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Abstract

The polential of thermophilic micro-organisms to bicleach primary copper sulfides and other
minerals has led to the need to develop a funcamental understanding of the mechanistic processes
involved. Ferrous iron oxidation has been established as a key step in bicleaching and is understond
to be achieved largely by microbial action. The objective of this work was to determine an
appropriste set of kinelic expressions that describe the rales of microbial growth and ferrous iron
oxidation of & thertmophilic archeeal culturs growr in continuous culture on ferrous roh belween

60 and 800,

A review of rate equations developed to describe mesaphilic ferrous iron oxidation established that
the system could be modelled by adopting an unstructured approach that did net require in-depth
knowledge of the precise metabolic pathway. This approach allows the development of models that

are not species-specific,

Sterile tests showed that the compeling chemical oxidation reactiob by molecular oxygen was
significant at elevared temperatures and high ferreus fron concentrations. The abiotic irom
oxidation rale was found Lo be second order wilh respect Lo the ferrous iron concentration and this

rate was deducted from the overall measured rate in the ensuing microbial investigation.

The ferrous iron utllisation rate was determined, viz a degree-of-reduction balance, from the
measured change in the oxygen and the carbon dioxide concentralion in the off-gus slream. The
nbserved kinetics were described by a Michaelis-Menten-type rate equation, describing the specific
rale of iron utilisslion as & funclion of the ferric/ferrous-iron ratio, coupled to a yield expression
describing energy utilisation in terms of a maximum microbial vield and 4 maintenance coefficient.
The resultanl model was able to predict growth rate, iron utilisation rate and cell concentration

over the range of temperatures and solution conditions tested.
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SuinAry

Summary

The potential of varicus thermaphilic archaeal species to bioleach primary copper sulfides and
other mincrals has led to the need to develop a fundamental understanding of the mechanistic
processes involved. Ferrous iron oxidation has been cstablished as a key step in bicleaching and is
understood to be largely achieved by microbial action. The abjective of this work was to formulate
an appropriale rate equation Lo describe the kinetics of microbtal ferrous iron oxidation under
thermorhilic bicleaching conditions. This was achieved by critically reviewing rate equations
propased for mesophilic iron oxidation kinetics and by applying that knowledge Lo an experimental

investigation of thermophilic microbiat iron oxidation performed in continuous cullure.

& review of biolcaching literature cstablished the existence of a number of thermophilic ferrous-
iron-oxidising micro-organisms. These micro-organisms arc archaca, phytogenetically distinct from
the bacteria that predominate at lower lemperalures, yel performing the same role with similar

thermodynamic constraints.

Parameters influchcing the rate of oxidation were discussed with respect to their observed effect on
mesophilic iron oxidation systems and their implied effect on thermophilic ferrous iran oxidation.
The concentrations of ferrous and ferric iron and the ratio of the two were found to be key
parameters in controlling the rate of growth and oxidation. These findings are in accord with the
chemiosmotic mechanism proposed for energy assimiltation, Other parameters of interest were Q.

and CO, availability, pll, and temperature.

A number of unstructured models have been developed to describe mesophilic microbial ferrous
iran axidation. The nature of these models, based on following the macroscapic oxidation reaction
and transfer of emergy to a generalised growth reaction rather than individual biochemical
pathways allow the models Lo be transferred to the thermophilic regime. The unstructured model
proposed invobves the two macroscopic reactions of iron oxidation and microbial growth,
generating and consuming energy respectively.  This is best described in terms of a Michealis-
Menten-form rate expression for the specific rate of iron oxidation, couplad to the rate of growth

via some expression of the growth vield, energy utilisation, efficiency and cell maintenance.

Kinetic data and rate equations for the microbial oxidation of farrous iron under mesophilic
conditions were re-evaluated.  Conversion factors were collated from sources published in the

literature and were used to convert all kinetic constants and data to a common basis, evaluating all
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rabes in terms of moles per hour, and evaluating cell concentrations in terms of moles of carbon
presenit, This allowed direct comparison of published results, bath in terns of the kinetic data
presented and the capacily of sach rate equation to predicl reaction rates over a wide range of

conditions,

This comparisen showed that the mode of operation chosen in the design of the experiments
influenced the results produced. studies have been done using many different modes of operation:;
including continuous stirred tank reactors, batch experiments in both stirred reactors and shake
flasks, oxygen uplake experimerts and contrelled potential experiments. The disparate results of
continuous and discontinuous experimenls both in terins of the influence of reaction conditions and
of the kinetic constants generated for similar medels confirms that batch experiments are an
unreliable way of generating kinetic data as the rapid change in solution cenditiens does not allow

for a true response from the organisms.

While a large mumber of rate equations have been presented for microbial ferrous jron oxidalion,
the majority of results from studies in continuous culture have been fitted to rewtivery simpie
unstructured kinetic models, "The data scatter in the results further discourages attempts to fit

mote complicated models.

Analysis of the linear transforms of common simple rate eguations shews similarities in the
resporise te changes in both the ferrous iron concentration atd the ferric/ierrous-iron ratio. This
sitnilarity means that the goodness of fit to @ set of data oblained under a single set of experimental
conditions does nat inply the appropriateness of the model, and cannot be used te choose belwesn
madels.  lurther analysis of transtorms of the continucus data over a range of tolal iron
coticetitratons shows thal microbial ferrous iron oxidation is best described by a rate equation
derived from Michaelis-Menten reactinn kinetics with competitive product inhibition, and that this
rate equation may be simplitied to a Monod-form equation in terms of the ferric/ferrous-iron ratio

at total iron concentrations found in commercial bioleaching stirred tank reactor systems.

The competing abictic oxidalion of [errous iren by motecwiar oxygen was most often deemed
negligible under condilions of mesophilic temperatures, ambient pressure and low pH. Az chemical
redaction rates Increase exponentially with increasing temperature, this assumption was considered
unwise in the thermophiiic lemperature regime and the contribution of the abiatic reaction to
thermaphiiic ferrous iron oxidation was investigated, Abiolic ferrous iron oxidation was found to

be sighificant at high ferrous ron concentralions only, corresponding Lo conditions in the bintic
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The microhial oxidation of ferrous iron by a themmophitic archaeal cubture was studicd in continuous
culture m a well-mixed, well-acraicd, pH-conirolled syslem (pH 1.3} over a temperature range of 60 to
80°C, al dilution rates between 0.015 and 0.08K' and at feerous iron concenirations befween 0,0525
and 0.210mM. The experiments were perlormed in contimious stitred tank reactors, stirred at 400mpm
and sparged with air at between 300 and 400mL.min”, The microbial cullure used was a mixed
cullure taken from a chalcopyrite concentrate test column, which was then grown for an extended
peried on ferrous sulphatle o allow the system to scleet s dominant iron oxidising colture belore

starting kingtic studics. The dominant iren oxvidiser was later identified to be a Metalivsphraera

species, most Jikety M Aakanensis.

The reaction kinetics wore [olfowed by analvers ol the off-gas oxvgen and carbon dioxide
concenlmtions and the measured redox potential. The rate of femous iron oxidation was determined
from the gas utifisation rates vig the degree-of-reduction batance. A comparison of this ferrous jron
oxidation rate with rates determinad from the iron mass balance showed good agrecment, conlinming

the vahdity of the methedology.

The observed kinetics could be described by a rale equation describing the specific won utilisation rate
in lerms of the ferric/ferrous-iron ratie (Boon, 1996}, coupled te a yield expression in terms of a

maximum vield and a constant tnaintenance cocfficient (Pirt, 1965

et 12.14]
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The effcct of temperature on the system coutd be described by simple funclions of the kinetic
constanis determined for each data sel. Both the maximum specific iron utilisation rale, geea-" - and
the maintenance coefffeient, ng, increased expensntially with temperamise and coutd be described by
Arrhenins functions, whilst Keae and Yo" could be replaced by linsar functions of temperature.

This allows Equalions 2,14 and 2.33 to be replaced by

it
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where qe=2.22 x 10" molle*" .molC 1
F.2 =480 ki mol”
a—139x10* 1!
b— 0457
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producing a model that describes thermophilic microbial ferrous iron oxidation as a [unction of the
ferric/ferrous-irom ratio over a range of temperature from 60-80°C.

iv
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Chapter 1

Introduction

Bioleaching is industrially recognised as a pre-treatment for refractory gold ores and for the
commercial processing of secondary copper sulfide ores. Bioleaching of the primary copper sulfide,
chalcopyrite, has proved unsuccessful, with slow leach rates and incomplete extraction (Olson et al,
2003). A number of different technologies have been developed to best exploit this process for
different grades of mineral, from stirred tank reactor systems for finely milled flotation
concentrates, to carefully engineered heaps for low grade concentrates and whole ores, to irrigated

mine dumps for marginal-grade run-of-mine ores (Brierley & Brierley, 2001).

Bioleaching is understood to involve a number of key intermediate steps as illustrated in Figure 1: a
primary chemical leach by acid and ferric iron, producing ferrous iron and releasing the sulfide
mineral as metal and a variety of reduced sulfur compounds. This is followed by the microbial
oxidation of ferrous iron to ferric iron and the microbial oxidation of the reduced sulfur compounds
to elemental sulfur or to sulfate (Boon, 1996; Schippers & Sand, 1999). It can be seen that
bioleaching micro-organisms play an important role in maintaining the concentration of the

primary leaching agent and thereby promoting continued leaching,

«= Ferric Attack

X

Fe¥*
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Metal Sulﬁde L SReduced'- Oxidation - SO or 504
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Figure 1.1  Asimple diagram of the key mechanistic sub-processes in bioleaching
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The microbial oxidation of ferrous iron is thus an integral part of the bioleaching process, and a
fundamental understanding of the mechanism and the kinetics of the reaction will provide a basis
for the development of a predictive model for bioleaching to aid further process design and

optimisation.

Conventional bioleaching is facilitated by acidophilic iron and sulfur oxidising micro-organisms that
operate at ambient temperatures (mesophiles). As the bioleaching reaction is exothermic, the poor
heat transfer in bioleach heaps causes the core temperature to rise beyond the maximum
temperature that the micro-organisms could withstand (Brierley, 1978). This, along with the
recalcitrance of chalcopyrite to effective bioleaching at ambient temperatures, led to the
investigation of the potential of selected thermophilic micro-organisms, micro-organisms that are

capable of living and thriving at extraordinarily high temperatures.

“ Table 1.1 Definition of temperature ranges used in this work.

Temperature Range Designation
< 45°C mesophiles
45-60 °C moderate thermophiles
60-80 °C thermophiles
> 80°C extreme thermophiles

Comparison of chalcopyrite bioleaching with mesophilic, moderately thermophilic, and extremely
thermophilic cultures indicated that the efficiency of copper extraction increased proportionately
with temperature up to 80°C (Norris et al., 1990; Norris & Owen, 1993). This has produced the need
to elucidate the mechanism and kinetics of thermophilic bioleaching. BHP Billiton’s BioCop™
process has already shown that thermophilic bioleaching of copper sulfide mineral concentrates is
commercially viable (Batty & Rorke, 2006), however this commercial exploitation would be greatly
facilitated by the development of a fundamental understanding of the mechanism and the kinetics
of a thermophilic bioleaching system: the chemical and biochemical reactions that occur, the roles
and identities of the various micro-organisms involved and how they all combine. This
understanding is emerging, but requires further elucidation of mechanism and an evaluation of

kinetic parameters and rate equations.

Preliminary investigations indicate that the multiple sub-process mechanism is still appropriate at

elevated temperature and hence that microbial ferrous iron oxidation is still a crucial sub-process.

Many rate equations and kinetic models have been proposed for mesophilic ferrous iron oxidation,

deduced from numerous experiments conducted under a range of experimental conditions, using a
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variety of different techniques. Little kinetic work has yet been performed in thermophilic iron

systems, and few kinetic models have been proposed.

1.1 Objectives of this Study
This investigation was undertaken to establish a description of the kinetics of the oxidation of
ferrous iron under thermophilic bioleaching conditions, with a view to developing a model of the

process that can be incorporated later into a general model of thermophilic bioleaching.
This was achieved by

o critically reviewing rate equations proposed for mesophilic ferrous iron oxidation, and

establishing similarities and differences between the results published and

o performing a rigorous investigation of the kinetics of ferrous iron oxidation by a thermophilic
bioleaching culture, and proposing an appropriate rate equation for the process based on the
experimental results observed and the knowledge gleaned from the examination of the

mesophilic results.

1.2 Scope and Limitations

This investigation was focussed on the oxidation of ferrous iron, and did not include the possible
interactions of iron and sulfur-oxidising species. The iron oxidation and growth kinetics were
examined in continuous culture using an originally mixed thermophilic culture, grown on a
chalcopyrite concentrate, The system was allowed ample time to select for its dominant iron
oxidising species but no attempt was made to maintain sterility, the low pH and high temperature
being considered sufficient to prevent contamination from the surroundings. The system was
studied at temperatures between 60 and 80°C, running separate reactors at constant temperature
and varying the feed flow rate to produce different steady state ferric and ferrous iron

concentrations.

1.3 Thesis Outline

This thesis will start with a review of the relevant literature. This will be introduced by a brief
description of the historical development of bioleaching, from its origins to current industrial
practices and further to processes under development. The current understanding of bioleaching
will be established, including the reaction mechanism, and characteristics of the relevant micro-
organisms, highlighting the central role of microbial ferrous iron oxidation. Factors influencing the
rate of ferrous iron oxidation will be discussed, emphasising areas that may be more significant at

3
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elevated temperature. The extent of research reported on thermophilic ferrous iron oxidation will
also be discussed. This will be followed by a brief history describing the development of models for
microbial iron oxidation. While this will be focussed mainly on mesophilic iron oxidation by
Acidithiobacillus ferrooxidans, as the majority of previous kinetic studies have been performed on this
species, the resultant models are unstructured and hence should be applicable or at least adaptable

to describe the kinetics of other iron oxidisers.

This will be followed in Chapter 3 by a critical review of published kinetic data and rate equations, to

attempt to reconcile the different continuous data presented and the equations proposed.

The experimental methodology followed, including a description of how microbial kinetics can be

monitored by off-gas analysis, will be presented in Chapter 4.

The experimental results are presented and discussed in Chapters 5 and 6. The contribution of
abiotic ferrous iron oxidation is studied in Chapter 5, and the growth and oxidation data from the
microbial investigation in Chapter 6. The data was fitted to the most appropriate model available,
following the discussion of models in Chapters 2 and 3, and the model and its associated constants

will also be presented here.

Chapter 7 will bring together the pertinent questions raised and answers produced in the course of
this investigation and will present the conclusions that can be drawn from this work, including the

value of this investigation to the overall quest to fully understand bioleaching.
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Chapter 2

Literature Review

The purpose of this review is to establish what is known about iron oxidation by acidophilic
microbial cultures, and to use this knowledge as a framework upon which a model for thermophilic

ferrous iron oxidation can be built.

Microbial iron oxidation will be placed in ¢ontext by a brief overview of bioleaching; industrial
applications, the micro-organisms involved in the process and the current understanding of the
mechanisms proposed for the bioleaching of sulfide minerals. Little is known about how any micro-
organism other than Acidithiobacillus ferrooxidans oxidises ferrous iron, and so the current
understanding of the mechanism of mesophilic ferrous iron oxidation and the development of
mesophilic microbial ferrous iron oxidation models have been reviewed in order to determine the
most useful models and to understand the assumptions that were required to produce them:

biochemical mechanisms; the influence of physico-chemical parameters and microbial physiology.

These assumptions will be re-evaluated in terms of thermophilic iron-oxidising archaea and the
results used to determine whether the models and methodologies used to describe mesophilic

systems can be transferred to the thermophiles studied here.

2.1 Background

Bioleaching is a natural process that has been found to have commercial application. Whilst it is
often referred to as an emerging technology, it has been used, if unwittingly, for the extraction of
metals for millennia. Bioleaching was employed in China before the start of the current era (Rossi,
1990), copper was extracted from the Rio Tinto mine, Spain, in Roman times, and actively heap

leached during and after the Moorish conquest. Large amounts of copper have also been leached
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from Falun, Sweden since 1687 (Ehrlich, 2001). All of these processes were run without any

understanding of the role of microbial action in the leaching process.

Four configurations are generally used in modern bioleaching; dump leaching, heap leaching, in-situ
leaching and stirred tank reactors. In dump and heap leaching, mineral is piled in heaps and
irrigated with leach liquor, leaching is allowed to continue relatively uncontrolled within the heaps
and dissolved metals are recovered from the leachate from the bottom of the heap. In in-situ
leaching, the leach liquor is pumped into a blast-fractured ore body and then pumped out and
metals recovered. In stirred tank systems, finely-milled mineral concentrates are leached in

agitated, aerated, temperature-controlled reactors.

The modern exploitation of bioleaching began in the 1950s with the dump leaching of sub-marginal-
grade run-of-the-mine material from the Kennecott Copper Mine (Brierley & Brierley, 2001). Early
dumps were simply irrigated waste rock heaps, not optimised to encourage microbial activity,
leading to slow reaction rates. The low costs of dump leaching make it useful for scavenging copper
from material of such low grade that it cannot be obtained economically by any other method

(Brierley & Brierley, 2001).

Heap leaching is a more structured approach to bioleaching, in which milled mineral is
agglomerated and stacked on impermeable pads, often with active aeration built into the heap. The
material is stacked evenly to ensure uniform fluid and heat flows through the heap. The first
bioheap leach process was initiated at Lo Aguirre in 1980 by SML (Sociedad Minera Pudahuel) using
a thin layer leaching process to leach mixed and secondary copper sulfides (Bustos et al., 1993).
Another example is the Quebrada Blanca project in Chile, that processes 17 300 tonnes ore/day, the
ore is crushed, agglomerated with sulfuric acid and hot water and stacked on drainage pads in 6 -

6.5 m heaps and aerated (Brierley & Brierley, 2001). Further examples are given in Table 2.1.

Table 2.1 Industrial examples of chalcocite (Cu,S) heap leaching operations (adapted from Olson et

al., 2003).

Plant and Location Throughput Years in Operation
tonnes ore/day

Lo Aquirre, Chile 16000 1980-1996
Mt Leyson, Australia 1370 1992-1997
Cerro Colorado, Chile 16000 1993-
Girilambone, Australia 2000 1993-
Ivan-Zar, Chile 1500 1994
Quebrada Blanca, Chile 17300 1994~
Andacollo, Chile 10000 1996-
Dos Amigos, Chile 3000 1996-
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Plant and Location Throughput Years in Operation
tonnes ore/day

Cerro Verde, Peru 32000 1996~

Zaldivar, Chile 20000 1998-

$ & X Copper, Myanmar 18000 1998-

Equatorial Tonopah, Nevada, USA 24500 2000-2001

Heap leaching is not restricted to copper leaching. Newmont Mining has run demonstration scale

heaps for the heap biooxidation of refractory gold ores (Brierley, 1997), and ran a commercial scale

operation at Quarry Mine, Carlin, Nevada (Bhakta & Arthur, 2001). Geobiotics, LLC’s GEOCOAT

process of coating support rock with gold concentrate and then heap leaching has been adopted by

African Pioneer Mining at the Agnes Mine, South Africa (Harvey & Bath, 2003).

The use of stirred tank reactors was pioneered in 1986 at the Fairview gold mine, where the BIOX®

process was developed for the pre-treatment of refractory gold ores. There are now numerous

commercial plants in operation (see Table 2.2), most using the BIOX® technology, others using a

Mintek/Bactech process developed using moderately thermophilic bacteria.

Table 2.2 Industrial examples of commercial stirred tank reactor bioleaching operations (adapted
from Olson et al., 2003, and Rawlings et al., 2003).

Plant and Location Technology Throughput Years in Operation
tonnes
concentrate/day

Fairview, South Africa BIOX® 14 1986~

35 {expanded 1991)

55 (expanded 1999)
Sao Bento, Brazil BIOX® 150 1991~

300 {(expanded 1994)

300 {expanded 1998)
Wiluna, Australia BIOX® 115 1993-

154 {expanded 1996)
Youanmi, Australia BacTech 120 1994-1998
Ashanti-Sansu, Ghana BIOX® 720 1994-

960 (expanded 1995)
Tamboraque, Peru BIOX® 60 1998-
Beaconsfield, Tasmania Mintek- 68 2000-

BacTech
Laizhou, China Mintek- 100 2001-
BacTech

Perseverance, Australia BIOX® 126 2005-

Amantaytau, Uzbekistan
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stirred tank technology is currently being extended to process base metals. BRGM developed a
plant for Kasese Cobalt to process a cobaltiferous sulfide concentrate, this ran successfully from
1999 until the low cobalt price made the process unsustainable in 2002 (Morin et al., 2003). The plant
reopened following a recovery in the cobalt price in 2004 (www.thecdicom/cdi/images/
news_pdf/Cobalt_News_April 06.pdf). Copper and nickel processing plants have been run at pilot
scale (Dew et al,1999). Thermophilic bioleaching demonstration plants for the processing of
chalcopyrite have been built, Alliance Copper Ltd.’s (BHP Billiton/Codelco) BioCOP™ plant in
Chuquicamata, Chile (Batty & Rorke, 2006), and PBM'’s (Pefioles/Bactech/Mintek) plant in

Monterrey, Mexico (Rawlings et al,, 2003). PBM have recently announced the successful production

of commercial cathode copper from their process (http://www.engineeringnews.co.za/eng/

2.2 Bioleaching Micro-organisms

The first micro-organism identified as involved in bioleaching was Thiobacillus ferrooxidans (since
reclassified as Acidithiobacillus ferrooxidans (Kelly & Wood, 2000)), isolated in 1951 (Temple & Colmer,
1951), triggering a disproportionate research focus on this micro-organism despite the growing
realisation that other micro-organisms play far more significant roles in many systems (Rawlings

2002; Johnson, 1998).

Bioleaching micro-organisms are phylogenetically diverse, consisting of members of two domains,
bacteria and archaea. The dominant species share the characteristics of being acidophilic, iron
and/or sulfur-oxidising chemolithotrophs, and are generally found in consortia with different
species being dominant under different prevailing conditions (Rohwerder et al, 2003). The
dominant species can be changed by changing the reaction temperature. Increasing the
temperature leads to the dominance of thermotolerant, moderately thermophilic and eventually

extremely thermophilic micro-organisms,

Under mesophilic conditions (T < 40°C), the predominant leaching micro-organisms are autotrophic
bacteria; Acidithiobacillus ferrooxidans, At. thiooxidans, At. caldus, Leptospirillum ferrooxidans and L.
ferriphilum. L. ferriphilum and At. caldus have been observed to predominate in commercial stirred

tank bioleaching reactors (Rawlings et al.,1997).

The Acidithiobacilli are Gram-negative, obligately autotrophic Proteobacteria. At. ferrooxidans is
preferentially aerobic, utilising oxygen as electron acceptor and either ferrous iron or reduced
sulfur as electron donor. It can also grow anaerobically, utilising ferric iron as the electron acceptor
reducing it to ferrous iron, and oxidising reduced sulfur compounds as the electron donors. It is

capable of rapid growth at temperatures between 20 and 35°C in the presence of abundant substrate.
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This, along with its flexibility in potential substrate, make it an important micro-organism in acid
mine drainage (Johnson, 2005). At. thiooxidans and At. caldus are obligate aerobes restricted to
reduced sulfur as electron donor. Both of these species are extremely acid tolerant, capable of
growing at pH below 1. At caldus is moderately thermotolerant, with an optimum growth
temperature of 45°C, and has been found to be the dominant sulfur oxidiser over the temperature

range from 35 to 50°C (Rawlings, 2002; Rawlings et al., 1999).

L. ferrooxidans belongs to the division Nitrospira rather than Proteobacteria (Hugenholtz et al., 1998)
and is an obligately aerobic autotroph restricted to ferrous iron as electron donor (Hallmann et al,
1992). It is acid tolerant and is relatively less inhibited by ferric iron than At. ferrooxidans and thus is
able to out-compete At. ferrooxidans in ferrous iron-limited systems. This explains why L. ferrooxidans
is the dominant iron oxidiser in commercial stirred tank bioleaching reactors (Rawlings et al., 1999).
Several isolates of L. ferrooxidans have been differentiated by genomic G+C ratio and varying
thermotolerance into putative separate species: L. ferrooxidans, L.thermoferrooxidans, and L.
ferriphilum. L. ferriphilum is the strain that has been identified as the dominant species in South

African commercial bioreactors (Coram & Rawlings, 2002).

Several mesophilic archaea have also been identified that respire solely on iron. Ferroplasma
acidophilus was isolated from a pilot plant reactor in Kazakhstan (Golyshina et al, 2000) and
Ferroplasma acidarmanus from Iron Mountain, California (Edwards et al., 2000; Dopson et al., 2004),
both are pleomorphic micro-organisms lacking cell walls, and characterised by capacity to operate
at extremely low pH. Recently another isolate, Ferroplasma cupricumulans, has been isolated from a

copper heap in Myanmar (Hawkes et al., 2006).

If the temperature is increased to between 45 and 60°C, the mesophiles are superseded by moderate
thermophiles. The most studied group of moderate thermopbhiles is the genus Sulfobacillus. Culture
analysis at 50°C indicated that the dominant species was still At. caldus, followed by Acidimicrobium
ferrooxidans, and then only Sulfobacillus (Norris et al., 2000). Sulfobacillus species are Gram-positive,
endospore-forming bacteria and have been isolated from mineral waste heaps and bioleaching
operations. Sulfobacillus thermosulfidooxidans oxidises iron and mineral, while Sulfobacillus acidophilus
is primarily a sulfur oxidiser. Both are facultative aerobes and can grow either autotrophically or
heterotrophically, but are poor carbon dioxide fixers and most often grow in close association with
Acidimicrobium ferrooxidans (Clark & Norris, 1996b). A. ferrooxidans is a Gram-positive rod-shaped
bacterium, capable of autotrophic growth on ferrous iron, but more effective growing
heterotrophically. Mixed cultures of A. ferrooxidans and Sulfobacillus species exhibited a greater iron-
oxidising capacity than any of the individual constituent species in pure culture (Clark & Norris,

1996b).
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No bacteria are found at temperatures above 60°C, this temperature regime is dominated by
thermophilic archaea of the order Sulfolobales, including members of the genera Sulfolobus, Acidianus,
Metallosphaera, and Sulfosphaera (Norris et al, 2000). Sulfolobus and Sulfolobus-like cultures were
isolated from acidic continental solfatara fields; in copper mine drainage and from self-heated coal
spoil heaps (Brock, 1978; Gomez et al., 1993; Marsh & Norris, 1983). The isolates were coccoid cells,
between 0.8 - 2 um in diameter, and showed the capacity for growth on iron, sulfur and mineral
sulfides. Classification is currently organised by 16S rRNA phylogeny (Itoh, 2003), a feature which

has necessitated the re-classification of a number of previously classified species.

Important thermophilic archaea include Sulfolobus metallicus (originally studied as Sulfolobus BC
(Norris, 1997)), an obligately aerobic autotroph, capable of oxidising ferrous iron, reduced sulfur and
sulfide ores, with an optimum temperature of 68°C; Metallosphaera sedula, another obligate aerobe
and iron- and sulfur-oxidising chemolithoautotroph, with an optimum temperature between 80 and
85°C; Acidianus brierleyi (originally Sulfolobus brierleyi (Brierley, 1978)), a mixotroph capable of
autotrophic growth on ferrous and reduced sulfur and heterotrophic growth on complex organics;
and a number of Sulfolobus-like and Metallosphaera-like organisms that show capacity for efficient

oxidation of sulfide ores.

The archaeal cells differ structurally from bacterial cells, Where bacteria possess a cell wall
consisting of a rigid peptidoglycan layer and a cell membrane formed from a bilayer of ester-linked
phospholipids and sterols, to maintain the cell’s integrity and provide protection from its
environment, archaeal cell walls consist of one or two surface layers (S-layers) of protein or
glycoprotein subunits (Konig, 1988; Baumeister & Lembke, 1992), closely associated with the cell
membrane, which is formed from ether-linked branched hydrocarbons (Van de Vossenberg et al,
1998; De Rosa et al., 1991). This lack of structural rigidity allows the cell to adapt the fluidity of its
cell membrane to cope with elevated temperature and extreme acidity (Van de Vossenberg et al,
1998) but renders it susceptible to damage by mechanical shear stresses (Raja, 2005), limiting the
maximum solids loading that the system can tolerate (Le Roux & Wakerley, 1988; Clark & Norris,
1996a). The common iron- and sulfur-oxidising species identified in bioleaching environments, or

identified to have potential in bioleaching, are reviewed in Table 2.3.
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Table 2.3 Iron- and/or sulfur-oxidising micro-organisms used in, or with potential for, biomining.

Micro-organism Domain  Metabolism Substrate Reference
Mesophile (20 - 45°C)

Hiraishi et al,

Acidiphilium acidophilum Bacteria  aerobic, A, M, H ﬁfcésiicggfzdoun ds 199 Rohwerder
& P & Sand, 2003
el 1 . . S4: RSC, yeast, Hallberg &

Acidithiobacillus caldus Bacteria  aerobic, A, M glucose Lindstrom, 1994

Temple &
Acidithiobacillus , facultative 2 Colmer, 1951;
ferrooxidans Bacteria aerobic, A Fe"RSC Kelly & Wood,

2000

Kelly & Wood,
Acidithiobacillus thiooxidans Bacteria  aerobic, A RSC 2000; Rawlings,

2002,

Dopson et al.,
Ferroplasma acidarmanus Archaea  aerobic, M Fe* 2004; Edwards et

al,, 2000
Ferroplasma acidiphilum Archaea  aerobic, A Fe* gg é%shma etal,
Ferroplasma Archaea  aerobic Fe®, RSC Hawkes et al,
cyprexacervatum 2005
Leptospirillum ferrooxidans  Bacteria  aerobic, A Fe® Hippe, 2000
Leptospirillum . . 2 Golovacheva et
thermoferrooxidans Bacteria _acgoic, A Fe al., 1992
Leptospirillum, ferriphilum  Bacteria  aerobic, A Fe* Coram &

Rawlings, 2002

Moderate Thermophile (45 - 60°C)

Acidimicrobium
ferrooxidans

Acidithiobacillus caldus
Sulfobacillus acidiphilus

Sulfobacillus
thermosulfidooxidans

Bacteria

Bacteria

Bacteria

Bacteria

aerobic, A, H

aerobic, A, M

aerobic, A, M, H

aerobic, A, M, H

Fe?, yeast extract

54 RSC, yeast,
glucose

Fe”, S,

Fe, S, RSC

Clark & Norris,
1996b

Hallberg &
Lindstrom, 1994
Norris et al, 1996
Golovacheva &
Karavaiko, 1978;
Norris et al, 1996

Where A - Autotroph, M ~ Mixotroph, H ~ Heterotroph; and Fe® - ferrous iron, RSC - reduced sulfur

compounds, and 5, - elemental sulfur
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Micro-organism Domain  Metabolism Substrate Reference
Thermophile (60 - 80°C)
Acidianus ambivalens Archaea facultative RSC Fuchs et al,, 1996
aerobe, A, M, H
. 2 Segerer et al,
Acidianus brierleyi Archaea facultative Fe”; RSC, complex 1986; Rawlings,
aerobe, A, H organics
2002
. , aerobic $q RSC Segerer et al.,
Acidianus infernus Archaea anzerobic s, 1986
Acidianus tengchongensis Archaea  aerobic, A, H S,, sugars He et al., 2004
. aerobic, " Kurosawa et al,
Metallosphaera hakonensis ~ Archaea facultative A Fe®, S, RSC 2003
Metallosphaera prunae Archaea  aerobic Fuchs et al, 1995
aerobic, Fe®, RSC, §,,
Metallosphaera sedula Archaea facultative A complex organics Huber et al, 1989
Sulfolobus acidocaldarius Archaea ?::gl?c;%ive A Fe¥;RSC Brock et al., 1972
Sulfolobus solfaraticus Archaea ?:;312;}% A Fe*; RSC Zillig et al,, 1980
Sulfolobus metallicus Archaea  aerobic, A Fe®, §,, RSC ?;;ier & Stetter,
Sulfolobus shibatae Archaea  aerobic, A Fe®, S, RSC (l}ggan etal,
Sulfolobus yangmingensis Archaea ?:ESEEW " S RSC Janetal, 1999
1 aerobic, Golovacheva et
Sulfurococcus mirabilis Archaea facultative A S, al, 1987
Sulfurococcus aerobic, 2 . Karavaiko et al,
yellowstonensis Archaea facultative A Fe”, Sy, sulphide 1994
o aerobic, .
Thermoplasma thicoxidans ~ Archaea facultative A S, Lietal, 1994

Where A - Autotroph, M - Mixotroph, H - Heterotroph; and Fe* - ferrous iron, RSC - reduced sulfur

compounds, and S, - elemental sulphur

2.3 The Mechanism of Bioleaching

The idea that bioleaching is effected by a direct enzymatic attack is no longer supported, and there
is a general consensus that bioleaching occurs via a multiple sub-process mechanism (illustrated in
Figure 1.1) consisting of an initial abiotic ferric or acid leach step followed by microbial oxidation of
the iron and sulfur products released, regenerating the primary leach agents (Sand et al, 2001;
Hansford & Vargas, 2001; Tributsch, 2001).

