducted experiments where the impeller tip speed was increased in the range 150 to
1090 tpm at a solids volume fraction of 0.20. The following power law model with a correlation

coefficient of 0.95 was obtained:

A= 1278 x 10 P N9 ... Eqn 4.21

where N = impeller tip speed (m s°1)

The model derived for impeller speed did not adequately describe all agitation rate data. The
disruption rate constant was described by the power law at agitation rates below 600 rpm. Above
600 tpm, the data separated from the model. The impeller speeds used by Pearce (1993) straddled
the critical impeller speed of 685 rpm. Scholtz-Brown (1988) observed that the inadequate fit of
the power law model above 600 rpm obtained by Pearce (1993) emphasised the need to model
the cell disruption for the incompletely and completely suspended solids regimes separately. The
appropriateness of the power law model below the critical impeller speed supports the power law
dependence of £ on the suspended volume fraction of solids, increasing with increasing impeller

speed.

Lamaignére (2002) extended the studies of Pearce (1993) and Scholtz-Brown (1998) by using a
growing culture of 5. cerevisize. The author determined the relationship between the specific death
rate constant in the growth phase of the yeast and solids loading and impeller speed using a power
law function. For the solids loading experiments, quartzite loading was varied in the range 0 to
5 % v/v at an impeller speed was maintained at 565 rpm. For the impeller speed experiments, the
impeller speed was varied between 460 and 850 rpm and the quartzite concentration was
maintained at 1 % v/v. The following equations were determined for solids loading and impeller

speed respectively:
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ka = 0.11 @o50 R2=098 ... Egn 4.22

ka = 0.014 No4 Rz =0.87 ... Eqn 4.23

Good correlation was found using the power law model to describe the solids loading data
although the exponent of @ was not close to 2 as observed by Pearce (1993) and Scholtz-Brown
(1998). Poor correlation was found using the power law model to describe the impeller speed

experimental data even though the agitation rates utilised were above the critical impeller speed.

In addition to offering a predictive ability, the power law models derived by Peatce (1993) and
Scholtz-Brown (1998) may also serve as mechanistic models. A cell disruption mechanism may
be elucidated from the power law model. Abrahamson (1975) indicated that if the exponent of ©
is close to 2 (c®?), this suggests that solid-cell-solid collisions are the important cell disruption
mechanism in the shurry reactor while if the exponent is close to 1 (c®), then cell-solid and solid-
cell-reactor collision are the dominant disruption mechanisms. The exponents of ® in Eqns. 4.19
to 4.21 are all close to 2 confirming that solid-cell-solid collisions were the dominant disruption
mechanism in the slurry systems discussed in these studies. However, in the solids loading model
derived in the study by Lamaignére (2002) the exponent was close to 1. The author used lower
solids loadings (0 to 5 % v/v) than the studies of Pearce (1993) and Scholtz-Brown (1998) (0 to
40 % v/v). Thus in the system of Lamaignére (2002) the results suggest, according to (Eqn. 4.22),
that the dominant mechanisms of cell disruption are cell-solid and solid-cell-treactor collisions at

lower solids concentrations.

In essence the models derived in the studies by Pearce (1993), Scholtz-Brown (1998) and
Lamaignére (2002) have shown that kq can be related well to solids loading (@) and to a lesser

extent to agitation intensity (N) through a power law relationship:

kg = c P4 and, ... Eqn 4.24
kg = c Nd ... Eqn 4.25
where ¢, d = constants

In the present study, the relationship between kg and solids concentration was investigated. The

power law function employed by Pearce (1993), Scholtz-Brown (1998) and Lamaignére (2002)
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was used. The growth data for impeller speed was not analysed further due to the limited number

of impeller speed experiments performed.

4.8.1.3 Effect of solids loading on kg

Using the growth data obtained in the solids loading experiments carried out at 0, 6, 9, 12, 15 and
18 % w/w quartzite loadings and an impeller tip speed of 1.97 m s, kg1 was determined using the
method detailed in Appendix B.2. In this study it was not feasible to determine p in the absence
of solids because the substrate, chalcopyrite, formed at least part of the solid phase and intensive
mixing and aeration was required for solids suspension and oxygen and carbon dioxide mass
transfer for microbial growth. The approach of Yang and Wang (1992) was used in which p was
determined under conditions of mild hydrodynamic stress to minimise the stress effect on cell
growth. These data under conditions of minimal cell damage from agitation and sparging served

as a control against which ka was determined.

In the present study, p for all experiments was defined as the maximum specific growth rate
obtained in the absence of quartzite, the presence of 3 % chalcopyrite and an impeller tip speed of
1.97 m s'. The specific growth rate for experiments conducted under these conditions was
determined to be 0.007 hl. The apparent specific growth rate (Happ) wWas defined as the maximum
specific growth rate observed at each quartzite loading in the range 6 to 18 %. In Figure 4.47, ka,

determined by difference between p and papp, is given as a function of solids loading,

As observed by Lamaignére (2002), a power law relationship describes the dependence of kg on
solids loading. The modelled data shown in Figure 4.47 was obtained by recalculating the
experimental data using the power law equation and minimising the sum of the squares of the
difference between the experimental and predicted values. The power law model for the present

study was determined to be:

1 = 4.61 x 105 Prss R2 =098 ... Eqn 4.26
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Figure 4.47: The specific death rate constant as a function of quartzite loading and an impeller

tip speed of 1.97 m s,

Figure 4.48 shows good correlation between the predicted and measured specific death rate
constant. Furthermore, in Figure 4.48, the model is tested against the data obtained by Sissing
(2002) using S. metallicus cultivated on 3 % pyrite in the presence of quartzite and shows a
reasonable predictive ability. This is consistent with the micro-organisms in these studies both

being of the genus Su/folobus with similar cell wall structure.
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Figure 4.48: Comparison between the experimental specific death rate constant, kit measured (data

used to generate the model and the data of Sissing (2002)) and the modelled specific death

constant (Kdi modelled) for solids loading experiments.

In Table 4.15 the exponent of @ from Eqn. 4.26 is compared to the values obtained by Pearce
(1993), Scholtz-Brown (1998) and Lamaignére (2002). The exponent of 1.66 determined in the

present study is similar to those obtained in the investigations of Pearce (1993) and Scholtz-

Brown (1998) of 2.33 and 1.92 respectively. The exponent derived in the present study is close to

2 indicating that solid-cell-solid collisions are possibly the cell disruption mechanism in the

chalcopyrite-quartzite shurry system.

Table 4.15: Comparison between the exponents of @ obtained in the various studies.

Scholtz-Brown Lamaignére
Parameter  Pearce (1993) (1998) (2002) Present study
d 2.33 1.92 0.50 1.66

175



Chapter 4: Results and Discussion I

4.8.2 REDOX POTENTIAL

The operating redox potential (which can be related directly to the ferric to ferrous iron ratio) of a
bioleaching system can be determined by examining the kinetics of bioleaching (Petersen and
Dixon, 2005). For this purpose, the rate of oxidation of ferrous iron by the bioleaching micro-
otganism, and the rate of leaching of the mineral as a function of the ferric to ferrous iron ratio
are required. In Section 4.5.1, Figure 4.7 showed the dependence of the rate of chalcopyrite
leaching on the ferric to ferrous iron ratio and thus solition redox potential. The muneral leach
rate profile was derived using the model of Hiroyoshi e 4/. (2004) and the redox potential window
for optimal chalcopyrite leaching was approximated to be between 450 and 560 mV (Ag/AgCl).
A profile showing the dependence of the kinetics of microbial ferrous iron oxidation on the fertic
to ferrous iron ratio can also be derived for the bioleaching micro-organism. Searby and
Hansford (2003) generated a profile for the rate of ferrous iron oxidation by a Sulfolobus sp. as a
function of the ferric to ferrous iron ratio. Petersen and Dixon (2005) reported that the operating
redox potential of a system can be determined from the intersection point between these mineral
oxidation rate and microbial oxidation rate curves, plotted as a function of the ferric to ferrous
iron ratio. The intersection point between the mineral curve and the microbial curve represents
the point at which the system is balanced. In order for balance to be attained, the rate of
microbial ferric generation must equal the rate of ferric consumption of the mineral. If these are
not balanced then the ferric to ferrous iron ratio will shift until balance is achieved (Petersen and

Dixon, 2005).

The relevance of the intersection point between the curves in defining operating conditions
within the bioleaching system was first reported by Rawlings ¢ 4/ (1999). The authors
determined the intersection points between the ferric demand curve for pyrite and the ferric
supply curves for Leptospirilium ferriphilum and Acidithiobacillus ferrooxidans in an effort to understand
why Leptospirillum-like species are the dominant iron oxidising bacteria in commercial processes
for the bio-oxidation of pyrite and related minerals. The ferric supply and demand curves
respectively for the mineral and the bacteria are shown in Figure 4.49. L. ferriphilum, unlike Az,
ferrooxidans, has a high affinity for ferrous iron and is not inhibited by ferric iron hence the rate of
ferrous oxidation remains high at elevated redox potentials. The curves presented in Figure 4.49
were derived using the kinetic constants for bacterial ferrous iron oxidation obtained by Boon
(1996) and van Scherpenzeel (1997) and the kinetic constants for the ferric leaching of pyrite
obtained by May ez a/. (1997). Rawlings e 4/ (1999) reported that the intersection point between
the mineral and the microbial curves defines the conditions (e.g. redox potential) where the rate of
ferric supply and ferric demand is balanced. L. ferriphilum has a higher activity at elevated redox

potentials compared to A% ferrooxidans. The pyrite curve intersects the bacterial oxidation curve
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for L. ferriphilum at a high redox potential. At this elevated redox potential, pyrite leaches at a high
rate and L. ferviphilum has a high activity. This provided an explanation as to why L. ferriphilum
out-competes Az ferrvoxidans in the bioleaching of pyrite.
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Figure 4.49: Rates of ferrous iron production from the chemical ferric leaching of pyrite (64 pm)
and the rates of ferrous iron consumption by bacterial oxidation by L. ferriphilum and Az,
Jerrooxcidans (adapted from Rawlings ¢z 4/, 1999). Arrow indicates the point of intersection

between the L ferviphilum and pyrite cutves.

In the present study, using the analysis technique of Rawlings ef a/ (1999), adapted by Petersen
and Dixon (2005), a further explanation is sought for (i) the high operating redox potential
observed in the solids loading experiments and (ii) the change in redox potential observed at each
quartzite loading as a function of time in the solids loading experiments. Figure 4.50 illustrates a
typical microbial ferrous oxidation rate curve for a Suffolobus sp. (Searby and Hansford, 2003) and
mineral oxidation rate curves for chalcopyrite (Hiroyoshi, 2004) and pyrite (May e a/, 1997).
Arbitrary rate data were chosen since only relative and not absolute values are required for this
discussion. The rate of pyrite leaching increases steadily with the ferric to ferrous iron ratio
whereas the chalcopyrite curve is raised within a narrow window of low ferric to ferrous iron
ratios and the leach rate is significantly reduced at elevated ferric to ferrous iron ratios. This effect
is usually associated with passivation of chalcopyrite at high ferric to ferrous iron ratios (redox
potentials). As the mineral cutves presented in Figure 4.50 represent the rate of oxidation of the
two minerals. By stoichiometry, they also represent the rate of ferric iron and hence oxidant

demand. The supply to this demand is provided by microbial ferrous oxidation (ferric supply) as
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represented by the microbial curve in Figure 4.50 (Petersen and Dixon, 2005). The shape of the
curves and their position relative to the x axis are consistent for each mineral and bioleaching
micro-organism under specific conditions. However, the supply and demand curves will shift up
with increasing ferric supply by the micro-organisms or ferric demand of mineral and shift down
if either the ferric supply by the culture or ferric demand of the mineral decreases. Considering
thermophilic chalcopyrite leaching, in Figure 4.50, if the ferrous oxidation capacity of the
mnoculum is high, then the microbial curve will intersect the mineral curve as shown by arrow 4
and the operating redox potential of the system will increase. In the present study, the redox
potential rose sharply during the inoculum build-up period (0-24 h) due to the high cell
concentration and activity and hence high ferrous oxidation capacity of the inoculum at 0 h. As
shown in Figure 4.50, at the elevated redox potentials, the rate of chalcopyrite dissolution is
reduced significantly. Conversely, considering thermophilic pyrite bioleaching, even at high cell
concentrations and activity the microbial and mineral curves for the Suffolobus sp. and pyrite
intersect (arrow 5) at an operating redox potential where the mineral ferric demand and the
microbial ferric supply are high. Thus pyrite is leached more readily by Sufolobus sp. at the
elevated redox potentials. Furthermore, in a system containing both pyrite and chalcopyrite
where the activity of the culture is high (elevated ferric supply), pyrite leaching will occur at a
faster rate than chalcopyrite leaching.

i

Rate of oxidation

Ferric/ ferrous iron ratio

chalcopyrite rate
~~~~~~~~~~~~~~~ Sulfolobus sp. rate

m—— e pyTite rate
Figure 4.50: Proposed supply-demand curves as a function of the ferric/ferrous iron ratio for a

chalcopyrite and pyrite mineral bioleach by a Suffolobus sp. (adapted from Hiroyoshi, 2004, May ef
al., 1997 and Seatrby and Hansford, 2003).
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In Section 4.6 it was shown that increasing quartzite loading in the range 0 to 18 % caused a
decline in process performance as shown by changes in pH and redox potential, and a decline in
the rate and extent of growth, and iron and copper solubilisation. From 0 to 23 h (inoculum
build-up phase) the redox potential increased similarly in all reactors due to identical physiological
and hydrodynamic conditions. At 23 h, the addition of quartzite to the experimental reactors
caused a decline in their process performance. The change in redox potential over time differed
depending on the intensity of hydrodynamic stress applied. Three groups of quartzite loadings
were identified within which the change in redox potential over time was similar. The three
groups, namely 0 and 6 % quartzite (negligible to mild hydrodynamic stress), 9, 12 and 15 %
quartzite (intermediate hydrodynamic stress), and 18 % quartzite (intense hydrodynamics stress)
were chosen on the basis of the shape of their redox potential time profiles (Figure 4.14). Table
4.16 shows the change in redox potential observed during the solids loading experiments from 24
to 71 h for the three groups of quartzite loadings. Analysis of Figures 4.51 to 4.56 provides a
possible explanation for the change in operating redox potential during the solids loading
experiments by considering the shift in the intersection point between the Sufolobus sp. ferric
supply and chalcopyrite ferric demand curves. The curves at 23 h represent conditions in the

reactot just before quartzite was added and the impeller tip speed was increased.

At 0 and 6 % quartzite loadings, the redox potential increased from 23 to 71 h (Table 4.16). At 9,
12 and 15 % quartzite loadings, the redox potential decreased from 24 to 48 h and subsequently
increased but at a reduced rate compared to the reactor containing 0 % quartzite. The reduction
in rate was inversely proportional to the quartzite concentration. At an 18 % quartzite loading the
redox potential fell sharply over the 24 to 48 h period from 606 to 508 mV with a further
decrease to 506 mV at 71 h. Continued mineral leaching was observed during the 23 to 71 h time
period in all reactors. Continued mineral leaching would have resulted in a decrease in the
mineral ferric demand over time because of the reduced surface area of mineral available for

leaching,
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Table 4.16: Change in redox potential from 23 to 71 h for solids loadings in the range 0 to 18 %

quartzite operated at an impeller tip speed of 1.97 m s,

Reactor conditions Redox potental (mV; Ag/AgCh
Quartzite loading Impeller tip speed
%, w/v) (m s-1) 23h 48h 71ih
roup 1 (negligible to mild hydrodynamic stres
0 1.97 606 621 636
6 1.97 605 607 618
2 (mild to intermediate hydr Frel! 55)
9 1.97 605 599 613
12 1.97 605 567 595
15 1.97 604 565 584
roup 3 (intense hydrodynamic stress
18 1.97 606 508 506

Figures 4.51 and 4.52 show the proposed ferric supply curves of the Suffolobus culture and the
ferric demand curves for the chalcopyrite concentrate over a 71 h period in the presence of 0 and
6 % quartzite (negligible or mild hydrodynamic stress conditions). As bioleaching proceeded
under conditions of negligible to mild hydrodynamic stress, the ferric supply capacity of the
culture increased causing the microbial cutve to shift up. During this time, the mineral curve
shifts down because of a reduction in the mineral surface area available for leaching due to (i)
leaching of the mineral and (i) passivation of the mineral surface. Taking into account these
changes in the position of the curves relative to the y axis, the intersection point (operating point)
between the mineral curve and the microbial cutve shifts to the right (Figure 4.52) indicating an
increase in the operating redox potential in the transition from intersection points 4 to & This
analysis explains why the redox potential in the reactors containing 0 and 6 % quartzite increased

continuously from 23 to 71 h.
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Figure 4.51: Proposed supply - demand curves for chalcopyrite and a Suffolobus sp. under
conditions of negligible to mild hydrodynamic stress. Open square indicates the intersection

points of interest between the mineral curve and the microbial curve.
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Figure 4.52: Magnification of the region represented by the open square in Figure 4.51 showing
the intersection points of interest between the mineral curve and the microbial curve. (2) 23 h

intersection point; (b) 48 h intersection point; (c) 71 h intersection point.
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Figures 4.53 and 4.54 show the proposed fertic supply curves of the Suffolobus culture and the
ferric demand curves for the chalcopyrite concentrate over the 23 to 71 h period in the presence
of 9, 12 and 15 % quartzite (intermediate hydrodynamics stress conditions). The intersection
points between the mineral and microbial curves are shown in Figure 4.54. Increasing
hydrodynamic stress conditions after the inoculum build-up phase caused a reduction in
metabolic activity, a reduction in cell viability and cell lysis. These effects caused an overall
reduction in the ferrous iron oxidising capacity of the culture. The microbial curve shifts down
with a concomitant downward shift in the mineral curve due to continued leaching as shown by
an increase in the percentage iron and copper solubilised (Figures 4.19 and 4.22). The
intersection point shifts to the left (indicated by arrow /) indicating a decline in the operating
redox potential Over the 48 to 71 h period the culture began to recover from the effects of the
stress conditions. The microbial curve shifts upward with a simultaneous downward shift in the
mineral curve due to continued leaching and the intersection point shifts to the right. The extent
of this shift is dependent on the quartzite concentration. This analysis explains why the redox
potential in the reactor containing 9, 12 and 15 % quartzite decreased from 23 to 48 h and
increased from 48 to 71 h. The redox potential indicated by intersection point ¢ in Figure 4.54 is
representative of the shift observed at a 9 % quartzite loading. Here, at 71 h, the redox potential
increased above the 23 h redox potential value. However, at 12 and 15 % quartzite loadings the

redox potential increased above the 23 h potential at only 96 and 144 h respectively.

Rate of oxidation

Ferric/ ferrous iron ratio

e e prineral gate 23 h
o = e mineral rate 48 h
......... O mineral rate 71 h
Seffolobus sp. rate 23 h
e e = Sffolpbus sp. rate 48 h
.................... Suﬁhb"»‘ sp_ ate 71 h

Figure 4.53: Proposed supply - demand curves for chalcopyrite and a Sulfolobus sp. under
conditions of mild to intermediate hydrodynamic stress. Open square indicates the intersection

points of interest between the mineral curve and the microbial curve.
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Figure 4.54: Magnification of the region represented by the open square in Figure 4.53 showing
the intersection points of interest between the mineral curve and the microbial curve. (a) 23 h

intersection point; (b) 48 h intersection point; (c) 71 h intersection point.

Figures 4.55 and 4.56 show the proposed ferric supply curves of the Sulfolobus culture and the
fertic demand curves for the chalcopyrite concentrate over a 71 h petiod in the presence of 18 %
quartzite (intense hydrodynamic stress). Increasing the quartzite concentration above 15 % led to
a significant decrease in cell concentration compared to the 0, 6, 9, 12 and 15 % quartzite loadings
and hence the overall ferrous oxidation capacity of the culture declined. It is proposed that from
23 to 48 h, on addition of solids to the reactor after the inoculum build-up phase, the microbial
ferric supply curve shifts low enough to intersect the mineral ferric demand curve at 3 points
(Figure 4.55). Two of the intersection points fall within the redox potential window for increased
rates of chalcopyrite leaching (Figure 4.56). The intersection point indicated by arrow & is
dominant possibly due to the more favourable leaching under these conditions. From 48 to 71 h,
the cell concentration did not change and thus the microbial curve remains at the same position.
However, the mineral curve shifts downward due to continued leaching (as shown by an increase
in the total iron solubilised, Figure 4.19) and the intersection point shifts to the left and the
system operated at a lower redox potential. This analysis explains why the redox potential in the
reactor containing 15 % quartzite decreased from 23 to 48 h with a further decrease from 48 to

71 h
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Figure 4.55: Proposed supply - demand curves for chalcopyrite and a Suffolobus sp. under
conditions of intense hydrodynamic stress. Open squares 1 and 2 indicate the intersection points

of interest between the mineral curve and the microbial curve.
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Figure 4.56: Magnification of the region represented by open square 1 in Figure 4.55 showing the
intersection points of interest between the mineral curve and the microbial curve. (b)48 h

intersection point; (¢) 71 h intersection point.
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The analysis technique presented here may also be used as a tool to predict the operating redox
potential in a system where the ferrous iron oxidation rate of the bioleaching culture and the rate
of leaching of the mineral as a function of the redox potential are known. This predictive ability
is especially important for the bioleaching of chalcopyrite because, unlike other less recalcitrant
minerals, e.g. pyrite, the optimal leaching of chalcopyrite is restricted to a natrow redox potential

(fertic to ferrous iron ratio) window.

4.8.3 CONCLUSIONS

In this section it was shown that a mathematical model in the form of a power law model can be
used for the prediction of the specific death rate constant in the growth phase at various solids
loadings other than those used in this investigation. The power law relationship between the
specific death rate constant and solids loading proposed by Pearce (1993), Scholtz-Brown (1998)
and Lamaignére (2002) showed good correlation with the experimental data from the present
study and the study of Sissing (2002).

Further analysis of redox potential data using the approach of Rawlings ¢f 4/ (1999) and Petersen
and Dixon (2005) showed that this method of analysis may be used to understand the vatiation in
redox potential with solids loading and time. In addition this method may be used to predict the
operating redox potential in a bioleaching system using existing microbial ferric supply curves and
minetal fetric demand curves. In the present study, the analysis, based on changes in the ferric
supply by the Suffolobus culture and the chalcopyrite ferric demand, explained changes in redox
potential observed in the solids loading experiments and showed that at an 18 % quartzite
concentration it was possible to improve chalcopyrite leaching by reducing the microbial ferrous
iron oxidation capacity of the culture. At lower quartzite concentrations, high microbial activity
led to a shift in the operating point to higher redox potentials that were not conducive to
chalcopyrite leaching. Although the overall extent of leaching at the lower quartzite loadings was
higher than at the 18 % quartzite loading, it is proposed that if the leaching time were extended
and leaching in the reactor containing at the 18 % quartzite continued at a low redox potential, a
higher extent of leaching would be observed at an 18 % quartzite concentration compared to the

lower solids loadings during this extended period.
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4.9 CONCLUSIONS

In this chapter the effects of increasing hydrodynamic stress, through increasing solids loading
and impeller tip speed, on the performance of the chalcopyrite bioleaching process were assessed.
Increasing solids loading and impeller tip speed had an adverse effect on the bioleaching of
chalcopyrite by the Su/folobus culture. The extent of the adverse effect was found to be a function
of impeller speed and quartzite concentration. A decline in the rate and extent of growth, and
iron and copper solubilisation was observed on increasing solids loading and impeller tip speed.
For the solids loading expetiments the intensity of the stress appeared to be clustered within three
sets of solids loadings. The first cluster comprised the 6 and 9 % quartzite loading which
appeared to perform similatly and caused a low intensity of stress to the micro-organisms. The
second cluster comprised the 12 and 15 % quartzite loadings which showed significantly reduced
reactor performance compared to the first 6 and 9 % solids loading cluster. Finally, at an 18 %
quartzite loading a drastic decline in system performance, approaching systems failure, was

observed.

The results obtained in this study were compared to mineral-only, mineral-quartzite and quartzite-
only slurry reactor systems from literature. A similar trend of a decrease in process performance
with increasing hydrodynamic stress was observed in all studies considered. In systems where the
effect of solids loading was studied by increasing the mineral concentration, the effects of
physiological factors such as oxygen and carbon dioxide availability and build-up of toxic leach
products contributed to stress in the system and the effect of hydrodynamic stress could not be
elucidated. Using mineral-quartzite systems investigators were able to study the effect of
hydrodynamic stress in the absence of physiological stress. The pyrite-quartzite system of Sissing
(2002) was found to outperform all other thermophilic STR bioleaching systems investigated.
Although the chalcopyrite-quartzite system was not oxygen or carbon dioxide limited, the
recalcitrance of chalcopyrite to leaching caused nutrient stress to the micro-organisms. This

nutrient stress compounded the effects of hydrodynamic stress.

Further analysis of growth data showed that the specific death rate increased in a power law
fashion with increasing hydrodynamic stress. A power law model, describing the relationship
between solids loading and the specific death rate constant, was derived. The analysis showed that
a power law function may be use to describe the effect of solids loading on the specific death rate
constant of Suffolobus spp. in agitated slurries. The power law model derived for solids loading
was validated using the data of Sissing (2002). The exponent of the solids loading term in the

model was found to be close to 2 in the solids loading study corroborating the results of Pearce
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(1993) and Scholtz-Brown (1998) and showing that the primary mechanism of damage in the

slurry reactor is solid-cell-solid collisions.

Using the data analysis technique of Rawlings ¢f 4/ (1999), adapted by Petersen and Dixon (2005),
the change in redox potential time profiles observed in the solids loading experiments in the
present study could be explained. It was postulated that if detailed kinetics of a particular
bioleaching system under specified conditions are known, then operating redox potential of the
system may be predicted. This form of analysis could prove useful in optimising chalcopyrite
bioleaching processes, as in recent years investigators have shown that controlling the redox
potential of the system within a narrow redox window can lead to higher extents of chalcopyrite

leaching.

On analysis of the independent solids loading and impeller tip speed experiments, the critical
quartzite loading and critical impeller tip speed, beyond which the effects of hydrodynamic stress
were significant, were identified as 9 % and 1.67 m s! respectively. This conclusion was validated

by the results from the combined experiments.
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Chapter 5: Results and Discussion II

The biological response to hydrodynamic stress
mediated by increasing solids loading and impeller tip

speed

In Chapter 4, process considerations were used as ctiteria to evaluate the effect of solids loading
and impeller tip speed on the thermophilic bioleaching of chalcopyrite. In this chapter the
biological response is used to evaluate these effects. The biological response was evaluated by
determining cell morphology (Section 5.1), metabolic activity (Section 5.2), membrane integrity
(Section 5.3) and the change in intracellular protein composition (Section 5.4). These were
measured using the analyses listed in Table 5.1. In this way, the effect of hydrodynamic stress was
determined at a cellular level and the results contributed towards an understanding of the
mechanism of hydrodynamic cell injury as well as potential mechanisms of stress protection.
Samples were selected at different time intervals from the solids loading and speed experiments
discussed in Chapter 4. The current chapter is divided on the basis of the effect of hydrodynamic
stress at a cellular level and the nature of the biological response to this stress, rather than on

solids loading and impeller tip speed.

Table 5.1: Analyses used to determine the biological response with increasing solids loading and

impeller tip speed.

Biological response Analysis

Phase contrast microscopy
Change in morphology Scanning electron microscopy
Cell size distribution

Change in metabolic activity of the culture Specific oxygen utilisation rate (goz)
Change in membrane integrity Dual fluorescence staining
Change in intracellular protein composition ~ SDS PAGE
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5.1 THE EFFECT OF HYDRODYNAMIC STRESS ON
CULTURE MORPHOLOGY

Morphology is defined as the description of form and structure. In this section the form and
structure of Suffolobus cells are investigated after their exposure to hydrodynamic stress incurred by