Distinction is now made between the “contact” and “non-contact mechanisms”, which stress the
importance of the attachment of cells to the mineral surface. In the non-contact mechanism,

planktonic cells grow and oxidise soluble substrate available in the bulk liquid phase. In the contact

12
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mechanism, cells attach to the mineral surface, and oxidise substrate available at the surface. The
rates of growth and oxidalion of attached cells are dependent on the concentrations of substrate
and other physicochemical conditions under the cells excreted extracellular polysaccharide (EPS)
layer, rather than those of the bulk liqguid (Schippers & Sand, 1992}, Both planktonic and attached
cells are found in bicleaching systems so both mechanisms undoubtedly occur, it s their

contribucion to the overall leach rale that 1s unclaar,

Two mechanistic pathways, illustrated in Figure 2.1, have been proposed thal describe the oxidation
of the sulfur moiety released by the ferric leach (Schippers & Sand, 1993}, The pathway followed
depends on the properties of the mineral. Sulfides such as pyrite (Fes,} molybdenite (MoS,), and
tungskenite (WS.), whose valence bands are derived from the metal atom orbitals enly, are acid

insolible and are leached wia the thiosulfate pathway.

Sulfides such as sphalerite (#n5), galena (PbS), arsencpyrite (FeAsS), chalcopyrite {CuFeS.) and
hauerite (Mn3, ), have valence bands derived from both the metal and the sullide orbitals, are acid-

soluble, and are leached via the pelysulfide pathway (Schippers & Sand, 1999).

3"
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Figure 2.1  Schematic representations of [A] the thicsulfate pathway, and [H] the polysulfide
pathway proposed by Schippers & Sand (1999) for the bicleaching of 2 metal sulfide (Mms),
showing the cvcling of the primary leach agents and the consequent broakdown of the salfur
inLeterediates veleased, The main oxidising agents for the reactlons are shown to the right of the
areows. The main produocts are boxed. Adapted from Roliwerder et al (20020,

In the thiosulphate mechanism, there are six individual ferric leach seeps, transferring valence band
electrons Lo ferric jons, producing ferrous iron and releasing thiosulfate, The thiosulfate is oxidised
via tetrathignate and other polythionates to sullate. The oxidation may stop at elemental sulfur if

ne sulfur oxidising micro-organisms are present.
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in the polysullide mechanism, the mineral is dissolved by the combination of ferric and proton
attack. [n the absence of ferric iron, two protons break the bond between the metal and the sulfur
maiety, releasing hydrogen sulfide, H.5. [n the presence of ferric iron, the sulfur molety is oxidised
concomitantly with the proton attack, producing ferrous iron and the sulfide cation, H,5. H3$
spentanegusly dimerises to free sulfide, H,8,, and is further oxidised to elemental sutfur via higher
polysultides and polysulfide radicals (Steudel, 1996). The sulfur produced can then be oxidised to
sulfate by sulfur-oxidising micro-organisms. In the absence of sulfur-oxidisers, more than 0% of

sulphur is transformed to elemental sulfur (Schippers & Sand, 1999},

In both mechanisms, the main role of the micro-organisms present is the regeneration of {erric iron
(Rohwerder et al., 200%), and hence the investigation of the kinetics of microbial ferrous iron

oxidation becames impaortant.

2.3.1 The Mechanism of Microbial Ferrous iron Oxidation

Mitchell {(1968) presented a chemiosmetic mechanism for energy generalion. The mechanism
involves the coupling of the transfer of electrons across an energy-transducing membrane to the
praduction of energy-rich molecules. This chemiosmotic theory was used by Ingledew (1982) to

develop a model to explain the bicenergetics of ferrous iron oxidation by At ferrooxiduns.

In this model, the oxidation reaction
AFe™ +0, +4HY — 1F2* - 21,0 [2.1]

is split into its constituent redox half reactions which are separated by the cell membrane. The iron

(electron donor) half reaction occurs outside the membrane,

Fe?t afe?t 4o [2.2]

where ferrous iron in selution (pH ~ 2) is oxidised by ferric iron bound in the cell wall. The electron
passes through # poly-nuclear ferric complex in the cell wall to the periplasm (pH ~ 3.5). Here the
electron is transferred via ¢-type cytochromes and a copper-contaiping protein, rusticyanin, to a
gytochrome a-type oxidase buried in the cell membrane, and then passed to the final electron

acceptor, 0, in the cytoplasm (pH ~ 6.5).
2HY +10, +e7 2 HyO [2.3]

The consumption of protons combined with the pH difference between the ¢ytoplasm and the bulk

solution generates the proton gradient that drives the formation of adenosine triphosphate (ATFP).
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This is achieved by the cell membrane being impermeable to protons apart frem proton channels

that are associated with ATFase.
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Figure 2.2 The possible arrangement of the electron transport chain of An ferecoxidans
{adapted from Ingledew, 1987 and Ingledew, 1988} where € denoles cylochrome © B denotes
rusticyanin, and a, an a-type cytochrome oxidase,

lurther work on the components of the electron chain of Ar ferrooxidans have identified a high
maolecular weight ¢-Lype cylochrome {Cye2) bound in the outer membrane {cell wall} that acts as the
prirnary electron acceptor {Yarzdbal et af, 2002a), the electron is passed to a second cytochrome
{Cycl) in the periplasm, possibly via rusticyanin (Ciudici-Orticoni et al, 1994), and then on to @

cytachrome oxidase,
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Flgure 23 A model of a number of possible clectron transfor chains for AL ferroaxidans,
shawing electrom transfer generating a proton gradient, and reverse clectron transter for the
farmatian af NaLH (Rawlings, 2005).
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A number of cytochrome oxidases have been identified (Brasseur el al,, 2004), the most comruon in
iron-grown cclls is an aa-type cytochrome oxidase embedded in the cell membrane, which
factlitates the oxygen half reaction. Another uphill pathway that the clectrons may follow is via a
c4-tyvpe cylochrome for the formation of NAIXKFM tn the cyloplasm [or the [ixation of CO, for cell

growth (Rawlings, 2005),

he role of rusticyanin has not yet been resolved. It has been propesed to act as an electron
reservoir, maintaining the primary electron acceptor in its fully oxidised state, and hence capable

of operating at maximum efficiency (Rohwerder et al, 2003).

This level of mechanistic information is only available for At, ferrooxidans. Investigations of other
micro-organisims have identified indwvidual cytochromes, but insufficient to postulate complete

electron transfer chains,

Leptospirillum ferrooxidans, moderately thermophilic bacteria and extremely thermophitic archaea
were all mvestigated to see whal thetr iron oxidalion systems consisted of and whether any
evolutionary links could be drawn (Barr et af., 199¢, Blake & McGinness, 1993). They were found to
contain a varicty of cytochromes linked to iron oxidation, with insufficient similarity to indicate

commen ancestry, inferring Lhat the ability to respire on irom evolved separately in each case.

Work on Sulfolobus acidocaldarius (Anemiiller et al, 1983), grown on sulfur, suggested that the
generation of ATP is membrane linked and achieved by chemiosmotic oxidative phosphoryiation.
This was backed by the [nding that ATP generation was linked Lo the chemissmotic cycling of
protons across the archason’s plasma membrane (Moll & Schafer, 1988).  Peeples and Kelly (1995)
measured proton motive force in Metallosphaera sedula and noted that cells under nutritional and/or
thermal stress showed a reduction in the prolon motive [orce and a consequent lack of metabolic

activiby,

Another investizgation of a number of thermophilic archaea: Sulfolobus, Acidianus and Metallosphaera
species, found that the production of an identical novel membrane-bound eytochrome was induced
when the micro-organtsms were grown on ferrous iron. Another cytochrome similar te cyvtochrome

ad, found in sulfolobis acidicaldarius was also discovered (Morris, 1992).

2.3.2  Carbon Dioxide Fixation

The iron-oxidising micre-organisms studied arc predominantly autotrophs, obtaining the carbon
required in their cellular structure by assimilating atmospheric carbon dioxide, This is achicved by

different mechanisms in different species.
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Carbon dioxide fixation in bacteria such as At. ferrooxidans and L. ferrooxidans occurs via the Calvin-
Benson cycle, catalysed by a ribulose 1,5-biphosphate carboxylase, consuming 3 ATP molecules and
2 NADH molecules per molecule of CO, fixed (Rawlings, 2005). The NADH is thought to be formed by
reverse electron transport through the membrane as described in Figure 2.3. At. ferrooxidans also
possesses a glycolytic pathway and an incomplete citric acid cycle, but it not known whether these

influence CO, assimilation,

The archaea do not fix CO, via the Calvin-Benson cycle, and the pathway that does operate is not yet
fully understood, but was first thought to involve either the reductive citric acid cycle or the
reductive malonyl-Coenzyme A (CoA) pathway (Kandler, 1992). Work on Acidianus brierleyi indicated
the operation of a modified 3-hydroxypropionate pathway (Ishii, 1996), a pathway later extended to
Metallosphaera sedula and Sulfolobus metallicus (Menendez et al.,1999).

The modified 3-hydroxypropionate pathway is catalysed by acetyl CoA carboxylase and propionyl
CoA carboxylase. CO,-limited growth of S. metallicus induced expression of a biotin carboxylase and
a biotin-carboxyl-carrier protein complex, this complex is encoded by a gene adjacent to that
encoding a putative propionyl CoA carboxyl transferase, (Burton et al, 1999) suggesting that CO,
fixation in at least S. metallicus follows the modified 3-hydroxypropionate pathway. Biotin

carboxylases have also been found in M. sedula (Hugler et al., 2003).

2.4 Physicochemical Parameters that Affect Microbial Iron Oxidation

A number of parameters that influence the rates of microbial iron oxidation and microbial growth
have been studied: pH, temperature, iron concentration, availability of 0, and CO,, inhibition by
other metals, ionic speciation, precipitation and competing reactions. The effects of the parameters
have been investigated by researchers approaching the topic from a chemiosmotic mechanism,
enzyme inhibition and a microbial physiology point of view. Most have been studied with respect to
iron oxidation by At. ferrooxidans. The main findings will be reviewed here, with the emphasis on
how these parameters will affect thermophilic microbial iron oxidation. The incorporation of the

effects of these parameters into kinetic models will be discussed in Section 2.5.

2.4.1 The Effect of Solution pH

Changes in the pH of the bulk solution will affect the metabolic activity of the cell directly, as the
chemiosmotic mechanism of energy generation depends on the maintenance of a pH gradient across

the cell membrane,
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The effect of pH on mesophilic microbial ferrous iron oxidation is characterised by a region around
the observed optimum where there is limited effect of pH (Lacey & Lawson, 1970; Pesic et al., 1989;
Gomez & Cantero, 1998; Halfmeier et al, 1993), and reduced growth at pH below and above the
optimum (MacDonald & Clark, 1970; Crundwell, 1997; Gomez & Cantero, 1998).

A variety of pH optima have been presented for At. ferrooxidans ranging from pH 2 to 2.3 (Jensen &
Webb, 1994) ascribing differences to different strains. L. ferrooxidans has a much lower reported
optimum of pH 1.7 (Norris & Johnson, 1998), whilst amongst the archaea, Ferroplasma species have
been found to grow at pH ~0 to 2.5, with an optimum at 1.2 (Dopson et al., 2004), and Sulfolobus
metallicus and Metallosphaera sedula at pH 1 to 4 (Norris, 1997; Itoh, 2003). The differences in pH-
tolerance may be explained by structural differences in the cell membrane affecting ion
permeability, archaeal membranes containing tetraether lipids which reduce ion permeability

allowing the micro-organism to tolerate much lower pH (Macalady et al., 2004).

The solution pH also affects the system indirectly. Ferric iron is sparingly soluble and precipitates
with increasing pH (MacDonald & Clark, 1970; Lacey & Lawson, 1970), this precipitation releases
protons, buffering the solution weakly at pH 2.3. Precipitation will be discussed further in Section
2.4.3. Increasing pH also favours the competing chemical oxidation of ferrous iron by molecular
oxygen, overtaking microbial oxidation above pH 5 (Meruane & Vargas, 2003). pH also affects the
iron speciation. At low pH, uncomplexed ferrous and ferric iron ions are dominant, as pH increases,
hydroxide and sulfate complexes become more prevalent. This may change the amount of substrate
available to the micro-organisms. Breed & Hansford (1999) found that the threshold concentration,
limiting iron oxidation, with L. ferrooxidans decreased with decreasing pH and ascribed this to

speciation.

2.4.2 The Effect of Temperature

The effect of temperature can be described with reference to a culture-specific optimum
temperature, T,y. As illustrated in Figure 2.4, below T,,, increasing temperature causes an increase
in growth and substrate utilisation rates. Above Ty, further increases of temperature causes a rapid

reduction in microbial activity.

* Breed & Hansford, 1999 and Breed et al. 1999 identified their culture as Leptospirillum ferrooxidans, however the work presented in Coram
& Rawlings 2002 indicates that the culture was most likely L. ferriphilum
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limiting iron oxidation, with L. ferrooxidans™ decreased with decreasing pH and ascribed this to

speciation.

2.1.1 The Effect of Temperature

The effect of temperature can be described with reference to a culture-specific optimum temperature,
Tope- As illustrated in Figure 2.4, below Ty, increasing temperature causes an increase in growth and
substrate utilisation rates. Above Ty, further increases of temperature causes a rapid reduction in

microbial activity.
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Figure 2.4  An example of the effect of temperature on specific growth rate. Data taken from
Plumb et al. (2002) investigating the effect of temperature on the heterotrophic growth of a

Sulfolobus strain JP2.

Thermotolerance is related primarily to the ion permeability of the cellular membrane and also to the
thermal stability of enzymes and other macromolecules required for cellular metabolism (van de
Vossenberg et al., 1998). Archaeal cell membranes contain ether lipids that are more resistant to high
temperature than bacterial ester lipids. Archaea respond to high temperature by the cyclization of fatty
acyl chains, moving from ether, to diether, to tetraether lipids (De Rosa et al., 1991). These
membrane-spanning lipids make the membrane nearly impermeable to ions and protons, countering
the increased diffusivity with increased temperature. Archaea respond to low temperature by

unsaturation of the lipids (Nichols & Franzmann, 1992).

* Breed & Hansford, 1999 and Breed e al. 1999 identified their culture as Leprospirillum ferrooxidans, however the work presented in
Coram & Rawlings 2002 indicates that the culture was most likely L. ferriphilum
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Maﬁy models describe the effect of temperature as a modulation of the maximum rate. Temperature
also affects other parameters: substrate affinity coefficients K and other analogous constants; yield
coefficients and cell maintenance parameters. K has been reported to be affected by temperature
(Topiwala & Sinclair, 1971; Breed er al, 1999), although its effect on the overall rate is not as
pronounced as the maximum specific growth rate. Breed er al. (1999) found that Ky, was a linear
function of temperature, but subsequently found that the influence of temperature on Kg.;. was not

significant (Breed & Hansford, 1999).

A number of researchers have studied the effect of temperature on mesophilic microbial ferrous iron
oxidation. Growth at low temperature has been studied (Ahonen & Tuovinen, 1989). This study was
necessary as low temperatures may be experienced in some in sifu bioleaching operations or in
European heap operations during winter or at high altitudes. Growth under these conditions was found

to be slow but not stopped.

Many studies have been focussed on finding the optimum temperature for growth of different species,
mostly Acidithiobacillus ferrooxidans, and on describing the effect of temperature near the optimum.
The optimum temperature for At ferrooxidams was found to be pH-dependent (MacDonald & Clark,
1970) as would be expected as both parameters affect the membrane permeability.

The effect of temperature was most often described as a simple Arrhenius function, describing
increased activity with increased temperature, or by a Ratkowsky equation (Ratkowsky ef al., 1983)
for more extended temperature ranges. These and other functions describing the effect of temperature

are discussed in Section 2.5.5. Activation energies published or derived from published data are

tabulated below.

Table 2.4 Activation energies describing the effect of temperature on a selection of bioleaching

MiCro-Organisms.

Temperature E
Researchers Species range stu)died °C & J.n;ol'l)
Smith et al., 1988 Acidithiobacillus ferrooxidans 20-30 -
Lacey & Lawson, 1970 At ferrooxidans 20-30 33.9
Nemati and Webb, 1997 At. ferrooxidans 20-35 68.4
Ahonen & Tuovinen, 1989 At ferrooxidans 10 - 46 80.0
MacDonald & Clark, 1970 At ferrooxidans 20 -40 51.2°
Okereke & Stevens, 1991 At. ferrooxidans 10 - 30 47.2°
Franzmann et al., 2005 At. ferrooxidans 10-55 62
Breed et ol , 1999 Leptospirillum ferrooxidans 30-40 35.63
Franzmann e al., 2005 L. ferrooxidans 8-55 80
Franzmann ef al., 2005 L. ferriphilum 15-58 89
Han et al., 1997 M. sedula 74 - 81 -
Franzmann et al., 2005 Sulfobacillus thermosulfooxidans 27 - 63 51
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The most common measured variable in iron oxidation experiments is the concentration of the
substrate, ferrous iron, as the rate of oxidation is strongly influenced by the availability of substrate

(Silverman & Lundgren, 1959).

Threshold concentrations below which no growth is observed have been proposed for both At.
ferrooxidans (Braddock et al., 1984; Boon et al., 1999) and L. ferrooxidans (Breed & Hansford, 1999),
representing the limit at which the available substrate does not contain sufficient free energy to

sustain the culture.

At the other end of the spectrum, excessive amount of substrate may cause substrate inhibition,
Substrate inhibition has been explained in terms of a Michaelis-Menten reaction mechanism, where
high substrate concentration causes the binding of a second substrate molecule to the substrate-
enzyme-complex, thereby inactivating it (Nemati & Webb, 1997). Jones & Kelly (1983) report
substrate inhibition for At. ferrooxidans above 100mM Fe* but note that it is difficult to separate from
product inhibition in growing cultures. Barron & Lueking (1990) found a decrease in specific growth
rate at ferrous iron concentrations above 70 mMFe®. Nemati & Webb (1997) found the onset in
substrate inhibition to be affected by the cell concentration. Nikolov & Karamanev (1992) studied
an At. ferrooxidans culture resuspended from a biofilm and found that it was unaffected by ferrous

iron concentrations up to the solubility limit near 1250 mMFe”™.

The product of the oxidation reaction, ferric iron, has been found to inhibit growth of At.
ferrooxidans (Kelly & Jones, 1978). This inhibition has been studied repeatedly with many
researchers finding that ferric iron inhibits the growth competitively (Kelly & Jones, 1978; Liu et al,,
1988; Norris et al., 1988; Gomez et al., 1996; Nyavor et al., 1996; Harvey & Crundwell, 1997; Boon et al.,
1999; Kawabe et al.,, 2003). In competitive inhibition, ferric iron binds to the active site on the cell
membrane, obstructing the attachment of ferrous iron for oxidation. Jones & Kelly (1983) found
that ferric inhibition could be either competitive or non-competitive depending on the reaction
conditions. Nemati & Webb (1998) also found that the inhibition observed was non-competitive.
Shrihari & Gandhi (1990) described the phenomenon as ferric poisoning, where the ferric iron
poisoned cells reducing the apparent growth rate, but did not explain how the poisoning was

achieved.

Product (ferric iron) inhibition models have also been applied to other iron-oxidising species.
Norris et al. (1988) determined inhibition constants for At. ferrooxidans , L. ferrooxidans , Sulfobacillus
and Sulfolobus species. Inhibition constants and substrate affinity constants are presented in Table
2.5. A comparison of mesophilic species showed that L. ferrooxidans proved to be much less inhibited

by ferric iron than At. ferrooxidans.
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Table 2.5 A comparison of published affinity coefficients and ferric inhibition constants for a
number of common iron-oxidising species.

Organism ( mhf‘!‘e") ( mlv% ) Reference

At. ferrooxidans 30°C 1.3 3.1 Norris, 1992
30°C 1.31 2.04 Meruane et al., 2002
35°C 4.62 36.89 Nemati & Webb, 1998
30°C 0.788-0.895 1-2 Jones & Kelly. 1983
30°C 0.2 5 Boon etal, 19992

L ferrooxidans 30°C 0.25 42.8 Norris, 1992

Sulfolobus BC 68°C 0.4 1.7 Norris, 1992

3. metallicus 70°C 3.65 0.95 Meruane et al,, 2003

Acidianus brierleyi 68°C 0.4 1.9 Norris, 1992

Metallosphaera sedula 68°C 1.0 1.0 Norris, 1992

&

The ferric/ferrous-iron ratio can be linked to the solution ORP via the Nernst equation, and its
controlling influence on microbial kinetics is consistent with the chemiosmotic theory of microbial
chemotrophic metabolism. Huberts {1994) found that perceived ferric inhibition could be removed
by adding ferrous iron and concluded that the kinetics were more strongly affected by the
ferric/ferrous-iron ratio than its individual constituents. This finding was used to develop a novel
mode of operation for an electro-chemical cell, running oxidation experiments at constant redox
potential and hence a constant ferric/ferrous-iron ratio (Harvey & Crundwell, 1997). Michaelis-
Menten-form kinetic rate equations were proposed where specific substrate utilisation rates vary as
a function of the ferric/ferrous-iron ratio, rather than as a function of ferrous iron {(Boon, 1996;
Hansford, 1997). This form of rate equation was found to be appropriate for following L. ferrooxidans
growth as well (van Scherpenzeel et al.,, 1998; Breed et al., 1999; Breed & Hansford, 1999). Meruane et
al. (2002) developed a rate equation controlled by the solution ORP from reversible Michaelis-

Menten enzyme kinetics.

2.4.4 The Effect of Oxygen and Carbon Dioxide Limitation

As the system is aerobic and autotrophic; using oxygen as the final electron acceptor and fixing
carbon dioxide as the carbon source for producing cell mass, these components need to be freely
available so as not to constrain the system. Two forms of limitation are possible, gas-liquid mass
transfer limitation, and a reduction of the growth rate caused by a low liquid phase 0, or CO,
concentration. Both are referred to as 0, and/or CO,-limitation and this adds to the conflicting

results of the concentration at which the growth and oxidation kinetics are affected by 0, and CO,.
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Studies on At. ferrooxidans indicate that no growth occurs below dissolved oxygen concentrations of
0.2mg.l", growth is oxygen-limited between 0.29 and 0.7 mg.I" and unaffected by oxygen at higher
concentrations (Liu et al., 1988). Boon (1996) found a similar oxygen threshold at 0.5mM, and an
oxygen affinity coefficient at 10% of the saturation concentration at 30°C. A more relevant measure
of oxygen-limitation, is the rate of gas-liquid transfer, Savic et al. (1998) found the critical oxygen

transfer rate to be 1.8mM.h™

The low concentration of CO, in normal air, combined with its low solubility in acidic media makes
CO,-limitation more likely than O,-limitation (Liu et al., 1988; Mandl, 1984}, leading some researchers
to consider CO,-supplemented air. Barron & Lueking (1990) reported maximum growth after
supplementing with 7-8% CO,, however their maximum specific growth rate of 0.11h™ was achieved
by MacDonald & Clark (1970} without supplemented air and who concluded that while the cell yield
could be improved, the specific growth rate was unaffected by CO, supplementation.

As the solubility of 0, and CO, are strongly affected by temperature, gas-liquid mass transfer
limitations were expected to play an even greater role under thermophilic bioleaching conditions.
The reduced gas solubility, coupled with the increased water partial pressure in the gas phase,
reduces the potential maximum transfer rate. This is offset by a concomitant increase in the overall
transfer coefficient, k,a (Boogerd et al., 1990). Studies on tap water between 20 and 55°C indicated
that the oxygen transfer rate was constant over this range (Vogelaar et al, 2000). The transfer
coefficient, k;a, is strongly affected by the reactor configuration, degree of mixing, and impeller
type, as well as being a weak function of temperature. This makes comparisons between different

experimental designs difficult.

The effects of elevated O, and CO, concentrations were studied in batch experiments oxidising
ferrous iron with Sulfolobus (de Kock et al., 2004). An optimum dissolved O, region of between 1.5 and
4.1mgL" was found. At higher O, concentrations, increased formation of free radicals proved
detrimental to microbial activity, whilst at lower concentrations, O, was growth-limiting. The
optimum CO, concentration was found to be between 7 and 17%. These experiments were
performed in a vessel stirred by a magnetic stirrer, and it is unknown whether similar results would

be observed in a baffled bioreactor, sparged from below the impeller.

2.4.5 The Effect of the Precipitation of Iron Compounds

The iron oxidation reaction produces ferric iron and consumes acid. Ferric iron is only sparingly
soluble and precipitates readily as hydroxide, oxyhydroxide and jarosite compounds. This releases
protons, buffering the solution weakly at pH 2.3. Precipitation is minimal at pH 1.6, but increases

with increasing pH (MacDonald & Clark, 1970; Lacey & Lawson, 1970). Precipitation is linked to a
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drop in activity as it may cause diffusion barriers hampering oxidation (Pesic et al., 1989; Meruane &
Vargas, 2003). It also affects the system by blinding reaction surfaces, reducing free ferric iron for
continued leaching and blocking pumps, pipes and valves (Nemati et al, 1998). Iron-hydroxy
compounds have been linked to the passivation of chalcopyrite in bioleaching systems (Stott et al.,
2000). The removal of iron from solution also complicates the measurement of iron oxidation

kinetics.

The initial hydrolysis reaction forms ferric hydroxide.
Fe** +3H,0 ¢ Fe(OH); +3H" [2.4]

In the presence in excess sulphate, and suitable cations, e.g. K, Na’, NH,, and H,0", a competing

precipitation reaction forms ferric hydroxysulfates.
3Fe + M* +2HSO; +6H,0 «> MFe;(S0,),(0H); +8H* [2.5]

These hydroxysulfates can be amorphous or crystalline (jarosite). The formation of the
hydroxysulfate compounds is stimulated by the high sulfate concentration found in bioleaching
systems. The type of compound is dependent on the availability of suitable cations, if they are
present, crystalline jarosite is formed, if absent, then amorphous compounds predominate (Lazaroff
et al., 1982)., Toro et al. (1988) found that in batch microbial oxidation systems, hydroxide
precipitates form first, followed by jarosite, and that by the end of the batch the precipitate was
predominantly jarosite. The nature can also be affected by the pH, Eneroth & Koch (2004) found
that iron oxidation by At. ferrooxidans produced well-formed crystals of ammonium jarosite at pH
1.6, and a mixture of ammonium jarosite and schwertmannite at pH between 1.6 and 3.2. Increasing
temperature to the thermophilic range leads to increased jarosite formation (Gomez et al 1996,
Norris and Barr, 1985).

2.4.6 The Contribution of Abiotic Oxidation of Ferrous Iron

Iron will oxidise from ferrous to ferric in the presence of oxygen without microbial assistance. This
abiotic iron oxidation competes with microbial oxidation for available ferrous iron and oxygen in
solution. In a mesophilic bioleaching environment, the rate of abiotic iron oxidation is negligibly
slow, up to 500 000 times slower than the corresponding rate of oxidation by Acidithiobacillus
ferrooxidans (Lacey and Lawson, 1970) and most researchers have neglected the effect of abiotic
oxidation altogether. Increasing the temperature to the thermophilic range will produce a
corresponding increase in the competing abiotic rate. Norris (1991) found iron oxidation rates of 1.5

mMFe®* h™ in his sterile controls whilst studying thermophilic iron oxidation. The contribution of
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abiotic ferrous iron oxidation to thermophilic microbial ferrous iron oxidation will be investigated

further in this work, and the results and appropriate rate equations will be discussed in Chapter 5.

2.4.7 Experimental Technique used to Follow Kinetics

Microbial iron oxidation has been investigated in a number of ways including batch culture,
continuous culture, initial rate experiments (both oxygen uptake and iron oxidation experiments)
and controlled potential experiments and the mode of operation chosen has been found to affect the

kinetic constants derived (Dempers, 2000).

Kinetic constants determined for At. ferrooxidans (McDonald & Clark, 1970) and L. ferrooxidans
(Dempers, 2000) showed marked differences between those determined from batch experiments and
those from continuous experiments. Furthermore Dempers (2000) found that trends observed when
varying temperature and pH differed between batch and continuous systems. Boon (1996) found
that initial rate experiments also differed from continuous results. These differences are likely to
result from the dependence of discontinuous experiments on the initial conditions used and the
inoculum history (growth rate, substrate availability, metabolic activity) (Kovarova-Kovar & Egli,
1998; Liu, 1998) and the uncoupling of the rates of iron oxidation and microbial growth that may
occur in the rapidly changing conditions at the beginning of a batch (Jones & Kelly, 1983). Hence
batch and initial rate experiments are of limited use for the purposes of determining kinetic
constants, Published kinetic constants derived from data produced by all of the above-mentioned

experimental techniques will be compared and discussed in Chapter 3.

2.4.8 Other Parameters Affecting Iron Oxidation Systems

Other factors which have been identified as having an influence on the microbial oxidation of
ferrous iron include inhibition by heavy metals, inhibition by other cells, and the ionic strength of

the solution.

Growth of At. ferrooxidans was found to be inhibited by the presence of heavy metals in solution.
Leaching of arsenopyrite to expose refractory gold, leads to the release of arsenic which inhibits
microbial growth. Arsenic toxicity and microbial resistance has been studied in At. ferrooxidans
(Tuovinen et al.,, 1971), At. caldus (Hallberg, 1995), L. ferrooxidans (Breed, 2000) and Sulfolobus BC (Clark
& Norris, 1996a). Similarly, the influence of copper, nickel and uranium in solution on the leaching
of their respective ores is of interest. Silver was found to catalyze the ferric leaching of chalcopyrite
(Miller & Portillo, 1981), but this benefit is offset by the toxic effect of silver on microbial growth
(Mier et al., 1996).
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Varying effects of copper concentration on At. ferrooxidans growth have been reported, from
inhibition at 0.45g.L* (Imai et al,, 1975) to unaffected at 10.1g.L" (Leduc & Ferroni, 1994). Similar
tolerances and inhibitions were determined for thermophiles (Miller et al,, 1992; Mier et al., 1996).
Increased tolerance can be developed by progressive adaption, Le Roux & Wakerley (1988) adapted
the copper tolerance of a Sulfolobus BC culture from 3g.L™ to 27g.L" over 18 months.

High concentrations of cells have been found to inhibit the oxidation rate in At. ferrooxidans. This
inhibition was found to be either competitive (Suzuki et al, 1989, Nemati & Webb, 1997) or
synergistic with ferric inhibition (Lizama and Suzuki, 1989). These conclusions were drawn from
initial rate studies, using cell concentrations far higher than those found in common bioleaching

systems and may be an artefact of the experimental apparatus and conditions chosen.

It has been suggested that increasing ionic strength will affect the growth kinetics of At. ferrooxidans
both directly, by altering the osmotic pressure and the transmembrane potential, and indirectly, by

altering the equilibrium speciation of the iron present (Blight & Ralph, 2004).