increasing agitation rate and solids loading. Reactors were sampled in mid-growth phase and
samples were prepared and analysed immediately. Phase contrast microscopy was used to
observe cell morphology for the impeller speed experiments. Although this method was
constrained to provide only limited magnification of the cells (1000 x), samples could be viewed
as wet preparations without extensive sample preparation. High magnification (6 500 to 40 000 x)
morphological analysis of cells from a limited number of samples from the solids loading
experiments was performed using a scanning electron microscope (SEM). Quantitative analysis
of cell size for the solids loading experiments was achieved using a CellFacts particle analyser that

provided a cell-number-based size distribution.

5.1.1 DIRECT MICROSCOPIC ANALYSIS

Phase contrast microscopy was used to examine the effect of increasing impeller tip speed in the
range 1.67 to 2.13 m s at 0 and 9 % quartzite loadings on the morphology of planktonic cells.
Samples were removed from the reactors and settled for 30 min to remove the majority of the

non-biological particulate phase before direct microscopic viewing,

5.1.11 Description of morphological forms identified
Several cell shapes, sizes and intensities were detected during the growth cycle of the cultures as

well as a consequence of increasing hydrodynamic stress. These morphologies are represented

diagrammatically in Figure 5.1.
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Figure 5.1: Schematic representation of coll shapes, intensities and dimensions observed dunng

hydradynamic stress experiments,

Fipures 5.2 te 5.5 present phase contrast imapes illustratng examples of the different cell
morphologies presented in [Fpure 5.1, Round, phase dark cells (Figure 5.1a; Figure 5.2 arrow 4
and cell doublets (Figure 5.1b; Figure 5.2 arrow #1) were found mostly 1o the bascline reactor in
the absence of quartzite when operated at Jow impeller tip speeds.  Following inoculadon, the
cells oeourred singly and were round and phase dark. In mud exponential phase, several doublets
and occasionally chains of cells (Figure 5.2 amrow #7) were visible.  The statonary phase

comprised mostly sinple, round, phase dark cells.

The reactors supplemented with quurtzite and operated at incteased inpeller tip speeds presented
ncreased variation in cell shapes and sizes depending on the intensity of hydeodynamic stress
applied, Cells spmetimes appearad phase dark and round ranping from 1.5 to 2um in size (Fipure
5.1a; Figure 5.3 arrow ). Chther cells remained phase dark and round but were reduced in size,
ranging from small (Figure 5.1d; Figure 5.3 amow 4) to vory tiny cells (Figure 5.1e Figore 5.3
arrow ¢ with diameters of approximately 0.2 to 0.5um. Extreme morphological types observed
wcluded ghost cells whete the micro-erganisms displayed round or amoeboid shapes sometmes
with dark spots noticeable within the cytoplasm (Fipure 5.1c and 5.1f; Figure 5.3 aorows £ and f).
In addition to these morphological types, leaking cells were also evident (Figure 5.1 Figure 5.4).

These were classified as cells that had been damaged and from which the cytoplasm was
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extrnding, At the higher sohds loadings and unpeller top speeds, clomps of cells were visible
(Figure 5.14; Figure 55 arrow §). Damaged cells frmed large irregular clumps consisting of
varying cell sizes. In subsequent sectioms the various cell morphologies are dizeussed with respect

to opetatingr coadidons,

Figure 5.2: Image of cells sampled at 72 b from the baseline reactor {0 9% quartaiee) operated at
an impeller np speed aof 197 m &' a = round, phase dark singlers; bl = doublers; b2 = chain of

cedls,

1%
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Figure 5.3: Image of cclls sampled at "2 b from the reactor contaning 12 % quartzite opeeated at
an itmpeller tip speed of 1.97 mos L a = round, phase dark; € = empty ghost cell; £ = damaged

ghost cell; d = small cells; ¢ = dny cells.

!ﬁ },l%

Figure 5.4: Image o cells sampled ar 72 b from the reactor containing 12 % quartste operated al

an impeller tip speed of 197 m s ), Arrows indicate leaking cclls,
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Figure 5.5: Tmape of cells sampled at 72 h from the reactor contaning 15 %o quartzite operated at

an impeller bp speed of 197 m . 1= clump of cells.

51.1.2 The effect of solids loading and impeller iip speed on cell momhology

The effect of mpeller vp speed was determned at O and 15 %0 quarteaite loadings, Samples were
temnved from the reactors dunng oud-growth phase, settled for 30 min and viewed io 3 counting
chamber under phase contrast ar a 1000 ¥ mapgnification, (hwing to the depth of the counting
chamber, in some cases 1t was difficult to obtain images where all cells were 10 Focus Tt the basic

motrphology of the cells can sull be distnguished,

51020 0 % grartsgte bading

At a % quartzite loading, oo sipnificant difference o cell morphology or cell concentraton
{Figures 5.6a o 5.6¢) was nhserved berween the three impeller tp speeds iovestigated, “Lhe cells
were predominantly phase datk and roond with a diarmerer berween 1.5 and 2 pn, indicating no
visible detrimental effects due to increased hydrodypamic stress. These resulrs walidare dara
presented in Section (3.7, where it was shown that mereasing the mpeller op speed at & 0 %
guartzice loading soly served to intprove mass transfer and eohance the metabolic acuvity of the

cells.
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Figure 5.6: Images of oells sampled at 72 3 frem seactors contaiming 0 % quartzite and operated
at mnpeller tip speeds of (5) 157 ou s (b4 1.9 m s and {c} 213 m 5 -,

e
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ELL22 1F % guarigiie fading

The addinon of 15 % quartzite to the reactors resulred in extreme changes in the morphology of
the cclls. The degree of cell damage ohserved was propactional to the intensity of hvdrodynamic
stress applied as can be seen by comparison of Figure 5.7a theough to 57d. Ava D % quartzile
cancentration and an impeller tp speed of 1.67 m s L cells appeaced phase dack and round with
diameters beraecn 1.5 and 2.0 pm (areow o Miguee 5700, Incecasing the quarezite eoncentration
to 15 %o, while maintaining an impeller speed of 1,67 m s, resulted in altered ccll morpholegies
[Informanately the quality of the image peesented i Dipure 5.7h 15 poor bae hve miceascopy
analysis showed that some cells remamed phase dack and round (arrow &) wdth diameters betscen
|5 and 20 um and a fow clomps of cells (atrow &) weee also visible indicating that leaky cells were
preseat. In Tigure 5.7c it 15 scen that increasing the iopeller speed te 1.97 m s at 2 constant
quartzite loading of 15 % resulted 1n mare proncunced changes in cell morphalopy. Only small
cclls {approximalely .78 pm n diameter), leaking colls and coll clumps (indicated by artows o g,
and 7 respectively) were obsetved, No round, phase dark cells with a dismeler between 1.5 and
2 um remained in suspensicon. Thus the inercased impdler speed caused increased hvdrodynanue
stress resulting w4 decrease in ccli size, an increase in the number of leaking colls and hence an
increase in the number of cell clumps. When the tip specd was further mereascd to 2053 m s, the
number of cells per field of view dechned considerably and more cell debris was found 1in
suspension.  Several leaking as well as ghost eolls, cell chunps and cell debris were also visible

{indhicated by arvesws g, o ¢ and Fin Mygmee 5.7d),
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Figure 5.7 Imapes of cells sarpaled at 72 h (romn regomsrs conodoing Oand 1% %o quarrate and

operated at anpeller tip specds of 1.67, 1.97 and 2,13 tm s+,

a= Image of cells from a O % guartzite reactor run al 1,67 m 57, 4 = phase dack, round cells
hi= Toage af cells from a 15 % quarezite veactor o at 167 mos!. a = phase datk, round
cells; i = small chomp of cells
= Inage of cells feom a 15 % quartzite reactrr run ar 1.97 m 57, d = small cells;
g = leaking cell; 1 = cell clumps
d= Invage of cells from a 15 % quartzite reactnr fin at 213 m s, g = leakiop cells;

c = ghost cell; 1 = ¢ell dump; § = cell debns

It is evident from the micrographs presented that increasing hydrodynamic stress by increasing
agitation intensity at a high snlids concentration (13 % goartzite) caused an alterstdon o cell
mutphology. Cells were pransfoemed from dense, rund suuctares o smaller cells, leakiog cells,
ghost cells, stcky cell clumps and cell debns, Inereasing impeller speed increases the frequency of
selid-cell-solid collisions, The cell morphologies presented bere are charactesistic of these damaye
events. Mild hydeodynanic stress results in bealthy cells experivncing minor envelope damage,
A5 disenssed in Sectinn 2.4, although the exeeat of chis damage dues not directly affect cell gruwth
or metabolism, ather factors such as the melease of certun cell wall proteins into solution may be
undesited, Mrnre severe mechanical stress leads tn membrane damage which results in the cells
Insing their abulity to teplicate due to weakened membrane integaey, Io the exireme cuse, cells

raphire and extrude cytoplasm tesulting in cell debns,

Tatnaignére (2K12) investigared the effect of hvdrodynamic stress on the growth and motphology
uf 5 gererdder in sloery reactors. Using transmission electron microscopy, the author obtained
umages of the cells exposed e quartzie loadings wf 0 and 1 % v/v and unpeller speeds of 563 and
850 rpu. Faposure o1 % gquatteite and an anpeller speed of 850 tpm for 28 L resulted in

rupture of the cell envelope. Figure 5.8 shows wo points of lysis oo a veast cell mdicared by the
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arrows. The imape shows distuption of the cell envelope and the release of cytoplasm into the

growth medium. Extrusion of cytoplasm also caused the cells to shrink in size.

Figure 5.8; llluswration of a lysed yeast cell sampled from a S1R containing 1 % v/v quartzite and

ﬁperated at 8500 mm {sourced from Lamaignére 2002).

Comas and Vives-Rego (1998) invesugated the effect of temperanite an Stapbyboeces anress. They
found thar the cells decreased in size possibly due to seepage of the cytoplasm out of the cell
when the cell membrane was damaged by heat. Nkosi (2001} reported similar decreases in cell
size due o desiccation of 8. @iz on cold shock.  Rets of of {2004) smadied the effects of
matrient stress on B, Sobendformdr and observed the presence of phost cells, These cells had been
permeabilized as seen by the disrupnon of the cyptoplsmic membrane o Figure 5.9, and contained
litde or no evtophsmic material inside the cell envelope. The extrusion of cytoplasm causes the

cells to become sticky and consequentdy the cells proceed to clump,

Figrure 5.9: ‘Lransmission electron micrograph of Baaifes Sohentfmmis cells starved of narrients

{sourced from Reis o7 o/, 2004).
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5.1.2 SCANNING ELECTRON MICROSCOPY ANALYSIS OF CELL
MORPHOLOGY

Scamning electron mictoscopy (SEM) was used to determine the effect of hydrodynamic stress on
cell morphology. The anabysis was also wsed as o ool o magnify and epable a 3-dimensional
observanon of the ony cells which approached the detecoon limir of Hght rucroscopy at 100 x
magnification. Figure 510 presents a high mapnificanon image of the Fafabbas culmure growing
under optimal conditons. Dunng te logarithiie phase of provwth and under mild conditions of
bydrodynamic stress, cells appear large, round and smooth. A simitar morphology was observed

using phase contrast microscopy.
&P ;

a4, d08 19Ann WO1Z2

Figure 5.10: Scapning clectron micrograph of 2 mid-growth phase Jefeddnr culoore from a

3 % w/v chaloopyrite slurry (< 22 um stec fraction) oporated at 1.97 m s,

The cells growing under optinal condinnns were used as an inoculom for the expenmental rens
conducted at 0, 12, 15 and 18 % w/'v quartate Toadings and an impeller op speed of 1.97 m s L
Mid-log phase samnples from teaciors containtng 0, 12, 15 and 18% w/v quarizite were prepared
by fixing the cells with glutaraldehyde, foliowed by dehydration and eoating (Section 3.3.7.3). The
satnples wete subsequently viewed under the SEM.  The sample from the baseline rcactor
cootained mostly round, smooth cells (Fipure 511} cepresenting rype « from Figure 5.1, Figure
512 shows that most cells sampled from the reactor containing 12 % quartzire appeared damaged
o have collapsed. A small mumber of round, smooth cells were visible (arrow 2] as weore cells of
reduced size {artow 4). In the micrograph showing cells sampled from the reactor containing
15 % quartite, collapsed or damaged cells dominared (Figure 5.13). INo smaoth, round cells were
vigilile. INo cells were visible in samples raken fram the reactor confainiog 18 %o quartzite (Fipure
.14 Ewaluation of the samples by phaze microscopy before the Fxaton step showed only cell

clumps and cell debns similar to those observed in Pigure 5.7d of Secoon 5110 Tr % possible
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that the highly stressed of damaged cells could nor withstand the SEM sample preparatiom
procedure and lysed, thos only cell debns wras observed,

560~ Frn HbDE

Figure 5.11: Scanning cectron micrograph ot a mid-prowth phase Sufplber culmre from a

reagior contaiting O % w,/v quanzite and operated at 197 m &

P AR
435000 e HDL

Figure 5.12: Scanning clectron micrograph of a mid-growth phase Sedbbén culture from a

reactor containing 12 % w /v quarlzite and operated ar L9 ms 1, a = tound, smoeoth el d =

smmall cell.
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5.13 QUANTITATIVLE ANALYSIS O CELL 5TZLE

Section 5.1.1 presented, in part, 4 gualitative analysis of the effect of hydrodynamic soress on ecll
size. In rhis section, a quantitafive analysis of the change in cell size with increasing
hydrodynamic stress is presented. The experimental protocol was described in Secton 4.6, A
baseline experiment, in which the particulate phase consisted of only 3 % chalcopyrite and no
INert quattzite, was run with each set of experiments. The effect of quartzitc concentrations, in
the range 1) to 18 % operated at an impdler op speed of 1.97 m 51, on the cell size distrbution
was evaluated, Data were nocmalised as desedbed 10 Seetion 46,20 As mentoned in Secton 3.6,

each expetiment was repeated to determine whether the size distdbotion curves were

reptoducible

Cell size was analysed using the Celll*acts particle size analyser, based on the Coulter princple, to
quantify both cell concenttation and cell size distribution.  The cell size distnbutions were

deserdbed by Atting a {our parameter Weibull function {Bygn 5.1} to cach distgbution,

i .EL‘]II. Bl

e i [—‘{—IJ]
2o | e b T =
fe ﬂ[c J e +[c ] = WL

The Weibull function was chosen over other bell curves as it best descobed the shape of the size
distributinn curves over time and over the range of sobds lnadings utilised. “Goodness of (67 of
the Weibull fanetion to each size distribution was assessed and the three parameters of interese, 4,
¢ and X, were obtaned. Parmameters o, # and Xy describe the corve as illustrated in. Figure 5.15.
Parameter ¢ represents the height of the apex of the peak, & the width of the mudpoint of this

height and X, the mode,
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Figrure 5.15: Descoption of a, b and 2,

513.1 Sample data

In this section, a set of data representing tvpical baseline {} %% quartzite) and expernimental {18 %
quartzite) results is presented to enable compatison between the size distributions and the Wetbull
function parameters (prior to normahsation) dertved from these distributions. These particular
quartztte loadings were chosen because they best illustrate the difference beiween the cell
number-based size distributions in the abscnce and presence of significant hydrodynamic stress,
Figures 5.16a and 3.17a show a representative sct of ccll size distributions as a function of time
obtained during a baseline run {} % guartzrte) and an 18 % quarnzite run. Figures 5.16b and 5.17b
tllusteate the change in cell concentration as a funcnen of time at the two guartzite loadings,
Furthermore, the Weibmll function parmamcters @, # and X, detived from the cell mumber-based
size distrbutions for the 0 and 18 %0 guartzte loadings were plotted as a function of time and are
presented in Figures 5.18 to 5.20. Ttom these data, the changes in the ccll dimensions under
optimal conditions (0 % quartzite) and high intensity hydrodynamic stress conditions (18 %

guartzite} are analvsed.
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Figure 5.17; (a) celt number-hased size disttbution as a functon of tme and b cel
concentraton as a function of tme atan 18 % quarsdte: loading and an impeller sp speed of

1.97 m sl

The vell size distdbutions (or the exprentments at O h were very similar owing to the absence of
quartzite in the inoeulum build-up phase and eonfisming reproducibility of the analysis. At h,
charactescd bv b ool mumber, the siee distribooons for O and 18 %% quantaite loadings were
deseribed by a parrow distobution Gllustrating unifoemity in cell size) with a small arca on
integrarion (lustrating a low cell number). As growth progressed, the disuibution for the O %
quartzite loading increased o heyght and breadth sndicating an inerease in cell concentration and
incressed varation n ccll dumcter, In addinon, the distrdbution curve shifted to the right
indigating an increase in average ccll diameter with fme, At 96h, the culiure teached the

maxitnum cell size (Fipure 5162} and cell conventration (Figure 5161, TTers the booadest range
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of particle diameters and maxioum peak height were achieved. The size distribution for the 18 %
quartzite loading showed an increase in height and breadth over the fist 24 b, At 72 h the
distribntion decreased in height and increased in beeadth. The heipht and breadth of the
distribution remained constant up to 144 h whereafter the breath of the curve incteased and the
height remained constant. Durng the 72 to 168 h pedod the distdbution shifted o the left
indicating a decrease i average cell dismeter dunng this perod. The cell concentration
{calculated by integration of the distribution] in the absence of quartaite, increased rom 0 to 72 h
after which the calture entered to stationary phase of growth and the cell number remained
constant Fiouree 5.16b). The cell concentration i the presence of 18 % quartzite decreased after
24 h, the tme at which quartzite was added (Figure 5.17b), A minimum cell coticentration was
attained at %6 h (Figure 5.17b), whereafter the culture remained in stationary phase untl the end

of the experiment,

Quanttative analysis of the changes the cell size dismibutions for the 0 and 18 %% quartzite
loadings were achieved by fitting a Weibull function to the distibutons and deriving parameters «
{apex height), # (breadth) and X, (mode). At a 0% quartzite loading parameters # and & (Figores
5.18 and 5.19) followed the shape of the growth corve, being key parameters in determining the
ared under the curve, proportional to cel concentration. Parameter « (Figure 5.18) incressed
during the growth phase (0 to 72 h) from 6.8 x 10F o 1.8 x 107 cells ml' and subilised at
approximately 1.7 x 107 cells mH between 72 and 168 h which coincided with the stationary phase
of growth {Figure 5.16b). Parameter b (Figure 5.1Y) mncreased during the prowth phase from 0.27
to (41 pm at 96 b, From 96 to 168 h, & remained stable at this value, This incresse i the
vatiation in particle diatneter of a rapidly-prowing healthy culture could be representalive of cell
doublets preceding completion of cell division, This assumption is validated by the micrographs
vollected using phase contrast optics, showing doublets duting the growth phase of the baseline
oultuee (Higore 32). At an 18 % quartzite loading, parameter o describing the heighe of the
distribution, mecregsed from 7.7 x 106 1o 1.3 x 107 cells ml over the fiest 24 h dunng the mnocalum
build-up phase. After the addition of quartzite 1o the reactor, « declined to 4.9 x 104 cells ml and
remained close to this value for the remainder of the experiment. Parameter 5 increased from
.25 to 0.38 pm from 0 to 72 b, and subsequently decteased o 0.34 ym at 144 h and remained at
this value till 168 h. Ttis observed that the size distnibution (Figure 5.17a) changed from a normal
distribution prior to quarezite addition to be skewed to include an expanded tail on the night hand
side owing to the presence of particles of the latger particle diameters. At the high quartzite
loading, the lagger pariicles possibly originated from damaged cells becoming Teaky” and hence
‘sticky’ and proceeding to clump or appregate (Sechon 5.1.1). In addition, because these clumps
wete of varying dismeters and integrities, they may have been pattially bioken vp dunng the

dilution phase of the analysis procedure, causing the noisy signal as observed on the rght il of
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the size distributions (Figure 5.17a). The presence of these clumps was confirmed using phase
contrast optcs (imapes not shown), Similar clumps caused by excessive hvdrodynamic stress
were scen in impeller tp speed expedments (Section 511, Figures 57c and 57d) where the

agpregate diameter in the absence of breakage ranged from 2.5 to 3 pm.

{ M 40 sl 81 100 120 14 aER  1B0
—a— {1 "5 quarnteioe Time th)
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Figure 5.18: Time profiles of parameter o for 0 and 18 % quartzite loadings operated at an

tmpeller tip speed of 1.9%m 5L
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Figure 5.19: Time profiles of parameter ¢ for 0 and 18 % quartziee loadings operated at an
impeller op speed of 1.97 m s,

The mode of the cell size disttibutions for 0 and 18 % quartzite loadings was a funcrion of ume as
well as solids loading (Figure 5.200, An ANOVA comparitig the mode of the diseibutons over
time i= presented in Appendix F. This analvsis shows thar the cell size change on increasing the

quartzite loading o 18 % is significant at the 99.99 % level. At the 0 % guartzite loading, the
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mode increased from 0.90 1o 8.97 pum during the growth phase {0 to 72 h). During the stationary
phase of growth, the mode remwined constant at approximately L0 um over the %6 o 144 b
perod and decreased to 0098 pm from 144 to 168 b At the 18 % quartaite loading, an X of 091
to (92 pm was found in the inocalum build-up phase. At 168 h, the mode declined to 0,53 um.
These results confirm that as the intensity of hydrodynamie stress nereased on incrcasing the
quartzite loading from 0 to 18 %, a preater proportion of the cells occurring singly had decreased
particle diameters. In addition, the eell diameter deercased as the cxpeoment progressed.  As
discussed in Section 5.1.1, poe of the potental cutcomes of hydrodynamic cell damage is a
decrease in the average stze of the cells. Cell size was postulated to decrease ax cells became
leaky’ duc to damage to the cell wall and membrane or becanse smaller cells are more enerpy

efficient in a stresstal covirontmenlt.
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Figure 5.20; Time profiles of paramcter X, for @ and 18 % quartzite loadings operated at an
impeller p speed of 197 m s L.

51.3.2 The effect of increasing solids loading across the range 0 to 18 % quartzite

The four parameter Weibull funcrion (kEgn. 3.1) was fitted to the size distribution carve for each
sample interval at cach solids loading in the moge 0 1o 18 % guartzite, Parameters &, # and X,
were determined. The data for each solids loading over the growth phase of the experiment was
averaped and subsequently normalised against the respective € % qoartzite data (Section 4.6.2} to
enable eomparison across the range of quartzite loadings tested. These averaged, normalised da

are presented in Figure 5.21.
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Figrure 5.21: Change in parameters a, b and X with increasing quartzite lnading from O to 18 %
w/v at a constant impeller dp speed of 1.97 ms-L
Parameter # (apex) remained constant up to o quartzite loading of 9 %, At a 12 %% guartzite
loading the average curve apex was (185 fold the baseline value and decreased Further o (.35 fold
the baseline value at 15 and 18 % quarizite loadings, At & and 9 and 12 % quarteite loadings,
parameter & decteazed by approximately 19 % compared to the baseline. On average throughout
the experiment patameter # was higher at the 13 and 18 % quartzite loading than at the lower
loadings of 6, 9 and 12 %. Parameter Xi (mode) decreased wirh an increase in quartzite loading
from O to 18 % indicating that there was a decline in the avetage cell diameter with increasing
quartzite loading. Thete was a dectease 10 Xy to 0.94 fold that of the baseline teactor on
increasing the ¢uartrite loading to 6 and 9 %. Incteasing the guartrite loading above 2 % caused
the normalised Xy value to decline to (.89 at an 18 % quartzite concentration. These data are in
agreement with the phase contrast muceographs presented 10 Section 5112 The nucrographs
clearly show a decrease m the avernge cell diameter with increasing hydrodynamic stress. In
addition, combining the results for X and & wath oucrescope analysis shows that at the 6 to 12 %
quatlzite loadings the decrease in & 15 due to the presence of small, sttessed cells while at the 15
and 18 %% quartzite loadings, the increase in the width of the distribution spanning both small and
large particle diameters is indicative of 2 decrease in the average cedl size with concomitant
aggregation of damaged, ‘leaky’ cells, The dearease in X ar the lowest quartzite loading tested

(6 %} is an indication of the sensidvity of cell size to the effecs of hydrodynamic scress.
5.L3.3 Cell aggregation

In an effort to confiom that at higher pulp densities leaking cells apgregated or clumped, an

cxperiment was conducted at two pulp densities (D and 18 % quartzite) using the same protocol as
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in previous solids loading experiments. The cell concentration in the 0 to 5 um and 2 to 5 um
regions were determined using the CellFacts analyser. It is important to note that a higher
proportion (approximately 100 fold) of the cells lay in the 0 to 2 pm range. The percentage of
cells in the 2 to 5 um range was sought using Eqn. 5.2:

Cellconc.,_
2~5pm "

%Cy_8,m = 100 ...Eqn. 5.2
2-5um Cellconc.g_s 4, 4
where  BCy_g 4, = percentage of cells in the 2 to 5 um range
Celiconc.y.s,,, = the concentration of cells in the 2 to 5 um range (cells ml)

Cellconc.y s, = the concentration of cells in the 0 to 5 um range (cells ml*)

Figure 5.22 illustrates the change in the percentage of cells in the 2 to 5 pm range as a function of
time for 0 and 18 % quartzite solid loadings. At a 0 % quartzite loading, the percentage of cells in
the larger size range decreased over the first 48 h from 3.0 % to 2.0 % and stabilised at
approximately 2.5 % for the remainder of the experiment. Conversely, at an 18 % solids loading,
the percentage of particles in the larger size range increased from 4.2 on the addition of quartzite
to the reactor at 24 h to 7.2 at 144 h whereafter the percentage decreased to 4.0 at 191 h. From
24 to 144 h the cells were in the death phase and hence there was an increase in the degree of
clumping. From 144 to 191 h the cell concentration increased marginally possibly due to recovery
of the system and resulting in a decline in the degree of clumping. Another possibility is that the

cell clumps proeceded to break-up due to their prolonged exposure to mechanical stress.

These data show that the number of cell clumps in suspension was a function of solids loading
and time and also corroborate results presented in Section 5.1.1.2. The phase contrast images in
Figures 5.7a to 5.7d show an increase in the degree of cell clumping with increasing hydrodynamic

stress.
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Figure 5.22: Percentage of cells in the 2 to 5 um range as a function of time for 0 and 18%
quartzite solid loadings at an impeller tip speed of 1.97 m s,

85134 Comparison of results to literature studies

Shuler and Tsuchiya (1975) correlated the size of Agvtobacter vinelandii to changes in cellular
composition, number and morphology. Henrici (1928), cited by Shuler and Tsuchiya (1975),
documented that two types of batch growth exist: (i) accumulation of biomass with concomitant
increase in cell size and (i) increase in cell numbers. Figure 5.23 shows the cell size distribution
of Azotobacter vinelandsi and their associated cell shapes at different times during the organism’s
growth cycle. The size distributions and morphological changes presented by Shuler and
Tsuchiya (1975) are similar to the size distributions observed in this study in the absence of
quartzite. The most notable similarities in the morphological changes are those observed during
exponential phase where the size distribution broadened owing to the increase in cell size prior to
division and the height of the distribution increased owing to increased cell number. The shift of
the mode of the size distribution to the left observed by Shuler and Tsuchiya (1975) indicated a
reduction in the size of intact cells especially during the stationary phase of growth. In the current
study this effect is seen in Figure 5.20 where parameter X declines during the stationary phase of

growth in the absence of quartzite.
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Figure 5.23: Cell size distributions featuring different cell shapes during the growth cycle of
Agzotobacter vinelandii (sourced from Shuler and Tsuchiya, 1975).
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The results of cell cycle studies of Suffolobus acidocaldarins by Hjort and Bernander (1999) are in
agreement with the results obtained in the present study and those obtained by Shuler and
Tsuchiya (1975). The data collected by Hjort and Bernander (1999) from cell size distributions
during the exponential and stationary phases of growth of the Archaea showed a reduction in cell
size on progression from the exponential growth phase to the stationary phase. In the studies by
Hjort and Bernander (1999) and Shuler and Tsuchiya (1975), the cell size distribution changes as
the culture growth cycle moves from exponential to stationary phase. In the present study similar

time-course based changes were observed at a 0 % quartzite loading (Figure 5.16a). However, on
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increasing the solids loading to 18 % quartzite, variation in the cell size distribution was observed
(Figure 5.17a). This difference indicates that the changes in the cell size distributions at the higher

solids loading were possibly due to increased mechanical stress.

A decrease in cell size with increasing stress intensity was observed by Nkosi (2001) who
examined the effect of cooling rate on the size of Brewer’s yeast cells. Cells were cooled to 4°C at
different rates. The control sample was held at 14°C. The predominant cell size decreased with
an increase in cooling rate (Figure 5.24). The author found a similar trend to the present study
where the mode decreased with increasing stress intensity. In the study by Nkosi (2001), the
mode decteased from 6.55 um for the control sample to 5.88 and 5.13 pum for the slow-cooled
and fast-cooled yeast cells respectively. The decrease in yeast size with cooling was attributed to a

greater degree of desiccation or a loss of cell contents due to damaged cell membranes.

25
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—-9— Fast-cooled

Figure 5.24: Comparison of the particle size distribution of yeast as a function of cooling rate
(adapted from Nkosi, 2001).

Several physiological changes resulting in, among others, changes in cell morphology occur in the
cells under conditions of stress. In terms of morphological changes, cell stress is postulated to

induce survival strategies such as the production of smaller cells and thicker cell walls.

As found in the present study (Figure 5.7c and Figure 5.12), Nemati and Harrison (2000) and
Sissing (2002) reported that the size of freely suspended cells of S. metallicus was smaller in
expetiments conducted at high intensities of hydrodynamic stress in STRs. Smaller cells have a
larger surface area to volume ratio, hence increasing the transfer area available for nutrient
transport. Also, smaller cells only interact with small eddies and thus the effective hydrodynamic

stress at the cell surface may decrease. Thus, smaller cells are advantageous under sub-optimal
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conditions. In addition to a reduction in cell size, micro-organisms may repair and re-enforce cell
walls in response to stress. Physical evidence of cell wall repair mechanisms was found by
Lamaignére (2002). The author showed that the walls of yeast cells grown in the presence of
1 % v/v quartzite in an STR wetre thicker than the walls of yeast cells grown in the absence of
solids. In addition, the percentage of cells with thicker walls increased with time. Klis ez a/ (2002)
observed that changes in the morphology of newly formed cell walls of S. cerevisiae occurred in
response to nutrient limitation. In addition, cell wall construction is strongly regulated and certain

pathways are directly involved in signalling cell wall damage.

In order to maintain a diminished size, stressed cells cease synthesis of non-essential cellular
components (Shuler and Tsuchiya, 1975). The reduced synthesis of non-essential cellular
components under conditions of stress was confirmed by comparison of the protein profiles of
healthy cells to those of stressed cells. Furthermore, it is possible that the energy expenditure per
unit growth is altered to provide additional maintenance energy to enable resistance to stress and
repair of cell injury such as cell wall damage. Illing (1996) stated that hydrodynamic stress may
result in the use of the carbon and energy source for maintaining intracellular functioning and
repair mechanisms in place of, for example, cell division and product formation. Seatby and
Hansford (2003) reported kinetic evidence of an increase in the maintenance requirement of a
thermoacidophilic archaeon in response to temperature and nutrient stress on analysis of the
kinetics of ferrous iron oxidation. They used the constant maintenance Pirt equation (Eqn. 5.3)
to describe the dependence of the specific ferrous iron oxidation rate on the growth rate, biomass

yield coefficient and the maintenance coefficient.

Gpp = ﬁ‘m + m, ... Eqn5.3
Yox
where: g, = the specific iron oxidation rate (mol Fe?* molC h)
r = the specific growth rate (h')
Yo" = the maximum yield on substrate (mol C (mol Fe2+))
e = the maintenance coefficient (mol Fez* molC1 h1)

The maintenance coefficient was found to be a function of temperature and increased sharply
from 0.39 to 1.26 mol Fe2* molC1 h'! on increasing the temperature from 65 to 70°C. A further
increase in the temperature to 75°C resulted in a moderate increase in the maintenance coefficient
to 1.31 Fe?* molC' h'l. Furthermore, they established that when the cells were grown under

nutrient limiting conditions, the cell maintenance requirements increased.
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52 THE EFFECT OF HYDRODYNAMIC STRESS ON
CULTURE METABOLIC ACTIVITY

The metabolic activity of a culture is used as a measure of the metabolic activity of the micro-
organisms within the culture. The specific oxygen utilisation rate (qo2) may be used as an indicator
of metabolic activity (Illing, 1996; du Plessis ez 4/, 2001; Kim e# 4/, 2002). The thermoacidophilic
Archaea used in the present study utilise oxygen as the terminal electron acceptor in the transport
of electrons from ferrous iron and elemental sulphur and thus the oxygen utilisation rate (OUR)
and cell concentration were used to determine the metabolic activity of the S#folobus culture on
exposure to increasing levels of hydrodynamic stress during the solids loading experiments.
Because the reactors used for the experimental runs were not completely sealed, direct OUR
measurements were not possible. Suspensions devoid of mineral but containing growth medium
and cells were sampled from the reactors at intermittent time intervals during the experimental
runs and inoculated into Schott bottles containing fresh medium and 3 % w/v chalcopyrite fines
(Section 3.5.9). The bottles were rotated in an orbital shaker incubator maintained at 68°C. The
OUR was measured over a 5 h period. Control samples containing only fresh medium and
mineral were tested to determine the extent of decrease in OUR due to the presence of the
chalcopyrite fines. The average OUR of the control sample measured over the 5 h period was