2.5 The Development of Kinetic Models to describe Microbial Ferrous Iron
Oxidation

The gaps in the knowledge of the electron transfer chain and the overall complexity of modelling
the number of intermediate kinetic reactions does not allow for the development of a completely
structured model. Structured models restricted to At. ferrooxidans have been proposed. Huberts et al.
(1994) developed a mechanistic model based on Ingledew’s (1982) chemiosmotic theory, producing a
set of five rate expressions dependent on which step is rate-limiting. Nagpal (1997) produced a
structured model in which the cell mass was divided into three non-interchangeable portions, one
comprising the cell components responsible for iron oxidation, one comprising the components for
CO,-assimilation, and the third , energy storage compounds. The split of the total cell mass into the
three portions was achieved by assumed yield parameters. The model then produced fourteen

cellular reactions that could be solved simultaneously to describe the overall reaction kinetics.

An alternative approach is the use of unstructured models, ignoring the intermediate reaction steps
and treating a microbial cell as a macroscopic black box, with a fixed composition, that consumes
substrate and produces product and more cells. The rates of microbial growth and substrate
utilisation can thus be related to measurable extra-cellular conditions, like substrate concentration,
pH, temperature, concentration of inhibitory substances, etc., and followed by completing

elemental and charge balances (Roels, 1983).
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Using this technique, microbial iron oxidation is characterised by two main reactions: iron

oxidation:

micro—-organisms

4Fe? +4HT +0, > 4Fe®t +2H,0 [2.1]

and cell synthesis, where cells are assumed to possess typical cell stoichiometry CH, ;0,:N,, (Roels,

1983):
€0,,H,0,NH] —— CH;4005Ngs [2.6]

and can be modelled by following the fate of the constituents of these reactions.

The reactions represent the generation and use of energy, and hence the rates of the two reactions
are linked via a growth yield, or some expression of how the micro-organism uses the energy
generated. A rigorous list of published rate equations for iron oxidation by At. ferrooxidans and L.

ferrooxidans can be found in Tables 3.8-9.

2.5.1 Growth Rate Models

The most common unstructured model for microbial growth is the Monod equation (Monod, 1949)

empirically linking the specific growth rate (i) to the concentration of the limiting substrate.

_ o [Fe?"]

El [2.7]
K, +[Fe?*]
where u = the specific growth rate (h")
Mmsx = the theoretical maximum specific growth rate (h)
K, = the saturation constant (mM Fe¥)

This rate equation was used to describe both batch and continuous ferrous iron oxidation
experiments with At. ferrooxidans (MacDonald & Clark, 1970; Lacey & Lawson, 1970; Kelly & Jones,
1978; Guay et al., 1977; Smith et al., 1988).

Whilst the Monod equation is an empirical model, an identical relation can be derived by assuming
that the system follows a reaction mechanism analogous to Michaelis-Menten enzyme kinetics. In
this mechanism the substrate (reactant) binds to an active site on the surface of the cell (enzyme),
reacts, and the product is released, leaving the site free to react again. This reaction mechanism can

be modified to account for inhibitory effects, producing different kinetic models.

Inhibition by ferric iron is most commonly described by a competitive product inhibition model
(Kelly & Jones, 1978; Liu et al., 1988; Norris et al., 1988; Gomez et al., 1996; Nyavor et al., 1996; Harvey &
Crundwell, 1997; Kawabe et al., 2003).
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_ Hmax
. Ko [Fe 28]
S 51re ]

[Fe?*] K [Fe?*]

where K = the substrate affinity coefficient (mM Fe?)
K = the ferric inhibition constant (mM Fe*)

Jones & Kelly (1983) found that at least some portion of the inhibitory effect of ferric iron was non-
competitive, modifying the observed p,,, value rather than the substrate affinity.

n
= max [2.9]
' (H{Fe“]}{__Ks +1J
Ki  A[re?*]

Excessively high ferrous iron concentrations were found to induce substrate inhibition (Nikolov &

Karamanev, 1992), this could be modelled by adding a [Fe*]/K;, term. Equation 2.10 also includes a
term to account for simultaneous competitive product inhibition.

Hmax
p= f2.10]
Ks K [Fe*] [Fe**]

[Fe?*] K [Fe®*] Kg

where K = the substrate inhibition coefficient ((mM Fe*)?)

1+

Braddock et al. (1984) modified the Monod equation adding a threshold ferrous iron concentration to

account for the lack of growth at very low but non-zero iron concentrations

_ Mmay ((Fe®* ] -[Fe®*];)
Kpn “"([F32+]— [Fez+]t)

where [Fe*], =the threshold ferrous iron concentration (mM Fe®)

[2.11]

u

2.5.2 Specific Iron Utilisation Rate Models

One of the earliest studies on microbial ferrous iron oxidation, followed the kinetics of the iron
oxidation reaction, and then related the results back to a specific growth rate equation via a growth

yield (Lacey & Lawson, 1970).

Hmax [Fe 2+ ]

) Yoy (K +[Fe?"]) [2.12]

where Y, =the growth yield {(molC.(mol Fe*}?)

The derivation of the Michaelis-Menten mechanism follows the fate of the iron species, and the
reaction implied is the iron oxidation reaction. This is related to the growth kinetics by assuming

some yield relation. The specific iron utilisation rate can therefore also be described by a Michaelis-
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Menten expression. Modified models including ferric inhibition, and threshold terms were re-

developed in terms of the specific iron, or oxygen, utilisation rate (Kelly & Jones, 1978; Boon, 1996).

Boon (1996) used a competitive ferric inhibition model to describe her data and then showed that
the substrate affinity term, K,, could be neglected, producing a Michaelis-Menten-form rate
equation that gave specific oxygen utilisation rates as a function of the ferric/ferrous-iron ratio,

rather than as a function of ferrous iron.

qmax
0, [
R 2.13]
qoz .\ & [F e 3+ ]
K; [Fe?*]
where q, = the specific oxygen utilisation rate {mol0,.(molC.h)")

go,™™ = the maximum specific oxygen utilisation rate (mol0O,.(molC.h)?)

This equation was used by Hansford (1997) who argued that the analogous specific iron utilisation
rate would also be a function of the ferric/ferrous-iron ratio, and that this was consistent with the

chemiosmotic theory of microbial chemotrophic metabolism (Ingledew, 1982).

qmax
_ Felt
Qo2+ —————»-{Fe T [2.14]
B e
Fe
where qg,  =the specificiron utilisation rate (molFe*.(molC.h)?)
Grez™™ = the maximum specific iron utilisation rate (mol Fe*.(molC.h)?)
K2 = the affinity coefficient with respect to the ferric/ferrous-iron ratio (-)

This rate equation was found to be appropriate for following L. ferrooxidans growth (Breed et al., 1999;

Breed & Hansford, 1999).

Meruane et al. (2002) developed a rate equation in terms of the ferric/ferrous-iron ratio by assuming

reversibility of all reaction steps in the Michaelis-Menten reaction mechanism.

[Fe®"]
Umax — K2 [Fe2+]
Qpe+ = P [2.15]
K [Fe ]

et re?]

where K, (molFe*.(molC.h)?), K, (molFe?.L"), and K, (-) are constants derived from the defined reaction
mechanism.

They also incorporated the Nernst equation to express their rate equation in terms of the solution

redox potential.
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_ [2.16}

where K,* (molFe®.(molC.h)"), K," (molFe*.L?), and K, (-) are equivalent to K,, K, and K; respectively.

A novel model was developed focussing on the generation of energy across a membrane by using the
analogy of a fuel cell circuit (Crundwell, 1997). The rate equation developed greatly resembles the
ferric inhibition model raised to the power of one half. This one half power is a result of the
assumption that the rate-limiting steps are electrochemical in nature and that the charge-transfer

coefficients are close to one half.

" 0.5 0.5
Fe Po
Qpetr = [ 24 ] It : [2.17]
Kpoe +[Fe* 14K [Fe®*] | | kg +po,
where k = a constant, equivalent to qg,,.,™ (mMFe? .(cell.h)?)

Kiezo  =the substrate affinity coefficient, equivalent to K (mM Fe®)

K = the ferric inhibition constant, equivalent to Ky/K; (-)

ky = the oxygen affinity coefficient (atm)

Poz = the partial pressure of oxygen (atm)

2.5.3 Incorporating the Effects of Oxygen Concentration

Monod kinetics describe the specific growth rate in terms of the concentration of the growth-
limiting reagent. Liu et al (1988) studied a system that was designed to be limited by the dissolved
oxygen concentration only.

- Hmax (DO —Dooo)

K +(DO-DO0) [218]

where DO = the dissolved oxygen concentration (mMO,)
DO, = the minimum dissolved oxygen concentration capable of sustaining growth (mMo0,)
K = the oxygen affinity coefficient (mMO,)

In the case where more than one reagent is growth-limiting, the final rate can be determined by

multiplying Monod terms. Huberts (1994) added a term to account for the effect of changing oxygen

concentration,
Po, [Fe?]
Qpe2e =33 ™ [2.19]
ks+Po, } - 24 [Fe®*]
[Fe“ 1+ K o | 14—
e
K

where a, = constant, equivalent to gg,,, ™

Kre;. = the substrate affinity coefficient, equivalent to Ky (mMFe?*)
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K = the ferric inhibition constant (mMFe™)
ks, = the oxygen affinity coefficient (atm)
Poz = the partial pressure of oxygen (atm)

2.5.4 Incorporating the Effect of pH

Whilst many researchers have presented pH optima for their system, very few have attempted to

explain how the system responds to conditions away from the optimum.

Breed & Hansford (1999) studied L. ferrooxidans over a range of pH values 1.3 - 1.7 and found
competitive inhibition, with the pH affecting the observed affinity coefficient but not the maximum

utilisation rate. The effect of pH could be modelled by modifying their K, term by a linear

function of pH.
max
q. 2
- Fe
Qper+ = [Fe>] [2.20]
1+(0.0048pH — 0.0043)—
[Fe**]

Kelly and Jones (1978) found that the inhibiting effect of pH on At. ferrooxidans was purely non-

competitive, affecting the maximum growth rate only.

Shrihari et al. (1990) studied At. ferrooxidans in shake flasks and found that pH had a severe effect, and
modelled it as an exponential decrease in the rate away from the optimum. This can be related to

rapid ferric precipitation at the pH studied (2.2-2.5) rather than a direct effect of the pH.

dN P e(—K(pH—pHo)z)[Fe2+]

N-pylFe® I°N 2.21
de K, +[Fe®*] halre™] 21l
where N = cell concentration (molC.L'")
oo = the maximum growth rate under optimum conditions (h™)
K = a constant modulating y,,, to account for pH (-)
pH, = optimum pH
Ha = the specific death rate (h")

In contrast, Pesic et al. (1989) found no effect of pH on At. ferrooxidans iron oxidation below pH 2.0,

and found a linear relation above pH 2.2

2+ s
- d{th I_162x10m Chact [H* 1[Fe?* 1p0,e Cer’) [2.22]
where (.. = cell concentration (molC.L?)
PO, = the partial pressure of oxygen (atm)

+

Crundwell (1997) extended his rate equation to account for pH by the formation of a reactive FeOH

- species which adsorbs to the reactive sites on the cell membrane.
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0.3 0.5
- [Fe?*}/[H*] Po, 225]
Fe'* K or +[Fe?*)/[H* 1+ K, [Fe?] ks +po,

2.5.5 Effect of Temperature

Over the temperature ranges investigated, the effect of temperature on the maximum specific rate
was often accounted for by an Arrhenius function (Lacey & Lawson, 1970; MacDonald & Clark, 1970;
Breed et al., 1999; Nemati & Webb, 1997; Han et al., 1997).

Bmax = Ko exp (—R%) [2.24]

where k, = frequency factor (b)
E = Activation energy or temperature characteristic (J.mol”)

a

This function describes the effect of temperature below Ty, as illustrated in Figure 2.4, where
In{p,,,) is a linear function of T". As it is increasingly difficult to perform meaningful continuous
experiments in the temperature-inhibited region above T,,, the Arrhenius function is often

sufficient to describe the effect of temperature in continuous systems.

Since microbial growth is undoubtedly more complicated than a simple chemical reaction, E, no
longer represents the activation energy of any given reaction and becomes a curve-fitting

parameter.

Another function that describes the viable growth temperature region was proposed by Ratkowsky

et al. (1982), who used a square-root function.

M = bT-Tp) [2.25]

where T, = the temperature at which appreciable growth ceases

Comparisons between the Arrhenius and the Ratkowsky functions result in little statistical

difference in fit (Ratkowsky et al., 1982).

The Ratkowsky equation was later extended to cover the full biokinetic temperature range
(Ratkowsky et al., 1983), accounting for decreasing rates both above and below the optimal

temperature region of growth.

VHmax = b(T ~Tmin ){1 - expd(T_Tmax) } [2.26]

where T, and T,,, are the temperatures above and below the optimum at which the predicted rate is zero.
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This function was successfully used to describe the growth of two extremely thermophilic
Sulfolobus-like cultures (Plumb et al,, 2002) and for a range of common iron- and sulfur-oxidising

Bacteria and Archaea (Franzmann et al., 2005).

Zwietering et al. (1991) noted that the Ratkowsky equation predicted positive rates above the T,,, as

a consequence of the square root function, and suggested a modification

Hpmax = [b(T ~ Toin )]2 {1 - expd(T—Tm“ ) } [2.27]
which predicts negative rates above T,

A number of functions were proposed by analogy with the effect of temperature on enzymes. This is
in agreement with the analogy of using Michaelis-Menten kinetics to describe the overall microbial
kinetics. In these reaction schemes, the increase in the growth reaction with temperature remains
modelled by either an Arrhenius or an Eyring-type function, and the overall rate is modified by a
simultaneous temperature-related denaturing or deactivation reaction, reducing the fraction of the

enzyme (cell mass) that remains viable.

MacDonald & Clark (1970) studied At. ferrooxidans at temperatures between 20 and 40°C, and
attempted to fit the resultant u,,, values to one such function, developed for the effect of
temperature on enzymes based on absolute reaction rates (Koffler et al., 1947)

JAHy

CTexp RT
A4, A5
1+exp RT expR

1= [2.28]

where 1 = enzyme activity or cell activity or specific rate
C =3 constant
AH, = the activation energy of the enzyme-catalysed reaction
AH, = the heat of reaction of the enzyme denaturation equilibrium
AS = the entropy of the denaturation equilibrium

A simpler form of this function was presented by Esener et al. (1983), based on the same dual

reaction scheme

S Jcic SO [2.29]

1+Kexp RT

Both forms are flawed in that they present thermal deactivation as a reversible reaction, when in
truth it is at least partially irreversible. Hinshelwood and Dean (1966) proposed a function assuming

complete irreversibility of the denaturation reaction.

33



Chapter 2 : Literature Review

Hmax = Aexp ‘KT /-Bexp \FT [2.30]
where A = frequency factor of growth reaction (h™)
E, = activation energy of growth reaction (J.mol™)
B = frequency factor of the denaturation reaction (h)
E, = the activation energy of the denaturation reaction (J.mol™)

This function was used by Gomez and Cantero (1998) to describe the effect of temperature on At.

ferrooxidans in batch culture.

Another function accounting for both hot and cold deactivation of the cell was presented by
Schoolfield et al. (1981), who modified the parameters of a previously published function to reduce
correlation between parameters.

T exp E(L_},)
B H25 208 R\298 T (231]

Hmax
Hif1 1 Hy{ 1t 1
14 Xp| —| == == | |+ @Xp| | v =
RiTy T RiT, T

where = specific growth rate at 25°C
H, = enthalpy of activation
T, - =temperature at which the enzyme (cell) is de-activated due to low
temperature
H= enthalpy of de-activation due to low temperature
T = temperature at which the enzyme (cell) is de-activated due to high
temperature
Hy, = enthalpy of de-activation due to high temperature

Ratkowsky et al. (2005) noted the similarity between how cells and globular proteins react to

temperature and concluded that the similarity is mechanistic, and proposed

Ay
¢ = cTexp ¥ [2.32]
[AH" -1as* +AC{(T-T;’4 )—Tlnl‘D
Ts
1+exp " &Y
where r = reaction rate

AH, = enthalpy of activation
AH"  =enthalpy change at T,
Ty = convergence temperature for enthalpy
AS = entropy change at T,
T, = convergence temperature for entropy
AC, = heat capacity change between the native and denatured enzyme states {
n = number of amino acid residues in the protein

Thus a number of equations have been proposed, with a variety of numbers of parameters. While
many of the parameters purport to possess some physical meaning, they tend to be individually
immeasurable, and so can only be determined by regression of the observed rate. Therefore the
function chosen is dependent on the number of points available for regression and the temperature

region in which the data fall, if no data were captured at temperatures where the rate was
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noticeably inhibited by high temperature, then it is unlikely that meaningful predictions of T, or
the rate of thermal deactivation can be made and other functions should be used. Comprehensive

models are only valuable if there is a comprehensive data set to be modelled.

2.5.6 Yield and Maintenance

The rate of substrate utilisation and the consequent rate of microbial growth can be coupled by
some accounting of how a cell uses the energy produced. The simplest coupling is by assuming a
constant yield (Monod, 1949), where the rate of growth is directly proportional to the rate of
substrate utilisation. This has been found to be inadequate to explain observed trends in microbial
growth and has been modified to include features like endogenous respiration (Herbert et al., 1958),
or the use of existing cell mass as additional substrate, and cell maintenance (Pirt, 1965),
acknowledging that some portion of energy acquired is used to maintain the integrity of existing

cells instead of generating new ones.

Following proposing the concept of maintenance energy as an additional avenue for energy
consumption, Pirt developed a model of the relationship between microbial growth and substrate

consumption, assuming that the energy required for cell maintenance remained constant (Pirt,

1965)
Qpger ==+, [2.33]
Ysx
where Y™ = the theoretical maximum yield

m = the maintenance coefficient

£3

This assumption was challenged by several researchers who reported varying cell yield and
maintenance requirements under different stresses (Neijssel & Tempest, 1976; Kuenen, 1979).
Neijssel & Tempest (1976) proposed a modified relationship adding a term to account for increased

maintenance energy requirement at low growth rates.

Qpezr = j:ax +Mmg +CMH [2.34]
SX
Where ¢ = a constant governing the growth-rate-dependent portion of the maintenance energy

Pirt (1982) modified his model to include growth-rate-dependent maintenance, assuming that the

growth rate dependent portion of the maintenance energy requirement decreases to zero as p

approached p,..
Qperr =+ +my (1-kp) [2.35]
Ysx
Where m, = the constant maintenance energy coefficient
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m,’ = the growth-rate-dependent maintenance energy coefficient

Differences in yield have been found between substrate-limited and substrate-sufficient cultures.
This has been linked to the uncoupling of growth and substrate utilisation and the dissipation of the
non-growth energy in “futile cycles”, operating inefficient biochemical pathways, wasting ATP

(Tempest, 1978; Liu, 1998). This adds an additional component to the substrate balance.

ASubstrate = ASubstrategyq,h, +ASubstrate , intenance + ASubstrateyasee [2.36]

In iron oxidation systems, few researchers have attempted to account for non-growth energy usage.
Much initial work was performed assuming a constant growth yield (Lacey & Lawson, 1970;
MacDonald & Clark, 1970; Liu et al., 1988; Shrihari et al.,, 1990). Kelly & Jones (1978) noted that
growth and substrate utilisation can be uncoupled in batch cultures and that At. ferrooxidans has the

capacity to dissipate energy generated in the absence of growth.

Microbial maintenance requirements have been described by the constant maintenance Pirt
equation (Equation. 2.33). Jones & Kelly (1983) found that this equation predicts different results for
cultures experiencing competitive or non-competitive product inhibition. Boon (1996) attempted to
model the bioenergetics of both batch and continuous cultures and found that only the continuous
cultures could be modelled with the Pirt equation. Breed et al. (1999) and Breed and Hansford (1999)
used the constant maintenance Pirt equation for continuous cultures run at varying temperature
and pH, and found that the scattering of the results was too great to propose any effect of the

parameters varied on the bioenergetics observed.

Heijnen & van Dijken (1992) developed a black box description of the theoretical maximum yield
possible for a system, based on the dissipation of available Gibbs free energy. In this system, a
macrochemical balance for microbial growth is set up from the simultaneous solution of the
individual element and charge balances. This produces coefficients in terms of the substrate yield
Y,.. The macrochemical balance is used to determine the Gibbs free energy of reaction, which is in
turn equal to the Gibbs free energy dissipated. The energy dissipated has two components, one

growth related and the other maintenance related.

01 01

D D

( s ]z( s } +RE [2.37)
r
X Ix growth K

the dissipation of Gibbs energy needed to produce 1 C-mol of biomass from a given carbon
source (kJ. molC?)
the specific rate of consumption of maintenance energy (kJ.(molC.h)™)

Where D%/r,

g

For autotrophic growth with reverse electron transfer D, /r,, = 3500 kj/molC, and the maintenance

requirement can be determined from the correlation (Tijhuis et al., 1993).
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4
-694x10%(1 1
mg = 5.7 exp————| = ——— 2.38

E p{ R (T 298}} [2.38]

2.6 Thermophilic Ferrous Iron Oxidation Kinetics

Little quantitative kinetic data has been published on thermophilic microbial ferrous iron oxidation.
Earlier studies focussed on establishing which microbial strains were capable of growth on ferrous
iron and whether that growth was autotrophic (Brierley et al., 1978, Marsh et al., 1983, Norris & Barr,
1985; Brock et al., 1976; Wood & Kelly, 1983; De Rosa et al., 1975).

Comparative studies were performed, comparing overall iron consumption rates between different
isolates (Marsh et al., 1983) and between thermophile and mesophile (Nemati & Harrison, 2000).
These are of limited use as the overall consumption rate is strongly dependent on the cell
concentration, and direct comparison is difficult without sufficient cell concentration and growth

rate data.

Specific iron utilisation rates can be extrapolated from published specific growth rates and cell
yields. Nemati & Harrison (2000) measured the iron oxidation rates of A. brierleyi in batch culture
over varying initial ferrous iron concentrations and found that below iron concentrations of 5.8g.L",
the maximum specific growth rate (., was 0.043h™ and the growth yield was 2.2 x 10"cells/kgFe”,
this implies a maximum specific iron utilisation (qy,) of 0.55 molFe*.(molC.h)™. This is significantly
lower than Konishi et al. (1995) who produced a g, of 8.2 molFe”.(molC.h)* (from Y, = 2.05 x
10"cells/kgFe”, and y,., = 0.06, re-calculated from the exponential growth phase of the ferrous iron
oxidation batch growth curve). Nemati & Harrison (2000) also found that the growth yield dropped
with an increase in the initial ferrous iron concentration, and that growth was completely inhibited

above 7.5 g.L™

Kinnunen et al. (2003) investigated ferrous iron oxidation of moderate thermophiles over a range of
temperatures, noting increasing oxidation rates up to 60°C, significantly above the observed
optimum temperature for growth of 50°C. This is in agreement with the results of Brierley et al.
(1978) who studied the isolate Thiobacillus TH1 (later identified as Sulfobacillus thermosulfooxidans
(Bridge & Johnson, 1998)). Brierley et al (1978) found that in oxygen uptake experiments, the
maximum specific oxygen utilisation rate (V) increased up to 60°C, with the effect of temperature
described by an Arrhenius term with E, = 36 kJ.mol™. The kinetics were described by a competitive

product inhibition model. The constants are presented in Table 2.6.
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Table 2.6 Published kinetic constants for thermophilic ferrous iron oxidation, converted to a

common unit basis.

Micro-organism  w.. Gomax K, K Author

(') (molFe”.(molCh)?) (mMFe*) (mMFe*)
A brierleyi 0.04 0.53-4,1* - - Nemati & Harrison, 2000
A. brierleyi 0.06° 8.2° - - Konishi et al, 1995
A. brierleyi 0.073 4.2 0.4 1.9 Norris, 1992
M. sedula 0.139 119 1.0 1.0 Norris, 1992
5, metallicus 5.04 3,646 0.95 Meruane et al.,, 2003
S. metallicus (BC)  0.082 9.9 0.4 1.7 Norris, 1992
;’;‘:&’fﬁgﬁ,ﬁm s O18 10.96 7.3 2.9 Brierleyetal, 1978

a - Qax determined from p and the cell yield given as 2.2 x 10" - 5.3 x 107 cells.(kgFe®)?
b - u re-calculated from presented iron oxidation batch data
€ - Qax determined from p and the cell yield given as 2.05 x 10 cells.(kgFe?)?!

The ferrous iron oxidation kinetics of extreme thermophiles have also been studied in oxygen
uptake experiments (Norris, 1992) and in an electrochemical cell (Meruane et al., 2003). Both
concluded that a competitive product inhibition model (Equation. 2.10) was appropriate to describe

the results.

The metabolic activity of the thermophiles, as indicated by their specific substrate utilisation rate,
was found to be similar to that of mesophilic ferrous iron oxidisers (Nemati & Harrison, 2000; Norris,
1992), leading to the conclusion that it is not their superior iron-oxidising capacity that gives

thermophiles their advantage in the oxidation of mineral sulfides.

2.7 Conclusions
The review of the available literature has revealed that a number of thermophilic micro-organisms
have been identified that have shown the capacity for ferrous iron oxidation. Information on the

oxidation kinetics of these micro-organisms is limited.

A number of unstructured models have been developed to describe mesophilic microbial ferrous
iron oxidation. The nature of these models, based on following the macroscopic oxidation reaction
and transfer of energy to a generalised growth reaction rather than individual biochemical
pathways allow the models to be transferred to the thermophilic regime. The models and kinetic
constants produced for At. ferrooxidans and L. ferrooxidans will be compared and discussed further in

Chapter 3,

The unstructured model proposed involves the two macroscopic reactions of iron oxidation and
microbial growth, generating and consuming energy respectively, This is best described in terms of
a Michealis-Menten-form rate expression for the specific rate of iron oxidation, coupled to the rate

of growth via some expression of the growth yield, energy utilisation , efficiency and cell
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maintenance. This is preferred to a Michaelis-Menten-form expression for cell growth, as the rate
of iron oxidation is directly affected by the rate-determining parameters, whereas the rate of cell
growth is affected primarily by the availability of energy for growth and only indirectly affected by

the conditions outside the cell.

Parameters influencing the rate of oxidation were discussed with respect to their observed effect on
mesophilic iron oxidation systems and their implied effect on thermophilic ferrous iron oxidation.
The concentrations of ferrous and ferric iron and the ratio of the two were found to be key
parameters in controlling the rate of growth and oxidation. These findings are in accord with the

chemiosmotic mechanism proposed for energy assimilation.

In mesophilic systems, the contribution of the competing (abiotic) oxidation of ferrous iron by
molecular oxygen is negligible. Increased temperature will result in an increased rate of abiotic
oxidation and its contribution to the overall iron oxidation rate under thermophilic conditions will

need to be quantified, so that the microbial contribution may be assessed.

The decreased solubility of oxygen and carbon dioxide in water at elevated temperature, though
partially offset by the concomitant increase in the overall gas-liquid mass transfer coefficient
implies that caution is necessary in the design and operation of kinetic experiments performed at

elevated temperature to avoid gas-liquid mass transfer limitations.
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Chapter 3

A Re-evaluation of Published Mesophilic Microbial

Iron Oxidation Data and Rate Equations

A number of unstructured models of varying complexity have been proposed to describe the kinetics
of the oxidation of ferrous iron by Acidithiobacillus ferrooxidans and other mesophilic bioleaching
micro-organisms observed over a range of experimental conditions, using a variety of experimental
techniques. The models include rate equations describing the specific rates of growth and/or substrate
utilisation as a function of the reaction conditions. Several comprehensive reviews describe the
development of these models (Nemati et al, 1998; Jensen & Webb, 1995; Haddadin et al, 1995; Boon,

1996). These review what has been published but do not compare models or evaluate each model for

incorporation into a general bioleaching model.

As concluded in Chapter 2, the unstructured nature of the kinetic models and the similarity in reaction
mechanism between mesophiles and thermophiles suggests that models developed for mesophilic
systems may be applied in thermophilic systems. Thus insight gained from close scrutiny of
mesophilic rate data and kinetic models may prove useful in choosing appropriate kinetic models to

describe the thermophilic rate data presented in Chapter 5.

In this chapter; kinetic data, rate equations and kinetic constants will be compared directly using a
defined common basis. The published kinetic data will be examined for similarities and differences.
The published rate equations will be evaluated in terms of their general applicability and their

responses to changing conditions will be discussed.
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3.1 Conversion of Published Units to a Common Basis
One feature which hampers the direct comparison of published data, models and kinetic constants is

the great variety of units and measurements used to present experimental results. It is therefore

necessary to convert the published data and kinetic constants to a common basis. In this work all units

have been converted to a molar basis, in particular, cell concentrations have been expressed in terms of

moles carbon present.

These conversions were facilitated by the use of published conversion factors:

Table 3.1 Published quantities and proportions of biomass constituents for A¢. ferrooxidans.

Reference Published conversion Units
Silverman & Lundgren, 1959  1.91 x10™* gN.cell”
Lundgren et al, 1964 6.1-7.0% Nitrogen mass% of dry weight

38.1-44% protein mass% of dry weight
Tuovinen & Kelly, 1973 245 x 10°¢ moleCO,.(g Fe**)!

3.9x 10" cells.(g Fe**)'!

0.35 g dry weight.(molFe*")™!
Gormely & Duncan, 1974 7.67x 107" mgC.cell”

1.57 x 10-" mgN.cell”
Jones & Kelly, 1983 48-66% protein mass% of dry weight
Moon, 1995 530x 10" mgC.cell!

i. ; 8 xI (1)(3'1“’ g dry w;:li%ht.cel!"

Sx 10 mgh.cell’
41-48% protein mass% of dry weight

The complex reactions and reaction mechanisms of microbial life and growth can be avoided by

modelling the cell as a unit which can be represented by a single chemical formula consisting of the

cell’s major elemental constituents in their stoichiometric proportions. These proportions have been

measured by direct elemental analysis of the dried cell mass. Elemental analysis determined mass% of

carbon, nitrogen and hydrogen, the remainder was assumed to be oxygen. The results for bioleaching

micro-organisms were compared in Table 3.2 to the general stoichiometric formula proposed by Roels

(1583).
Table 3.2 Stoichiometric formula for biomass determined by elemental analysis.
Reference Stoichiometric formula
Roels, 1983 CH00.5Np.2 general
Jones & Kelly, 1983 CH, 7700 5sNo17 Acidithiobacillus ferrooxidans
Moon, 1995 CH; 9904 sNg 2 mixed culture
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Jones & Kelly (1983) used a pure At. ferrooxidans culture, Moon (1995) used a mixed culture from a
continuous bioleaching pilot plant operation, most likely pre-dominantly Leptospirillum ferriphilum,
both show only small variation from the general formula for bioleaching micro-organisms. Hence the

general formula will be used in this work.

The most obvious way to quantify the amount of biomass is to count them directly. However this does
not account for change in cell size, also cell counting is notoriously inaccurate and is made even more
difficult by the presence of solid mineral particles and/or iron precipitates. Conversions from number

if cells to moles of carbon present was achieved by finding sources where both had been measured.

Table 3.3 Conversions for moles carbon per cell.

Reference meolCleell comment

Tuovinen & Kelly, 1973 6.51x 10" given yield.cell”! and yield.(mole CO,)"
Gormely & Duncan, 1974 6.39x10°% measured

Kelly & Jones, 1978 4-5x107 given dry weight and equivalent cell number
Moon, 1995 441x 10 measured

Measured values of amount of carbon per cell agree to within an order of magnitude, with Tuovinen &
Kelly (1973) agreeing closely with that of Gormely & Duncan (1974) and Kelly & Jones (1978). The

lower value reported by Moon (1995) is consistent with the lower dry weight per cell observed.

Another common technique used in quantify biomass is measurement of the mass of dried cells. This
requires the quantitative separation of the cell mass from all other non-soluble matter in the reactor
liquor, without loss of biomass. The amount of carbon in the dried biomass can also be deduced from

the stoichiometric formula used to describe the composition of biomass posited by Roels (1983).

Table 3. 4 Amount of carbon present per gram dry cell weight.