subtracted from the average OUR measured over the 5 h period for the experimental samples. As

described in Section 4.6, the solids loading expetiments were conducted in two sets.

The specific OUR data for the two experimental sets are presented in Figure 5.25. The qoz values
were obtained by dividing the average OUR over the 5 h period by the total number of cells
present in the slurry. The qoz was found to be a function of time and quartzite concentration.
For all solids loadings tested, the qoz decreased over the course of the experiment. The extent of
decrease was proportional to the solids concentration. The decrease in qoz with time was
attributed to a decrease in nutrient availability due to passivation of the chalcopyrite mineral, while
the decline in qoz with quartzite concentration was attributed to increased hydrodynamic stress
imposed by an increase in the concentration of solid particles present in the reactors. Illing (1996)
found that during the normal growth cycle of Corynebacterium ghutamicnm, under conditions of
negligible hydrodynamic stress, the specific OUR decreased from 120 mg O, hlg dry cell mass?!

at the start of the exponential phase to 69 mg O hg! in late exponential phase.

In batch culture, as the nutrient supply diminishes, the activity of the system declines leading to a
loss of culture metabolic activity. In the present study nutrient limitation occurred early in the
chalcopyrite bioleaching system (Section 4.6) due to passivation of the mineral and resulted in a
decline in the OUR. At a 0 % quartzite concentration the qoz declined from 1.32 x 10 to
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1.21 x 107 ul O; cell'! min! over the first 24 houts after the inoculum build-up petiod (0 to 24 h).
The qo2 time profile for the 6 % quartzite loading was similar to the profile for the 9 % quartzite
loading, Over the first 24 h after the addition of quartzite to the reactors the qoz decreased to a
greater extent than at the 0 % quartzite loading. The qo; decreased from 1.28 x 10 and
1.30 x 109 ul Oy cell'! mint to 9.97 x 1010 and 9.46 x 1010 ul O, cell! mint for the 6 and 9 %
quartzite loadings respectively. The initial sharp decrease in the qo, was followed by a gradual
decrease over the remainder of the expetiment. Ata 12 % quartzite loading the decrease in the
qoz over the first 24 h after quartzite addition was more pronounced than at the 6 and 9 %
quartzite concentrations. The qoz declined from 1.33 x 10 to 5.57 x 101 pl Oy cell! min,
However, from 48 to 96 h the system appeared to recover and the qo; increased from 5.57 x 10-10
to 6.97 x 100 ul O, cell! mint. In the second set of experiments, at 15 and 18 % quartzite
concentrations, there was a decline in the qoz over the 48 h period after the addition of quartzite
to the reactors. The qoz declined from 2.63 x 109 to 8.46 x 100 ul O, cellt min' and from
2.69 x 107 to 6.81 x 10 -0l Oy cell! min-! for 15 and 18 % quartzite concentrations respectively.
The qoz subsequently stabilised at approximately 7.5 x 10-1° ul O; cell't min-! for both reactors and
remained constant for the remainder of the expetiment The qoz data presented for the 18 %
quartzite loading indicates that even though the cells present in the reactor experienced a high
intensity of hydrodynamic stress they still remained metabolically active. The results obtained for
the OUR experiments are consistent with the kinetic data obtained for the growth, iron and

copper data presented in Section 4.6.2.

1.4e-9 3.0e-9
1269 4 25¢.9 1
T 1.0e-9 4 o~
L § 20e9
Ty 8.0e-101 &
3 3
Y. Y 159 A
2 6.0e-10] g
E )
Y & 1.0e-9 4
o 4.0e-104 &
2.0e-104 5.0e-104
0.0 v v v : v u v v 0.0 g v v v v
0 20 40 60 80 100 120 140 160 180 [ 20 40 60 80 100 120 140 160 180
e () % qum%me Time (b) L 0% g t Time (h)
....... - 6§ % quartzite @ 15 % quartzite
ey G %% quartzite e ol e 18 Y ite
- 42 % quastzite

Figure 5.25: Specific OUR as a function of time for reactors containing 0, 6, 9 and 12 %

quartzite and 0, 15 and 18 % quartzite operated at an impeller tip speed of 1.97 m s,
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53 THE EFFECT OF HYDRODYNAMIC STRESS ON
MEMBRANE INTEGRITY

The cell membrane is vital in several cellular functions including cell division (viability),
maintenance of ion gradients and cell energetics. Loss of membrane integrity could result due to
mechanical damage of the cell membrane. In the present study, the loss of membrane integrity of
the Sulfolobus cells on exposure to increasing concentrations of quartzite was measured using a
dual fluorescence stain technique. SYTO 13 green and propidium iodide were the fluorochromes
of choice (Norris, 2001). Propidium iodide can only diffuse into cells whose membranes have
been compromised while SYTO 13 green passes through compromised membranes and
uncompromised membranes. Propidium iodide has a higher affinity for nucleic acids than SYTO
13 green. Hence where propidium iodide penetrates cell membranes it replaces SYTO 13 green
in the nuclear material. Cells stained with SYTO 13 green produce a green fluorescence when
flluminated with blue light while those stained with propidium iodide produce a red fluorescence
when illuminated with green light. If propidium iodide only replaces a portion of the SYTO 13
green, then the resultant fluorescence varies in the yellow to orange range. In this way cells with
intact membranes can be distinguished from membrane-compromised cells. The amount of
propidium iodide that enters the cell is proportional to the level of membrane damage and the
time period of staining., If the time period of staining remains consistent between samples, the
levels of propidium iodide within the cells can be used as a measure of the membrane integrity.
Figures 5.26 to 5.28 present a series of micrographs of dual stained cells sampled from reactors

operated across a range of pulp densities at a constant impeller tip speed of 1.97 m s
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Figure 5.26: Dhual stained {propudivm wdide and 3Y'T0 13 green) Fufaibbon cells sampled ai 72 h

Reactor conditions: 0 % w'v quartzte; impeller up speed of 1.97 m s

Figure 5.27: Dual stained {propidinm indide and 3YTO 13 green} Swlfpbbas colls sampled at

72 h Beactor conditions: 12 % w/v quartzice; mlpeﬂet tip speed of 197 m s 1,

Figure 5.28: Dual stained {propidivm iodide and SYTO 13 green’ Suffbbbns cells sampled ar 72 b,

Reactor conditions: 18 % w/v quarizse; impeller ap speed of 1.97 m s
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Fipure 53,26 shows archaeal cells sampled froan a reacror contaming O % quartzire (baseline) in the
presence of 3 %% chalcopyrite operated at 1.97 m = afrer they were stained with 5Y'10C3 13 green
and propidium dodide. Comparable images showing only a green flunrescence were retrieved
usihg single and dual band fltets. Mo red flunrescence was visibde using efirher the dual ar single
band filtets, indicating that cells from the baseline reactor showed no wisible uptake of propidiun
eadide, Ata 12 % quattzile loading, the propottion of cells fluerescing fed and orange increased
(Figure 3.27). The petcentage of cells i three colour catepories of green, red and orange st
derermined from taplicate images for each solids Inading. The fraction of flunrescent green cells
was 463 o of the total number of cells counted while the fluneescent red and nrange cells
accounted for 38.7 and 15 % respecdvely {lable 523 'lhe fluorescing cells were enumcrated
using g manual image analyss tool fanaly>15 Image Processing sofreare). These results indicate
that the cell membranes were compromised due 1o the presence of solids o the reactor.
Prapidinm indide was able to penettate the cells fesulting 1 some cells fluoreseing red indicuting a
high degree nf membrane damage and erange indicationg a lesser deyree of membrane damage. At
ant 18 % quarizite loading and impeller speed of 1.07 m 57, no preen or vrange fluorescence was
visible [Figure 3241 All cells flooresced red. appearing cither sinply of i clamps indicaling that
at this solids loading no cell membranes remaned intace due to the clevated imtensice of
mechanical stress. lnereasing the salids lnading ncreases the frequency nf collisinhs berseen cells
and quartzite pardcles and causes increased cellular stress, In Secton 5.2 16 was showt that al an
I8 % quartzire loading the cultute was metabolically aclive, It 1s possible thal althouogh the

mermbranes of these cells wete compromised, the cells remained metabolically weive,

Table 5.2; Traportinns nfcnmpmmised {rrange and red) and intact {green) cells for quarteite

lnadings ot (1, 13 and 18 % w/v and an mpeller tp speed of 1.97 ms,

Quartezile loading Colour of flucrescence; e of total cells counted
oy Wi ¥) Gircen Orange Red
] 100 il i)
12 6.3 15.0 1
18 {1 il 297 703

outside  inside
clumps cluomps

The loss of cell viabilily due o comprotnised membranes resulting from the effecis of
hydendynamic and physiologieal stress has been ohserved by several investipators {Tlling, 1994;
Lamaignere, 2002), Lamugnére (2002) observed that increasiog solids concentration i the range
D to 3% v/v and increasing impellet speed in the range 400 to 850 rpm caused a decreaze m the
number of viable 5. crevinge cells. The loss of wabilily was comelated to loss of membrane
integrity using used differcnlial methylene blue statiop, Nkost (20013 also otilised methylene blue

as an indicator of loss of cell viabilily through loss of membrane integrity, in the study of outrent



Chaplcr 3; Resulrs and I hscussion IT

lritzdion of X, sedise. O mcteasing eaposure 1o slurvalion stress, the number of membeanc

damaged cells increased (Table 5.3).

Table 53: Inthience of nutnent imetetion on the viabilite of Brewee's veast cells MM kast, 20015

Time (h} %s viability
¥ 043
24 B5.5
18 81.9
72 153.6

Mot onlv is the reproductve capalbiliey of micro-organisms alfected by a los: of membmne
mtegrrity but alse the electron traaspett system and, for acidophilic oepantsms, the mamtenance of
a tnear nearral internal pH may be compromised.  Acidophilic micro-arganisms nead to maintain
a laeper pII pradient acmoss theit membeanes compared 1o newtrophiles and the cell membrane is
the only barrer 1o the low pll etvironment.  The membrane ol thermoacidophiles such as
Y. addvcaldarir 13 capable of proton pumpmg to mamtain a near neorral inceacellulae pH of
approximately 6 pll onits JAnemdller o7 @f, 1983). The large resultant pH gradient is not only
reguired [me mamtaming a near neutral inteenal pH bt has alse been linked o cellular resplradon.
Ancmiiller o &l (1983} proposed that it is unhkely that b addeasidmer generates ATT exclusieely
|y a fermentative pathway bat could alse use chemiosmode means of oxtdative phosphondaton,
Thus permeabilisanon of the roembrane of actdophilic miceo-organisms through damage caused
by mechantcal srress uot only causcs acdification of the cell oytoplasm but also affects the cell
energetics.  Furthermorc, maintaning a large pH gradient under optimal condizons requines
considerable maintenance cncrgy. . Membrane damage may iocrease the mainlenance eocegy
required Lo maintain this pradient and (L is postulated thae this may conoubute o the grearer
mainienance energy  requitement during growth of organsms under stressful conditions as

discuszed In Secunnna, b

5.4 THE EFFECT OF HYDRODYNAMIC STRESS ON
PROTEIN COMPOSITION

SDS PAGE analysts was wsed in this study 1o enable protem profiling and aid the search for stress
proteins. The presence of tew proten bands or the up- or down-regulanen of exisang protein
Brands it the Sadfeirbn calture cxposcd o mechanical stress was of integest. Like other nmganisms,
thermoacidoephiles have adapted to changing envitonments and have developed seress responses.
I ts widely accepred tha when cells are stressed. swress proteins may be imduced. As stresses sach

as hear shock, salr stress, cthanel, starvation and oxdative stress have been shown to induce the
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same sct of proteing (Jerez, 1988; Craig o of, 1993; Lopez-Garcla and Forterre, 2000b} 1t is
possible that mechanical stress may induce a similar rezponse from the archacal culmire
Furthermore, evidence of cell wall repair mechanisms in response to hydrodynamic stress has
been discussed in Section 5.1.3.4. These repair mechanisms could be facilitated by stress proteins,
Using these findings as a basis, it 15 proposed that stress proteins may be expressed by the

archaeal culture in response to hydrodynamic stress in the chalcopyrite slurry system.

A preliminary study was conducted to analyse the protein composition of cells exposed to various
impeller ap speeds and solids loadings, The aim of this analysis was to identify changes in protein
profiles signalling the appearance of new protein bands, the disappeatance of protein bands, or
the up- or down- regulation of proteins due to increased hydrodynamic stress conditions. Total
protein was extracted from cells in mid-log phase and loaded onto polyacrylamide gels. The
samples were prepared as described in Section 3.5.61. The protein profiles obrained at higher
speeds and solids loadings were compared to the profile of the haseline reactor. Figures 5.2% and
5.30b show a typical set of SDS PAGE gels from a solids loading {a} and an impeller tip speed (b)
experiment. The numbeted arrows indicare bands of interests,  Figure 5.2% shows the protwein
banding pattetns of cells exposed to 0 (lane A and D) and 12 % (lanc B and E) quartzite and an
smpeller up speed of 1.67 m s . The intensity of the protein band indicated by arrow 2 15 similar
in hoth figures and thus can be used as a reference againist which Lo determine significant changes
in the protein profiles. Arrow 1 indicates a possible up-tepulared protein of approximately 45 kDa
whereas atrow 3 shows a protem of approximately 26 kDa that has been down-regulated on
exposure of the cells 1o a 12 % quastzite concenteation.  Similady, T'rent &7 4l (1990) and Jerez
{1988) reported the dowm regulation of proteins on exposure of archaeal cells to heat shock. In
addition, Jerez (1988) found that there was an increase in the synthesis of two protein bands with
molecular weights between 64 and 66 kDa with increasing temperatore. Stress proteins found in
low concentrations dudng ecll growth under ideal condidons may be wp-repulated when the

nrganism is exposed to stressful conditions.

In the present study, under conditions of mild hydrodynamic stress, no difference was observed
i the protein profiles. The protein profiles of cells grown in the presence of 0 % guartzte and
impeller tip speeds of 1.67 m s (lane H}, 1.97 m = (lane T} and 2,13 m s (lane J) were compared
(Figure 5.29b}. Similar proteins were cxpressed at all three impeller up speeds. It 15 possible that
in the up- and down-reguladgon of the 45 and 26 kDa proteins was in response to incteased
mechamcal sttess induced by the presence of quartzite partickes. Furthetmore, the similar protein
profiles abscrved for the mpeller speed experitents served as 1 control showing that the protein

proﬂlx_ﬂ are similar in the absence of high intensites of mechatical stress,
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Figure 5.29: 15 % S5 PAGE gels of total protein extracted from Sadetdas cells growo in the
presence of (a) 0 and 12 % quartziie al an impeller tip speed ot 197 m 5! and (b) 0 % quartate at

impcller tp specds of 167, 197 and 213 m st

A =0 % quartzire (100 W sample) It = molceular welght tnarker (ka)
B = 12 % guartzite (100 pl satnple) 6= 167 o & U120 pl sample)
Z = maleculsr weighe marker (kK1Da) H =167 s (100l sample)
¥ = 0% quarteste 75 pl sampbe) I =197 mst {1k pl sample)
E =12 % quartzite (75 pl samplc) T =213 m s 100 pl sample)

Apother phcoomenon associaed with mechanical damage 15 the telease of protens into the lulk
soludon.  Proteins Hberated wto soluton dee (g mereased mechanical steess onpinate from tao
main sources depending on the level of stress encauntered by the cells. These sourees are the cell

ervelope and the cytoplasm,

T the present stady, a bulk satnple of 300 ml was extracied (oo each reactor at the end of the
experiment, ccotifuged to remove toinetal and precipiate solids and the supernatant
concentrated to 3 ml using a 5 KD tnetnbtane Gleer (Secoion 33.6.2) Lo this way all molecules
smaller than 5 kD2 weree excluded Ffrom the sample and the protein meleenles were concentrared.
These samples were used to determine if the protein concentration o the Lulk solution mereased
with mereazed levels of hydrodynamic stress,  After conceéntration, the samples were analysed for

total soloble projein coment. The results are prescoted 1 Table 340 T'he profen coneenteation
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in solution was found to be a function of the intensity of hydrodynamic stress applied. There was
an increase in the soluble protein concentration from 10.1 to 27.5 pg ml?! when the solids
concentration was increased from 0 to 15 % quartzite at an impeller tip speed of 1.67 m s,
Increasing the impeller tip speed while maintaining a 15 % quartzite concentration, caused a
further increase in the protein release from 27 to 39.2 ug ml! at an impeller tip speed of 1.97 m s

and 46.2 pug ml! at an impeller tip speed of 2.13 m s,

Peatce (1993) and Scholtz-Brown (1998) also found that in STRs, the soluble protein release from
5. cerevisiae was a function of time and agitation rate. Pearce (1993) investigated the release of the
yeast wall-associated protein, invertase. At low impeller speeds and low pulp densities, the outer
layer of yeast cell wall was partially damaged, releasing invertase into the bulk solution while
intracellular proteins were preserved within the cytoplasm. Similarly, it is possible that in the
present study, at low intensities of hydrodynamic stress (0 % quartzite and an impeller speed of
1.67 m s1) the proteins extruded into solution may have originated from the proteinaceous S-layer
that surrounds the Sa#/folobus cells. At high intensities of hydrodynamic stress the proteins in
solution may have originated from rupture of the cells and release of cell contents into the
medium. Phase contrast images presented in Section 5.1.1 show leakage of the cell contents into

the bulk solution confirming the presence of intracellular proteins in the bulk solution.

Table 5.4: Solution protein concentrations for 0 and 15 % quartzite loadings at varying impeller

tip speeds.
Sample Protein concentration in solution {pug mi™)
1.67 m s, 0 % quartzite 10.1
1.67 m s, 15 % quartzite 27.5
1.97 m s, 15 % quartzite 39.2
2.13 m s, 15 % quartzite 46.2

5.5 CONCLUSIONS

Although it is important to define the hydrodynamic forces that affect growth and death of cells,
it is also vital that a good understanding of the mechanisms by which such forces regulate cellular
metabolism, division and survival is attained. In this chapter, the adverse effects of
hydrodynamic stress on the Suffolobus culture at a cellular level as well as some of the response

mechanisms of these organisms were discussed.

A range of morphological types was identified on varying the intensity of hydrodynamic stress.
These varied from small and tiny cells (Figures 5.7¢ and Figure 5.12), to damage to the cell

222



Chapter 5: Results and Discussion II

envelope resulting in leaking cells and ghost cells (Figure 5.7d) and complete cell disruption
resulting in the presence of cell debris (Figures 5.7d and 5.14). Changes in cell size with increased
solids loading were analysed quantitatively using cell-number based cell size distributions. The
decrease in the mode of the size distribution with increasing solids loading from 0 to 18 %
confirmed that the overall cell size decreased with increased stress. Evidence was also presented
to show that cell clumping (in the 2-5 um cell diameter range) increased with increasing solids
loading from O to 18 % quartzite. This result corroborated the phase contrast micrographs

(Figure 5.7d) showing clumps of cells at the same solids loading.

Oxygen utilisation rate was used to measure the metabolic activity of the culture on exposure to
increasing solids loading. It was shown that metabolic activity decreased with time as well as with
increasing solids loading. The decrease in metabolic activity with time may have resulted from
nutrient limitation due to mineral passivation as discussed in Section 4.6 while the decrease with

solids loading was due to increased hydrodynamic stress.

The increased level of propidium iodide uptake by Swffolobus cells demonstrated the loss of
membrane integrity as the severity of stress increased. An increase in solids loading was
accompanied by a change in the proportions of green, orange and red fluorescence. Ata 0 %
quartzite loading, no apparent loss of membrane integrity was observed. At a 12 % quartzite
loading, more than 50 % of the cells had compromised membranes while at an 18 % quartzite
loading, all cell membranes were compromised. Furthermore, cell clumps were visible primarily

at an 18 % solids loading.

The possibility of system recovery during long-term exposure to hydrodynamic stress was
considered in Section 4.6.2.8. Results showed that at a 15 % quartzite loading the process
performance improved over a protracted period of reactor operation. It is postulated that the
system recovered due to the intrinsic adaptation and repair mechanisms of the micro-organisms.
Several studies have shown possible resistance mechanisms to physiological and hydrodynamic
stress. Lamaignére (2002) illustrated the thickening of the yeast cell wall with increasing pulp
density and impeller speed in an STR. In addition, kinetic studies by Searby and Hansford (2003)
indicated a change in the maintenance energy requirement with stress induced by increased
reactor temperature. This increase in maintenance energy requirement can be postulated to result
from the diversion of energy from growth to repair mechanisms such as those shown by
Lamaignére (2002). Abu-Reesh and Kargi (1991) found that the gradual increase in agitation
speed caused minor cell damage to hybridoma cells in comparison to large step changes in
agitation speed. The authors proposed that the cells developed some kind of resistance

mechanism to shear when the speed was gradually increased. Maintenance energy has also been
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linked to increased production of stress proteins such as the HSPs. Several investigators have
shown increased production of these proteins with increasing stress levels. In Section 5.4 a
preliminary investigation yielded SDS PAGE gels showing the down-regulation of a 26 kDa
protein and the up-regulation of a 45 kDDa protein with increased solids loading. These tresults
suggest that a stress protein may up-regulated under conditions of increased hydrodynamic stress.
To determine that the 45 kDa is a typical stress protein, the cross reaction of these bands to

known archaeal HSPs is required.

Results presented on the concentrated reactor supernatant showed that the concentration of
protein released from the cells into the bulk reactor solution increased on exposure to increased
solids loading, Under conditions of mild hydrodynamic stress, proteins released into solution may
have omnginated from damage to the proteinaceous cell wall At higher intensities of
hydrodynamic stress, proteins in solution were sourced from the cytoplasm of ruptured or leaky

cells.

In summary, the microbial stress response correlates strongly to cell integrity, viability, and
metabolic activity. Furthermore, possible stress proteins are expressed in response to increased
hydrodynamic stress. Thus, hydrodynamic stress decreases process performance through changes
primarily at the cellular level and not by changing the physicochemical environment. In order to
minimise the negative impact of hydrodynamic stress, system conditions favouring maximisation

of resilience to decreased cell integrity, viability and metabolic activity ate required.
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Chapter 6: Conclusions and Recommendations

Slurty reactor systems are widely applied in the bioprocessing industry. In shurry systems
hydrodynamic stress, mediated by increased solids loadings and agitation rates, has a major
influence on process efficiency. The current study was carried out to determine the effect of
hydrodynamic stress on a Suffolsbus culture in a chalcopyrite bioleaching slurry system. The effect
of hydrodynamic stress was measured at a process performance level as well as at a cellular level.
The intensity of hydrodynamic stress was varied by (1) changing the solids concentration using inert
quartzite particles while maintaining a constant impeller tip speed, (ii) changing the mmpeller tip
speed while maintaining a constant quartzite loading, and (iil) changing both quartzite
concentration and impeller tip speed. The process performance was monitored by measuring the
solution pH, redox potential, and cell, iron and copper concentrations. The effect on the micro-
organisms at a cellular level as well as the biological response was determined by monitoring

changes in culture morphology, metabolic activity, membrane integrity and protein composition.
61  CONCLUSIONS

The effect of solids loading on process performance was determined by increasing the quartzite
loading across the range 0 to 18 % w/v while maintaining a constant 3 % w/v chalcopyrite loading
and an impeller tip speed of 1.97 m s!. Using this chalcopyrite-quartzite system, physicochemical
stresses such as decreased oxygen availability, associated with increasing the mineral concentration,

wete avoided. The key findings on varying solids loading across the range were that:

6] Increasing the quartzite concentration caused a decline in process performance
and the extent of the decline was proportional to the quartzite loading applied;

(i) Passivation of the chalcopyrite caused nutrient limitation and this physiological
stress compounded the effect of the hydrodynamic stress; and

(it The critical solids loading beyond which process performance was adversely
affected was determined to be 9 % w/v quartzite.  Increasing the quartzite
concentration from 9 to 15 % caused a progressive decline in system performance.

At an 18 % quartzite concentration the system approached failure.

Three groups of quartzite loadings with similar levels process performance were identified. These
were: 6 and 9%, 12 and 15 %, and 18 %,
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The results of the present study were compared to previous studies conducted in the Bioprocess
Engineering Group at the University of Cape Town investigating the effect of solids concentration
on the bioleaching of pyrite by a Swffolobus culture in pyrite-only (Nemati and Harrison, 2000) and
pyrite-quartzite (Sissing, 2002) STRs systems. The comparison showed that the pyrite-only system
was most sensitive to the effects of hydrodynamic stress followed by the chalcopyrite-quartzite
system and the pyrite-quartzite system. The pyrite system failed at the lowest solids concentration
due to factors such as pH of below 1.0 and particle density compounding the effects of
hydrodynamic stress. The chalcopyrite-quartzite system used in the present study failed at a lower
solids concentration to the pyrite-quartzite system of Sissing (2002) due to nutrient limitation

compounding the effect of hydrodynamic stress.

In the present study, the effect of three impeller tip speeds namely, 1.67, 1.97, and 2.13 m s, on
process petformance was also determined. Two sets of impeller speed experiments were
conducted. In the first set, the solids loading was maintained at 0 % quartzite and 3 % chalcopyrite
and the impeller tip speed was varied in the range 1.67 to 2.13 ms. In the second set, the solids
loading was maintained at 9 % quartzite and 3 % chalcopyrite and the impeller tip speed was varied
in the range 1.67 to 2.13 m s!. For the second set of experiments, the baseline reactor containing
3 % w/v chalcopyrite and no quartzite and operated at an impeller tip speed of 1.67 m s was run

simultaneously. The key findings on varying the impeller speed were that:

® Increasing the impeller tip speed from 1.67 to 1.97 m s at a 0 % quartzite loading
resulted in improved mass transfer which caused an increase in the metabolic activity of
the culture. This increase however did not improve the ultimate extent of leaching;

(i) Increasing impeller tip speed at a 9 % quartzite loading caused a decline in the process
petformance as measured by the change in the extent of iron and copper leaching; and

(i) At a9 % quartzite loading the impeller tip speed above which process performance was

adversely affected was determined to be the lowest impeller tip speed tested, 1.67 m s

A further, significant conclusion was drawn on analysis of the rates of iron and copper
solubilisation as a function of time for the solids loading and impeller speed experiments. Results
showed that the rate of leaching of the pyrite and chalcopyrite fractions of the mineral was
dependent on the redox potential. At low redox potentials (< 500 mV), chalcopyrite leaching
dominated while at elevated redox potentials (> 600 mV), pyrite leaching dominated.
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The growth and redox potential data obtained in the solids loading experiments were analysed
further in Section 4.9. Specific death rate constants were derived from the growth data and

modelled as a function of solids loading yielding the following model:

ka = 4.61 x 1050166

Good correlation was found between the measured and predicted values for ka.  In addition, the
exponent of @ was found to be close to 2, corroborating the results of Pearce (1993) and Scholtz-
Brown (1998) and showing that the primary mechanism of damage in the slurry reactor is solid-cell-
solid collistons. Further analysis of redox potential data was conducted using the method of
Rawlings ¢ a/. (1999) adapted by Petersen and Dixon (2005). The basis of the analysis is that the
operating redox potential in a bioleaching system can be predicted if the leaching kinetics, as
described by the mineral ferric consumption and the microbial ferric supply, are known. In the
present study the analysis method was able to predict the changes in the redox potential observed
for the solids loading experiments successfully. However, further data is required in order to use

the analysts method to predict actual operating redox potential data.

On investigating the influence of solids loading and impeller speed on the process performance, a
parallel investigation of the effect of hydrodynamic stress at a cellular level was conducted. The
results showed that changes in the culture morphology, metabolic activity, membrane integrity and
protein composition occurred on increasing solids loading and impeller tip speed. On increasing
impeller tip speed, various motphological types were observed using phase contrast microscopy and
scanning electron microscopy. These types included, small cells, leaking cells and ghost cells, cell
clumps and, at the highest intensity of hydrodynamic stress, cell debris. Quantitative analysts of cell
size showed that the average cell size was a function of the phase of growth as well as the solids
loading. The culture metabolic activity as measured by the oxygen utilisation rate of the culture was
shown to be a function of time as well as solids loading. Metabolic activity decreased with time due
to nutrient limitation of the culture early in the growth phase. The membrane integrity of the cells
as measured by the uptake of propidium iodide was also found to decline with increasing solids
loading. As the intensity of hydtodynamic stress increased, the permeability of the membrane to the
fluorescent dye, propidium iodide, increased. An increase in solids loading was accompanied by a
change in the proportions of green (intact membranes), orange and red fluorescence (permeabilised
membranes). At a 0 % quartzite loading, no apparent loss of membrane integrity was observed as
indicated by the green fluorescence. At a 12 % quartzte loading, more than 50 % of the cells had
compromised membranes while at an 18 % quartzite loading, all cell membranes were
compromised. The protein composition of the cells was determined using SDS PAGE analysis.

Protein profiles were analysed for the presence of new protein bands or the up- or down-regulation
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of existing protein bands with increasing hydrodynamic stress.  The preliminary investigation
showed that a 26 kDa protein was down-regulated and a 45 kDa protein was up-regulated when the

solids loading was increased from 0 to 12 % quartzite.

Possible mechanisms by which the effect of hydrodynamic stress at a cellular level affects the
overall process petformance may be elucidated on analysis of the biotesponse data. For example,
(i) membtane damage, induced by increased solids loading, decreases cell viability, which
contributes to a reduction in the extent of growth; (i) the production of stress proteins or the up-
tegulation of stress proteins led to a decrease the average cell size as well as a decrease in the yield

of cells on substrate due to enetgy diverted to the stress responses rather than to cell growth.

By integration of the process performance and bioresponse data, four intensities of hydrodynamic

stress and four effects were identified:

o Negligible hydrodynamic stress with improved process performance owing to
improved mass transfer and an adverse effect over time due to nutrient limitation.

(i) Negligible hydrodynamic stress with adverse effect over time due to nutrient
limitation.

(i) Mild to intermediate hydrodynamic stress. Adverse effect due to increasing
hydrodynamic stress and compounded by nutrient limitation over time.

(iv) Intense hydrodynamic stress. The proportion of dead or ruptured cells to viable
and/ot metabolically active cells increased with increasing the intensity of stress

applied.

The progressive changes at a process performance level and at a cellular level with increasing
intensities of hydrodynamic stress are shown in Table 6.1. Furthermore, the various physiological
and metabolic states attained on progression from negligible to intense hydrodynamic stress in the
chalcopytite-quartzite system ate illustrated in Figure 6.1. The scheme also shows that the effects
observed were not only a function of stress intensity but also of time. The first effect of time is
that as the growth phase progressed, nutrient limitation occurred and this compounded the
hydrodynamic stress effect. The second effect of time was that over a prolonged period of system

operation, adaptation to the stress conditions and hence system recovery was possible.
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Table 6.1: The effect of increasing intensities of hydrodynamic stress at a process performance and cellular level.

Stress intensity

Reactor conditions

Process performance

Effect at a cellular level and bio
response

Negligible hydrodynamic stzess

Negligible hydrodynamic stress

Mild to intermediate
hydrodynamic stress

Intense hydrodynamic stress

Solids loading:

0 % quartzite

Impeller tip speed: 1.67, 1.97,
213 mst

-eatly growth phase

Solids loading:

0 % quartzite

Impeller tip speed: 1.97 m s
-mid growth phase 1o early
stationary phase

Solids loading:

0,6, 9, 12 % quartzite
Impeller tip speed: 1.97 m ¢!

Solids loading:
15 and 18 % quartzite

- Impeller tip speed: 1.97 m s

Improved specific growth and solubilisation
rates at 1.97 m 5! and improved specific
solubilisation rates at 2.13 m s, No
improvement in ultimate extent of leaching

Decreased growth, iron and copper
solubilisation rates

Decreased rate and extent of growth, and iron
and copper solubilisation

-decreased rate and extent of growth or no
growth and cell death

-highly reduced rate and extent of iron and
copper solubilisation

Mo visible difference in morphological types
viewed under phase contrast microscopy

Neo visible difference in morphological types
viewed under phase contrast microscopy

-Various morphological types observed
using phase contrast and SEM:

phase dark; round; small; small cell cumps;
leaky cells

-decreased membolic actvity

-increased membrane permeability (12 %)
-possible stress protein up-regulated

-Various morphological types observed
using phase contrast and SEM:

tiny cells; ‘leaky’ cells; ‘ghost’ cells; large cell
clumps; cell debris (18 %)

-all cell membranes permeabilised (18 %)
-some degree of metabolic activity measured
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Thus, in this study, it was demonstrated that the adverse effects of increasing hydrodynamic stress
on the bioleaching of chalcopyrite by a Sulfolobus culture was due primarily to the presence of solids,