Reference molC/g dry weight Comment

Tuovinen & Kelly, 1973 4.05 x 107 given yield.(g dry weight)"! and yield.(mole CO,)

Jones & Kelly, 1983 4.00x 107 from elemental analysis

Moon, 1995 3.74 x 107 measured dry weight.(cell)” and molC.(cell)™
4.06 x 107 from elemental analysis

Roels, 1983 4.06 x 107 from stoichiometric ratio

The values all correspond very closely with that deduced from the general formula. Cell
concentrations have also been reported in terms of weight of wet cells per volume, a method which,

while possibly internally consistent in the experiments performed, is a dubious method for quantifying
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biomass, there is no way of differentiating between liquid inside and outside the cells, and even the
liquid inside may vary with the experimental conditions. Proportions of dry weight to wet weight of
between 3 — 30% have been reported for a variety of unicellular organisms. A value of 20% has been

used to deduce dry weights of A4t. ferrooxidans (Halfmeier et al, 1993).

The amount of nitrogen measurable presented in Table 3.5 appeared to be much more variable than
other measured elements. This could be attributed to the difficulty in ensuring the complete extraction
of nitrogen, or variation in the amount of protein per cell. Most values correspond to nitrogen

constituting between 5 -6 mol%, and further conversions will be done using the general stoichiometric

formula.
Table 3.5 Amount of carbon present per mole nitrogen.
Reference molC/molN Comment
Silverman & Lundgren, 1959  4.68 given mass N.(cell)"!
Lundgren ef al., 1964 9.32 ~ given % g N.(g dry weight)”
Gormely & Duncan, 1974 5.7 given g N.(cell)” and g C.(cell)
Jones & Kelly, 1983 5.85 from elemental analysis
Moon, 1995 475 given g N.(cell)” and g C.(cell)”
4.95 from elemental analysis
Roels, 1983 5.00 from stoichiometric ratio

Measured protein content values published vary even more than nitrogen. This may be due to variable
amounts of protein being present per cell under different conditions, or due to difficulties in applying

the technique at low pH.

Table 3.6 Amount of cellular carbon present per gram of protein (taking 4.06 x 102 molC.(g dry

weight)’.
Reference molC/g protein Mass% of dry weight
Lundgren et al, 1964 0.092 44 %
Jones & Kelly, 1983 0.068 (0.085 - 0.062) 60 % (range 48-66 %)
Moon, 1995 0.099 - 0.085 41-48 %

Jones & Kelly (1983) measured iron oxidation in continuous culture over a range of dilution rate to get
an average 60% protein content, the other published values were measuring cells in ore systems. As

iron oxidation is the focus of this investigation, the value of 0.068 molC.moIN"" will be used further.

It can be seen that despite some variability, the literature reviewed generally agrees on the composition

and proportions of cell elements, and it is therefore possible to generate a set of consistent conversion
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factors that can be used to compare sets of published data, and to test the general applicability of
published models and model constants. The conversions that will be used for the following analysis

can be found in Table 3.7.

Table 3.7 Conversions used in this work.

Biomass Element Conversion Reference

Biomass stoichiometry CH, g0q sNg» Roels, 1983

Carbon 6.39 x 10" molC.(cell) Gormely & Duncan, 1974
Dry Weight 4.06 x 10 molC.(g dry weight)”  from CH, 404N

Wet Weight 8.12x10° molC.(g wet weight)!  Halfimeier er al, 1993 {20%)
Nitrogen 5.00 molC.(molN)! from CH, s00sNo2

Protein 0.068 molC.(g protein)™ Jones & Kelly, 1983 (60%)

3.2 A Comparison of Published Mesophilic Ferrous Iron Oxidation Data in
Continuous Culture

Investigations of various features of iron oxidation kinetics have been pursued using a variety of

techniques: batch experiments in shake flasks and in stirred tank reactors; continuous culture

experiments in stirred tank reactors, initial rate experiments and applied potential experiments in

electrochemical celis.

As discussed in Section 2.4.7, cultures behave differently in continuous and discontinuous systems
(Kovarova-Kovar & Egli, 1998), as the observed kinetics in discontinuous cultures may be distorted
by the inoculum history and by a delay in the response by the culture to adapt to rapidly changing
experimental conditions. In iron oxidation systems, it has been shown that the kinetic constants
determined for batch experiments differ from those determined in continuous culture (MacDonald &
Clark, 1970; Boon et al., 1999a&b; Dempers et al., 2003). The unstructured modelling approach
relates the reaction kinetics to measurable bulk solution conditions, this is best observed in continuous
culture, where a steady state response to set experimental conditions can be observed. Continuous

experiments are also expected to give a more appropriate indication of how the cells will behave in a

continuous bioleaching system.

Published continuous rate data were examined to establish commonalities and differences between
systems run at temperatures between 22 — 35 °C, and with total iron concentrations between 9 — 210
mM. Data sets were gathered by scanning images from published articles, capturing the data for re-

analysis using image analysis software (Scanlt 1.0, www.amsterchem.com/?scanit/). Data sets were

collated as sets of steady state specific rates, ferrous iron concentration and the ratio of ferric/ferrous-
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iron. Where necessary, the ferric/ferrous-iron ratio was determined from the ferrous iron and the
stated total iron concentrations. The rates of growth and specific iron utilisation for published
continuous culture experiments were superimposed as a function of the observed ferric/ferrous-iron
ratio to see whether the variations in observed rate could be sufficiently explained by changes in the

ferrous and ferric iron concentrations.

Steady state specific growth rate data sets for At. ferrooxidans were collected from MacDonald &
Clark (1970) Figure 6; Braddock et al. (1984) Figure 3; Liu et al., (1988) Figure 2; Boon et al. (1999a)
Figures 2 & 3 combined; Gomez & Cantero (2003) Figure 2; Guay er al. (1977) Figure 3; Smith et al.
(1988) Figure 10; and Jones & Kelly (1983) Figures 6, 8, and 10.
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Figure 3.1 A superimposition of published specific growth rates for At ferrooxidans in
continuous culture as a function of their ferric/ferrous-iron ratio.

Growth kinetics can be studied in continuous culture without physically measuring the cell
concentration as the specific growth rate can be derived from the steady state dilution rate, assuming
ideal behaviour in a CSTR. Measurement of the specific substrate utilisation rate is more complicated
and necessitates some description of the biomass concentration. Few papers include their cell
concentration data and this limits the amount of data that is available for comparison. Specific iron
utilisation rate data in continuous culture was collated from MacDonald & Clark (1970) Figure 6;

Braddock et al. (1984) Figure 9; Boon et al. (1999a) Figures 2 & 8 combined and Gomez & Cantero
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(2003) Figures 4 & 5 combined. Data from controlled potential experiments: Harvey & Crundwell
(1997) Figure 2 and Meruane ef al. (2002) Figures 2 & 3 were also superimposed.

10
gL o
@ $
sl o 8
'?\ =0 s ]
,E'? 7 ’- & @ 0' o .OD -3
®
'g 6 @ @ ¢ o . o
3 ] ote
&lf 5 % M“b.‘e e a o
I @
£ 4} o & & &
F #d ugf
@ 3} ® s @ P ¢ (g
T ¢ ® # e B
L 9
2 ® °:.e°-°8 : ® nﬂwg
#
1k ¢ & e
. . &
0.0 0.1 1 10 100 1000
[Fe™y [Fe®]
¢ McDonald & Cark 1870 # Braddock et &, 1984 o Boon et &, 1909
© Comez & Cantero 2003 @ Harvey & Crundwell 1997 & Meruaneet a. 2002

Figure 3.2 A superimposition of published specific iron utilisation rates for 4r. ferrooxidans in
continuous culture as a function of their ferric/ferrous-iron ratio.

Figures 3.1 and 3.2 show that trends in specific ferrous iron utilisation rates are very similar to those
for specific growth within each data set, indicating that growth and substrate utilisation are tightly

coupled in most continuous culture systems.

The similarity in the relationship between the specific iron utilisation rates and the ferric/ferrous iron
ratio for the different data sets is less obvious than for the specific growth rates. All systems show
high specific rates at low ratios, dropping off with increasing ferric/ferrous-iron ratio, a feature
characterised by both increasing ferric concentration and scarcity of substrate, but the point at which
this drop-off occurs varies from ferric/ferrous-iron ratios of 1 to 100. This may be due to the lower
substrate affinity observed in experiments performed in discontinuous culture (Harvey & Crundwell
(1997) and Meruane ef al. (2002) performed their experiments in redox-controlled batch systems).
Microbial cultures grown in continuous systems for extended periods under nutrient-limited
conditions have been found to become more efficient at utilising the scarce substrate. This can
manifested as either decreased ferric inhibition, or increased affinity for ferrous iron, or both - either
effect would produce increased rates at higher ferric/ferrous-iron ratios. This adaption is often a
phenotypic change rather than a change in strain or species and may explain differences between

continuous results and experiments that do not allow for periods of adaption.
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Further variation in substrate affinity may be linked in some part to the difference in the total iron
concentration between researchers, as work at higher concentrations Boon ef al. ([Fe]T = 210 mM)
shows a higher affinity than MacDonald & Clark (54 mM), which is in turn higher than Braddock et
al. (9-22 mM).

Some shift in the maximum activity is expected with changes in temperature, thus variation in
experimental conditions (from 28°C (Braddock ef al. (1984) to 35°C Harvey & Crundwell (1997))
may also obscure direct comparison of data. The effect of temperature can be accounted for by the
inclusion of an Arrhenius term in the maximum rate constant for both At ferrooxidans (Nemati &

Webb, 1997; Smith et al., 1988) and L. ferrooxidans (Breed et al., 1999).

Data from experiments run at different total iron concentrations show similar specific rates at common
ferric/ferrous-iron ratios, despite the different corresponding ferrous iron concentrations. This
indicates that rate equations dependent solely on the substrate concentration will be inadequate over a

range of total iron concentrations.

Differences in experimental set-ups, aeration rates, degree of mixing and microbial strain used may
also change the precise rates observed, but the results indicate that a kinetic model controlled by the

concentration of iron is appropriate in continuous iron oxidation.

3.3 Published Rate Equations for Mesophilic Ferrous Iron Oxidation

A summary of the published rate equations re-evaluated in this work; the conditions under which the
experiments were performed; the types of experiments run and the published kinetic constants
generated can be found in Table 3.8 - 3.9. The rate equations are arranged chronologically and split
according to the method used in the investigation, starting with equations developed from continuous

culture experiments, followed by those from a range of discontinuous techniques.

3.3.1 Comparison of Predictions of Independent Continuous Data

Each rate equation in Tables 3.8 and 3.9 describes data captured under a specific set of reaction
conditions, or a limited range of reaction conditions, and the kinetic constants generated represent the
best fit of the equation to that set of data. This implies only that the mathematical expression of the
equation produces an appropriate response to changes in the determining parameter, not that its
underlying mechanism is valid, and certainly not that either the mechanism or the rate equation will be

appropriate over the full range of conditions that the system might encounter.
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Table 3.8 Published rate equations for ferrous iron oxidation with Acidithiobacillus ferrooxidans.

Author Year Rate Equation EqniNo. Conditions Constants
Continuous max _ 4
_ Bmaxd T=28°C u™*=0.161 h
MacDonald & Clark 1970 = Xo 1S f2.7] pH 2.2 K, = 3.85 mM
Thie = 2¢%-1
m [Fel, - 53.7 mM ¥ =0.0168 molC.{molFe
K Continuous
D= - TS V ey = 46.51-52.08 mMFe® Iy
Guay etal 1977 1= Vmax [3.1] ;;1{22 § K = 0.526-0.283 h™
v =2.
" Continuous Honax = 12507
B= max W competitive inhibition K = 0.8-0.9 mM Fe”
Jones & Kelly 1983 L+ Ks  Ks[Fe™] [28]  T=30°C K,=1-2 mM Fe*
[Fe?*] K, [Fe*] pH=16 Y= 0.0148 molC.(molFe?)?
P {Fel, = 5 - 400mm m, = 1 molFe? (molC.h}?
- -1
- Fmax Continuous ‘IZ“:‘ ; i?;}\}; Fe?
Jones & Kelly 1983 L | O S 5] qoneompetitive inhibition K, =25 mM Fe
K [Fe?] H =16 ¥ o= 0.041-0.054 molC.(molFe®)?*
P pr=1. m, = 9.36-10.59 molFe” (molC.h)"*
My = 1.25h7 .
- Hmax Continuous Ks=08-0.9 m"fe
= 3+ 3+ predominantly competitive inhibition K,=12mMFe
Jones & Kelly 1983 Ks (1 + [Fe }] +[1 . [Fe™"] {3.2] T=130°C K, = not determined, assumed v.
2+ K K - large
[Fe }k P ¢ pH=16 Y= 0.0148 molC.(molFe?)*
m, = 1 molFe” (molC.h)*
. gnax = 0.070h
Continuous
_ Pmax (S=S¢) T=22°C K, = 0.78mM
Braddock et al. 1984 R e e [2.11] $, = 0.25mM
Ky +(S—S¢) [Fel, = 9-22mM Yeobon= 0.010-0.017
Isolate AK1 Casbon ” ¥ y
molC.(molFe*)?
. My =0.060-0.119 b
YkS oo K, = 3.403 mMFe?
Smith et al. 1988 p= -b [3.3] He1821 k =19.7 molFe*.molC™ h™*
Kg+5 phi = 1.8 Y5x=0.074 molC (molFe?)™

{Fel, = 0.050 mM

b = negligible




Author Year Rate Equation EgnWNo. Conditions Constants
s Continuous p*=0.12h?
. - Bimax T=135°C K, = 1.594 mMFe®™
Liuetal 1988 h S K 1+ K, PD) 8] hiis K, = 0.024 (mMFe*)
[Fel, = 9.3-58.9 mM Y = 0.0104 molC.(molFe”)?
. = 0,227 bt
WmaxS Continuous ¥ L
p= - ae K, = negligible
Nikolov & Karamanev 1992 Kg 2 {2.10] T=29°8 KK, =0.939
S + KS + I_ + 'IE—'“ pH K 1'8_2'0 KS] - ZIOHMFEZ'
Ky S [Fel; = 35.81253.6 mM Y o= 0.07 molC.(molFe)!
o qoz"‘:‘? 1.9 mo}ll(zz.(molc.h)"
9o, Continuous PPt 20,096
o, = T=30°C K/X, =0.04
Boon etal 1999a 2 i K, K, [Fe3*] [3.4] PH =18-19 [Fe*]. = 0.5 mM
[Fe?*]-[Fe?*], Ki [Fe?*]-[Fe?* i [Fel, = 50-360mM Yoz ™5=0.012 molC.(molFe?)?
my= 0.4 molFe® (molC h)!
Continuous e 1
S - S = 2, p =0.22 h
Gomez & Cantero 2003 —Tg = Mi—)-— [3.5] T=30°¢ K, = 16.5mMFe”
K +S+K(Sg~S) pH=18 K, = 3.76mMFe”
{Fe], = 25-150mM 1
S Batch STR
. Pmax T=25-30°C W™ =0.15-0.25 b
[Fel, = 105mM
_ BmaxS Batch STR p™= = 0,145 h!
MacDonald & Clark 1970 u= K, +5 [27] T=28C K, = 7.20mMFe”
pH=22
max -1
 HaS Batch. culture P 20,143 hz.
Kelly & Jones 1978 Y= 2.7 T=30°C K =36 mMFe
Kg +5 pH =1.6 Y, =0.014 molC {molFe?)!
0. = qgl:x [Fe”"] Initial Rate Qo™ = not determined
Kelly & Jones 1978 O2 - [Fe3*] [3.7] T=130°C K,, =1 mMFe®
[Fe*"]+Kp| 1+ pH=16 K, = 2.5-28 mMFe*
i
"- M max Initial Rate
. B 34 T=30°C Ks = 1.34 mMFe”
Norris et al. 1988 K +_K_n_n_ [Fe "] {2.8] pH=17 K = 310 mMFe*

[Fe?*] K; [Fe?*]

{Fel, = 50 - 60 mM




[0,]=015atm

Author Year Rate Equation EqnNo. Conditions Constants
k'3 Initial Rate k;’ = 1.478 mol0,.(molC.h)*
o, = T=25°C K, = 0.07 mMFe®
Lizama & Suzuki 1989 : K [x] [re**] [X][Fe*] [3.7] pH=23 K =11mMC
R — +
el S i [Fel, = 100 - 116 mM K= 0.64 mM Fe®
[Fe‘t] K; K¢ aK; K.
i i i if Isolate SM-4 a=5
q k'3 ;f‘ft’;g :Rcate ks = 0.924 -1.0567 mol0,.(molC.h)
. 0, = - : :
Suzuki et al. 1989 L [_x] [3.8] pH = 2,3 : K = 0.1 - 0.30 mMFe®
[Fe?*] <. [Fe], = 80 - 100 mM K'=13-5mMC
1 Isolates SM-4; SM-5
s Shake Flask P =011 b
, - Hrmax T=35°C Ks = 0.86 mMFe?
Liu et al. 1988 Ho5eK, (14K, Pr) 28 has K, = 126.8 mMFe’
Fe,=11.1~176.2 mM Fe” Y x= 0.0104 molC.(molFe™)*
W™ 0,183 h!
N p o xEH-pH Y i’ﬁ‘f g fask K, = 96.24 mMFe?
- Shrihari et al, 1990 —mrmOT  TN-p dpzN {2.21] A K = 3.349
dt Ko +5 D = 18581 - 51397 mM Ba= 197 x 107"
Gr= 193 ‘ Y,5=0.018 molC. (molFe?)*
Bk, [x](s] Initial Rate B = not reported
\ = T=27"C Ky=not reported
3.9 s
Nyavor et al, 1996 K, + 1 +ﬂl +[s] [3.9] pH = 2.0 K,=0.67 mM
‘ K; Fe, = 2.69 - 35.82 mM K= 6.25mM
Shake Flask _ 1
) Hmax [FE?'] T=30"C =0l
Gomez et al. 1996 He= K T [Fe* s K[ ]) [2.8] pH =20 K, = 16.83 mMFe
+[Fe“ ]+ K,[Fe =4 =
$ ! Fe,=17.9 - 1433 mM K=2.98
[Fe?*] Electrochemical cell P =016 k!
_ BmaxiFe T=35°C K, = 1.31 mMFe®
Harvey & Crundwell 1997 S | - [2.8] pH =18 K, = 0.072 (mMFe*)"
[Fe” 1+Kg(1+K;[Fe™ ] 21
Fe, =358 - 286.5 mM Yoy = 5.37 x 10" molC.(molFe™)
k=0152h"
0> 05 fitted to Hub,
24 . ed to Huberts (1994) data 2
H L= 1.
Crundwell 1997 p= [F; / [+ ] - Po. | _m 2231 T=35°C Keer: = 1.486 mMre
Kpp2e +[Fe VIH 1+ K [Fe] kg +po,

Ko, = 0.043 atm
m=0,012 b




Author Year Rate Equation EqnNo. Conditions Constants
Ea i K, =1.80 ])(( 1()“lr1nc>lFe".(rn«:}lc.h)“1
"ot Initial Rate E, =68.4 kj.mol
d[Fe?"] Kqe RT[C][Fe®"] .
. = T=20-35°C K, =1.2 mM Fe¥
Nemati & Webb 1997 dt @ ” (Y [Fe?*)? {3.10] pH = 2.0 K =0.171 mMC
Km(1+-lz,~)+[l’e J+1- B o Fe, = 4.48 - 537.25 mM B=5.98mM C
I a = 0.466 mM Fe*
Ea
P eae = 12 2+ -1
dIFe 2+] Koe BT [X][Fe z+} Ernit;zl }zcate go_ 58é64xk10 t;’-llolf"e {molC.h)
i & Webb 1998 = 3 [3.11] . =7 S5 e
et & TN oo e
1+ K +[Fe*] Fe, =8.06 - 564.1 mM K, = 36.89 mMFe*
1
W= =0.060-0.105 h!
b= Bmax +MoYox ~my YR gﬁt;:;{(s:m K= 0.2mM
Boon et l. 1999b B K, JKs  [Fe*] o Bzl e K/K, = 006010 (
3 2 T3 3 i ¥ ox " =0.012 molC.(molFe*)*
[Fe* ]-[Fe**], K; [Fe®"]-[Fe**]; Fe;=210mM m? =0.96 molFe® {molC.h)?
3+
Gmax — [Fe™] Electrochemical cell q™* = 6.128 molFe” (molC.h)*
] w2y [215]  T=30C K, = 1.31 mMFe?
Meruane et a 2002 Qperr =7 ¢ [Fe>*] . pH=18 K, = 0.641
1+ [ 25+] I [Fe?*] Fey=0.90 - 17.9 mM K, =0.0248 molFe® (molC.h)?
Fe €
* exp| 5 (E™ —EQ 2 (e Electrochemical cell *e IFe® g
K] exp| pre E™ —Ep J{1—exp =T M E ectr(‘):c emical ce Kl* =0.447 mo I-'e2 {molC.h)
. = 30° K,* = 1.31 mMFe®
Meruane et al 2002 Gppr+ = [2.16] pH=138 K,* = 0,641

K; % IIF( 0):|
1+ +K,expl —\{E,, —E
- 3 p[RT h~&h

Fe;=090~17.9mM

E™ = 639 mV (SHE)




Table 3.9. Published rate equations for ferrous iron oxidation with Leptospirillum ferrooxidans.

'Eqn No.  Conditions

Author Year Rate Equation
p Fe?*
Huberts 1994 T “'[k :'; [Fe” ] [2.19]
Al [Fe*' 1+ Ko [] +[FE
%,
van Scherpenzeel etal 1998 90, = - [Fe*1] [2.13]
[Fe®]
q
Breed ot 4l 1999 = [Fe™*] (z.14]
]+KF€+ [FE?-F.]
s
1.204x107 exp KT
Breed e al 19499 Qpgte = [Fe] [3.13]
1+[{:m02’1‘—n.u453}[ 7%
Fe
q 1583
Fe’t 347
Breed & Hansford 1999 1+{0.0045pH~—0.0043) {Feﬂ] [2.20]
Fe
e Hmae
Naorris et al. 1988 Km  Km [Fe?'] [2.8]
e O
[Fe™"] K; [Fe™]
%,
van Scherpenzeel efal. 1998 9o, = [Fe**] 2.13)
1+Kg,

[Fe™]

Continuous
T=30"C
pH=20

continuous
I=30"C
pil= 1516
Fe, =210 mM

continuous
T=30-40"C
pH =17

Fe, = 210 mM

continuous
T=30-40°C
pH=L17

Fe, =210 mM

cornbinucus
T=40"C

pH = 1.1-1.7
Feeg = 210 mM

Inftial Rate
T=30C
pH=17

Fe, = 50 - 60 mM

Initial pate
T=30"C
pH=1.51.6
Fe, = 210 mM

o
a,=10.2% molFe™ (molc k) *
K, = 0.022 atm

Kjez- = 0021 mM Fe*
K =102 mM Fe™

¢, = .7 molo_(molCh)*
K, = 0.0005

Y, = 0,011 molC {malFe™)
m,,. = 0.44 mplFe™ [molC_h)

s ™ ~ B.65-13.58
molFe” {molCh]
¥, , = 0.0018-0.0033

¥ e ~0.0059 molC. [molre™ ¥
m,., = 0.797 molFe* (molC b}’

¥ o= 00074 moll {melFe) !
Mo, = L0028 molFe™.(maolC h)?

K =025 mMFe™
K =428 mMFe™

Qo = 1.8-2.4 mol0, {molC h}!
K., =7 x1¢*
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The robustness of each rate equation proposed was tested by comparing their predictions to an
independent set of data. The data set used was taken from Boon et el (1999a): continuous iron
oxidation by At. ferrooxidans at 30 °C, pH = 1.5, [Fe], = 210 mM. This data set was chosen as it was one
of the most complete data sets available, including steady state ferrous iron, ferric iron, and cell
concentration data and specific rates of both growth and specific iron utilisation, all obtained in
continuous culture over a wide range of dilution rates, from substrate-scarce conditions at low
dilution rate (0.01 h') to washout kinmetics at high dilution rates (0.1 h*). The total iron
concentration used {210 mM) was typical of iron concentrations found in commercial BIOX reactors.
Each model's prediction of the specitic growth and iron atilisation rates was compared to the
experimentally determined rates using the kinetic and bioenergetic constants published with each
mode]. Where rate equations were derived in terms of the specific growth rates, specific fron
utilisation rates were calculated using their published yields (where available) and vice versa.
Where kinetic constants had been cetermined at temperatures other than 30 °C, the maximum

specific rate constant was medified using an Arrhenius expression, using an activation energy of

51.2k[.mol", derived from the data of MacDonald & Clark (1970)

016

s = . 8 B
E 2 S8 2
i
IJ I
i
1
i

specifie Growlh Rale {h7)

o
E

o

1 0 100
[J"E'II] j.-[reﬂ-l
mMclonald & Clark, 1970
Lin ct al, 1948
Janes & Kelly, 1984 non-comp
Crutdwell, 1997

*  Boon et al, data, 199
Braddock ct al., 1984
- |enes & Kelly, 1963 comp
Wikolow & Karamancy, 1992

Haom ctal., 1099
------ Lavey & Lawson, 1970
- Gz el al, 1996

Merpane ct al., 2002

Figure 3.3

Gomez & Canterw, X103
¥olly & lones, 1575
----- Harvey & Ceundwell, 1997

Predications of the specific growth rate by a mumber of kinetic models given the

ferronis-irom, ferric lron and cell concentration data from Boom et al {1999k continuous irdn
oxidation by At ferrooxidans at 3¢ °C, pH = 1.5, [Fel, = 210 mmM, Solid lines represent models from
continuous systems, dashed lines, batch systems and dotted lines, other techniques.
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while cach model undoubtedly fits Lhe dala from which it was generated, a greal variety of response
was abserved when allempling to use these maodels to describe other data. This spread of resulty
could nat be altributed purely to the mode of operalion, as Lhe same range of responscs was

ohserved it batch, continucus and constant potential experiments.

Some models’ prediclions are not shown as their response was completely unrealistic. The medel of
Shrihari et ol {1930) predicted a negative rate duc to an overemphasis in their model of "ferric
paisaning”. Other models such as that of Smith et af. (1988} predict much higher rates than those

abserved,

Other models predict similar maximum specific growth rates but at different ferric/ferrous. iron
ratios. This might in some instances be ascribed to differences in strain or species; Braddock el ol
{1984} was using an arsenic-tolerant strain which may cxplain a lower substrate affinity parlicularly
as the kinetics were extrapolated from threshold iron concentralions, Crundwell {1937) proposed a
model for At ferrooxidans, but used data from a Lepraspiriltem culburs {Huberts, 1394} which explains
the lawer affinity observed. Gomez et al, (1996} and Gotnez & Canlera {2003), both used a Rio Tinta
strain. RBoth models are presented with narmal maximum specific growth rates and high affinity
cnefficients, but a re evalualion of their data indicates that their substrate affinity was normal but
their specific activity was lower than other systems, Nikolov & Karamencv (1992) used a re-
suspended culture thal they claimed had different propertics, so different kinetic constants are pot
unexpecled. Variations in temperature, piT, total iron concenlration, and reaclor configuralion may

also have contributed it the variability of the respobse.

Most models were focussed oo predicting growth, and only a limited pumber provided suffictent
vield Information to predict substrate ulilisation, The varfation in the reported vicld alsa produced
even greater variation af resuits, with ne other model predicting the specific subslrate ulilisation
rales abserved other than the model generated from the data itself. Liu et ¢l (1988) and MacDonald
& Clark {1970) predict siightly higher rates, both of these models were generated at higher

temperatures than the test system, so higher rates would be cxpected.

a5
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Qrpz, malFe lmall b Y)

Figure 3.4

Neonhe of the kinetic constants generated from the initial O, uptake rate method (Nemati & Webb,
1997; Nemati & Webb, 1998; Lizama & Suzuki, 1989 Suzuki et al, 1989) are able predict the observed
data. This implies that the rates observed in initial rate studies are different to those observed in

continuous studies and that the method is not suitable for generating data to prediet continuous

systems,

Models which were generated under conditions designed to test various Inhibitions, be it cell

concentration or substrate, tend to overemphasise the inhibition and model the stressed system and
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10a 100
[re™] flre’]

B et al. dara, 1995
Braddock et ai., 1984

lones & Eelly, 1983 comp

Mikolov & Karamaney, 1552
Gomez & Cantero, 2003 -

—— — Harvey & Crondwell, 1997

Sieuki et al., 1969
Memati & webh, 1598

Meonald and Clark, 1970
———- Lluetal, 1938
lonesd Kelly, 1983 non-conp
Boon e al., 1990
— = Kelly & [ones, 1978

Llzama & Suzuki, 1985

- - == Memah & webb, 1997

Meruanea et al., 2002

Predications of the specific iron utilisation rate by a number of kinetic madels
given the ferrous-ivon, fertic iron and cell concentration data trom Boan et al, {1999} continuous
iron oxidation by At. ferrooxidans at 40 *C, pH = 15, [Fe]; = 210 mM. Solid lines represent maodels
from continuous systems, dashed lines, batch systems and dotted lines, other techniques.

in so doing, fail to be able to model the unstressed system adequately,

S8

Despite the variety of models in Tables 3.8 and 3.3, most continuous data reviewed has been
described using a rate equation derived fram a simple Monod or competitive inhibition model. The
kinetic parameters were classically determined by plotting reciprocal transforms of the kinetic data,

e.g. a Linewcaver-Burk plot, and then by linear regression of the resultant trends. Altheugh this

36
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technigue has been shown to be flawed as a method for detzrmining parameters (Smith et al., 1998},
the transforms remain a wvali:able way to illustrating features of, and differences between, the
viarious models, Reciprocal transforms of a number of simple rate equations are described n Table
3.10 and their behaviour as a function of the transtormed variable is illustrated in Figures 3.5 and
3.7. This analysis has been performed on rate equations for specific growth rate, but remains valid

for rate equations in terms of the specific iron utilisation rate.

It an iron oxidation system, the substrate, lerrous iron, is directly oxidised inte the product, ferric
iron, The ferrows and Ferric iron concentrations and the ratio between the two are therefors not
independent valuies but can all be defined by Equations 3,14 and 3.15 as functions of the ferrous and

the tutal dissolved iron concentration,

[Fe*'] = [Fel; —[Fe] [5.14]

[re™*]  [Fely —[Fe?]
[re™] [re™]

[3.15]

Table 3.10 Transfarms of a number of simple rate equations, shuwing the relationship between the
inverse of the specific growth rate and the inverse of the substrate concentration.

fﬁ,ﬂ Rate Fquation Transform
L g B
2.7 N L g otbhe koo opn d
I K. +[FE‘2+] H Hoax [FEZI ] o inaz
& Himay
L= P 1 KylK —Fe], 3 o )
2.8 1+Ks | Kslre™] = -
[Eeit| A6 Nret ] B i LR Rk
2
S iy K[Fz]
I H= T 1 gly 1 1-K
3l6 [l"e | = gt
1+K[ ] K YUax [Fe™] H max
2
711 _ Hmax l:[FE' +] [ ]thrmhn]d ) ]; = K 1 . 1
! = - =+ i+
Ko + (P 1= [Fe Tipachola ) B o [P TP Tpegpotd) Mo
Moax[Fe™]
. B Lows (Bhp By ¢ B o,
313 e [Fe™] 757 1 +
[re ]+K-s o K H Hiax [F'E ] I-'lmaxKS] Hora
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Figure 35  The inverse of the predicted specific growth rate as a function of the inverse of the
substrate concentration as predicted by (A) Cquations 2.7, 2.8 & 3.16; (B) Equation 2.11; (C)
Lquation 3.17 {substrate inhibition); (D) Equation 2.9 {non-competitive product inhibition); and
{E] Equation 3.18,

These transforms show that the Monod model (Equation 2.7), the competitive inhibition maodel
{(bquation 2.8) and Equation 3.16 all predict a linear relationship between the inverse of the specific

growth rate and the inverse of the substrate concentration. This implies that, given data from a

Bt
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single set of fixed parameters (pli, temperature, total iron concentration, etc.) these models would
fit equally well, as the closeness of fit in Lhis instance only describes the linearity of the transformed
dala. Thus more than one set of fixed parameters arc required to justify the use of a specific rate

equation.

The threshold model (Equalion 2.11) predicts a upwards devialion fram linearity, with the degree of
deviation dependent on the relative size of the threshold concentration, the model is only valid far
substrate concentrations above the threshold concentration, as this concentration is defined as a
boundary for growth. Both the substrate inhibition {Equation 3.17} and the non-compelitive
inhibition (Equation 2.9) models contain non-linear terms which only affect the predicted rate at
high ferrous lron concentrations. The madel proposed by Crundwelt {1997) {Equation 3.18) predicts
a parabolic relationship - a fealure rol found in any published data set, not even that published in

Crundwell {1997},

The dala sets presented in Figure 2.1 were transformed to test whettier this form of analysis could

be used to determine the appropriateness of rate equations.
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Figure 3.6 A Lineweaver Burk plot for the data presented in Figure 3.1, collating published
data for Acdithiobacilus ferrooxidans in continucus culture,

The transformed plot shows that cach set of data in which ferrous iron concentration is the only

variable, shows a linear response to the change in concentration. Data sets that include other
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variables such as changes in temperature or lotal iron concentration show multiple straight lines.
The scatter in the observed data implies that there is little value in attemoting to At complicated

rate equations,

Substrate Inhibkition (using inhibition constants from Nikolov & Kararmenev (1992} and nen-
competitive inhibition models {using inhibition constants presented by Jones & Kelly (1983)) show
deviations from linearily only al high ferrous iron concentrations. As this is only found when
ooerating with a very high total iron concentration or at very high dilution rates, appreaching

washout, very little data is available for confident fitling of these models.

This implies that the Monod medel, Lquation 3.16 {or its analogue Equation 2,14} and the
competitive product inhibition medsl (Equation 2.8} are most aparopriate for describing ferrous
iron oxidalion in continuous culture. Lquatien 2.14 was developed from the work of Boan (1996),
who found the regression of data was insensitive t¢ the K. /[Fe®] term in the comzetitive product

inhibition rnodel and that the term could be ighored.

Differences in slope may in some part be ascribed to differences in the total iron concentration, as
can be seen from its influence on the sloves of the transforms of Equations 2.8, 3.16, 2.9 and 3.18. An
alternative transform examining the relationshis betiween the inverse of the specific rate and the
farric/ferrous-iren ratio, shows further differences between models with respect to the effect af the

total iren concentraltion.

Table 3,11 An alternative transform relating the inverse of the snecific growth to the ferric/ferrous-

~_irgn ratio,
Model Transform
1 K b K, +[Fe
[2.7]  Monod model Y 8 [ T frelr
K [Felripa [F =4 Kmazk
1 | Fa Ks+[Fe
[2.8] Compeatitive Tnhibition model = = I:[ Ir)lre = [ks+[relr)
H KJ[I ]J'I-lmu.n [Fa ] []:'E]Tp‘max
; L K [ke™] 1
[3.16]  Equation 3.14 S
H Hrax [f’3 ] Hopnax

"= Equation .14 re-farmulated in terms af specilic crowth rale, neglecting maintenans
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Figure 3.7 An illustration of the influence af the Lotal iron cancentration on the transforms of (1)
the Monod madel; (2} Equation 3,18 and (3} Lhe Competitive Inhibilion inodel with respect Lo (4)

the imverse of the substrate concentration and (B) Lhe ferric/ ferrous-iron ralio,

The reciprocal trunsforms of the Monoed model over a range of total iron concentrations has a
constant slope with respect to the inverse of the substrule concentration and a decreasing slope

with respect to the [erric/{errous-iron ratio, The reciprocal transtorms of Equation 3.16 shows the

opposite trend, with an increasing slope with respect to the inverse of the substrate concentration



Chapter 3: & Re-evaluation of Published Mesophilic Mizrabial Iron Owidation Data and Rate Equatlons

and a constant slope with respect to the ferric/ferrous-iron ratio. The reciprocal transforms of the
competitive inhibition model has features of both of the other two transforms; with increasing stope
with respect to the inverse of the substrate concentration and decreasing stope with respect to the

terric/ferrous-iran ratio.

The slopes of the reciprocal transforms in Figure 3.7 1B, 24 and 34 are all either directly or inversely
proportional to the total iron concentration, indicating continued change of slope over all total iron
concentrations. The slope of the reciprocal transform of the competitive inhibition model with
respect to the ferric/terrous-iron ratio (Figure 3.7 3B} has two total iron concentration terms which
effectively cancel one another for total iron concenfratiovns much greater than the inhibition
constant K. This implies that at high total iron concentrations, the reciprocal transform with
respect to the ferric/ferrous-iron ratio will not be a function of the total iron concentration and that
both of the transforms of the competitive inhibition mode! will be indistinguishable from those of
Equation 3.16. This implies that at low total iron concentrations, the system is controlled by ferrous
iron limitation, and at high total iron concentrations, by ferric iron inhibition. This can be
itlustrated by tooking at data from Liu et al {1988) and Harvey & Crundwell {1997), both of which

were originally fitted to the competitive inhibition model.
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Figure 3.8 Reciprocal transforms of the data of {1} Liu eral. (1988) and (2} Harvey & Crundwell
(1997} with respect to (A} the inverse of the substrate concentration and (B the ferric/ferrous-
iron ratio, for a range of total iron concentrations.
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Figure 3.8  {continued) Reciprocal transforms of the data of {1) Lin er ol {1988} and (2) Harvey
& Crundwell {1997) with respect ta {A) the mverse of the substrate concentration and (B) the
ferric/ferrous-iran ratio, for a range of tatal iron concentraticns,

The transforms of both sets of data at high and low total iran concentration show variation in slope
with respect to the inverse of the substrate concentration (Lineweaver-Burk plot), indicating that

the Monod model is inadequate to model the system over a range of total fron concentrations.

Liw et gl. {1988) varied the total iron concentration in a continuous reactor between 9 and 58mM and
generated an inhibition constant of 50mM. The reciprocal plot (Figure 3.8 1B} shows a clear change
of slope with changing total iron concentration. Harvey & Crundwell {1997) varied ferric and
ferrous iron concentrations in a redax-controlled reactor, producing results that can be separated
into ranges of total iron concentrations from 0-50mM to 150-200mM. The inhibition constant
generated for these data was 16mM. The reciprocal plot (Figure 3.8 2B) shows no observable change

in slope with raspect to the ferric/ferrous-iron ratio with changing total iron concentration,

Thus, analysis of the reciprocal transforms of 4 number of simple kinetic models indicates that the
competitive inhibition model is the most appropriate model for microbial ferrous iron oxidation,
but that regression of data will not provide reliable values for the substrate affinity constant K; at

hightotal iron concentrations and that Equation 3,16 may be more useful under these conditions,

3.4 Conclusions
Results of published kinetic studies have been presented using a variety of different ways of
measuring the biomass concentration. This makes comparison of even similar systems difficult.

Thea conversion factors in Table 3.7 allow direct comparison of published results,
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studies have been done using many different modes of operation: including continuous stirred tank
reactors, batch experiments in both stirred reactors and shake flasks, oxygen uptake experiments
and controlled potential experiments. The disparate results of continwous and discontinuous
experiments both in terms of the influence of reaction conditions and of the kinetic constants
generated for similar models confirms that batch experiments are an unreliable wey of generating
kinetic data as the rapid change in solution conditions does nat allow for a true response from the

organisms,

While a large number of rate equations have been presented for microbial ferrous iron oxidation
(Tables 3.8-9), the majority of resulls from studies in conlinuous cullure bave been fitted to
relatively simple unstructured kinetic models, The data scatter in each data set further discourages

attempts to fit more complicated models.

Analysis of the linear transforms of commaon simple rate equations shows similarities in the models’
responss to both the ferrous iron concentration and the ferric/fervous-iron ratio, This means that
the goodness of fit to a set of data obtained under a single set of experimental conditions does not

imply the appropriateness of the modsl, and cannot be used ta choose between models.

The effect of total iron concentration at low total iron concentrations an the slope of the transtorm
shown in Figure 3,84 implies that tha competilive inhibition model is mare appropriate than the
Monod equation. The linear transform aof the competilive inhibition modeal in Table 3.10 shows that
at low tatal jron concentrations, the system is controlled by substrate limitation and at high total
iron concentration, by ferric iron inhibition, This implies that at high total iron concentrations, the
competitive inhibition model may be approximated by Equation 3,16, The use of this approximation

is validated by the results shown in Figure 3.88,
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Chapter 4

Theoretical and Experimental Methodology

The reaction kinetigs of thermophilic ferrous iron oxidation was followed in continuous colture Bsing a
methodology developed for the analogous inveslizgalion of ferrows iron oxidation kinetics of the
mesophile, Acidithichaciths ferrooxidms (Boomn, 1996), and the apparatis used was designed for the
stidy of the kinetics of ancther dominant iron-oxidizing mesophile, Leprospirilfam ferrooxidans
{Breed ef ol 1999 Breed and Hanslord, 1999}, using the same methodology. The kinetics were
studied by on-line monitoring of off-gas oxyeen and carbon dioxide concentrations over a range of
dilution rates.

This chapter deseribes the experimental apparatus used and (he expenmental methods followed. It
also describes how the desired reaction rates were detennined from the measured off-gas
concentrations, incorporating the effects of competing reactions and mass transfer limitations. This is

followed by the procedure {ollowed fo £l rate cquations to the observed rates.

4.1 Reactor Configuration

Experiments were performed in three unifoom Applikon bioreactors {model 761 104CT04, Applikon
Nependable Lnstruments, Schiedam, The Netherlands). The reactor vessels were borosilicate glass,
waler-jacketed for temperature conirol, with a stainless steel head-plate. The reactors had a maximum

volume of 1.71. with an 11/DD ratic of approximalely 1.3, and were run with a working volume of 1L.
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Figore 4.1 Diagram of apparatms used for continuous iron oxidation experzments (after

Breed et ol , 1999,

The head-plate was 316 stainless steel and was Dited with a number of stainless stec] acccssornias: a
lip-sealed stirrer assembly, an L-shaped sparyer, a condenser, a ltiquid sample port, three baflles, a
liquid feed port, a liguid effluent port and several stoppered ports for introduction of redox and pti
probes, The head-plate, when fully accontersd, hermetically sealed the reactor, allowing the
teasurement of the oxygen and carbon dioxide concentrations 1o the gas phase i the head-space
above the reactor liquor,

Temperature in the reactor was maintained by circulating water throuygh the reactor’s water-jacket,
pumped from a Grant waterbath (Y6 VFP, Grant Instrumeats, Cambridge, UK). The temperature was
measured in the reactor, and the setpoint on the waterbath’s controller was adjusted accordingly.
Agitation and gas mixing was achicved by a Lightnin A315 impeller run at 400 rev.min” powered by
an Applikon P100 motor controdled by an Applikon 1012 speed controller. Mixing was assisted by 3
stainless steel haffles, 220mm long and 10mm wide attached o the head-plate arrangcd at 120° to one
another.

Compressed air was passed thromgh a gas-chiller and a series of filters to obtain bone-dry medical
quality air and fed into the reaclor at a constant rate via & Brooks 58505 mass flow control valve
{Brooks Instruments, Veenendal, The Netherlands), and sparged below the impeller, The air flow rate
varied with reaction conditions from 300 to 400 mL.min™ and was chosen to ensure a measurable
difference in gas phase concentrations as is cxplained [urther in Section 4.8, Air leaving the reactor
passed through a reflux condenser, which served the dual purposc of drying the gas before it enters the

gas analysis svstem, and avoiding evaporative water loss in the reactor. An allernative would be 1o
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feed saturated air to the reactor, but this affects the partial pressure of oxygen in the gas bubbles with a
significant impacl on the gas-hquid transfer rale.

The gas leaving the reaciors passed 10 a gas manifold fitted with three-way valyves which either vented
the gas stream or passed it through the gasanalysers. In the analvser system the off-gas was passed
through a cloth filter and a Hartmann and Braun {ABB Automation) CGEK sample gas conditlioner
betore enlering the analysers. Oxygen concentralion was measured by a Hartmann and Braun Magnos
6(i paramagnetic oxygen analyser and carbon dioxide using a lfartmann and Braun Uras 4 infrared
photomster.

The gas manifold consisted of 5 channels allowing the measurement of off-gas strcams from four
reactors and a reference stream, cycling each strcam sequentially through ihe analysers with a sample
period of six minutes. This produces a dala point consisting of oxygen and carbon dioxide
concentrations entering and leaving each reactor every hall an hour. The gas sampling system and the
data logging system hardware and software were designed in-house in the Diepartment of Chemical
Enginecring of the University of Cape Town,

The fresh feed medivm was dripped inlo the reactor via a peristaltic pump (Masterflex® 7521-57
L/S™ Variable-Speed Drive, Cole-lammer, Yemon Hills, USA}, fitted with a L/S™ 701 3-20 Standard
Pump Head and L/S™ 13 Norprene® food (ubing. Reactor iguor was removed through a vertical
tube placed at the liguid surface, connected to the same variable speed pump, the effluent strcam was
pumped through a L/S™ 7014-20 Standard Pump Head and L/S™ 14 Norprene® food tubing, which
ensured that for any pump speed, the eflluent pump had a grealer capacity than the feed pump, which

meant thal, barring blockages, the reactor volume would stay consiant.

4,2 Microbial Culture

Experimenis were performed using a mixed thermophilic archaeal cullure originally obtained from a
TBHP Rilliton reactor and whichwas then thought to be predominantly Swlfolobus merallicus, From
when it was oblained in 1998, it has been grown in a semi-conlinuous chalcopyrile stimed tank sl
reactor {3% w/v chalcopyrite concentrate in basal salt media media (MNorris & Clark, 15%6a). T =
T0°C, pH = 1.5, 20% of the reactor contents withdrawn and replaced daily, resulting in an overall
residence time of 5 days).

A sample was withdrmwn from the chalcopyrite stock culrure in 2001 and used to inoculate a
continucus ferrous iron oxidation sysiem, which ran for the duration of this work. The ferrous iron
culture was allowed time to adapl lo its new environment. Results reported in this thesis were

oblained between 2002 and 2005 when it was assumad that the culture would have had ample ume o

have selected 115 dominant iron oxidising speeies,
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Samples from both the continuous ron oxidation culture and the chaleopyrite stock culture were
analysed to determine what speeies were present, Cells were collected from the samples by
centrifigation at 13 000rpm for 10 minutes and re-suspended in 200 pl. 1 x PBS buffer {Phosphate
huffered solotion), DMNA was extracted vsing the High Pure PCR Template Prep Kit {Roche
Diagnostics GinbH, Mannheim, Germany) and Polvmerase Chain Reaction (PCR) analysis was
performed directly on the prepared DNA. PCR amplifications of the 165 rRNA gene were carried out
to generate a |.0kb band on electrophotesis usimg primers plini-F (5'-
CCGGATCCGTCGACGTGCCAGCXGCCGUGGTAA-S), which contains cloning sites BamH] and
SedT towards the 57 end, and primer pDD2 (57-
CAAAGCTTCTAGACGGXTACCTTGTTACGACTT-3"), which has JfindIT and Xbal cloning sites.
Approximately 100ng of chromosomal DNA was subject to amplification in a total volume of 50ul
contaming 20mM (NH LS80y, 75mM Tris-HCL (pH 8.8 at 25°C); 0.1% (viv) Tween 20; ImM MgCly,
2.5pM (each) deoxyribonucleotide (dATP, dCTF, dGTP, and dTTP), 0.25uM of cach primer; and 2U
Super-therm polymerase (Southern Cross Biotechnology, Cape Town, RSA). Denaturation was at
94°C for 60 s followed by 25 amplification cycles of 30 5 at 94°C, 3% s at 52°C, 90 5 a1 T2°C. An
additional 120 s at 72°C and a cooling step at 4°C for 60 s completed the reaction. Ecactions were
carried put in a PCR Sprint cvcler {ThermoHybaid, Middlesex, UK). PCR product resfriction enzyme
analysis was performed using FcoRV, Stul, RamHI, EcoRl, Psil, Sail and fvall in order to generate a
disciminatory banding pattern on gal electrophoresis. The results of the restriction digests indicate

that the cultyres contajn the following species

Table 4.1 The microbial specias identified in the cultures used in this work.

Chatcopyrite cufture " Iron culture
Metallosphaera sp. (most Fkely hukuneng;'.;} Meiallomphaera sp. (most likely hakonensiv)
Ferraplasae ap. Ferroplasma sp.

Suffobacilis sp. (most likely yellowstonensis)

‘The banding pattern from the Siud digest was inconclusive and a subclone of the PCR product was sent
for sequencing, The results of this indicated that the Aefaflosphoera species present was most like
Metallosphaera hakonensis rather than sedwla or prumea, Visuval inspeetion of samples from the iron
culture under 8 migrascope indicated that the majority of the cells were small round cells with only
accasional rod-shaped cells. From this it was concluded that the culture was predominantly
Metallosphaeri hakonensis and thal the resultant reaction kinetics were similarly dominated by and

representative of Metallosphaera hakonensis,
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4.3 Growth Medium

The required macronutrients were supplied in a basal salt medium modified from that of Clark &
Norris (1996a), adding iron as the growth substrate, and a reduced sulfur source.

Most experiments were run at a constant iron concentration of 0.210 M added as ferrous sulfate
heptahydrate (12g.L" Fe*"). Experiments testing the effect of the total iron concentration were run at
concentrations between 0.0525 and 0.210 M.

Potassium tetrathionate was added as archaeal thermophiles appear unable to assimilate sulfate to
provide sulfur for cell growth. (Norris & Barr, 1985) This inability was tested by removing the
reduced sulfur supplement from the feed. The response was an immediate cessation in CO, uptake
and a gradual decline in the overall rate of iron oxidation which corresponds to no growth and wash
out of the existing cell mass. Potassium tetrathionate was preferred to cysteine and glutathoine as it
contains no carbon and thus would not interfere with the CO, uptake measurements. Different
concentrations are suggested by the literature. Norris & Barr (1985) used 1mM tetrathionate, Norris et
al. (1986) replaced tetrathionate with the more economical sodium thiosulphate, using 0.2 g.L", which
is an equivalent amount of sulfur to 0.4 mM tetrathionate. Meruane et al. (2003) used 1.5 mM
tetrathionate. A range of tetrathionate concentrations were tested to find an appropriate concentration
that, while not growth-limiting, was also not high enough to promote significant growth of sulfur
oxidisers. Concentrations ranging from 0.1 to 0.9 g.L'' (0.3 — 3.0 mM) were found to have no effect
on either the O, or the CO, uptake rates indicating that within that range the supplement was neither
growth-limiting, nor acting as a second substrate. A concentration of 0.225 g.L"' (0.75 mM) was used

for the rest of the experiments.

Table 4.2 Growth medium (modified from Clark & Norris, 1996a).

Compound Concentiration
MgSO, 0.50 gL
NH,SO, 0.40 gL
K,HPO, 0.20gL"!

KCl 0.10g.L"
K58406 0.225g.L!
FeSO4 32.64 gL}
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4.4 Abiotic Iron Oxidation
The contribution of abiotic ferrous iron oxidation by molecular oxygen, discussed in Section 2.4.6,
was investigated by running a set of sterile batch tests under the appropriate conditions to determine
the rate of abiotic ferrous iron oxidation.
The rate equations published for abiotic systems were mostly second order with respect to [Fe®*]
deviating to first order at low iron concentrations (Verbaan & Crundwell, 1986); first order with
respect to [O;]; and varying with respect to [H'] depending on the pH of the system studied.
In the system of interest: acidophilic microbial ferrous iron oxidation at atmospheric pressure, where
the pH is maintained at 1.5, temperature is held constant, and the partial pressure of O, remains
between 20 and 21 kPa, the rate equation can be reduced to

~fege = Tegr = KIFE]? [4.1]
Batches were run in the stirred tank reactors described in Section 4.1 that were used in the microbial
experiments. Experiments were performed at temperatures between 30 and 60°C, with initial ferrous
iron concentrations between 0.53 and 0.21 mM. Batch experiments were chosen as the limited
duration did not allow sufficient time for microbial contamination. No further attempt were made to
ensure sterility, but the low reaction rates and visual inspection under the microscope showed no
significant microbial growth.
The results were used to deduct the contribution of the abiotic component of the observed overall rate

of iron oxidation to reveal the rate of microbial iron oxidation.

“TE* Microbial = T TFeé* Total T Fé* Abiotic [4.2]

4.5 Mass Transfer Limitation Considerations

As the solubility of oxygen and carbon dioxide decreases with increasing temperature, great care was
taken to ensure that the system was not limited by the gas-liquid transfer of reaction species. As
described in Section 2.4.4, the effect of the decreased solubility is offset by the concomitant increase
in the overall transfer coefficient.

In continuous operation, at steady state, the oxygen utilisation rate is equal to the rate of transfer of

oxygen into the liquid. The gas-liquid transfer rate is governed by
OUR = OTR = ki&[O]" -[Gy]) [4.3]

where QUR = oxygen utilisation rate
OTR = oxygen transfer rate
kia = gverall transfer coefficient
[C.J* = equilibrium oxygen concentration
[0;] = oxygen concentration in the bulk liquid
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In this relation, k;a is a fixed parameter determined by the impeller type, reactor geometry, impeller
speed and power, aeration rate and the solution conditions and the temperature. The equilibrium

oxygen concentration can be determined from the measured concentration in the exiting gas stream,

using Henry’s Law.

By = Hix [4.4]
where p; = the partial pressure of component i in the gas phase (atm)
H; = Henry’s Law constant (atm)
X = the mole fraction of component i in the liquid phase

Henry’s Law constants were calculated from a function of temperature correlated from an

amalgamation of sources (Archer, 1997).
H=a+bT+cT? +dT° [4.5]

Table 4.3 Correlation coefficients for Henry’s Law constants (atm x 10™) (after Archer, 1997).

Coefficient O, CO,

in Equation 4.5 (0-100°C) (0-80°C)
a 2.4788 0.0744

b 0.079 0.0024

c -1x10" 5x10°
d -2x10° -3x107

The oxygen transfer rate approaches its maximum as the oxygen concentration in the bulk liquid
approaches zero, implying gas-liquid mass transfer limitation when the bulk liquid concentration drops
below a lower threshold limit.

The use of a non-standard Lightnin impeller precluded the use of correlations to determine k; a, and
instead values were estimated from measured oxidation rates in the stock culture using the same
apparatus. The stock culture was maintained semi-continuously on chalcopyrite by daily kaddition of
fresh concentrate, this culture supported a cell concentration much larger than any found in the
continuous iron system, and hence with an oxygen and carbon dioxide demand commensurately
higher. Shortly after fresh concentrate was added, the O, utilisation rate rose to a maximum of
7mM.h" and then declined, this rate was higher than any measured in continuous iron oxidation
experiments and exhibited a discontinuity at the maximum that could indicate some form of limitation.
If it is assumed that this represents the limit of gas-liquid mass transfer, then this maximum rate can be
used to determine the value of kya. If this rate is lower than OTR™ then this will result in an
underestimate of kya. In the same system, the maximum CO, utilisation rate observed was 0.12 mM .k

! occurring at the same time as the maximum O, utilisation rate.
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Values of kpaco, can be estimated from kyag,, kyaco; = 0.98k ag, (Boon & Heijnen, 1998). These
values of kpa can be used to determine the liquid phase concentrations from each steady state
utilisation rate. Limiting liquid phase concentrations were discussed in Section 2.4.4. An OTR™ of
7mM.h"! with a gas phase concentration of 20.45% O,, assuming a limiting concentration of 1 mg.L"!
(de Kock et al., 2004) implies a ki ao, of 49.9 h'. This predicts a k;acoz of 48.9 h™', which implies a
limiting CO; concentration of 0.15 mg.L". Liquid phase concentrations of O, and CO,; above these

limiting concentrations, implies no gas-liguid mass transfer limitation.

4.6 Steady State Continuous Operation
The microbial kinetics were measured in continuous culture, at dilution rates between 0.015 and 0.09

h'. The dilution rate was monitored by measuring the change of weight of the feed bottle.

_ (mjq—my) [4.6]
(tivr -tV
where my = the mass of the feed bottle at time
p = the density of the feed = 1.034 g.L"!
A% = the working volume of the reactor =1L

Each data set was determined by setting the feed pump rate and waiting for a minimum of between 3
and 5 residence times for the system to reach steady state. System disturbances such as blockages in
the feed and/or outlet pump lines and deviations from the desired pH often delayed reaching steady
state. The system was assumed to be steady when the deviation from the mean measured rates of O,
and CO, utilisation was less than 5% for a further residence time.

Deviations from ideal steady state continuous operation could be introduced by growth of micro-
organisms attached to the reactor walls and internals (MacDonald & Clark, 1970). This was mediated
by cleaning the reactors daily. During cleaning, the reactor contents were decanted and suspended
precipitate was allowed to settle, the reactor walls were washed with dilute hydrochloric acid, and the
stainless steel reactor internals scrubbed clean. After thorough rinsing, the liquor was returned to the
reactor and continuous operation was resumed. Off-gas data gathered immediately after cleaning
indicated that the system returned to steady state within 1 -2 hours, this data was ignored when

determining the steady state reaction rates.

4.7 Iron Concentration

The total iron concentration was determined by titration with potassium dichromate, K,Cr,0, (Vogel,
1989) (method outlined in Appendix A1). Where viable, the ferrous iron concentration was
determined by titration with cerium (IV) sulfate, CeSO, (Vogel, 1989). This was not possible for low
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ferrous iron concentrations with high background ferric concentrations and the ferrous iron

concentration calculated from the ferric/ferrous-iron ratio and the total iron concentration.

F
[F&] = 91 [4.7]
1+ (Fe"]
[F&']
The ferric/ferrous-iron ratio was determined from the solution redox potential using a PtjAg/AgCl,
electrode (Mettler-Toledo combination redox electrode Pt4805-SC-DPAS-K85/225, Mettler-Toledo,
Leicester, UK). The ferric/ferrous-iron ratio can be related to the redox potential via the Nernst

equation, approximating activities as concentrations

— R'rm([ﬁ?*]}

2F IR {4.81
where E = solution redox potential (V)
Eo = standard potential of the reaction (V)
z = the number of electrons in the reaction
F = Faraday’s constant (C.mol™)

Probe- and temperature-specific parameters were determined by regression of the measured solution

potential and the ferrous and total iron concentrations measured by titration. Calibration constants can

be found in Appendix AZ2.

4.8 Off-gas Analysis
As described by Boon et al. (1995) and Boon et al. (1998), the rates of O, and CO, utilisation can be

determined from the concentrations and flowrates of the gas streams entering and leaving the reactor.

_ [ilin®w -lilour®our
= v [4.9]

Where -r;= the rate of utilisation of substance i (mM i.h™) ’

= the volumetric gas flowrate (L.h™)

= the working volume (liquid) of the reactor (L)

The flowrates entering and leaving can be linked by using the mole fraction of the inert N, as a tie

substance.
- . _Pour =Xgy0urXcaout |
0, = Vx224 x°2-*N( Txomoan ) X020UT [4.10]
and tog = —ooUT [y [ ReurXeaour) -
€3 = V22408 COMN TxgnXcam | <CQ.OUT _

Where -ro; = the rate of utilisation of O, (mM O,.h™)

fecos = the rate of utilisation of CO, (mM CO,.h™")
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®oyr = the volumetric flowrate of gas leaving the reactor (L.h™)
v = the working volume (liquid) of the reactor (L)

Xoam = mole fraction of O, in the gas stream entering the reactor
Xozour = mole fraction of O, in the gas stream leaving the reactor
Xcopw = mole fraction of CO, in the gas stream entering the reactor

Xoozour = mole fraction of CO, in the gas stream leaving the reactor

As the offgas measurement is dependent on the gas concentrations in the headspace of the reactor, the
measurement was disrupted every time the reactor was opened for sampling and/or cleaning. Opening
the reactor for sampling does not affect the system, only the measurement, and the data point obtained
immediately after sampling was ignored. Washing the reactor resulted in a greater disturbance of the
observed activity as the reactor contents spent some time without aeration, feed and heating, and the
data for several hours after washing was hence ignored. As the time spent recovering from
disturbances is proportionally larger at short residence times (high dilution rate), it can be seen that the

system is more difficult to maintain at steady state under these conditions.

4.9 Determining Reaction Rates

Using the unstructured approach outlined in Section 2.3, microbial growth by the oxidation of ferrous
iron can be modelled by an energy-producing reaction oxidising ferrous iron, and an energy-
consuming reaction producing biomass.

In microbial ferrous iron oxidation, ferrous iron is oxidized to ferric iron. Whilst the reaction may be
split into its constituent half-reactions, occurring on opposite sides of the cell membrane and the
electron may follow an indirect route through a cytochrome chain to its final acceptor, the overall
redox reaction follows the following reaction stoichiometry:

4F +4HT +O, —TICOPES ARt L 2H,0 [2.1]

and the energy produced is used autotrophically, assimilating CO, as the sole carbon source, and NH;"
as the nitrogen source, to form biomass, which can be approximated as the stoichiometric formula
CH; 50q sNp 2 (Roels, 1983).

CQ,H,ONH; —— CH, gOpaNo2 [2.6]
The coefficients of the macrochemical balance produced by combining these two reactions can be
determined by simultaneous solution of the element and charge balances (Boon, 1996). The
simultaneous solution may be simplified by adding the degree-of-reduction balance (Roels, 1983) to
the set. The degree-of-reduction (y) is defined as the number of electrons liberated in a redox half

reaction converting 1 C-mole for organic compounds, or 1 mole of the compound, to H+, CO,, H,O,
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N-source, SO,* or Fe** (which all have a degree-of-reduction defined as zero). The degree-of-

reduction balance is an alternative way of expressing that electrons are also conserved in the system.

i =0 [4.2]
Hence the balance becomes:

—Tegr =40, +42y [4.13]

In an autotrophic system, the only carbon source is atmospheric carbon dioxide, and thus, when cell
mass is described in terms of the amount of carbon present, the carbon dioxide utilisation rate can be
used to follow the growth kinetics.

rx =-Teg [4.14]
Combining Equations 4.13 and 4.14, the rate of iron utilisation can be determined from the measured

rates of consumption of O, and CO, from the analysis of the off-gas stream.
-rFé% = -—4I'0‘, —4.2'09 {4. 15]

Table 4.4 Element and charge balances for a microbial iron oxidation system.

Compound C H O N Fe* Fe?* charge Degree of
reduction

Fe™ ) - - [ 1 - 2+ 1

Fe* ) ) B - - 1 3+ 0

B ) ! - - - - 1+ 0

H,0 - 2 1 - - . ] 0

02 - - 2 - - - . 4

coz 1 - 2 - - - . 0

NH{ - 4 - 1 - . 1+ 0

CH;3005No2 1 1.8 0.5 0.2 - - . 42

Simultaneous solution of the balances in Table 4.4 yields the macrochemical balance in terms of the

biomass yield on substrate (Y)

CQ +02NH; + [l‘f‘*—'?'\-'é‘ljloz PR T [_1— - O.Z}H*' —> CH g0y sNog + ——F& + [L _ 0.6]H20[4. 16]
4Ysx Yox Yox Ysx A

The performance equation of a continuous stirred tank reactor can be manipulated to show that in the
absence of significant cell death, the dilution rate (D) is equal to the specific growth rate (). This can
be combined with Equation 4.14 to provide a non-invasive on-line measurement of the cell

concentration (c,), in terms of moles of carbon fixed.

~Tcg
c:: [ P— 4_ 17
D [4.17]
where ¢, = the steady state cell concentration (molC.Lh
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D = the dilution rate (h"")
This can be used to determine the cell specific substrate utilisation rate (qre+)
~f
Feé*
. = 4.18
Ire =7, (4.18]
where Qre+ = the specific iron utilisation rate (molFe**.molC".h)

The specific iron utilisation rate is used as the primary indicator of microbial activity and the variable

of interest in the rate equations tested.