and enhanced by increased agitation rates and nutrient limitation, and not due to the oxygen
limitation as was proposed by previous studies. Furthermore, the effect of hydrodynamic stress
was confirmed at a cellular level where an increase in hydrodynamic stress resulted in changes in

cell morphology, metabolic activity, membrane integtity and protein composition.

The indicators investigated in the present study may be used as early warning signals for the
detection of system failure. Reduced system performance due to hydrodynamic stress is mediated
through () a decreased cell concentration which is a function of viability and (i) decreased
metabolic activity of the culture. Thus, in order to develop an eatly waring system, indicators
sensitive to the effects of hydrodynamic stress at a cellular level are required. In the present study,
indicators such as the metabolic activity are directly related to microbial performance while
indicators such as copper solubilisation are indirectly related to microbial petformance. In this
study, the most sensitive and practical indicators identified were cell size and metabolic activity.
Furthermore, to prevent decreased process performance, conditions favouring increased culture
viability and metabolic activity are required. In the chalcopyrite bioleaching system this may be
achieved through, for example, minimising the effect of nutrient limitation. In addition, operating

conditions that increase the resilience of the cells to stress need to be identified.

6.2 RECOMMENDATIONS FOR FUTURE WORK

It is proposed that the following areas of research would provide answers to questions that have
arisen in the current study, further the understanding of hydrodynamic stress in the chalcopyrite

slurry reactor and possibly provide ways to improve the process performance:

1. Identification of the stress proteins induced by hydrodynamic stress is required. Two-
dimensional protein electrophoresis is recommended to confirm the presence of new or
up-regulated protein bands and the cross-reaction of these proteins with known archaeal
stress proteins is proposed. The functional role of these proteins should be sought.

2. The relative contribution of shear damage and collision damage of cells attached to
particulates in the reactor requires investigation.

3. This study has investigated the effect of increasing quartzite loading in a chalcopyrite-
quartzite system where the concentrations of metal ions did not increase to inhibitory
levels. Further, model studies, where the quartzite concentration is increased in the

presence of increasing concentrations of iron and copper during the experiment mimicking
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a chalcopyrite bioleach, would be useful. Such studies will enable the controlled
superimposition of multiple stresses in order to assess their interaction. Ferrous iron and
tetrathionate could be used as the nutrient source. In this way the presence of chalcopyrite
is not required and passivation effects are negated.

In the present study, experiments were conducted in batch culture due to the difficulty of
operating the system in a continuous mode at laboratory scale while maintaining accurate
solids loadings. However, mode of operation is an important consideration when
investigating stress. For example, in a bioleaching system operated in batch mode, non-
viable cells remain in the reactor and continue metabolising. Furthermore they have
potential for recovery. In a continuous culture system the cell concentration becomes
progressively diluted over time due to a loss of reproductive capability and eventually cell
washout occurs resulting in systemn failure. Commercial bioleaching processes are
continuous operations and experiments conducted in continuous culture will provide
important relevant insights of stress behaviour.

Studies on chalcopyrite leaching at reduced cell concentrations (reduced ferric iron supply
capacity) and thus reduced redox potentials are required to confirm the hypothesis that
over an extended period, the extent of leaching at reduced redox potentials may be higher

compared to leaching at elevated redox potentials.
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Appendix A: Analytical methods

Al SDS PAGE PROTOCOL

A 25 cm vertical PAGE anit VG/01 putchased from Omep Saentific (Cape Town) was used to
cast the polyactylamide gels, The unit consisted of 2, 200 mm (h) by 160 (w) mm glass plates, 2
plastic spacers, a vel caster, a gel stand, a plastic comb, 4 binder clips and a power pack unit were
used to cast and run the pel. Upper and lower buffer chambers were created when the glass
plates wete secured to the pel stand using binder dips. The tesolnng pel was made up according
to Table A.1. The gel components were mixed and the gel was cast to a height of 5 mm bedow
the level of the combs (Figure A1),

Table A1 Volumes of the compotents of the 15 % resolving gel.

Compound Volume
Actylamide /bisacrylamide 16.ml

4 X Tns-HC1 / 5DS pH 8.8 5 ml
Drstilled Water 5 ml
10% wiv APS 108 1l
TTEMED 200

(N NEEEE

imm Soacking gel

= 3
) minder ip
b T

Resalving gell

Figure A.l: Schematic representatinn of the gla.q.i pizre setup ased to cast the 515 PAGE gels.

The resolving gel was levelled with water-sarurated butanol and left to polymenise for T h. When
the separating gel had set, the butanal was decanted and the unpolymerised matetial was washed
with distlled water. The excess distilled water on the pel surface was removed using filter paper.
The stacking gel was mixed accordinp to Table A.2 and cast over the resolving gel and allowed w0

polymetze for 30 min,
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Table A.2: Volutnes of the componients of the stacking gel

Compound Valume
Aerylamide/ bisacrrlamide 1.6 ml

4 X Tes-1IC] 7 SDS plI 0.8 Iml
[Hsulled Waler 732 ml
10 % ADPS 120 ul
TENTFL 12 ul

ALl STOCK S0OLUTIONS USED FOR 5DS PAGE ANALYSIS

ALLL 3% Acetic acid

A 1 e stock solulion was prepared by adding 30 ml of aceus acid to 130 ml ol distifled water.

All2  Acryl / Bisacrylamide
A 200 ml stock solution was prepared by adding 60 & Acrvlamede and 1.0 g Bisacevlamide 10 ml

distifled water. The solullon was mixed and made up to 200 ml usmg distilled watesr.

AlL3 4XTris-HCI /S[¥s —pH 8.8
36,4 g Tris base and 0.8 g 5035 were added ta 1530 ml of distilled warer. The pH was adjusted to

pH &8 with HOL The solonon was the dilured o 200 m1) sarth dizolled watee.

Alld4 4X Trns-HCI /SDS—pH a8
12408 g 'I'vis base and (L8 ¢ 5135 wore added ro 150 m] distifled warer. 'The pH was adjusted pH

6.8 witl TICL The soluton was the diluted wo 200 ml wideh diseilled water,

ALLS: 10 X Electrophoresis Buffer
A 1 lite stock soluden of clectrophoresis buffer was made up by adding 30,25 ¢ Tds base |, 144
glrame and Wha S35 o 200 ml diztilled waler. The pH was adjusied to pH 8.3 with HCL “The

vohune of the solution was then adjusted to one e using disnlled water.,

ALLe 2 X 5D5 Sample Buller {Loading bufler)

The sample buffer was prepared by addinge 3.04 ¢ Tris base, 8 ¢ 5DS, 20 m] mercaproetbumaal,
i ml glycern] and 002 g hromophena! Blue two 170 ml disnlled watee. The pH waz adjusted to
pH &8 wath HCL The velume of the selutdon was adjosted to 200 ml sach disdlled water,

A7 APS {Ammonia persulphare)

AL g aliquet of APS was dissobred 10 1 ml disalled warer,
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A11LE  Stain
The stain solutinn was prepaved by dissolving 1.2 ¢ Coomassie Blue R230 i o mixture C{JIlLl’IjI].'illg

5000 ml] methanat, 400 ml disedlled water and 16} el acerie scid,

ALLY  Destain 1

The destain T soludon wis @ mixmore of 150 ml acene acid, 250 ml methanol aod 10600 mi diselied

wHtet,

ALLID Destain [T

The destmn IT soluton was a tislure of 140 ml acene acwd, 300 ml merthanol and 10680 ml

distilled water.

A1111 50mM Tris-HCI pH &
1.2 g of Tas basc was dissolved in 180 ral distilled warer. The pIl was adjusted o pH 8 wrh

HCA The final solution was made up Lo 206 ral with disiilled warer,

A1112 Protein marker
A wide range Sipmaddarker™ wilh protems af knoam melecolar welghts ranging from 6.5 to
205 KD was vsed as the motecular weight marker standaed {TFigare 421 This size ranpe was

chostn beeause 11 spanned the range of moelecular weights of mnterest in this smdy.

D3 fa 4334
205, 00— ‘:i‘-'\.-.x-

116,000 -+ e
47 AD0— N
A4,000— =i
B, 00— e
5E, 00— ik
45,000 i
36, 00— S
28 A0 e e
24000— kg
21, T G0— i
14,20 -

G, S00— et

Figure A.2: Banding partern of the wide range Sizmaharlkert™,
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A2 BRADFORD PROTEIN ASSAY

The Bradford protein method was used to determine the concentration of soluble protein
extruded from the archaeal cells upon damage and lysis. The basic principle of the Bradford
protein assay is a protein-dependent colour change of the Coomassie Brilliant Blue G-250 dye.
The assay is based on the equilibrium between two forms of the Coomassie dye. Under strongly
acid conditions, the dye is most stable as a doubly-protonated red form. Upon binding to
protein, however, it is most stable as the un-protonated, blue form which has a characteristic

absorption maximum at 595 nm. The analytical error was calculated to be 9.8 %.

A21 BRADFORD REAGENT

The Bradford reagent was prepared by dissolving 100 mg of Coomassie Brilliant Blue G-250 in
95 % ethanol. To this solution, 100 ml of 85 % (w/v) phosphoric acid was added followed by

dilution to a volume of 1 litre.
A22 PROTEINSTANDARD

Protein standard solutions were prepared using bovine serum albumin (BSA). A stock solution

of 1 mg ml* was prepared and diluted in the 1000 to 10 ug ml! range.

A23 PROCEDURE

A 0.1 ml aliquot of sample (protein sample, standard or blank) was added to a 2 ml plastic
cuvette. One millilitre of the Bradford reagent was then added to the cuvette. The cuvette was
inverted twice to ensure complete mixing and incubated for 2 to 5 min at room temperature.

The absorbance of the solutions was measured at 595 nm against a blank (Norris 0K medium

pH 1.6).

A3 FERROUS IRON TITRATION SOLUTIONS

A31 POTASSIUM DICHROMATE
Potassium dichromate powder was heated for 30 to 60 min at 150°C followed by cooling in a

dessicator. The 0.017 M solution of K;Cr2O7 was prepared by adding 4.9 g of dry potassium

dichromate to a litre of distilled water.
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A3.2  BARIUM DIPHENYLAMINE SULFONATE (INDICATOR)

1 g of barium diphenylamine sulfonate was added to 100 ml concentrated sulphuric acid. The

solution was agitated until the salt had completely dissolved.

A4 STANDARD CURVES FOR IRON AND COPPER
DETERMINATIONS BY AAS

Standard copper and iron curves were generated using solutions of known concentration,
Standard solutions were prepared by diluting the pre-prepared standards solutions (Merck NT) to
the desired concentrations. Typical standard curves for iron and copper are presented in Figures

A3and A4

0.7

®  Iron standards

0.6 4 . .
m——= [iniear regression

0.5 4

04 4

03 4

Absorbance

0.2 4

0.1 4

0.0 v g T v v
0 50 100 150 200 250 300

Iron concentration (mg 1)

Figure A.3: Standard curve for iron determinations using the AAS.

0.5

®  Copper standards

wud T Linear regression

03 4

Absorbance

0.2 4

0.1 4

0.0 v v v T v
0 100 200 300 400 500 600
Copper concentration (mg l")

Figure A.4: Standard curve for copper determinations using the AAS.
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A5 RESPIROMETER CALIBRATION

The Micro Oxymax Respirometer was calibrated using the following gas blends:

@® 4.5 -4.9% CO;,
(i) 19.5 — 20.0 % Og; balance N2

(iif) N2 for zero point calibration

A6 ANALYTICAL ERROR

The etror of each analytical method used was determined by conducting replicate analyses.
Triplicate samples were measured and the standard deviation (stdev) and standard etror (%) were

calculated using the following equations:

Stdev (o) = \/W ...Eqn. A1

o
Standard error = = *100 ...Eqn. A2
X

Where X = measurement

n = number of observations

X = average of n measurements
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Appendix B: Calculations

B.1 RATES

Growth, and iron and copper solubilisation rates were calculated either by linear regression or by

calculating the rate between each sample point.
B.11  LINEAR REGRESSION

A typical iron solubilisation curve is used as an example to illustrate the method used to
determine growth, iron and copper solubilisation rates (Figure B.1). A straight line was fitted to
the data and only correlation coefficients above 0.98 were accepted. The slope of the curve was

the average iron solubilisation rate over the specified time period.

22
®  Iron solubilised vs. time
209 e Linear regression
R2=0996
18
8
¥ 16
.W
=
e
B 14
@
1
o)
Eo12 4
1.0 1
0.8 T T * T
[ 20 40 60 80 100

Time (h)
Figure B.1: Typical iron solubilisation curve with a linear regression fit.
B.1.2 DETERMINING RATES BY CALCULATION
The alternative way of calculating rates was using the following equation:

Xy ™ X
L -y

...Eqn. B.1

where 2 = the cell, iron or copper concentration at time

x2 = the cell, iron or copper concentration at time t2
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The rate was calculated between each sampling point and averaged to give an average rate over

the time period selected.

B.2  SPECIFIC RATES

Apparent specific growth, specific death, specific OUR and iron and copper solubilisation rates
were determined by dividing the rate (calculated using either of the methods detailed in Section

B.1) by the average cell concentration over the specified time period (Eqn. B.2).

(‘xtz "xtl)* __1
(tz —tl) Ctlth

...Eqn.B.2

Where 5 = the cell, OUR, iron or copper concentration at time t;

X2 = the cell, OUR, iron or copper concentration at time tp

C,,_;, = the average cell concentration over the time petiod t; to t

B.3 BIOMASS YIELD ON FERROUS IRON SOLUBILISED

The biomass yield on ferrous iron was calculated as follows:

X,—X
YX/F el Ll ...Eqn. B3
* Fe,-Fe
€ )

where Xy = the concentration of cells at time t;
XK = the concentration of cells at time &

Fey = the concentration of iron at time t;

Feu = the concentration of iron at time tz

255



Cl1

C.11

Appendix C: Raw data

CULTURE VARIABILITY

RAW DATA FOR GRAPHS FROM CHAPTER 4

Chalcopyrite bioleaching at a 3 % w/v solids loading of chalcopyrite (38-75 {im) and an agitation

rate characterised by an impeller tip speed of 1.67 m s'. Experiments 1 and 2 were conducted

two months apart.

Table C.1: Culture variability (Figure 4.1).

Experiment 1 Experiment 2
Copper Redox Copper
Time (h) Redox potential |  solubilised Time (h) potential (mV; solubilised
mV, Ag/AgCh | (%, w/wW) Ag/AgCh (%o, w/w)

0 513 0.0 0 514 0.0
24 602 13.4 23 606 10.4
48 630 16.8 48 621 15.2
72 644 19.3 7 636 18.9
96 648 254 94 645 234
120 649 26.1 118 650 25.9
144 649 29.0 144 643 28.3
192 648 37.6 169 644 31.2
240 649 46.4 192 655 36.2
264 648 55.0 216 653 40.8

261 648 53.1

C.12 REPRODUCIBILITY OF THE EXPERIMENTS

Reproducibility data for chalcopyrite bioleaching at a solids loading of 6 % w/v quartzite (38-75

pm) and 3 % chalcopyrite (38-75 |im) and an agitation rate characterised by an impeller tip speed

of 1.67 m s+
Table C.2: Reproducibility of the experiments (Figure 4.2).

Runl Run 2

Redox potential Copper solubilised | Redox potential Copper solubilised
Time (h) (mV; Ag/AgCh (%o w/w) {mV; Ag/AgCh (Yo, w/w)
23 605 10.6 600 9.29
48 607 16.2 608 17.3
71 618 17.5 620 19.0
94 629 219 632 224
118 637 27.0 635 27.2
144 640 30.2 641 30.9
192 640 343 644 35.0
216 639 35.5 643 35.9
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C13  ABIOTIC CONTROL

Time profiles of pH and redox potential for a 3 % w/v chalcopyrite solids loading in the absence
of micro-organisms. Experiments wete run at a pH of 1.6, temperature of 68°C, aeration rate of

2 vvm and an impeller tip speed of 1.97 m s

Table C.3: Abiotic control. pH and redox potential data (Figure 4.3).

Redox potential

Time (h) | pH Error | (mV; g/AgCh Error

0 1.57 0.0111 | 498 0.4490
4 1.57 0.0111 | 420 0.3787
6 1.68 0.0119 | 393 0.3543
22 1.71 0.0121 | 397 0.3580
28 1.74 0.0124 | 391 0.3525
31 1.73 0.0123 | 390 0.3516
49 1.76 0.0125 | 392 0.3534
52 1.78 0.0126 | 390 0.3516
56 1.82 0.0129 | 392 0.3534
74 1.79 0.0127 | 393 0.3543

Time profiles of ferric and ferrous iron concentrations fot a 3 % w/v chalcopyrite solids loading
in the absence of micro-otganisms. Experiments were run at a pH of 1.6, temperature of 68°C,

aeration rate of 2 vvm and an impeller tip speed of 1.97 m s*!

Table C.4: Abiotic control. Ferrous and ferric iron data (Figure 4.4).

Ferrous iron Fersic iton
Time (h) | (gl) Ertor (g1 Errot
0 0.00 0.0000 0.00 0.0000
22 0.25 0.0034 0.00 0.0000
49 0.25 0.0051 0.17 0.0021
74 0.42 0.0058 0.25 0.0106
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C.14 THE BASELINE EXPERIMENT

Leaching of the chalcopyrite concentrate in the baseline reactor charactetised by a solids loading
of 3 % chalcopyrite and an impeller tip speed of 1.97 m s'. Changes in pH, redox potential, cell

concentration and iron and copper solubilisation are shown.

Table C.5: Baseline reactor: (Figure 4.5).

Cell Iron Copper
Redox potential | concentration solubilised solubilised
Time (h) pH (mV; Ag/AgCl) {cells ml") (%o; w/w) (Yo; w/w)
0 1.68 514 3.48E+08 0.00 0.00
23 1.64 606 4.526+08 14.9 10.4
48 1.56 621 5.00E+08 18.3 19.2
71 1.49 636 5.76E+08 25.8 20.4
94 147 645 5.90E+08 284 24.1
118 1.43 650 5.76E+08 33.9 29.2
144 1.41 648 5.42E+08 36.0 32.0
169 1.39 650 5.41E+08 38.7 33.0
192 1.38 655 5.71E+08 40.7 36.2
216 1.38 653 4.50E+08 40.0 40.8
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C.15

Raw data for graphs from Section 4.6.2.

Table C.6: Normalised pH data for solids loading experiments: (Figure 4.13).

SOLIDS LOADING EXPERIMENTS

Relative pH; experimental set 1 Relative pH; experimental set 2
Time (h)
experimental 6% 9% 12 % Time (h) 0% 15 % 18%
set 1 0 % quartzite quartzite quartzite quartzite experimental set 2 | quartzite | quartzite quartzite
23 1 1.00 1.00 1.60 24 1 1.00 1.00
48 1 1.04 1.08 1.07 48 1 1.01 1.08
71 1 1.07 1.09 1.11 72 1 1.04 1.14
94 1 1.08 1.10 1.10 96 1 1.02 1.18
118 1 1.10 1.13 1.11 120 1 1.05 1.18
144 1 1.10 1.13 1.13 144 1 1.04 1.19
169 1 112 1.14 1.14 168 1 1.03 1.21
192 1 1.13 1.16 1.16 192 1 1.02 1.21
216 1 1.14 1.14 1.13 216 1 1.02 1.22

Table C.7: Normalised redox potential data for solids loading experiments: (Figure 4.15).

Relative redox potential; experimental set 1 Time (h) Relative redox potential; experimental set 2