4.10 Theoretical Yield

For thermophilic ferrous iron oxidation, the macrochemical balance

CQ+02NH; + {1—'53131}02 R 4 [—1- - 0.2}4** —CH g0ysNgz +——F& + [—1— - O.G}HZOM. 19]
4¥sx Ysx Ysx Yex 2¥sx

i 01
AGR = ﬁoai AGD = [’?S—] = 3500 [4.20]
i= X

Where AGy = Gibbs free energy of reaction
AG{ = Gibbs free energy of formation of component / under standard conditions
& = the stoichiometric coefficient of component § in the macrochemical balance -

This method predicts a theoretical maximum yield of 0.011 molC.(molFe**y’. (Calculation can be

found in Appendix D)

4.11 Determining Rate Equation Constants

Rate equations were written in terms of a predicted specific iron utilisation rate, and the predicted
specific rates were compared to the measured rates. The kinetic constants were determined by

minimising the sum of the squared error between the experimental and the predicted value.
SSE=X(Y - Yreg)® [421]

where vy = the measured value
Vreg = the value of y determined from the non-linear regression

Confidence in the fit was expressed in terms of R%:

R2 - Z(y - Yreg )2
Z(y - Ymean)2 {422}
whete  Vimesn = the mean value of y in the measured data set.
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Chapter 5

Results and Discussion - Abiotic Ferrous Iron Oxidation

In abiotic systems, specifically solutions containing iron but no active, iron-oxidising
microorganisms, ferrous iron is oxidized chemically by molecular oxygen. In microbial systems, this
abiotic oxidation continues as a parallel reaction. The focus of this study is microbial oxidation and
thus it becomes necessary to quantify the contribution made by the abiotic reaction to the overall
oxidation rate. In bioleaching systems, the abiotic rate is greatly retarded by the low pH and the
consequent low oxygen solubility, and hence neglected in mesophilic systems. Increasing the
temperature to the thermophilic range studied in this microbial oxidation investigation will
produce a corresponding increase in the competing abiotic rate. Batch experiments were
performed to determine whether abiotic oxidation was significant in a bioleaching system over the

temperature range of 60 - 80 °C.

5.1 Rate Equations for Abiotic Iron Oxidation

Abiotic iron oxidation has been identified as a significant reaction in the study of acid mine
drainage, pressure leaching and geochemistry (Kirby et al., 1999; Chmielewski & Charewicz, 1984;
Verbaan & Crundwell, 1986), and rate equations have been proposed that describe the rate of

reaction in these systems.

A number of these rate equations relate the rate of oxidation to the concentration of the reactants

in the oxidation reaction.

4Fe?* +4H" +0, — 4Fe* +2H,0 [2.1]
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Table 5.1 Published rate equations for abiotic iron oxidation.

Authors ~ Rate equation System investigated
2+ 72 -9
Keenan 1970 r, = kwexp( RT ) Uranium Leaching
Fe [H+]0.33
Verbaan & [Fe” J[0,] (%) i
crundwell 1986 to = kw Pressure leaching
Chmielewski & =569 .
Charewicz 1984 r. = KFe"JPp, exp ( KT ) Pressure leaching
Fe* ][O
Kirby et al 1999 T = k[e[—H}%E—z—]- Acid mine drainage

The equations were mostly second order with respect to [Fe®]; first order with respect to [0,]; and

varying with respect to [H'] depending on the pH of the system studied.

The difference in reaction conditions between these systems and those found in bioleaching systems
hinders the direct use of these rate equations and rate constants. In pressure leach systems the
reaction is subjected to extreme temperatures and pressures (T = 40-135°C, P,, = 200-1000kPa,
Chmielewski & Charewicz, 1984; T = 25-85°C, P, = 1-4.5 bar, Verbaan & Crundwell, 1986). Acid mine
drainage systems are often less acidic than bioleach systems and with much lower iron
concentrations (pH =2 - 6.5, Johnson, 2005). This may cause a change in the dominant iron species

present, and a change in reaction mechanism.

If these rate equations can be applied to the system of interest: acidophilic microbial ferrous iron
oxidation at atmospheric pressure, where the pH is maintained at 1.5, temperature is held constant,
and the partial pressure of 0, remains between 20 and 21 kPa, assuming that the rate is second order

with respect to the ferrous iron concentration, then the rate equation can be reduced to

Fe*

~r.. = r, = k[Fe"] (5.1]

Values predicted for the rate constant in Equation 5.1 under the required conditions, using the
constants associated with the rate equations presented in Table 5.1 vary by an order of magnitude,
from 2.43 x 10° (Keenan, 1970) to 1.36 x 10™ mM™.h*(Chmielewski & Charewicz, 1984). This variance
means that these kinetic constants cannot be used to predict abiotic oxidation under bioleaching
conditions with any confidence and that the required constants would have to be determined

experimentally,
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5.2  Abiotic Ferrous Iron Oxidation Kinetics under Bioleaching Conditions

Batch experiments were performed using the same apparatus and liquid media as the microbial
oxidation investigation described in Chapter 6. Batches were run at constant temperatures ranging
from 30 to 80°C, and with initial ferrous iron and total iron concentrations from 0.11 to 0.21mM (6-
12g.L""). The kinetics were followed by monitoring the change in iron concentration with time.
Kinetic constants were determined by minimising the sum-of-squared-errors of actual and predicted
concentrations in each run. This was found to be a more effective regression technique than
attempting to compare actual and predicted rates directly as it avoided the problem of accurately

determining the measured rate from discrete data points.

250 250
200 200 +
s 3
E £:150 s
§ £
&, 100 B
B 100+
2
ﬂ) L
gt
0 l
0 2 40 0 80 100 o L x , .
Time (h) 0 50 100 150 200 250
o 80°C @ 70°C o 60°C & 30°C Messured [Fe™ (mM)

Figure 5.1  Prediction of [Fe**] by Equation 5.1 in abiotic batch experiments run at {Fe}y =
12g. L}, pH = 1.5 and temperatures varying from 30 to 80°C, using constants determined for each
run, and a parity chart for all batches run.

Table 5.2 Rate constants for Equation 5.1 determined by regression of the concentration-time

prc;ﬁles.

Run Tem;zvgature [Fmﬁu A ml\;(g_h" R?
1 70 210 8.42x10° 0.99
2 70 210 8.00x10° 0.98
3 70 91 8.00 x10” 0.98
4 70 91 8.29 x10° 0.99
6 70 102 8.00 x10° 0.93
7 80 214 1.53 x10™ 0.97
8 30 209 3.92x10° 0.99
9 60 208 4,08 x10°° 0.97
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Run Tern]')%rature [Fe;:;}\?im ka-(l..h-l R
10 60 210 3.30 x10° 0.99
11 70 208 5.67 x10° 0.98
13 60 207 4.01 x10° 0.88
14 70 207 8.00 x10°° 0.97
15 80 211 2.00 x10™ 0.97

The results show good agreement between the model and the observed iron concentrations, with
consistent rate constants determined for each operating temperature examined. Differences between
the observed and predicted concentrations were more pronounced in runs that experienced greater iron
precipitation. The parity chart indicates that over all conditions tested, the rate equation predicts the
measured iron concentration within 5%. Differences in the total iron concentration had no effect on
the rate constants produced. Experiments run with an initial ferrous iron concentration of 100mM
oxidised iron at the same rate as experiments started at 210 mM Fe®*, at corresponding residual iron

concentrations. Further experiments started at 50 mM Fe** showed no discernable oxidation at all.

The results do provide an acceptable fit to second-order reaction kinetics, and this is in agreement with
the literature surveyed. These results do not in themselves prove that the reaction is second-order with
respect to [Fe?'] — there being an insignificant difference between first-, second- and third-order fits to
the data over the range of concentrations measured. Pressure leaching systems, run at much higher
temperatures and elevated oxygen partial pressures, produced much faster reactions and achieved
greater variation in initial and final iron concentrations allowing for a better understanding of reaction
order. Results in pressure leach systems indicate that the reaction is second-order, deviating to first
order at low iron concentrations (Verbaan & Crundwell, 1986), in bioleach systems, the rate at low

iron concentrations is negligible and the rate can be modelled in terms of a second order rate equation.

5.1.1 The Effect of Temperature

Increasing temperature produced faster reactions and consequently larger rate constants. The effect of

temperature was modelled by fitting the determined k values to an Arrhenius function. This allows the

rate equation to be expanded to

~Tegr = Tegr = ko[Fez*']zexp(_%) [5.2]

This allows all data collected to be predicted using a single set of kinetic constants,
k, = 7.58 x10° mM."'h, E, = 65.5 kJ.mol"'. The calculated and reviewed activation energies show

similarity lending confidence to the results obtained.
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This allows all data collected to be predicted using a single set of kinetic constants,
k, = 758 x10° mi,’h, E, = 65.5 kl.mol”. The calcelated and reviewed activation energies show

similarity lending confidence to the results obtained.
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Fipure 5.2 Arrherius fit for k values delermined for runs run between 30 - 80°C, and a parity
chart for the prediction of concentration data with Equation 5.2,

Figure 5.2 shows that the Arrhenius function adequately describes the effect of temperature on the
rate constant, k, and the parity chart shows that the use of a common rate constant does not

adversely affect the overall fit.
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Figure 5.3  Prediction of [Fe™] by Equation 4.2 in abiotic batch experiments run at [Fe], =
12g.L", pH = 1.5 and lemperatures varying from 30 to 80 °C, using constants corrected for
temperature,
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Table 5.3 Comparison of calculated and published rate constants, converted to common units and
conditions of T= 70°C, pll = 1.5,[0,] = 1.68 x10™' M,

Ahk ka?.h ! kF.mal!
Equation 5.2 . 7.58 X107 65.5
Huffman & Davidson' 1956 not cale 67.9
Keenan 1470 4,9 10" 94.1
Mathews & Robins’ 1972 net calc 73.7
Iwai et al” 1982 net cale 516
Chmielewski & Charewicz” 1984 3.21 x10" 55.0
Verbaan & Crundwel| 1986 4% 10" o856

" cited i ¥erbaan & Crundwell (193]
Tre-caloulated from Chutielewski & Charewice [1984) Table 2

230 .

& 700 hatch data

@ 0'C hateh data
repeat
Equation 5.7

*a —— — Chmlelewski &
) o2 a Charewicz, 1984
e Verbaan &
T Rl Crundwell, 1926
T Keenan, 1970

[Fe™ | (mba)

il pli] 44 Bl il L
Time [h}

Figure54 A comparison of the predictions of varous published rate equations with
currently determinad parameters.

Attempts to fit measurcd data using published kinctic rate cquations indicate that systems
developed for pressure leaching over-predict the rate of abiotic iron oxidation in atmeospheric
systems. The rosults imply that the best results will be obtained by using the kinetic rate equation
developed here for further iron exidation experiments using thermophilic microorganisms, where
the microbial oxidation rate can be deduced by subtracting the predicted abiotic rate trom the

measured overall rate,

—I. 9y = -T 2+| _[ko[F921 Iz EKP(_E%}] [5.3]

ta i ke Tutal
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5.3 Conclusions

The rate of abiotic ferrous iron oxidation was determined under the conditions found in
thermaphilic biclcaching systems. Rate equations developed for abiotic iron oxidation in pressure
leach systems, end acid mine drainage systems were applicable to bioleach conditions, but the

associated kinetic constants could not provide zccurate predictions of the observed concentrations.

sretile batch cxperimenes were performed in the same apparatus as the micrabial investigation,
using the sarme basal salt media. The rate was found to be sccond arder with respect v the ferrous

iron concentration, and ingreases exponcntially with an increase in tempersture.

Thus, while the abiotic cxidation rate is negligible in mesophilic iron oxidation systems, at the
elevated temperatures found in thermophilic iron oxidation systems, abiotic iron oxidation has a
significant effect at high ferrous iron concentrations, and needs to be azccounced for when
investigating microbial iron oxidation under these conditions. Eguation 5.3 provides an adeguate
description of the contribulion of abiotic ferrous iron oxidation to the overall rate of oxidation

measurad in the micrabial system investigated in Chapter &,
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Chapter 6

Results and Discussion - Thermophilic Microbial

Ferrous Iron Oxidation Kinetics

The review of the relevant literature in Chapter 2 showed that thermophilic microbial ferrous iron
oxidation is an integral process in high temperature bicleaching, and also showed a lack of
published data concerning thermophilic microbial growth and iron oxidation kinetics. This
investigation was performed to provide this data and to propose rate equations to describe the
system, as it would be of interest in the further development of a comprehensive model for

thermophilic bioleaching.

This chapter reports the findings of an mvestigation of the kinetics of ferrous iron oxidation by a
thermophilic archaeal culture, predommantly Metallosphaera kaxorensis. The investigalion was run
i continuous culture, at a pH of 15, and an influent iron concentration of 210mM (12 gFe® 1"}, fed
as ferrous sulfate. Teraperature was varied between 60 and 80°C. The resulls of the investigation
were used to determine kinetic constants for an appropriate rate equation describing the specific
rate of tron utilisation as a function of the iron concentrations present and an appropriate

expression describing the cell yvield,

The measured steady state dala as a function of the dilution rate is presented first, followed by
variables such as cell concentration and specific growth and substrate utilisation rates that can be
calculated from the measured data. These variables will be analysed Lo determine rate-controlling
parameters, and this analysis will be used to propose appropriale rate equations and yield

parameters to model the system.
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6.1 Steady State Data

Lxperiments were run in three identical reactors, each run under conditions of constant
temperature, influent iton concentration and pll. Lxpcriments were run in two sats, Run 1 was
performed in 2002, and the reactors were operated at 65, 70 and 75°C. Run 2 was performed in 2004
and the reactors were operated at 60, 70 and 80°C, extending the lemperature range investiguted
and testing the reproducibility of the 70°C results. The dilution rate was varied stepwise through
cach experiment allowing the system to reach steady state at cach step. Details of the experimental
methodology can be found in Chapter 4. The stecady state rates of oxygen and carbon dioxide
utilisalion; the lotal iron and Ferrous iron concentralions and the solution redox potential are
presented in Figures 6.2-6.4 as a functien of the dilution rate for each experiment run frem 60 to

§0°C. & summary of all stcady state data can also be found in Appendix B.

6.1.1 Oxygen and Carbon Dioxide Utilisation Rates

As described in Section 4.8, the rates of oxygen and carbon dioxide utilisation rales were calculated
from the difterence of concentration between the influent and eftluent gas streams and were used

to follow the growth and substrate utilisation reaction kinatics.
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Figure 6,1  The change in measured oxygen and carbon dioxide utilisation rate data
determined for continuous iren exidation as the residence time was changed from 75 to 20
hours. T=65°C, pll=1.5, [Fe], = 214 mM, Run 1 (2002).

Figure 6.1 shows an example of the measured steady state data captured. At time =0, the system s al
steady state for o dilution rate of 0.04 b At t=20h, the dilution rate was changed to 0.05h, the
oxygen and carbon dioxide utilisation rates then stuoothly increased to their new steady state rutes.
As described in Section 4.6, the system was then left at the new dilution rate for 3 -5 residence times

before the new steady state was measured. The intermoediate daty was then discarded. Standard
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deviations for all data sets for the rate of oxygen utilisation ranged from 0.7 to 2.9 % and for carbon
dioxide, from 0.8 to 4.7 %. Steady state oxygen and carbon dioxide utilisation rates were determined

for each dilution rate from 0.02 h ' to washout.
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Figure 6.2  Oxygen and carbon dicxide utilisation rates determined for continuous iron

oxidation at T = &0 - 80°C, pH = 1.5, [Fel; = 214 mM. [continued dverleaf)
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Figure 6.2  {continued) Oxygen and carbon diexide utilisation rates determined for
continaous iron axidation at T = 60 - 80°C, pH = 1.5, [Fe]; = 214 mM.

The rates of oxyeen and carbon diexide utilisation show very similar trends over the range of
dilution rates used. The change in rate with changing dilution rate displays the same pattern for all
mcasured temperatures between 60 and 50°C, the rates are low at low dilution rate, increasing to an
intermediate maximum and then decreasing as the system appreoaches washout, The low rates at
low dilution rake are expected, as the substrale concentratlon ls low under these conditions. The
increase of rate with increasing dilution rate corresponds to the increased availability of substrate.
These characteristics can be described by simple Monod kinetics, The decrease of the gas utilisation
rates at high dilution rate implies a decrease in the sleady state cell cancentration. This may be
explained in terms of a bioenergetic change, either an increased maintenance energy reguirement,
or an increased rate of cell death or a change in the efficiency of energy assimilation, or a

combination of effects.

The maximum rates of oxygen and carbon diexide observed, increased with increasing temperature,
indicating that the temperature range investigated was within the normal operating range of the
micro-organism studied, and that the predominant effect of temperature was an increase of the
intermediate reaction steps rather than an increase in thermal deactivation. The effect of

temperature is illustrated further in Figure 6.3,
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Figure 6.3  Oxygen and carbon dipxide utilisation tates as a funetion of temperature,
deterinined for continuous iron oxidation at T=680- 80°C, pH = 1.5, [Fel, = 214 mM.

The rate of oxygen utilisation at low dilution rate is constant as a function of temperature. The
rates pass through a maximum and then decline towards washout. The maximum rate observed
increases with increasing temperature and also is observed at higher dilution rates at higher

temperature,

The rate of carbon dioxide uptake at low dilution rate decreases with increasing temperature, and
thereafter follows a similar trend to the oxygen utilisation rate. This can be attributed to an
increase in the proportion of the energy generated by iron oxidation being diverted from cell

growth to cell maintenance with increased temperature.

6.1.2  lron Concentrations

The reactors were run with a continuous feed containing 214 mM of Ferrous iron fed as ferrous
sulfate, The steady state iron concentrations were determined by titration versus cerium sulfate for
ferrous iron and potassium dichromate for total iron concentrations. The solution redox potential
was measired in situ with a combination PtlAg/AgC)2 electrode. The ferrous iron concentrations at
low dilution rates proved to be close to the detection limit of the titrametric technique, and further
analysis of the kinetic data was performed using the ferrous iron concentrations and the
ferric/ferrous-iron ratios calculated from the redox potential using probe- and temperature-

dependent calibration parameters as described in Appendix A2,
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Flgure 6.4 [A) Ferrous and total iron concentrations measured by tilralion at each sleady
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T =60 - 80°C, pH = 1.5, [Fe]- = 210 mM.
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Figure 6.4  (continued) (A) Ferrous and total iron concentrations measured by titration at
each steady state and (B) the redox potential measured by a combination Pt|Ag/AgCl2 electrode
and the ferrous iren concentration calculated from the redox petential for continuous iron
oxidation at T = 60- 80°C, pH = 1.5, [Fe); = 210 mM,
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The steady state Lotal iren concentration was measured to vary belween 15¢ and 210mM,  The
difference leaves the reactor as a sclid precipitate, either ferric hydroxide cr various furms of
jarvsite. his precipitation is impossible to avoid when operating at elevaled temperabures and high
iren concendralions. The precipilate leaves the reactor either in suspension in the liquid effluent, or
is remaved when the reactor is cleanad. As the precipitates contain predeminantly ferric iran rather
than ferrous iren, all iron lost in the precipitate was assumed to have been exidised before it
precipitated. Precipitation was more prevalent at long residence times and at higher temperalures.
The precipitation reaction is a strong functicn of pH and has a buffering effect on the solution pH.
In this study the pIl was externally controlled and kept constant, and the precipitate was removed

regularly and was assumed Lo have no further impact on the reaction kinetics studisd,

The ferrous iron coneentralion at all lemperatures was low at long residence times and increased as
dilution rate increased. This is in agreement with Monod continuous culture theory, The increase
in concentration was matched by a correspending drop in schition redox potential. The low but
nen-zere concentration at long residence times implies that in continueus culture, a minimum
concentration of substrate is required for sustained growth. The lowest measured concentration
increased with increasing temperature (1.4 - 3.6mM, for T = 60 - 80°C) which correlates with the
expected increased maintenance energy requiremert, This effect was alse observed in experiments
with Leprospirillum cullures (0.08 - 0.15mM, for T = 30 - 40°C, Breed et al. {1992)), but the absolute
values chserved are closer to those [rom experiments with Acidithicbaellus ferrooxidans (1.76mM at T
=30°C, Beon et al, {1599)).

The dala sels presented thus far represent all measured sleady states, many of which were obtained
under identical conditions, hese may be averaged without intreducing significant additicnal errar.
Further results will be presenled in terms of these average values, however all calculations will still

be performed on the full daa set.
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6.1 Processed Data

6.1.1

Two idemical experiments were perlormed a1 70°C, the first in 2002, and the second in 2004, These

twi data sets were compared.

Reproducibility of 70°C Data
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Figure 6.5 A comparison of data obtained under the sane condittons in two experimental runs,

Run |, 2002 (zreen), and Run 2, 2004 (red). T ="70°C, pH = 1.3, [Fely =210 mM.

[t can be seen thal the same resulls were obtained in the two experiments. This implies that the

experimental methodology followed is sound and the results are reproducible. 1t also confirms that the

microbial culture ysed did not vary during the investigation. The two data sets can thus be evalualed

as a single data set.
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6.1.2  Validation of Off-gas Data

The rate of ferrons iran oxidation was calculated from the rafes of oxygen and carbon dioxide, using

the relation determined from the degree-of-reduction balance derived in Section 4.9,

"I'Fg-r = —4I‘c&—4.2"¢q [4.15]

The denivation of Equation 6.5 was shown in Chapter 4. This was cheeked against a rate calenlated

from the ren mass balance over the reactor,

—regr = D{IF I —(FH oyt ) [6.1]

The microbial companent of both of these rates was determined by removing the abiotic component

determined in Chapter 5. As (he same value is deducted rom both rates, this does not affect the parity

chart at all.
g = =T - 758 107F [2a T [5.3]
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Figure 6.6  The rates of microbial ferrous iron oxidation determined by analysis of pas phase
concemrations and the degree-of-reduction balance tor T — A0-BOYC, and a parity plaot eomparing
these rates to rates determined from the iron mass balance. |Fer — 214 mM, pH =15, T = 6l-
BO“C,

The trend of the fermous iron oxidation rate with respect to emperafure mirrors that of the oxvgen
utilization rate, with simjlar rates at low dilution rate, tising to 2 temperature specific maximum and

declining towards washowt,
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that the underlying macroscopic chemnical reaction scheme is valid for a thermephilic iron oxidation

system,

£.2.3 Cell Concentration

As described in Section 4.9, the cell congentration, in terms of meles of carbon fixed, was
determined from the rate of CO, uptake, assuming that all CO, assimilated is incorporated into viable
biomass and that the rate of death is negligible. 1f the rate of death is negligible then the steady
state specific growth rate in contiruous culture is equal to the dilution rate (from the performance
cquation of a CSTR), and hence the cell concentration can be determined from the rate of carbon
uptake.

Ty _rl':r}."
g, = oA e iT [4.17]
* M n

This method of measuring cell congentration was chosen as it is an indirect method, allowing
continuous menitoring without affecting the steady state nperation of the reactor, QOther comimon
technigues for the quantification of biomass were hampered by the reaction conditions, Direct cell
counts, dry weight and turbidity measurements were complicated by the presence of precipitates,
while protein assays were difficult at low pH and rendered varying results (Moon, 1995}, The
amount of biomass carbon present determnined by carbon disxide uptake was found to compare well

with a total organic carbon assay (Boon, 1996).

One limitation of the method is that it does not differentiate hetween carbon assimilated to produce
active bicmass and carbon assifnilated to form any other carbon containing compound. As these
miicro-organisms are known to produce an extracellular polymeric substance (FPS) layer (Harniel et
al, 2006), this limitation may be significant. Hewever the functicn of this layer is linked to the
attachment to mineral surfaces and much less is produced by iron-grown cells (Gehrke er al., 1998).
The elemental analysis of the composition of bioleaching micro organisms reviewed in Table 3.2
would have included this laver, and the results did not show any deviation from a general formula
proposed for all biomass (Roels, 1983}, As long as the preportion of EPS per cell remains constant

thern it should not affect the analysis of data further.

The influence of growth of cells attached to surfaces in the reactor was minimised by regular
scrubbing of the reactor walls and internals and remaval of jarcsite precipitates. This ensured that

the residence Hme of the biomass was the same as the hydraulic residence time.
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The lower cell concenlration at low dilution rate, i.e. specific growth rate, can be atlributed to an

increased proportion of energy assimilated being required for cell maintenance under substrate-
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conditions, This effect is enhanced by increasing temperature as the cell concentration is highest at
the lowest measurcd temperature and decrcases with imcreasing temperature as the maintenance
requirement increases. At intermediate dilution rates, all systems show similar cell concentrations,
irnplving that the prowth yield is not a strong function of temperature. At high dilution rates, the
opposite trond was observed with respect to temperature with the highest cell concentrations observed

at 8 7, This will be discussed further m Section 6.3.3.

Washout was observed at dilution rates from 0.075 1o 0010 b, with the washout dilufion rate
mereasing with increasing temperature. This is expeeted, as washout oceurs when the dilution rate
excesds the maximum specific rate at which the cell mass can replace itself, this maximum rate, ...
is expecied 0 inercase with temperatore, A gradval drop in cell concentration was observed fram
dilution rates of approximately 0.06h7 to the washout dilution rate. This gradual or incomplete
washout implies that the vield changes with dilution rate, either by a change in the maintenance
requirement or a change in the officiency of encray assimilation. Yield and cell maintenance will be
discussed further in Section 6.5, The gradual washout could alze be an artefact caused by a small
ameunt of wall growth that may become more significant under conditions of rapid cell growth and
less frequent washing relative to the residence time (The reactors were washed daily — this

corresponds to twige a residence time at 50 hours, but only once every two residence times at 14

houres),
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6.1.1 Specific Growth Rates

The specific growth rate was determined from the dilution rate and swudied as a function of the

ferric/Terrous-iron ratio and the concentration of fermous tron.
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Figure 6.8  Specific growth rate studied as a function of (A) the fermic/ferrous-iron ratio and (B)
the fegrous ron concentration. [Tely =214 mM, pH = 1.5, T = 60-80°C,

The results at all temperatores show low specific arowth rates under substrate-poor conditions,
increasing to a maximum as the amount of substrate available increases, as would be expected for
simple subsirate-limiled growth. The maximum observed specific growth rate increased with
increasing temperature.  Results above 70°C were more adversely affected by low substrate
availahility or a high ferrice/Terrous-iron ratio, than experiments run sl lower temperature. This can be
attributed to an increased maintenance energy requirement wnder the combined stresses of high

temperature and scarce substrate.

6.1.2  Specific Iron Utilisation Rates

The specific rafes of iron oxidation were determined from

Fisom
qug* . E:i [4.18]

and plolted as a function of the ferric/ferrous-iron ratio. The results show a reverse sigmoidal curve,
characteristic of Michaelis-Menten kinctics. with a steady increase in the maximum rate with

increasing temperature. The rates drop from the maximum at ferrie/Terrons-iren ratios of

o
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appreximately 100, implying a greater similarity to Acidithiobacillus ferrooxidans ([Fe’'|/[Fe’| = 50;
Bean et al, 1929) than to Leptospiritfum ([Fo'']/[Fe®] = 1000; Breed et al,, 1999). In a bioleach system,
this would be manifested by a lower operating range of the solution redox potential, a feature that
may in some part cxplain the thermophiles' success in chalcopyrite bicleaching systems, This
hypothesis was discussed by Hansford et al. (1999} and is based on the cycling of iron by various
reactions of the multiple sub-process mechanism, where the operating redox potential is
determined by the combination of forrous iron consumption by microbial oxidation and ferrous iron
production by [erric iron attack. Ferric leaching of pyrite is favoured at high potential, and so
micro-organisms like Leptospirilum ferrooxidans that generate high redox potentials are favoured.
Re-analysis of the ferric leaching data published by Kametani & Aok (1985) showed that the rate of
ferric leaching of chalcopyrite decreased at high potential (Hansford et al,, 1999) and that therc was
a narrow redox range available for effective leaching., This narrow range corresponds to the
potential or ferric/ferrous-iron ratio where the thermophiles change activity, indicating their

capacity te control leaching within the aclive potential range.
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Figure 6.9  Specific microbial iron oxidarvion rates as a function of the ferric/ferrous-iron ratio
in continuous culture, [Felr =214 md, pH L5, T e0-80°C
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Figures.5  {continued} Specific microbial fron oxidation rales as a function of the
ferric/ferrous-iron ratio in continuous culture, [Fe], =214 mM. pH =1 5. T = 60-80°C.

The rates showed & marked increase with increasing temperature, similar to that observed in the
specific growth rates in Section 6.2.4. Several of the data sets show a decrease in specific rate at low
ferric/ferrous-iron ratios, corresponding to experiments run at high dilution rates. This may be an
artefact of the experimental set-up caused by incomplete mixing or bypassing at high feed rates. (f
a portion of the feed bypasses the reactor then it could affect the results in two ways, firstly by
increasing the effluent ferrous iron concentration, and secondly by interfering with the calculation
of the dilution rate. If the actual dilution rate is lower than that caleulated from the feed rate, then
this will ever-predict the cell concentration and consequently under-predict the specific iran
utilisation rate. An actual decrease in the specific utilisation rate under these conditions could also
be caused by substrate inhibition, ndicating that the culture is inhibited by ferrous iron
concentrations above 100mM Fe®. Insufficient data was captured at these iron concentrations to

test this hypothesis, but batch experiments run with initial concentrations of 214mM Fe” did not

Lan
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exhibit an extended lag phase, as would be expected if the cullure was substrate inhibited under

these conditions,
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Figure 6,10 Recipracal plols for the specific iran urllisation rate studied as a function of 14) the
ferric/ferrous-won ratio and (B) the ferraus iran concenlralion. [Fel, = 214 mM, pH = 1.5, T = #0-
aec,

Reciprocal plols of the specific iren wutilisztion data show deviations fram linearity at both high and
low residual ferrous iron concentrations. The deviaticn at high ferrouws iron concentration is
characteristic of substrate inhibilion, as discussed before, and Lhe devialion al lew iron
concentrations is characleristic ol a Lhreshold substrale concentratior, Le, 2 limiting ferrous iron
concentration below which no further sxidation occurs, Reciprocal plots of the specific growth rate
shaws a similar deviation at low iron concentrations confirmityg that it 1s a threshold elfect separate
from the diversion of erlergy [or cell mainlenance. Similar Lhresheld effects were found in
mesophilic systems and incorporated into the relevant rate equations (Braddock et al., 1984; Baon,

1936,

6.3 Modelling Thermophilic Microbial Ferrous lron Oxidation
6.3.1 Specific Iron Utilisation Rates

It was eslablished in Chapler 3 that mesophilic microbial ferrous iron oxidation kinetics were most
readily described by a simple rate equalion describing the specific subsirate utilisation rate and an
expression of Lhe cell yield. The most appropriate rate equation was found to be Equaticn 2.14,

which related the rale to & Michaglis-Menten expression governed by the ferric/ferrous-iron ratio,
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[2.14]

The predominantly linear behaviour of the reciprocal plats in Figure 6,10 indicated that the simple

rate equations used in the mesophilic microbial iron oxidation would still be applicable for

thermophiles. The application of Equation 2.14 to the thermophilic regime was tested by fitting the

specific rates determined in Section 6.2.5, generating a set of temperature-specific kinetic constants,
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Figure 6.11  Specific microbial iron axidation rates as a function of the ferric/ferrous-iron ratic

in continuous culture, [Fe], =214 M, pH = 1.5, T = &0-80°C. Lines represent fits to Equaticn 2,14

using the kinetic constants in Table 6.1.

Table 6.1 Kinetic constants for Equation 2.14 fitting specific iron utilisation data for [Fe], = 214 mM,

pH =15, T = 60-80°C.

Temperature . Kp, e
{0 {melFe (molCh ) (-)
60 6.43 0.0090 0.89
(4 B2 L0158 .89
70 11.11 n.0z01 .56
75 14,27 00254 .87
1679 n.0391 .64

&0

The maximum specific iran utilisation rates predicted increased with temperature. The values

produced were slightly higher than these predicted for mesophilic bacteria, Breed et al {(1999)

found g, values fram 8.65 to 13.65 melre” (molCh}' for oxidation between 30 and 40°C for

Leptospiriium. The ¢, values were compared to other published thermophilic kinetic constant {see
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able 2,6) and at 70 °C, the g, of 11.11 molFe*{imuolC.h) ' is very similar to that published for

Metallosphacra sedula of 11.9 and Sulfolobus metaflicus BC of 9.9 molFe* {melCh) ' {Norris, 1992).

Ihe similarity between the microbial iron oxidation rates in mesophilic and thermaphilic systems
shows that the advantage that thermophiles enjoy in bicleaching is not due to vastly higher iron
oxidalion rates, but is rather mere attributable to the improvement of the chemical leaching
reaceicns and the remeval of diffusional limitations. This in turn implies that the quest for a
“superbug”, a species that oxidises iron faster, is unlikely to provide significant improvement to

bicleaching.

Values for K., {comparable to K/K) between 0.009 and 00391 show no similarity to any of Lhe
published constants that varied [rom 0.02 Lo 3.8 (Norrls, 1992; Meruane et al, 2003) theugh it may be
significant that nene of the preceding chermophilic studies were perfermed in consinuous culture,
In comparisan to mesophilic constants the range produced lies directly between values for
Acidithiobacillus ferrooxidons (0.04 at 30°C; Boon, 1996) and Leptaspirillum ferrooxidans (0.0018 - 0.0034
30-40°C; Breed et al, 1999) though closer to At. ferrooxidans than L ferrooxidans. This indicates thae

the culture will not generate high operating redox potentials as discussed in Section 6.2.5.

The data was also fitted to a number of other simple rate equations discussed in Chapter 3. The
kinetic constants generated are tabulated in Appendix C. Fits to the Moned equation (Equation 2,7)
produced similar g, values to those of Equation 2.14 and K, values between 1.62 and 7.24 mM Fe®,
and similar regression coefficients wo thase of Fquation 2.14 as predicted by the discussion in Section
3.3.2, The limitations of the Mened equation will be discussed later in Section 6.5, Regression to
determine constants to Eguation 2.8 for competitive product inhibition produced two selutions in
which either K, or K, regressed to zero, and the remaining constants produced matched either those
aof the Moned equation or Fquation 2,14, This matches the observation made by Beon (1998) for At
ferrcoxidans, that vegression of continuous oxidation data was not sensitive to the Ks/[Fe2+] term in

the competitive inhibition rate equation and that Equation 2.14 is an adequate approximation,

The reciprocal plots in Figure 6.10 shows an upward deviatton in many of the data sets,
characteristic of a thresheld iron concentration, the exception being the 65°C data which is notably
linear. Fquation 2.14 was modified to include a threshold ternt and the constants were determined
by regressiorn,

max

_ l-E!FF = [£.2]

- A= LS
[Fe"]-[Fe ]Threshnld

qt'ej'

1+K pat
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Figure 6.12  Specific microbial iron oxidation rates as a function of the ferric/ferrous iron ratic
in contimious culture, [Fel, =214 mM, pH=1.5, T 60-80°C. Lines represent fits to Equation 6.2
Lsing the kinetic constants in Table 6.2,

Table 6.2 Kinctic constants for Equation 6.2 fitling specific iron utilisation data for
[Fel, = 214 mM, pH = 1.5, T = 60-80°C.

Temperature o K [Fe™ Tipuatoti R’
("Ch PemwelFe™ (rnolc.h ) () {rnMFe™)
&0 573 0,0033 0.99 079
G4 B.3H 03138 i 0ug
T 10,74 00113 1.da 0.8%
75 14.24 L0248 1.50 0.28
&0 15.43 QL0144 2.96 0,94

Equation 6.2 predicts an increase in the threshold concentration with increasing temperature. This
may be a consequence of complexing reactions forming ionic species that are not available for
microbial oxidation. The inclusion of the threshold term provides an explanation for the changing
slope of the g versus the ferric/ferrous-iron ratio plots in Figure 6.9. The results do show an
improved fit with respect to the regression coefficients, but not cnough to warrant the inclusion of
another constant into the rate equation. The [Felipu values obtained were higher than thesc
found in mesephilic systems: 0.5mM (AL ferrooxidans (Boon ef al, 1999)); 0.25mM { At ferrooxidans
{Braddock et al., 1284}) and 0.054-0.268mM (L. ferrooxidans (Breed et al,, 1993)).

Regression was also attempted using rate cquations proposcd by Meruane et al. {2002) (Equation
2.15) and Crundwell {1997) (Equation 2.23), Equation 215 produced improved regression

coefficients but with no consistency with respect to the constants produced for different data scts.
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not {1l the data. Adding a subsirate inhibition ternm to Equation 2. 14 produced improved fiis for 60 and
20°C data sets, but did not fit any of the other data sets.

g.1.1  Yield and Mantenance

As described in Section 2.5.6, the microbial growth kinetics can be coupled to the iron oxidaiion
kinctics via a description of the cell yield. One common vield cxpression is the constant maintenance
Pirt equation (Pirt, 1965), which states thal the encrey produced by substrate utilisation is divided

between cell synthesis and cell maintenance.

r s
=fgas =?n%.+cxm5 [6.3]
55

This can be manipuolated a member of ways for linear regression of the Pirt parameters.

Upp oy tig [2.33]
Ysx

1 mg iy 1
Yex M YERS

[6.4]

It can be seen thal from Equation 2.33 and 6.4, a plot of specific iron utilisation rate, gr,s., versus the
specific growth rate, p {— dilution rate} yields a straight line with & slope of /Y g™ and an intercept
of mg, while plotting the reciprocal of the observed vield against the reciprocal of the specific growth

rate should produce a linear rend with a slope of ms and an intercept of 1/Ys™. These plots were

attempted in Figure 6.13,

16 - — 250
4 -
- - ":Hﬂzm " x
12 . i 3 -
ﬁ ¥ 08 g 1 x 'h
A n E & L]
B = g f‘i b 4 «
P B o P » .
: <4 : CO .
5 s =l .
E B - N =,
.4 # * T *
o is = ;|
2 -
i} R - — 4 1/ PR i i i -
0 ans 0 015 (] 1d et 30 a0 o &
CHlution Fake (Y {Chlution Rate) ™ (h)
+BIFC B ES'C o TG & TR0 x AFC a65C aTE'C ¢ 600 o FFC KBIC

Figure 6.13 Plots of (A) the specific iron wilisation ratc versus the specific growth rate
{=dilution Taie); and {B) the reciprocal of the olserved vicld versus the reciprocal of the specific
crowth tate (= residence tine), used to determine the Pirl parameters; Yo" and my.
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The slopes of the data sets in Figure 6.13(A) show that Yg" does not change preally with
temperature, but that the scatter in the data makes ms impossible to determine with any confidence,
This scatter extends lo Figure £.13(B) a5 ms is small compared (o 1/Ysx and oo value of myg was

abtained.

The Pirt paramciers were obtained by substitnting Equation 2,33 inte Equation 2,14, producing

Y-“Er)i:ﬂxqmax

W 2 TR ymaxg [6.5]
14K, [FE1
R Treft]

and using the kinetic constants geay - and Kroe from Table 6.1, to determine Y™ and my by
regression of the specific growth rate versus the ferric/ferrous-iron ratic data as a funetion of

temperature.

Tahle 6.3 Bioenergetic constants for Equation 6.5 litting specific growth data for
[Felr=214 mM. pH = 1.5, T = 60-80°C,

.Tampararure Yoy g R?
e . {TE_IE.[mo]FEE*]I']} {molFe’” (malCh1!)
&0 .0092 11.626 Q.90
&3 0.008% 0,713 088
T0 0.0083 L3 052
is] 00078 1.1% {.89
80 0.0072 1,84 0.91
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Figure .14 Plot of speciflc growth mmte versus the feric/ferrous-iron ratio, showing the fit of
Equation 6.5, using kinetic constares from Tables 6.1 and 6.3, to thermophilic data with [Felr =
24 mM, pH = 1.5 T =60-80°C.
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The bicenergelic constanls generated produced fits to the specific grewlh rate dala Lhat were
comparable to fitting 4 u-based rate equation to the data directly. The values for Y., ™ lie between
those published for Ar ferrooxidans (0012 malC{moli'c®)"; Boon, 1996) and L. ferriphilum (0.0075
molC{molFe)"; Breed er al, 1999). The theoretical maximum yicld based on the Gibbs free cnergy
dissipated under standard cenditions (Heijnen, lecture notes} is predicted to be 0.011 molC.(Fe™)",
this is very close te the values deduced from the data. Calculation of this theoretical yield is shewn

in Appendix 1,

Very little informaticn concerning thermophilic archaeal cell yields exists in the literature, as
studies in non-growing systems like oxygen uptake experiments and clectrochemical cell systems
do not produce yicld information. Nemati & Iarrison (2000) published a celt yicld of bebween 1.9
%10 and 2.2 x10™ cells/kgFe® and Konishi et al (1995) a yield of 2.05 2107 cells/kgFe®, bath for
Actdtanus brierleyi. Conversien of these yields using the conversions in Table 3.7 produces yields

between 0.0068 and 0.072 molC {malFe™} ',

The maintenance ceefficients in Table &3 are higher than those found in mesophilic systems,
indicating that the thermophiles spend a greater partion of their cniergy on processes other than
cell synthesis, as would be expected from the more cxtreme cnvironment that they exist in,
Maintenance coetficients of between 0,36 and 1.06 mol Fe* {molCh)! were found for L. ferrooxidans
for temperatures between 30 and 4¢ °C {Breed et al, 1999}, showing a similar trend with respect to

temperature, but not a continuous increase acrass species,

A

Y,,™ showed a lincar decrcase with increasing temperature.  This is counler-intuilive as Yy,
represents the maximum amount of energy available from the exidation per mole of ferrous iron to
ferric iron, which thermodynamically would be expected to increase with increasing temperature,
This could mean that there is some propertien of the maintenance that varies with growth rate.
Neijssel & Tempest (1976) and Pirt {1982) proposcd variable maintenance models, which were
reviewed in Section 2.5.6. It can be seen fraom Equatich 2.34, that the Lrend in Y™ can be
explained by Y™ itself remaining almost constant as predicted thermadynamically, and the

variable maintenance Lerm increasing with increasing temperature,

Qiage S mg L+ i [6.6]
Yoy,

where  m," - variable maintenance coefficient (mof Fe™ {molC.h) '
Fitting Equation 6.6 to the specific growth data, assuming that ¥,,™ remains canstant at the value
determined thearetically from the dissipalion of Gibbs free energy under standard conditions,

,011molC.(malFe”) ", produces the following maintenance cocfficients.
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Table 6.4 Bioenergetic corstants for Equation 6.6 fitting specific growth data for
[Fel; =214 mM, pH = 1.5, T = 60-80°C, ¥,,™ = 0.011 (molC.molFe™) .
Temperakure m,” T,

{=C) {molFe® (molC) ) (malFe” [moll k)" .

ai 78] MLeZo 90
a5 23.20 0713 128
70 3000 108 8%
75 3784 1.18 0,89
H 47.32 1.84 0.9;[

Equation 6.6 produces identical regression coefficients to Equation 2.33 and identical constant
maintenance coelficients, m,. The values produced for the variable maintenance coefficients are
dependent on the value assumed for ¥,,™, and this anatysis does not validate the assumed value, it
merely provides a more reasonable explanation of how and why the observed yield changes with
temperature, postulating a component of the energy usage of the cell, linked to the rate at which it

grows, that increases exponentially with increasing temperature.

63.3 Prediction of Lhe Cell Concentration

Cell concentrations can be predicted as a function of the dilution rate from a combination of a rate

equation describing the specific iron utilisation rate and an expression describing the cell yield,

Assuming that the specific iron utilisation rate may be described by Equation 2.14, and that the
constant maintenance Pirt equation (Equation 2.33) (Pirt, 1982) holds, then the steady state cell

concentration will be predicted by

2+
=] ulFe I, H[Fel; erﬂn [6.7]
2 A i = K " \ =
+1m Bl {
5 —1-K ]/—— P
o : et L™
1.5 i .
a

1.6 A
— ® . a o -
) Perr L) k=
= 14 g * 1
% 1z )
2 :
i "
T 08 - .
g )
B 06~
gy
= 04 -
gy

nz -

a e | ] —

0 (412 ) G 105 0.l

Cilutivn alte (h ")

Figure 6,15 Prediction of steady state cell concentralions as moles of carbon fixed {[Fe]; = 214
mM, pH = 1.5, T = 70°C} by Equation &.7.
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I'his relaticnship between cell concentratinn and dilution rate is illustrated in Figure 6.15, using
previously determined kinelic constants fram Tables 6.1 and 6.3, The model predicts Lhe behaviour
observed in the experimenlal resulls. This affirms the appropriateness of the rate equations chosen

ta model the deta.

Al low dilulion rates, the cell concentration is low due to the affect of the cell maintehance
requirement, m,.  he cell concentration reaches an intermediale maximum before decressing to
zero #s the dilution rate approaches washoul, where steady state is unztlainable and the cell

concentration drops o zero.

6.4 The Elfect of Temperature
Increased temperature was observed to produce an increuse in reaction rate. The effect of

temperature on the kinelic constants for the rale equetions gnd vield relation was investigated

further.
ki | 0,045 ———— -
04
3 ‘ v -SRI 19217 *
e, B - 0994 A5 -
13 i
e : . .
=, . :
ﬁ 2 - iy o Es - i L]
= Al
VR O = Loz L
o 2015 - LA y-onudu- tAsEs
s G Ut B o047
3 ;
2 S
i ! ; .
ARE-0d FhE-03 A4E-C] 3.1E 03 50 155 540 345 438 RS,
1/ Temparature (K7 Temperatars ()

Figure 6.16  The cffect of temperature on the kinetic constants, q.,,, and ¥.,,.[rom Table 5.1,
[Fal; - 219mM, pll = 1.5, T = 40-830°C.

The results show that the effect of temperature on the maximum specific iren utilisation rate could

be described by an Arrhenius function as described in Section 2.5.5, such that

Qs =gge "8 le.8]
whare g, = 2223 10 melFe® malt "h'
E, = 45.0 KLinal!
R* [99

The activalion energy can be compared to other published values in Table 2.4, these vary from 33.9
to 89 kf.mol" for a variety of iron-oxidising micro-organisms, I'he activation energy obtained, 48.0

kl.mal', is similar to the values obiained for At. ferrooxidans by MacDonald & Clark (1970) and
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Okereke & Stevens (1991), and comparable to the values obtained for Sulfobacillus thermosulfooxidans
{Franzmann et al,, 2005) and Sulfolobus JP1 and 2 (Plumb et al., 2002).

The effect of temperature could also be described by a Ratkowsky function.

Qs =B(T-Ty) [6.9]
where b = 0.0801 {molFe’ molc ' b K1)
Ty =3054 K,
B! =099

This implies that the culture is able to remain active down to 305.7 K. This s unlikely and can be
attributed to the femperature range studied being limited to within the viable range, where
accurate fits to the Ratkowsky equation requires data at temperature that arc close to the limit of
viability for the species investigated,
Vatues found for K. showed a broadly linear increase with temperature, similar to that found by
Breed etal. (1999) for Leptospiritium.

K, pe- =139%10 T —p.457 [6.10}
where R’ =095

Therefore the eftect of temperature can be incorporated into Equation 6.2 thus

que_ﬁhm['
et = T [6.11]
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Figure 6,17  Specific microbial iron oxidation rates as a function of the ferric/ferrous-iron ratio
in continuous culture, [Fel = 214 mM, pH = 1.5, T = 60-80°C. Dotted lines represent fits to
Equaticn 2,14 using the kinetic constants in Table 6.1, and solid lines represent fits to Equation
.11
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Figure 6.17 shows that very litlle difference in the predicted specific rate is introduced by replacing

Equation 2.14 with Fquation 6.11.

As discussed earlier, Lhe bivenergelic constants for the constant maintenance Pirt equaticn were
influenced by the temperature, with ¥,,™ displaying an unexpected decrease with increasing

temperature, and the maintenance coefficient displaying an exponential increase with temperature.
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Figure .18 The effect of temperature an the bioenergetlc parameters ¥, and m, from Table
3. [Fel; = 214 mM, pH = 1.5, T = 60-80°C.

The maintenance coeflicient m, was found to be a strong function of temperature as predicted by its
elfect on the ohserved cell concentration in Section 6.3, and in agreement with the correlation
developed by Tihuis et al, (1993), {Fquation 2.38), The effect of temperature on the bicenergetic
parameters can be included in the overall yield expression, by replacing ¥.,"* by a linear function

of temperature, and mg by an Arrhenius funclion.

IR A 7 [.11]
where c=tx10"
¥, = 00418
P =099R
and
Mg =mgge” dRT [6.12]

where  mg, = 7.07 x10"maolFe® ol b
F, =519k mal”
E'=0.954

Equations 6.11 and 6.12 can be substituted into Fquation 2.33 to produce Equation 6.13.

Qg =—F—tmge /T [6.13]

max 1
Yex D—cl
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The activation energy for the maintenance coefficient is very similar to that found for the specific
iron utilisation rate. This is an expected result, as neither are true activation energies for single
defined chemical reactions, but rather represent a compaosite of the biechemical reactions that
make up the overall iron oxidation reaction. Both are specific rates of iron utilisation, where the
specific rate of iron utilised to produce energy for maintenance functions is a subset of the overall

specific rate of iron utilisation.

6.5 Effect of Total Iron Concentration
A limited study was performed investigating the influence of the tatal iron concentration on the
oxidation kinetics, A reactor was run at a 17 hour residence time and the influent iron

concentration fed as ferrous sulfate was varied from 214 to 53 mM Fe¥,
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Figure 619 The effect of total iron concentration on [A) the cell concentration and the overall
lren utllisation rate and (B) the specific iron utilisation rate and the cell yield.

Both the cell concentration and the rate of iron utilisation show a linear decline with decreasing
total iron concentration, but of different proportions. This Lranslates into a decrease in specific rate
and an increase in the cell yield with decreasing total iran concentration. The decrease in specific
irom utilisation rate is predicred by all of the rate equations discussed in Section 3.3.2 as both the
steady state ferrous iron concentration and the ferric/ferrous-iron ratio in the reactor decreased
with decreased total iron entering the reactor. The increase in yield however, implies that some
limitation or inhibition is lifted when the iron load is reduced, which further implies that the K,
constants determined for the Monod madel in Section 6.4.2 are not true substrate affinity constants

but are madified by total iron or ferric iron inhibition.
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Figure 6.20  Parity plots for (A} the Monod equation and (B) Equation 2.14, showing the ability
of each rate equation to predict the measured specific iron ubilisation rate, using the kinetic
coenstants determined using the 70°C data from Section 5.2.5 {Tables &1 and € 1), The additional
data evaluated is denoted by its total iron concentration, T=70°C, pH = 1.5, [Fe], = 53 - 214 mM
Fe,

Figure 6.20 confirms that the Monod eguation is increasingly incapable of predicting the measured
specific iron utilisation rate as the conditions move further away from those used to determine the
constanits, and that the observed kinetics are influenced by the presence of ferric iron, hence

Equation 2,14 is a more appropriate rate equation to describe the kinetics of the system,

6.6 Conclusions
The microbial oxidation of ferrous iron by a thermophilic archaeal culture was studied in
continuous culture in a well-mixed, well-aerated, pH-controlled system over a temperature range of

60 to 80°C,

The reaction kinetics were followed by analysis of the off-gas oxygen and carbon dioxide
concentrations and the measured redox potential. The rate of ferrous iron ocmdation was
determined from the gas utilisation rates via the degree-of-reduction balance. & comparison of this
ferrous iron oxidation rate with rates determined from the iron mass balance showed good

agreement, confirming the validity of the methodology.

The observed kinetics could be described by a rate equation describing the specific iron utilisation
rate in terms of the ferric/ferrous-iron ratio (Boon, 1996), coupled to a yield expression in terms of a

maximum yield and a constant maintenance coefticient (Pirt, 1965).
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Scatter in the data contributing to low overall correlation coefficients for fits to the proposed rate
eguations can be ascribed to difficulties in maintaining constant pH and total iron oxidalion over
the time frame required for continuous experiments. The pericdic stopping and cleaning of ceactor

surfaces due to iran precipitation and wall growth also contributed to the scatter.

A& number of rate equations discussed in Chapter 3 were fitted to the data, As predicted by the
discussion in Section 3.3.2, rate equations based on the Monod equation (Equation 2.7), compelitive
product inhibition (Fquatien 2.8) and Fguatien 214 produced similar fits for experiments
investigating the effect of temperature. Fxperiments Investigating the effect of total iron
concentration showed that the equation constants determined [or Equation 2.7 were naot true
substrate affinity constants and were modified by the presence of [ereic iran. The resulls also
showed that the regression was not sensitive Lo the [Fe®]/K, term in Eguation 2.8, and hence that

Equation 2.14 is the most apprapriate rate equation to use {o describe the data.

The inclusion of a threshold ferrous iron concentration term into Lguation 2,14 improved the

overall correlation at the cost of adding another kinetic constant to the averall model.

The effect of temperalure an Lhe system could be described by simple functions of the kinetic
¢onstants determined for each data set. Both Lhe maximum specific iron utilisation rate, g-,..**, and
the maintenance coefficient, m,, increased exponentially with Lethperature and could be described
by Arrhenius functions. The activation energies of these functions were similar, which explains the
similarily of the overall peelormance of the reactors tor all temperatures at [ow dilution rates, The
maximum yield Y™ was found ta be similar Lo the predicted thearetical thermodynamic yield
based on dissipation of Gibbs free energy. The observed decrease in ¥,,™ with Increasing
tetnperature was explained by postulating a growth-rate-dependent maintenance function that

increased linearly with temperature.
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Chapter 7

Conclusions and Recommendations

The objective of this work was to describe the kinetics of ferrous iron oxidation by thermophilic
bioleaching micro-organisms. This was achieved by applying rate equations developed for
mesophilic microbial ferrous iron oxidation to data gathered from an experimental investigation of
thermophilic ferrous iron oxidation performed in continuous culture, to produce a set of rate
expressions and kinetic constants that describe the rates of specific iron oxidation and microbial

growth as a function of bulk solution conditions.

7.1 Re-evaluation of Mesophilic Iron Oxidation Data and Rate Equations

The unstructured nature of the Michaelis-Menten reaction mechanism that underpins many of the
mesophilic rate equations allows their use to describe thermophilic systems, as the mechanism is
governed by bulk solution conditions and is not affected by the differences of cell structure or
components of the electron transport chain that exist between the mesophilic bacteria and the

thermophilic archaea, treating the cell as a black box.

Direct comparison of published mesophilic kinetic data was hindered by the range of units and
measurements used to present experimental results, specifically the variety of ways of expressing
the amount of biomass present. The data was converted to a common basis, expressing rates in
terms of moles per hour and cell concentrations in terms of moles of carbon present using a table of

conversion factors (Table 3.7) compiled from the literature.

Comparison of a number of investigations of iron oxidation by the mesophile Acidithiobacillus
ferrooxidans in continuous culture showed similar specific growth and iron oxidation rates with

respect to the ferric/ferrous-iron ratio. This confirms that the concentrations of ferrous and ferric
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iron and the ratio of the two are key parameters in controlling the rate of growth and oxidation.
The influence of the ferric/ferrous-iron ratio is in accord with the chemiosmotic mechanism
proposed for energy assimilation (Ingledew, 1982). The similarity of rates at common ratios but
different total iron concentrations implies that rate equations in terms of the ferrous iron only will
be inadequate to describe reaction rates in systems at other total iron concentrations than that used

to determine the kinetic constants.

The disparate results of continuous and discontinuous experiments both in terms of the influence of
reaction conditions and of the kinetic constants generated for similar models confirms that batch
experiments are an unreliable way of generating kinetic data as the rapid change in solution

conditions does not allow for a true response from the organisms.

While a large number of rate equations have been presented for microbial ferrous iron oxidation
(Tables 3.8-9), the majority of results from studies in continuous culture have been fitted to
relatively simple unstructured kinetic models. The data scatter in the results further discourages
attempts to fit more complicated models. Analysis of the linear transforms of these simple rate
equations shows similarities in the models’ response to both the ferrous iron concentration and the
ferric/ferrous-iron ratio. This means that the goodness of fit to a set of data obtained under a single
set of experimental conditions does not imply the appropriateness of the model, and cannot be used
to choose between models. Further analysis of transforms of the continuous data shows that
microbial ferrous iron oxidation is best described by a rate equation derived from Michaelis-Menten
reaction kinetics with competitive product inhibition, and that this rate equation may be simplified
to a Monod-form equation in terms of the ferric/ferrous-iron ratio at total iron concentrations

found in commercial bioleaching stirred tank reactor systems.

7.2 Abiotic Ferrous Iron Oxidation

The rate of abiotic oxidation of ferrous iron by molecular oxygen was investigated to determine
whether it made a significant contribution to the overall rate of iron oxidation in thermophilic
bioleaching systems. The contribution is largely ignored in mesophilic bioleaching systems, as the
low temperature, low oxygen pressure and low pH retard the abiotic rate to levels that are
negligible in comparison to microbial oxidation rates. As the rate was expected to increase with
increasing temperature, a negligible contribution from abiotic oxidation could no longer be

assumed.

Rate equations developed for abiotic oxidation in pressure leach systems and acid mine drainage

systems were examined. The form of the equations were similar but the kinetic constants differed
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widely, this was attributed to the different conditions of temperature, oxygen pressure and pH in

each system - none of which were directly appropriate for thermophilic bioleaching.

Abiotic oxidation batch experiments in a well-mixed, well-aerated stirred tank reactor were run at
constant pH using sterile feed from the microbial investigation over temperatures from 30 to 80 °C.
The results showed that the reaction was second order with respect to the ferrous iron
concentration, and increased in rate with increasing temperature, The results confirm that the rate
of abiotic oxidation is negligible at 30°C, but becomes significant at thermophilic temperatures at
high ferrous concentrations. These conditions occur in microbial systems at high dilution rates and

may cause unstable behaviour near washout.

The contribution of abiotic ferrous iron oxidation to the overall rate of iron oxidation can be
described by

_58
~ 758x10°[Fe* e & [5.4]

- rFe“

rFe”

Total Bio

7.3 Microbial Ferrous Iron Oxidation
The microbial oxidation of ferrous iron by a thermophilic archaeal culture was studied in
continuous culture in a well-mixed, well-aerated, pH-controlled system over a temperature range of

60 to 80°C.

The reaction kinetics were followed by analysis of the off-gas oxygen and carbon dioxide
concentrations and the measured redox potential. The rate of ferrous iron oxidation was
determined from the gas utilisation rates via the degree-of-reduction balance. A comparison of this
ferrous iron oxidation rate with rates determined from the iron mass balance showed good

agreement, confirming the validity of the methodology.

The observed kinetics could be described by a rate equation describing the specific iron utilisation
rate in terms of the ferric/ferrous-iron ratio (Boon, 1996), coupled to a yield expression in terms of a

maximum yield and a constant maintenance coefficient (Pirt, 1965).

Scatter in the data contributing to low overall correlation coefficients for fits to the proposed rate
equations can be ascribed to difficulties in maintaining constant pH and total iron oxidation over
the time frame required for continuous experiments. The periodic stopping and cleaning of reactor

surfaces due to iron precipitation and wall growth also contributed to the scatter.

The effect of temperature on the system could be described by simple functions of the kinetic
constants determined for each data set. Both the maximum specific iron utilisation rate, gg,.™, and

the maintenance coefficient, m, increased exponentially with temperature and could be described
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by Arrhenius functions, whilst Kq.,, and Y™ could be replaced by linear functions of temperature.

This allows Equations 3.16 and 6.13 to be replaced by

k e-EA ,/RT
Qp 2+ =-0—[Fe3+]. {6-11]
1+{aT-b
( ) Fez+]
H ~Es /RT ]
petr =+ Ml5o€ [6.13
Y, —cT
where k, =2.22 x 10° molFe” molC*h
Ea = 48.0 kl.mol?
a =1.39x10°T?
b =(.457
¢ =1x10°T?
Y™, =0.0418
Mg, = 7.97 x10’molFe”.molC*h™ - S
Es = 51.9 kJ.mol?

producing a model that describes thermophilic microbial ferrous iron oxidation as a function of the

ferric/ferrous-iron ratio over a range of temperature from 60-80°C.

7.4 Recommendations for Future Work

This work was limited in scope to well-mixed, well-aerated system, with parameters chosen (pH,
iron concentration, reactor configuration) that resemble conditions found in commercial
bioleaching stirred tank systems. In less easily controlled systems such as heaps and dumps, the
parameters are less likely to remain around the optimum, and the model will need to be expanded

to be able to predict microbial behaviour over a much wider range of conditions.

As the experiments were run in well-aerated laboratory-scale stirred tank reactors, the reaction
kinetics were not influenced by the concentration of oxygen or carbon dioxide. In industrial scale
systems the supply of sufficient air is more difficult, and the effect of the oxygen concentration on
the kinetics needs further study, both in terms of overcoming gas-liquid mass transfer limitations

and in terms of directly affecting the microbial reaction kinetics.

All experiments were performed at pH 1.5, as this provided a suitable environment for the micro-
organisms present and limited the amount of iron lost to precipitation. pH is a key parameter in
microbial ferrous iron oxidation and further work in this area would need to develop an
understanding of the influence of pH on the generation of a proton-motive force, on the rate of
precipitation and the species formed, the cell membrane stability and the formation of different

iron complexes and whether they are available as microbial substrate.
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The parameters determined in Table 6.2 showed evidence of a threshold level of ferrous iron below
which no cell growth was possible. This could be investigated further using lower total iron
concentrations and longer residence times to confirm the threshold concentration and to determine
whether it is a true threshold, or an artefact caused by the formation of iron complexes that were

not available for use as substrate.

The rates predicted by the proposed model deviated from the observed data at high dilution rates
near wash-out dilution rate. This corresponded to conditions of high ferrous concentrations and
high specific rates. The data shows an apparent decrease in the specific iron utilisation rate and
rapid drop in the observed yield. It is unclear whether this decrease is real (possibly substrate
inhibition) or whether it is caused by deviations from ideal CSTR behaviour, or an over-prediction of
the contribution of abiotic iron oxidation (the abiotic experiments were performed under well-

oxygenated conditions).

The yield expression used in this work provides an adequate description of the relationship between
the specific iron utilisation rate and the growth rate, however the parameters have little physical
meaning: all energy utilisation not related to carbon assimilation is lumped under “maintenance”
without necessarily having being used for maintenance function, and the maximum yield decreases
with increasing temperature, whilst the theoretical amount of energy available per mole of
substrate should increase with temperature. This may be explained by introducing a growth rate
related component to the maintenance requirement, but this needs to be investigated further to
establish what functions require more energy per cell when growing faster. This may be more suited
to the development of a structured model that differentiates the cell according to function: electron
transport apparatus, cell replication, protein synthesis, formation of extracellular polysaccharides,

and maintenance of osmotic gradients.

The effect of temperature could be described by an Arrhenius function as the range of temperatures
investigated lay within the operating range of the micro-organism used. If the temperature range
was increased beyond the maximum tolerated by the organism then the increase in the rate of cell
formation will be superseded by the increase in the rate of cell death, and the Arrhenius expression
will no longer adequately describe the effect of temperature. As temperatures cannot be tightly
controlled in a heap leaching system, it would be valuable to be able to understand what happens to
a culture at temperatures both below and above its normal operating temperature, both

physiologically and with respect to the effect on the oxidation reaction kinetics.
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Appendix A

Iron Concentrations

A.1  Methods for the Determination of Iron concentrations by Titration
Filter sample prior to titration if solids and/or precipitates present. Titrations are usually
performed on 5 mL aliquots. 10 mL aliquots may be used for greater accuracy at lower

concentrations (< 1.0g.L7),

A.1.1 Reagents

Cerium (IV) Sulfate (Usnally 0.05M)
e Although the cerium (IV) sulfate solutions purchased are standardised using sodium oxalate, the

concentrations of the solutions may vary significantly and they need to be standardised again.

ol hroline § lex solution (Feroin Indicator)

Spekker acid

e Measure out 1200 ml distilled water in a 51 beaker and agitate.

e Slowly and carefully add 450 ml concentrated (98%) sulphuric acid and then 450 ml concentrated
(85%) phosphoric acid.

o Allow to cool before transferring to storage bottle

CAUTION! The heat of mixing may cause localised boiling if the acid (particularly the concentrated

sulfuric acid) is added too fast.