Time (h) 0% 6% 9% 12 % experimental 15 % 18 %
experimental set 1 | quartzite | quartzite quartzite quartzite set 2 0 % quartzite | quartzite quartzite
23 1 1.00 1.00 1.00 24 1 1.00 1.00

48 1 0.98 0.96 0.91 48 1 0.91 0.82

71 1 0.97 0.96 0.94 72 1 0.92 0.80

94 1 0.98 0.97 0.94 96 1 0.92 0.78

118 1 0.98 0.98 0.95 120 1 0.93 0.77

144 1 0.99 0.99 0.96 144 1 0.94 0.75

169 1 0.98 .98 0.97 168 1 0.94 0.74
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Relative redox potential; experimental set 1 Time (h) Relative redox potential; experimental set 2
Time (h) 0% 6% 9% 12 % experimental 15 % 18%
experimental set 1 | quartzite | quartzite quartzite quartzite set 2 0 % quartzite | quartzite quartzite
192 1 0.98 0.98 0.96 192 1 0.95 0.72
216 1 0.98 0.98 0.97 216 1 0.95 0.71

Table C.8: Normalised cell concentration data for solids loading experiments: (Figure 4.17).

Relative cell concentration; experimental
Relative cell concentraton; experimental set 1 set 2
Time (h) 0% 6% 9% 12% Time (h) 0% 15 % 18 %
experimental set 1 | quartzite | quartzite | quartzite quartzite experimental set 2 quartzite quartzite quartzite
23 1 1.00 1.00 1.00 24 1 1.00 1.00
48 1 0.93 0.93 0.91 72 1 0.79 0.40
71 1 0.89 0.88 0.82 96 1 0.71 0.32
94 1 0.88 0.87 0.78 120 1 0.79 0.33
118 1 0.88 1.01 0.83 144 1 0.66 0.30
144 1 0.92 1.09 0.89 168 1 0.79 0.28
169 1 1.00 1.08 0.92 192 1 0.76 0.38
192 1 0.93 0.89 0.78

Table C.9: Normalised maximum cell concentration and apparent specific growth rate data for solids loading experiments: (Figure 4.18).

Quartzite loading (Yo, Relative maximum cell Apparent specific growth

w/v) concentrationat 72 h Error rate (h'!) Error
0 1.00 0.0320 0.0050 0.0002
6 0.89 0.0284 0.0039 0.0001
9 0.88 0.0281 0.0034 0.0001
12 0.82 0.0263 0.0022 0.0001
15 0.79 0.0254 0.0007 0.0000
18 0.40 0.0128 -0.0016 -0.0001
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Table C.10: Normalised percentage iron solubilised data for solids loading experiments: (Figure 4.20).

Relative percentage iron solubilised; experimental Relative percentage iron solubilised;

set 1 experimental set 2
Time (h) 0% 6 % 9% 12% Time (h) 0% 15% 18 %
experimental set 1 | quartzite | quartzite | quartzite | quartzite experimental set 2 | quartzite quartzite quartzite
23 1 1.00 1.00 1.00 24 1 1.00 1.00
48 1 1.07 0.93 0.89 48 1 0.94 0.44
71 1 0.95 0.92 0.81 72 1 0.75 0.41
94 1 0.89 0.86 0.84 96 1 0.69 0.34
118 1 0.90 (.88 0.80 120 1 0.73 0.29
144 1 0.89 0.89 0.77 144 1 0.70 0.28
169 1 0.86 0.89 0.77 168 1 .74 0.28
192 1 0.81 0.88 0.71 192 1 0.76 0.21
216 1 0.85 0.86 0.74 216 i 0.70 0.20

Table C.11: Normalised extent and rate of iron solubilisadon data for solids loading experiments: (Figure 4.21).

Quartzite loading (Y%, Relative extent of iron Relative rate of iron

w/v) solubilisation Error solubilisation Error
0 1.00 0.0286 1.00 0.0286
6 0.81 0.0231 (.82 0.0234
9 0.88 0.0252 0.86 0.0246
12 0.71 0.0204 0.71 0.0203
15 0.76 0.0217 0.72 0.0206
18 0.21 0.0060 0.29 0.0083
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Table C.12: Normalised percentage copper solubilised data for solids loading experiments: (Figure 4.23).

Relative percentage copper solubilised; experimental

Relative percentage copper solubilised;

set 1 experimental set 2

Time (h) 0% 6% 9% 12% Time (h) 0% 15 % 18%
experimental set 1 | guartzite | quartzite quartzite quartzite experimental set 2 | quartzite quartzite quarizite
23 1 1.00 1.00 1.00 24 1 1.00 1.00
48 1 0.85 0.79 0.77 48 1 0.81 0.71
71 1 0.86 0.93 0.82 72 1 0.68 0.55
94 1 0.91 0.97 (.80 96 1 0.80 0.55
118 1 0.92 0.89 0.87 120 1 0.71 0.47
144 1 0.94 0.88 0.80 144 1 0.79 0.48
169 1 0.85 0.99 0.83 168 1 0.76 0.50
192 1 0.95 0.99 0.73 192 1 0.71 0.47
216 1 0.87 0.98 0.72 216 i 0.76 0.47

Table C.13: Normalised extent and rate of copper solubilisation data for solids loading experiments: (Figure 4.24).

Quartzite loading (%; Relative extent of copper Relative rate of copper

w/v) solubilisation Error solubilisation Error
0 1.00 0.0062 1.00 0.0062
6 0.95 0.0058 1.01 0.0057
9 0.99 0.0061 1.01 0.0062
12 0.73 0.0045 0.73 0.0045
15 0.71 0.0043 0.69 0.0042
18 0.47 0.0029 0.32 0.0019
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Table C.14: Recovery data O to 216 h: (Figure 4.32).

Redox potential Cell concentration Percentage iron Percentage copper solubilised (%;
Time (h) | pH (mV; Ag/AgCh) {cells ml') solubilised (%; w/w) w/w)
24 1.78 604 1.53E+08 6.11 7.86
48 1.69 565 2.548+08 10.9 114
72 171 584 2.43E+08 12.2 13.2
96 - 596 2.88E+08 13.2 15.8
120 1.72 604 2.25E+08 16.3 16.8
144 171 610 2.94E+08 17.6 210
168 1.70 613 2.22E+08 19.0 21.5
192 1.70 616 - 210 21.6
216 1.7 618 - 20.4 23.7

Table C.15: Recovery data 216 to 456 h: (Figure 4.33).

Redox potential Cell concentration Percentage iron Percentage copper solubilised (%;
Time () | pH (mV; Ag/AgCl (cells mi) solubilised (%; w/w) w/w)
216 1.71 618 - 204 23.7
240 1.72 617 1.90E4+08 21.3 26.9
264 1.74 619 1.87E+08 224 27.2
288 1.74 623 1.75E+08 24.4 27.2
408 1.73 631 211E+08 25.8 33.4
456 1.72 632 26.0 355
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C.16 IMPELLER SPEED EXPERIMENTS

Raw data for graphs from Section 4.7.

Table C.16: pH data for impeller speed experiments: (Figure 4.34),

0 % quartzite; 9 % quartzite
Time (h) 1.67 m s 1.67ms! | 1.97ms! 213 ms!

0 1.63 1.61 1.61 1.63
48 1.8 1.85 1.77 1.81
72 145 1.47 1.49 1.48
96 1.46 1.58 1.61 1.6
120 1.48 1.65 1.68 1.75
144 1.44 1.62 1.65 1.76
168 1.44 1.63 1.68 1.79
192 1.45 1.67 1.69 1.8

Table C.17: Redox potential data for impeller speed experiments: (Figure 4.35).

0 % quartzite; 9 % quartzite
Time (h) 1.67 ms! 1.67 m gt 1.97 m st 213 m s

0 460 456 459 456
48 548 541 551 532
72 577 546 528 499
96 603 565 529 487
120 610 577 527 484
144 615 588 535 481
168 613 597 538 478
192 610 601 540 470

Table C.18: Cell concentration data for impeller speed experments: (Figure 4.36).

0 % quartzite; 9 % quartzite

Time (h) 1.67ms! 1.67 m s 1.97 m 5! 213 m st
0 7.60E+07 7.50E4+07 7.50E+07 7.25E+07

48 1.84E+08 1.75E408 1.85E+08 1.75E+08
72 2.35E+08 1.72E+08 | 9.37E+07 9.25E+07

96 3.56E+08 2.38E+08 1.20E+08 | 7.81E+07
120 4.35E+08 2.98E+08 1.40E+08 | 7.50E+07
144 4.23E+08 2.88E+08 1.83E-+08 7.50E4+07
168 3.85E+08 2.75E+08 1.75E+08 | 2.19E+07
192 4 00E+08 1.84E+08 1.44E+08 | 2.03E+07
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Table C.19: Percentage iron solubilised data for impeller speed experiments: (Figure 4.37).

0 % quartzite; 9 % quartzite
Time (h) 1.67 m s 1.67 m gt 1.97 m st 243 m s

0 0.0 0.0 0.0 0.0

48 11.8 11.5 8.6 10.7
72 15.9 12.6 9.7 9.6

96 18.4 15.9 13.5 12.5
120 24.2 204 14.0 104
144 30.6 255 14.1 9.4
168 33.3 284 15.9 12.4
192 357 284 16.6 12.0

Table C.20: Average specific rate and extent of iron solubilised at 2 9 % quartzite loading. Data for impeller

speed experiments: (Figure 4.38).

Impeller | Average specific rate of
tip speed iron solubilisation Extent of iron solubilisation
{m s (g Fe cell'' h'Y) (%o; w/v)
1.67 5.7E-14 24.0
1.67 4.9E-14 14.0
1.97 3.5E-14 8.04
2.13 1.4E-14 1.80

Table C.21: Percentage copper solubilised data for impeller speed experiments: (Figure 4.39).

0 % quartzite; 9 % quartzite
Time (h) 1.67ms! 1.67mst | 1.97 ms? 213 mst

0 0.0 0.0 0.0 0.0

48 16.5 15.9 14.7 16.1
72 22.9 203 18.4 18.1
96 29.6 264 23.5 20.8
120 315 27.1 25.6 21.2
144 35.7 30.5 26.2 19.5
168 36.5 34.2 25.2 215
192 36.7 33.2 2.6 21.2

Table C.22: Average specific rate and extent of copper solubilised at a 9 % quartzite loading. Data for

impeller speed experiments: (Figure 4.40).

Impeller | Average specific rate of Extent of copper
tip speed coppet solubilisation solubilisation
(m s1) {g Cu cell! h')) (%o, w/v)
1.67 7.2E-14 28.8
1.67 6.8E-14 24.7
1.97 7.8E-14 18.4
2.13 4.5E-14 7.7
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Table C.23: Average specific rate of iron solubilised and apparent specific growth rate at a 0 % quartzite

loading. Data for impeller speed experiments: (Figure 4.41).

Impeller | Average specific rate of
tip speed iron solubilisation Apparent specific growth rate
(m s (g Cu cell? b )
1.67 6.2E-11 0.0103
1.97 8.2E-11 0.0184
2.13 8.3E-11 0.0120

C.1.7 FURTHER ANALYSIS OF GROWTH DATA

Raw data for graphs from Section 4.9.

Table C.24: Measured and modelled specific death rate constant for solids loading
experiments: (Figure 4.47).

Quartzite loading
%o, w/w) ka1 measured (1) kgt modetied (1)
6 0.0011 0.0010
9 0.0016 0.0020
12 0.0028 0.0031
15 0.0043 0.0046
18 0.0066 0.0063

C.2 RAW DATA FROM CHAPTER 5

C.2.1 THE EFFECT OF HYDRODYNAMIC STRESS ON CULTURE
MORPHOLOGY

Table C.25: Change in normalised Weibull parameters a, b and X describing the cell size distribution as a
function of solids loading: (Figure 5.21).

Quartzite loading Parameter
(%o, w/v) a b %
0 1.00 1.00 1.00
6 0.95 0.81 0.95
9 0.98 0.84 0.95
12 0.85 0.83 0.93
15 0.35 0.96 _
18 0.35 0.96 0.90
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C.2.2 THE EFFECT OF HYDRODYNAMIC STRESS ON CULTURE METABOLIC
ACTIVITY

Table C.26: Specific OUR as a function of time for reactors containing 0 to 18 % w/w quartzite and
operated at 1.97 m s': (Figure 5.24).
Specific OUR (O3 cell! min); experimental set 1

Time (h) 0 % quartzite | 6 % quartzite | 9 % quartzite | 12 % quartzite
24 1.3E-09 1.3E-09 1.3E-09 1.3E-09
48 1.2E-09 1.0E-09 9.5E-10 5.6E-10
96 9.9E-10 9.1E-10 8.6E-10 7.0E-10
168 8.9E-10 6.7E-10 6.5E-10 5.5E-10
Specific OUR (lO» cell! min); experimental set 2
Time (h) 0 % quartzite 15 % quartzite 18 % quartzite
24 2.6E-09 2.6E-09 2.7B-09
48 1.7E-09 8.5E-10 1.0E-09
96 1.5E-09 8.0E-10 7.0E-10
168 1.2E-09 7.1E-10 6.8E-10
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Appendix D: Power measurements

Table D.1: Power input per unit volume corresponding to impeller tip speeds and solids loadings utilised in

Section 4.7
Solids loading P/V (W m3)
(Yo, w/w) 1.67 m s? 1.97 m st 213 m st
0 605 1097 1386
3 686 1097 1489
9 686 1287 1592
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Appendix E: t-Test: paired two sample for means for

normalised process data presented in Section 4.6.2

Table E.1:

quartzite (data presented in Figure 4.15).

t-Test comparing normalised redox potential for 0 and 6 % quartzite and 0 and 9 %

t-Test: Paired Two Sample t-Test: Paired Two Sample
for Means for Means

Quartzite concentration Quartzite concentration

0 %% 6% 0 % 2 %

Mean 1 0.980851 | Mean 11 0977344
Variance 7.01E-05 | Variance 0§ 0.000129
Observations 9 9 | Observations 9 9
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
df 8 df 8
t Stat 6.859713 t Stat 5.994642
P(T<=t) one-tail 6.49E-05 P(T<=t) one-tail 0.000163
t Critical one-tail 1.859548 t Critical one-tail 1.859548
P(T<=t) two-tail 0.00013 P(T<=t) two-tail 0.000325
t Critical two-tail 2.306006 t Critical two-tail 2.306006

Table E.2:

quartzite (data presented in Figure 4.15).

t-Test compating normalised redox potential for 0 and 12 % quartzite and 0 and 15 %

t-Test: Paired Two Sample t-Test: Paired Two Sample
for Means for Means

Quartzite concentration Quartzite concentration

0% 12 % 0% 15 %

Mean 1 0.955642 | Mean 1 0.940789
Varance 0 0.000612 | Variance 0 0.00069
Observations 9 9 1 Observations 9 9
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
df 8 df 8
t Stat 5.379142 t Stat 6.763141
P(T<=t) one-tail 0.000331 P(T<=1) one-tail 7.16E-05
t Critical one-tail 1.859548 t Critical one-tail 1.859548
P(T'<=t) two-tail 0.000662 P(I<=1) two-tail 0.000143
t Critical two-tail 2.306006 t Critical two-tail 2.306006
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Table E.3:

Figure 4.15).
t-Test: Paired Two Sample for Means l
Quartzite concentration
0 % 18 %

Mean 1 0.788163
Variance 0 0.007402
Observations 9 9
Hypothesized Mean Difference 0

df 8

t Stat 7.386452

P(T<=1) one-tail 3.86E-05

t Critical one-tail 1.859548

P(T<=1) two-tail 7.72E-05

t Critical two-tail 2.306006

Table E4:

quartzite (data presented in Figure 4.17).

t-Test compating normalised redox potential for 0 and 18 % quartzite (data presented in

t-Test comparing normalised cell concentration for 0 and 6 % quartzite and 0 and 9 %

t-Test: Paired Two Sample t-Test: Paired Two Sample for
for Means Means

Quartzite concentration Quarttzite concentration

0% 6% 0% 9%

Mean 1 0929613 | Mean 1 0.975534
Vatiance 0 1 0.002068 | Varance 0 0.007218
Observations 9 9 | Observations 9 9
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
df 8 df 8
t Stat 4.64389 t Stat 0.863923
P(T<=1) one-tail 0.000829 P(T<=t) one-tail 0.206391
t Critical one-tail 1.859548 t Critical one-tail 1.859548
P(T<=t) two-tail 0.001658 P(T<=t) two-tail 0.412782
t Critical two-tail 2.306006 t Critical two-tail 2.306006

Table E.5: t-Test comparing normalised cell concentration for 0 and 12 % quartzite and 0 and 15 %

quartzite (data presented in Figure 4.17).
t-Test: Paired Two Sample t-Test: Paired Two Sample for
for Means Means

Quartzite concentration Quartzite concentration

0% 12 % 0% 15 %

Mean 1 0.852867 | Mean 1 0.7703
Variance 0 0.006773 | Varance 0 0.011344
Observations 9 9 | Observations 8 8
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
t Stat 5.363262 t Stat 6.099848
P(T<=t) one-tail 0.000338 P(T<=t) one-tail 0.000246
t Critical one-tail 1.859548 t Crtical one-tail 1.894578
P(T<=t} two-tail 0.000675 P(T<=t) two-tail 0.000491
t Critical two-tail 2.306006 t Critical two-tail 2.364623
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Table E.6: t-Test comparing normalised cell concentration for 0 and 18 % quartzite (data presented
in Figure 4.17).
t-Test: Paired Two Sample for Means I
Quartzite concentration
0 % 18 %

Mean 1 0.424444

Variance 0 0.055845

Observations 8 8

Hypothesized Mean Difference 0

df 7

t Stat 6.888749

P(T<=t) one-tail 0.000117

t Critical one-tail 1.894578

P(T<=t) two-tail 0.000234

t Critical two-tail 2.364623

Table E.T: t-Test compating normalised percentage iron solubilised for 0 and 6 % quartzite and 0 and
9 % quartzite (data presented in Figure 4.20).
t-Test: Paired Two Sample t-Test: Paired Two Sample for
for Means Means
Quartzite concentration Quartzite concentration
0% 6% 0% 9%

Mean 11 0912747 | Mean 1 0.901573
Vatiance 0| 0.006804 | Vatdance 01 0.001858
Observations 9 9 | Observations 9 9
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
df 8 df 8
t Stat 3.173267 t Stat 6.850304
P(T<=t) one-tail 0.006565 P(T'<=1) one-tail 6.55E-05
t Critical one-tail 1.859548 t Critical one-tail 1.859548
P(T<=t) two-tail 0.01313 P(T<=¢) two-tail 0.000131
t Critical two-tail 2.306006 t Critical two-tail 2.306006

Table E.8 t-Test comparing normalised percentage iron solubilised for 0 and 12 % quartzite and 0
and 15 % quartzite (data presented in Figure 4.20).
t-Test: Paired Two Sample t-Test: Paired Two Sample for
for Means Means
Quartzite concentration Quartzite concentration
0% 12 % 0% 15 %
Mean 11 0.813152 | Mean 11 0.778291
Vaniance 01 0.007671 | Varance 01 0.012601
Obsetvations 9 9 | Observations 9 9
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
t Stat 6.400178 t Stat 5.92505941
P(I<=1) one-tail 0.000105 P(T<=1) one-tail 0.000175843
t Critical one-tail 1.859548 t Critical one-tail 1.85954832
P(I<=1) two-tail 0.000209 P(T<=t) two-tail 0.000351685
t Critical two-tail 2.306006 t Critical two-tail 2.306005626
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Table E.9:

Table E.10:

t-Test comparing normalised percentage iron solubilised for 0 and 18 % (data presented in

Figure 4.20).

t-Test: Paired Two Sample for Means |

Quartzite concentration

0% 18 %
Mean 1 | 0.382881
Variance 0 0.060292
Observations 9 9
Hypothesized Mean Difference 0
t Stat 7.539789
P(T<=t) one-tail 3.34E-05
t Critical one-tail 1.859548
P(I<=t) two-tail 6.67E-05
t Crtical two-tail 2.306006

t-Test comparing normalised percentage copper solubilised for 0 and 6 % quartzite and 0

and 9 % quartzite (data presented in Figure 4.23).

t-Test: Paired Two Sample t-Test: Paired Two Sample for
for Means Means

Quartzite concentration Quartzite concentration

0% 6% 0% %

Mean 1 0.920812 | Mean 1 0.930448
Vatance 0 0.003041 | Variance 0 0.00449
Observations 9 9 | Observations 9 9
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
t Stat 4.307886 t Stat 3.113743
P(T<=t) one-tail 0.001294 P(I<=t) one-tail 0.007182
t Critical one-tail 1.859548 t Critical one-tail 1.859548
P(T'<={) two-tail 0.002588 P(T<=1) two-~tail 0.014364
t Critical two-tail 2.306006 t Critical two-tail 2.306006

Table E.11:

t-Test comparing normalised percentage copper solubilised for 0 and 12 % quartzite and 0

and 15 % quartzite (data presented in Figure 4.23).

t-Test: Paired Two Sample t-Test: Paired Two Sample for
for Means Means

Quartzite concentration Quartzite concentration

0% 12 % 0% 15 %

Mean 1 0.815935 | Mean 1 0.780718
Vasiance 01 0006777 | Variance 01 0008751
Observations 9 9 | Observations 9 9
Hypothesized Mean Hypothesized Mean
Difference 0 Difference 0
t Stat 6.707493 t Stat 7.032333
P(T'<=t) one-tail 7.58E-05 P(T<=1) one-tail 5.45E-05
t Critical one-tail 1.859548 t Critical one-tail 1.859548
P(T<=t) two-tail 0.000152 P(T<=t) two-tail 0.000109
t Critical two-tail 2.306006 t Critical two-tail 2.306006
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Table E.12: t-Test comparing normalised percentage copper solubilised for @ and 18 % quartzite (data

presented in Figure 4.23).
t-Test: Paired Two Sample for Means |
Quartzite
concentration
0% 18 %
Mean 1 0.578217
Variance 0 0.031049
Observations 9 9
Hynothesized Mean Difference 0
df 8
t Stat 7.181021
P(T<=1) one-tail 4.71E-05
t Critical one-tail 1.859548
P(I'<=1) two-tail 9.42E-05
t Critical two-tail 2.306006
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Appendix F: ANOVA two-factor with replication for

cell size data presented in Figure 5.20

Table F.Is Cell size data 25 a function of time for 0 and 18 % quartzite loadings operated at an
mmpeller tip speed of 1.97 m s,
Sample Time (h) | Quartzite loading
0% 18 %
X (pm)

1 0 0.900 0.915

2 0.906 0.921

3 0.894 0.921

1 24 0.904 0.920

2 0.910 0.926

3 0.910 0.914

1 72 0.973 0.892

2 0.967 0.887

3 0.967 0.898

1 144 1.008 0.850

2 1.001 0.844

3 1.015 0.856

1 168 0.978 0.835

2 0.984 0.840

3 0.972 0.829

Table F.2: ANOVA for cell size data presented in Table F.1 (significant at the 99.99 % level).
ANOVA
Source of Variation 55 df MS F P-yalue F it

Sample 0.002976 4| 0.000744 | 2543808 | 1.34E-07 | 4.43069
Columns 0.036116 11 0.036116 | 1234.981 | 1.88E-19 | 8.095958
Interaction 0.041794 0.010448 | 357.2795 | 2.72E-18 | 443069
Within 0.000585 20 | 2.92E-05
Total 0.081471 29
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