Potassium Dichromate (K,Cr,0,) Solution (0.0149M)
e Dry 10g of K,Cr,0, (MW = 294.20 g.mol?)in an oven at 105 - 110 °C for 1-2 hours. Cool in a

dessicator,
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s Weigh out accurately 8.780g of the dried K,Cr,0, in a 100mL beaker.

o Transfer quantitatively into a 2 L beaker using distilled water

e Add 1.5L of distilled water and agitate till the salt has completely dissolved.

» Transfer quantitatively into a 2 L volumetric flask. Make up volume with distilled water and mix

thoroughly. Makes solution with concentration = 0.01492M

Ferric acid

o Measure out 1200 mL distilled water in a 5 L beaker and agitate.

o Slowly and carefully add 300 mL Spekker acid solution and then 600 mL concentrated (32%)
hydrochloric acid.

¢ Allow to cool before transferring to storage bottle

Stannous Chloride (SnCl,) Solution

e Weigh out 30g stannous chloride in a 200 mL beaker

¢ Add 100 mL conc HCl and agitate at 50 °C until completely dissolved.
» Cool and transfer to storage vessel dilute with 200mL distilled water

¢ add a small amount of granular tin to retard precipitation

M ic Chloride (HgCl,) Salution ( )
o Weigh out 50g mercuric chloride in a 1L beaker
e Add 1L of distilled water and agitate for 2 hours
o Ifallthe HgCl, has dissolved, add a spatula tip more and stir for a further 2 hours

Barium Diphenylamine Sulphonate C, H,BaN,Q.S, Indicator
» Weigh out 1.0g barium diphenylamine sulphonate in a 250 mL beaker
e Add 100 mL of concentrated (98%) sulphuric acid and agitate until the salt has completely

dissolved
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A.1.2 Determination of ferrous-iron concentration by titration versus cerium (IV) sulfate

e Pipette the required aliquot of solution into a 50ml - 100ml conical flask. (5ml is usually used)
e Add 10ml spekker acid solution and 1-2 drops of ferroin indicator solution.

e Titrate with the cerium (IV) sulfate solution until the first colour change from orange/red to blue

is obtained.

Iron concentration can be calculated from

[CesO Ix Vi x55.84 (A1]
Vsol

[Fe?*] =

Where: [Fe*]=Ferrous-iron concentration (g.L™)
Ce. = Ce (IV) sulfate solution concentration (M)
V, = Titre (mL)
V,, = Sample aliquot (mL)
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A13 Determination of ferrous-iron concentration by titration versus potassium

dichromate

¢ Pipette the required aliquot of solution into a 50mL - 100mL conical flask. (5mL is usually used)

o Add 4-8 drops of barium diphenyl sulphonate indicator solution.

e Titrate with the potassium dichromate solution until the first colour change from yellow/green
to intense purple is obtained.

o The ferrous iron concentration can be calculated from

[K,Cry0, IxVy x55.84x6
v,

[Fe?*] = [A.2]

sol

Where: [Fe,] =Total iron concentration (g.L™")
[K,Cr,0,}= potassium dichromate concentration (M)
Vo =Titre (mL)
V,,; = Sample aliquot (mL)

A-4
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A.l4 Determination of the total iron concentration by titration wversus potassium

dichromate

+ Pipetle the required aliguot of solution inte 2 S0mL - 100mL conical flask. (3mL is usually used)

o Add 30 mL of ferric acid solution and heat to boiling point

¢ add stannous chloride dropwise until vellow colour completely disappears. Add one extra drop
and record amount of stanncus chloride used

s  Allow the solution Lo ool to room lemperature and add 10mL mercuric chloride solution. A silky
white precipitate should form. If no precipitate forms then insufficient stannous chloride has
been added earlier, if the precipitate is heavy and grey/black, then tos much stannous chloride
has been added, in either case, aborl the Litration and repeal.

s Add 4-8 drops of barium diphenyl sulphenate indicator solutien.

e Titrate with the potassiun dichromate solution until the first colour change from yellow/green
to intense purple is ebtained.

# The total iron concentration can be calculated from

[K,Cr,0, )% Vo x 55,8626
v

[4.3]

[Feq]
sol

Where: [I'e,] - Total iron concentration (gL '}
[K.Cr .= potassium dichromate concentration (M)
Y- = Titre (mL)
V., = Sample aliquat {mL)

CAUTION! Polassium chromate and mercuric chloride are toxic, while the sulphuric, phosphoric
and hydrochleric acid mixtures are corrosive. Additional care should be taken when analysing
saniples that may contain arsenic as this may be converted to volatile and toxic arsine gas AsH,

during stannous chloride reduction.

-5
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A2 Determining the ferric/ferrous irom ratio from the solution redox

potential

As discussed in Section 3.6, the ferric/ferrous iron ratio {5 related to the solution redox patential via

the Merpst Lguation {lguation [3.2]). It was assumed that the ratin of the activities could be

approximated by the ratio of the concentrations of the {ron specics.

E = Ep+kiin

where F=measured solution redox potential {my}
E, and k = calibraticn parameters

Problems dus to voltage drops in the cabling and the daca capturing system, probe idiosyncrasies

and the effect of elevated temperature were avoided by generating a set of probe-specific constants

for Equation A4 using the concentrations of ferrous and the total iron measured in the course of the

kinelic studies. The equalion parameters were determined by minimising the sum of the sgquared

errar between the measured and the predicted ferrous iron concentration.
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Table A.1 Probe-specific calibration parameters determined tor the redox probes used in this
investigation,

Temperature By k k!
(*C) {inv) (-)

Probe | 65 i 4751 01204 0.97
70 440.3 09z .99
7h 129.6 01484 G498

Probe 2 a0 471.0 (L0964 a7
70 4742 L110& .94

it 4731 01265 .95
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Appendix B

Steady State Data

B.1  Steady State Oxygen and Carbon Dioxide Utilisation Rates

As described in Section 4.6 and 6.1.1, steady state oxygen and carbon dioxide utilisation rates were
determined from the mean of rates calculated from off-gas concentrations measured over an
extended period of time. The measured rates are presented here for each steady state obtained.
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Figure Bl Measured oxygen and carbon dioxide utilisation rate data determined for
continuous iron oxidation. T = 60°C, pH = 1.5, [Fe]; = 210 mM, Run 2 (2004},
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FigureB.1  (continued) Measured oxygen and carbon dioxide utilisation rate data determined

for continuous iron oxidation, T = &0°C, pH = 1.5, [Fe], = 210 mM, Run 2 {2004).
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Figure B.1  (continued) Measured oxygen and carbon dioxide utilisatton rate data determined
for continuous iron oxidation. T = 60°C, pH = 1.5, [Fe), = 210 mM, Run 2 (2004),
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Figure B.2 Measured oxygen and carbon dioxlde utilisation rate data determined far
continuous iron oxidation. T'= 65°C, pH = 1.5, [Fe}; = 210 mM, Run 1 (2002),
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Figure B.2  (continued} Measured oxygen and carbon dioxide utilisation rate data determined

for continuous iron oxidation. T = 65°C, pH = 1.5, [Fel, = 210 mM, Run 1 (2002).
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Figure B,5 Measured oxygen and carbon dioxide utilisation rate data determined for
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FigureB5  (continued) Measured oxygen and carbon dioxide utilisation rate data determined
for continuous iron oxidation. T = 75°C, pH = 1.5, [Fel; = 210 mM, Run 1 (2002).
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Figure B.6  (continued) Measured oxygen and carbon dioxide utilisation rate data determined
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{continued) Measured oxygen and carbon dioxide utilisation rate data determined
tor continueus iron oxidation. T = 80'C, pH = 1.5, |[Fel; = 210 mM, Run 2 (20345

B.2  Tabulated Steady State Data

Each data point presented in Chapter ¢ is the result of a continuous experiment in which the

conditions are set and the system is allowed o altain steady stale. The reaction conditions and the

steady state data captured for each experiment are tabulated here,



g
5
f‘l

Date . | pH TemP T Lo Eh Fe[l[]l rep
(L.h7) {deeC) () om0, b ) (mac0,b ) 1 (V) (0] (1)
2-AUg04 | 1957E-02 153 | .98 1038 oo [ ez | o0 199,68
26-Aug04 | 19556-02 152 | 098 1.095 00374 | 622 0.90 201,47
27-Aug-04 1.953E-07 1.55 098 1.051 00355 ~ V628 |  0.90 204.15
7R-Aug-04 1952602 | 1.5 098 1.050 0.0346 m'_'};'aé_'_ jil 202,01
14-Aug-04 27126-02 | 165 0.99 1.426 0.0507 630 0.90 20415
15-Aug04 | 269602 | 158 0.9 1.387 00470 620 0.90 706.84
T i6Avg0s | 2699E02 | 16 | | 0se | 1am |0.04% 670 090 ;20505 |
18-Aug04 | 270002 153 0.99 ran ([T 00509 | 614 | 0%0 22
19-Au8-04 | 2.700E-02 1,59 098 | 139 0.0490 621 0.90 199.68
8N4 | 377260 1.66 599 099 | (1919 00578 | 584 | 198,78
T WJun04 | 78RR 02 1.54 60 oe | T 2es | 00615 574 1164 KT
BI04 | 17R8E-02 174 59.2 095 | 1995 o | 580 895 | 18714
19Jun-04 | 37R1E-02 1.54 60.5 099 1.981 00599 | 8z | 609 193,41
AJun0d | 3775602 L4t 608 T 1,975 0.0607 517 L 1969
22Jun-04 | 3.8406-02 L51 60.7 0.9 1,964 0,060 572 8,42 195,70
2 jun-04 | 9839602 146 608 ] 1,978 0.0617 584 6,09 192,51
24-Jun-04 3.78BE-02 ;L5 604 0.92 1.997 0,0611 587 6,45 179.08
25Jun04 | 3784600 | 143 60.5 0.99 1.954 0.0579 w8 | 609 176,40
zjun04 | A76SF02 | 142 | 60l 1 1933 | oos7 81 | 603 10072
28un0d | 3736E-02 162 | eos | 1 1,928 0,062 559 10,03 183,56
79Junod | 3815E07 | 166 | 605 1 1,948 0.0574 575 8,06 18083 |
30junod | 3823E02 | 135 | 607 09 | 1978 00540 579 1003 19759
T O1jul0d | 383302 131 60.7 0 | zom 0.0614 584 6.98 0147
 02-Jul-04 3814F.02 115 60.6 om | i 1 00602 592 T 60 19610
03 Jul-04 1,846E-07 143 60.5 1§ 209 | 0033 | 5% | 645 | 19699



bate | FeodRate T Tewp | Volme | oy | g | En | Fe()
L) P (degc) ) {mMO, ) e S (mM)
01-Aug04 | 4950B02 | 152 1 2.202 00863 535 32.23
05-Aug-04 | 4.926E-02 1.69 1 2,323 0.0910 543
06-Aug-04 | A4.924E-02 1.63 T 2355 0.0854 a1 | 8.95
07-Aug-04 4.904E-02 151 1 T 2343 0.0872 550 10,74
| 10-Aug-04 4924E-02 1.61 0.985 2.116 0.0786 535
Tlaaugor | ssmEm | 161 1 2324 0.0859 536 11.64
CorJul-01 | 5988602 Le1 | 0.98 1.839 00894 | 481
18Julod 5.092E-02 152 0.95 1772 00605 | 482 73,07
19-Jul-04 6.068E-02 15 0.99 1.778 0.0605 a79 80.23
22-jul-04 6553502 133 .29 1,408 0.0420 461 131.45
23-Jul-04 6557E-02 | L3 0.99 1.279 0.0379 460
24-Jul-02 6460E02 | 15 | 1 1.259 0.0364 452 | 12894
ekt | eaE | 10 [ Jv ] tase | oo [




. . TableB.2 Steady state data collected for a continuous reactor run at T = 65 °C, [Fe“},, = 214mM, Run 1 (2002).
Date Feed Rate pH Temp Volume “Toe Fene Eh Fe(l)) Fer

h" {depc) (& imMO.h %) fmMCO, h %) (V) imp) mbt)
29-Mar-0z 2.000E-02 1.49 65.1 1 1.133 omzr | e | 196.99
0-Mar<2 | L.000E-02 15 648 1 1,089 0.029] 682 196.99
31 Maraz | 2.0006-02 R 1 1479 0.0280 e 196.99
04-Apr-02 1.980F-07 1.57 548 | 1 d e 0.0286 645 251 20147
10-Apr-0z | d096Ez | 152 548 ! 1 1.748 o5 3 e6 | 2m 180.87
" 11-Aprz 1.145F-07 158« | eas 1 1.747 00524 652 19699
15-Apr-i2 SIE02 | 149 649 1 1726 00530 623 158 196.99
16 Apr 02 1.175E 02 1.49 as- [ i L7389 '\ 00518 640 196.99
2-Apr-U2 | 4.000E-02 1.58 o8 | 1 2241 (ML 00718 . 598 | 304 196.99
29-Apr-07 4000707 1.54 64.7 1 2259 00711 608 4.48 T 19789
40-Apr-02 401CE-02 182 | 4% 1 2.768 00710 607 | 394 196.10
03 May-02 | 4,854L-02 152 | 648 RV 00816 577 196.99
06-May-07 | 4BOBF02 156 | 648 | 095 2480 00805 574 19699
17-May-02 . 5025002 | 154 ey | 3 2771 0.0837 573 196,99
" 22-May-07 5,025F-07 156 648 AN T 0,083 577 146,95
28-May-02 | 5.025E-02 151 | e4s | _1aos 2,833 0.0838 56 | 98 20057
| 29-May 02 5,000 02 153 w68 ()T 7,691 0.0775 567 14,43 201.47
30-May-07 5,000€-07 159 | 647 097 | a2 00810 | 57 ass 200,57
27-lun02 | 5682602 | 133 | €52 | 0985 3011 0.0058 580 196,99
MJun-02 | 5e4E-02 | 15 | esl | 098 5,047 0.0454 580 196,99
02 nl-02 5,848F 02 154 | 651 1 3038 | 00958 560 196.99
07- Aug-02 7.143F 02 e e wr T 1 2.276 0.0754 178 196,99
0R-Aug02 |  7.097F-07 158 | &5 1 | 228 | 0076 186 196.95
[ 11-Aug02 2043802 | 155 | c48 1 7510 00807 85 R2.48 196.99
T I A 238 | wome | Taes [ ] 1969




Table B3 Steady state data collected for a continuous reactor run at T = 70 “C, [Fe™k, = 214mM, Run 1 (2002).

Date teed Rate pH Temp Volume Ton S Eh Felll) Fe, i
N {Lh" (degC] 8} {mMO, ) (<0, ) [mv) {mm) (tan}
| 29-Mar-02 2.000£-02 14 | 703 [ 3 1,037 0.0279 643 | | w057
02-Apr-02 1.969€-02 143 699 1 1046 0,0269 652 | 20057
04-Apr-02 2 O00E-02 144 | 606 1 1.003 0.0262 654 2,51 [ 19878
10-Apr-02 3.226E-02 152 | o8 1 1,800 0.0819 637 251 185.35
15-Apr-02 3 300E-02 148 | 70 1 1824 0.0520 640 2.1 188.93
O8-Apr-02 |  4.098E-02 151 70.1 1 2317 0.0689 625 3.04 197.89
[ 20.Apr-02 4.098E-02 1,54 70.2 1 2362 " 00708 830 3.04 189,83
30-Apr-02 4115E-02 1.52 700 1 2332 D.0685 632 3.0 T 19162
-May0z | 4878E02 | 149 70 1 2,894 0.0847 627 | 156 19520 |
~ 28-May-02 | 4975602 15 | 7 | o0ss 2897 0.0833 627 158 19341
29-May 02 4 B78E-02 152 699 0.98 2887 ~ 0.0835 625 358 200,57
0-May0z | 450E02 | 151 | 70 | o095 2.893 0.0836 o 158 | 19341
14-Jun-02 5 S17E-02 15 69.5 1 3,209 0,0957 605 200.57
02-Jul-02 5.917E-02 1,51 . 1 3.060 0.0928 507 200,57
11-Aug-02 7,174E-03 1.57 Tee9 1 2.279 0.0645 192 46.02 214.90
" 12-Aug-07 7.092E-02 st 1 2.290 " 0,0641 497 51.76 214.90
26-Aug0z | 7837602 1.65 696 1 2521 0.0733 494 103,87 207.74
26Aug2 | 7937EQ2 LS | e ] 2,540 0.0742 435 o044 | 20774
27-fug-02 7.937E-02 1,59 0 1 2,042 0.0608 484 113.72 207.36
29-Aug-02 7.874E-02 157 894 1 1949 0.0566 482 11640 209,53
| oasep02 | 7a74E02 | 185 692 1 2506 0.0704 508 | 11014 214,90




‘Table B4 Steady state data collected for a continuous reactor run al T = 70 °C,

Date Feed Rate pi Temp Valume Fay Froe Eh Feln) Fe,
Lh') IdegC) (L (mo. b ') (a0, b Y (mv) frauna) (M)
24 Aug 04  2.026E-02 1.52 0955 1,047 0.0232 652 2.90 19878
2%6-AugD4 | 20Z3E-02 156 | o9 1068 ' 00278 50 0.90 20236 |
27-Aug-04 2.024E 02 157 0o 1054 00266 650 090 | 20236
[ 28 Aug 04 2.024E-02 1.56 .99 1.063 00255 6o | 20236
10-Aug-04 T R S 1 1.461 0.0397 h43 189.83
14-Aug-04 2879502 159 A 0.99 1.495 0.0391 640 0.90 21400
15-Aug-0d 2.880E-02 1.55 1005 1498 R0420 649 0.9 19678
| 1s-Aug-0t | 2881E02 VI I 1465 o413 [ 655 | 0 200,57
©19-Aug-04 2.897E-02 1.55 : 1 1453 0.0394 654 2.90 202.36
14-Feb-04 3,.075E-02 16 70.1 0.99 2125 11 00611 627 "3.58 166.55
05-Apr-0d ' 3.891E-02 142 69.9 1 2.107 00621 624 3.58 18595
Oe-Apr-04 | 1937 02 146 | 698 1 2058 00627 . 6 | 358 188,04
05-May-04 1.976E-02 162 | 704 1 2094 0.0603 635 189,93
13-Feb-08 |  5.656F 02 I (A 703 | “apeo ! T ooem | e09 | 627 | 168.34
|14 Feh 0 5AB2-02 L6 | 703 3 1077 0.0949 6017 3,58 166.55
Z1-May-04 5840E.02 | 158 | 703 | i %045 0,0838 628 5,37 166,55 |
[ o5May-04 | 5.770E-02 15 | 98 | 3,006 00844 627 19520
26 May 04 5.388E-02 16 N 1 2,947 0.0789 607 895 | 19520
19Jun-04 | 5,917F-02 16 0.2 0,98 2071 1.0785 590 752 186,75
20-Jun-04 5.841F 02 .41 704 .98 2.990 00793 | %00 | 6,55 19072
21-Jun-04 5,.978E-07 159 69.9 1 073 | oosa 504 189.83
20 Jul 04 20702 | 149 | 1 5,189 0.0851 527 3295 | 71580
21-Jul-04 7iE02 | 149 | 1 3.285 0.0858 524 60.53 17908 |
O6-Augd | 7077E02 | 155 [l 3.275 0.0981 559 R o341 |
|_oraugos | 7oz | s | 1 T noset [ se0 19341



Table B5 Steady state data collected for a continuous reactor run at T= 75 °C, |

Date Fewed Rate pH Tetnp Volume Loy = o th I’e{.ltl‘im Fe; ]
(1.h) {degl) I {mpan, h ") LTS e ) (mM) {rrint)

29-Mar-02 2.000€-02 15 75.1 1 1.201 0.0286 649 188.04 |
Wo-Mar-02 | 2000E-02 149 | 754 | 1169 0.0264 655 i 188.04
u-Mar-02 | 2000602 | | i 1 1185 00288 670 188.04
01-Apr-02 2.039E-02 145 753 2 1183 0.0284 60 | 251 188.04
02-Apr-02 2.088E-02 15 69.7 1 1175 0.0272 9 | 251 188.04
D4-Apr-02 |  2.000E-02 1.47 T8 1 1.130 o.0280. | 635 251 188.93
T a0-Aproz | 3.165E-02 1.5 e | 1 1795 0.0485 679 3.04 188.04
\1-Apr02 3.2156-02 1.5 7 I 1836 0.0469 663 158,04
\5-Apr-02 3.268E-02 1.4 5 | | 18s | Goass 631 304 181.77

16-Apr-02 | 300E-02 | 145 70 [ 1 1.867 0.0485 662 3.04 19072
T 28-Apr-0z | 4.000F-02 47 | 75 3 2.359 0.0679 616 304 185,35
29-Apr02 | 4.000F-02 L51 74,7 1 2409 0.0679 625 6,09 182,66
30-Apr02 | 4.049-02 52 749 1 2,397 0.0663 620 R
14-May-02 5.051E-n2 I 2.862 0.0792 619 5.37 184.46
17-May-02 | 5.081E-02 N 1 2.882 00807 612 430 188,02
C28-May-02  5.005E-02 153 | 7 1 2.820 0,0753 619 4.48 192,51
29-May-02 | d.950F 02 158 7.2 | _ 1 2,836 0.0769 626 190.72
30-May 02 | S071E 02 1.5 1g A\ 1 2.840 I < Y 7 192,51
J-May-02 | 5.000E-02 15 749 1 |7 2840 0.0766 622 F 19251
13-Jun-02 5.817E-02 i | = 1,303 T 0.0964 620 e 196,10
MJun-02 | 595202 146 | w284 | 1 131 | 0.09%9 601 ) 106,59

 02-Jul-02 57046-02_ | 146 | a8 | x| zam 0.0909 604 | 196 |
o3-Jul-0z | 5.714E-02 1,53 754 Lok 3.187 0.0919 605 196.99
oqul0z | 704302 147 | s \ 3879 0.1032 592 | 21490
~ 09-Jul-02 7,194E 02 1.49 75.9 : 3779 0.0984 609 21490
w0 Jul 02 7.194E-02 145 75.7 1 3738 0090 | sm 21490
| s9-ml-02 | 7092602 152 75.1 1 | 3mse 0.1095 s80 | 21490




Date Feed Rate pH Tetnp Volume = o Eh re(1n Fe-
_ {Lh") {deg) iy i (mMohd [umrco,h 4 [ () (i}
oraugez | zmseor | as | m3 | 1 U 3sm 0.1003 552 37.07 21490
07-Mug-02 7.634E-02 ) 1 3.928 2.1031 555 43.52 21490
27-Aug-02 |  8.850E 02 151 | 745 1015 3.222 0.0825 198 221 |
29 Aug 02 8850702 1.57 746 1 3254 0.0861 02 32.41 206,84
30-Aug-02 8.772E-02 1.58 747 1 3,207 0.08585 496 7683 214.90
03-Sep-02 BESOEOZ 152 7% 2 I T 7 S Y V) 500 3 196.10
11 Sep-02 9.901E-02 T T, 1 2108 2.0509 460 Wi |
11-Sep-02 9.9016-02 156 747 I3 209 00196 458 3 2149 |
12 Sep 02 S9MIF-02 | 154 | 747 g 2 2.080 0.0489 _as7 | 214.90 _
13-Sep-02 | 9.9010 02 155 .6 1 2088 0.0492 157 ! 2450 |
Table B.6 Steady state data collected for a continuous reactor run at T = 80 *C, [Fe™'],, = 214mM, Run 2 (20041),
l Date Feed Rate pH Temp Valtume Fo Fosy Eh Fe(l!) | Fo,
{L.h" (et} %) (mmo.k ) e, ') (my] (] (mbi)
24 Aug 04 1.923F-02 1.48 a7 0.928 0.0185 640 neo 193,41
26-Aug-04 Los6E02 152 | - 0.97 oBsd ¢ 00201 646 | 090 179,98
27-hug04 | 1.923L 02 1.5 0.97 0.860 0.0)80 548 0,90 17908 |
2-Aug 04+ 1,901F-02 146 1 081 00370 646 179,08
10 Aug 04 3,052F-02 1510 |\ 0.98 1535 0.0393 635 179.08
JlAug-04 | 1047602 T X 0.98 1,489 0.0370 63t 1.43 179.98
T ivAug0d | 3.037E02 153 " oes 1551 0,0404 637 .07 17908 |
14-Aug-04 3.0166-02 156 | 098 | 3571 0.0400 630 126 182,66
l6-Aug04 | L973E-0 1.53 ) bes | 1531 | 00401 644 0.90 196.10
18 Aug-04 2.970F-02 149 | 098 | 1588 00173 | 6 .90 19699
17 Jundd | 4.259L02 s | 802 2.91 28 | oess | e 358 170.13
1Bjun-4 | 4228E02 | Le2 802 085 | 2213 0053 523 .58 165.65




Date Feed Rate pH i TI"emp_l_ volme Ty -W_H-::,;_,-., E th Fell) Fe,
{ih ) (degt) (L} (b, b {mMco,. b 1' () {mm) (s} :
19-Jun-04 1.225E-02 0.95 2262 00532 | 626 3.04 171.92
0Junor | 4.203E02 14 | me [ ess 2244 0.0514 623 iss | 1%
2 un-04 | 4.219E-02 1.42 L 0.95 2.230 0.0517 627 179.08
© 25Jun 04 6.173E 02 .43 80.3 099 3144 ¢ 00763 " 624 698 17102
28-Jun-04 S 757E-02 158 | 802 099 | 3005 00732 | \627 8.06 16117
29-Jun-04 6135E-02 | 155 | 801 0.99 3,105 0.0759 610 T 943 172.82
30-Jun-04 6139E-02 | 133 B0 1 3143 0.075 610 12.00 19520
01Jul-04 | 6.105E-02 131 s | 1 ™ 3154 0.0765 509 1504 196.10
o2-Jul-04 6.150E-02 1.2 80 | o9 343 00763 610 | 1146 187.13
03-Jul-04 6.112E-02 147 79.8 0.98 2187 | ) 00767 09 8.06 B804
05-Jul-01 7.158E-02 - 0.99 3.616 0.0812 581 16.48 188.93
O7-Jul-08 | 7.168E-02 15 0.99 3.615 0.0813 588 T issoa
[ 1zuko4 | 7289602 s | : 3.584 0.0767 577 13.07 18146 |
" 16-qul-o4 7,205E 02 155 il 1 3,665 00789 | 579 1594 185,43
22-Jul 04 7,813E 02 1,39 0,96 3436 0.0759 i 54l 44,55 202.36
24.Jul-04 K. 70E-02 155 0.9 sest | 0078 545 3313 195.20
25-jul-04 B.170E-02 = 096 1611 00786 530 196,99
26-jutl-04 B.37E-02 s | 0.96 3,560 0,0775 520 W50 196.99
| od-Aug0a | .775E-02 145 | 1 343 0.0047 500 6357 | 1saa
Od-Aug-04 | O.775E 02 154 | 0.99 1424 0.0965 500 69,84 e |
 05-Aug-04 0,785E 02 16 1 1428 0.0996 504 63.57 wiér |
| 05-Aug-04 9,785 02 155 | 0.09 3513 0.0999 514 18,35 190,72
O6Augos [ 9BMEG | ist | 099 3586 ot [ s [ st | ECE




Table B.7 Steady state data collected for a_continuous reactor run at 1 = 70 *C, 1., = 17h, varying feed iron concenlralion, (2003).

Nate Feed Rate pH Temp volume s T th re(in Fe,

Lh" (“c) I (0, ) (M0 (mv) (mM) ()
06 Jum03 | 215 157 70.1 SN 2,063 0.085 807 5. 195.20
07 Jun-03 215 167 59,8 [Nt 5 2,063 0.086 T o1s 3| 19343
09 Jun-03 215 148 70 = 1,075 0,084 610 3,91 19699 |
W Jonos | oy 151 69.3 ¥ A .44 0,043 625 251 w208 |
14 Jun 03 T 15 70.2 .- 3 .44 0.079 626 1.0 53 49 :
15 Jun 03 10/ 151 63.9 1 145 0.0%9 sav | e | aodwe
19-Jun-03 54 149 69,8 1 0,703 0073 638 143 55,52
20-Jun-03 54 147 0 1 073 0.074 836 1,41 57.31
21-Jun-03 59 1.53 9.9 3 876 0026 635 1.43 55.57




r\ppend[x C Kinetic Constants

Appendix C

Kinetic Constants

As discussed in Section 6.4.1, 4 number of rate equations were examined to determine which would
describe the observed data most effectively. The kinetic constants determined by regression tor

cach data set in Figure 6.14.

C.1 Monod Fquation Qpr = i [c.1]

Table C.1 Kinetic constants for the Monod equation (.1},

Taniperature o K., #e
) (molfe™ [malCh ) (mM Fe™)
] 5.98 1.36 DES
63 8,52 16 0.E9
20 11.31 392 0,86
75 14.56 4,99 0,59
B0 17.25 2.25 A4
qmax
P L
C.2  Competitive Inhibition Qpt- = = [€.2]

Ks  KgiFe™]
fFe?'l Kp [Fe?']

Table C.2 Kinetic constants for the competitive inhibition model (Equation 2.8),

Tempearature iz A K. K, R
[ (melFe (melCh ™) frnbd Fe?') [ enkd Fa¥)

. ai 292 6,84 % 107 Q Q.85

ks 852 ] 116 0.89

70 1111 201 x10¢ o 088

7h 14.56 il 4,99 Ak

80 16,79 391 x 1ot y 5 0.84




Appendix C Kinetic Constants

max

qug'
(Fe™ ], [re” =

R
Fe [F92+] K o

C.3 Substrate Inhibition Qe e =

Table C.3 Kinetic constants for the substrate inhibition equation (C3).

Temperature = K L B
(*c) {molFe® (molC.h™)) {=) (M Fe™)
60 6.88 0.0107 391 0,67
i) f.41 0.0159 23092 1,89
i 13.61 0.0300 354 0.5
75 16,93 0352 517 0.5
&0 48.78 .176 27 o ﬂj% A
%, [Fe*]
(14Fk
C.4 Meruane et al., 2002 Gt = LF 32:]_ 2 15]
1+ Ks +k [FE ]
7 e R 1 ¢
Table C4 Kinetic constants for Equation 215 (Meruane et al, 2002),
Temperature Cnas K, L K, R?
(=) (molze® (molc k) i-1
60 607 | sragna® 0 aged 082
i B.38 1.57x 107 1 il 034
] 18,74 433 x 10’ a o0 0.9
K 14.07 250 .43 0,070 0.83
A0 15.60 o (b 0,250 094

L]
L~x



Appendix 11 Theoretica] Yield

Appendix D

Calculation of the Theoretical Yield

For thermophilic ferrous iron oxidation, the Gibbs frec energy of reaction of Equation 4.16: the
macrochemical balance written per mole of biomass formed (solving the element and charge
balances in Talle 4.4}

1—4.2%, | - s oA 1
Lo bl oz+ire-’*’++[.‘ @.2}1;' > CHy 0N —Fe™ 4 ———06 1,0

CQ, 1 0.2NH +
' K ¥y

gy Yo |_Y5>{

is equal to the energy dissipated per moele of biomass, which [or systems performing reverse

electron transport across the cell membrane is equal to 3500 klL.malC'

e £

i . (ke )
AGy — TugAly =—| — =—3500
i v [4.27]
Where AG, = Gibbs free energy of reaction
A" =Gibbs free energy of formation of component § under standard conditions
2 the stoichicmetric coefficient of component [ in the macrochemical
balance

Table D.1 Gibbs engrgy of formation {aqueous pH-=7} in thermodynamic reference.

Compoutd A stoichicmetric coefficient
ca, -304,359 -1

NH, 7837 0.2

o, i -2y, ) aY )

Fa® 78.87 -1 Yy

H -340.87 1f¥,,-02]
CH,,0,.N,, -737.18 1

Fe' 4.8 1/

H,0 _ -137.18 ALY 0.6

solving Fquation 4.22 [or Y™™ under standard conditions {T = 25°C, liguid concentrations = 1 M, gas

partial pressures = 1 atm} yields,
Yo" = 0011 molC{mal Fe™)

0-1

f4.16]








