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Know all things to be like this: 

A mirage, a cloud castle, 

A dream, an appartition, 

Without essence, but with qualities that can be seen. 

Know all things to be like this: 

As the moon in a bright sky 

In some clear lake reflected, 

Though to that lake the moon has never moved. 

Know all things to be like this: 

As an echo that derives 

From music, sounds, and weeping, 

Yet in that echo is no melody 

Know all things to be like this: 

As a magician makes illusions 

Of horses, oxes, carts and other things, 

Nothing is as it appears. 

Buddha 

Voor Ted 
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1.1 

Chapter I 

Introduction 

Bio-oxidation in sulphide minerals 

In recent years there has been considerable growth in the application of bio-oxidation 
for the pretreatment of refractory sulphide gold concentrates. In addition to its use in the 

pretreatment of refractory gold ores and concentrates, bio-oxidation is widely used in the 

bioleaching of copper from low-grade ores. Considerable interest is also being shown 

in its application to the bioleaching of cobalt, nickel and zinc from sulphidic ores. 

Another application is the generation of acid ferric sulphate lixiviant which is used as 

a leaching medium in extractive hydrometallurgical processes. Bio-oxidation is also 

being considered as a means of coal desulphurization and in the decontamination of soils 
and sludges containing sulphides of heavy metals. The application of 

biohydrometallurgical processes has the advantages of improved efficiency and less 

environmental problems as compared with other extractive techniques (Dutrizac et al., 

1974; Brierley, 1978; Torma, 1977 and 1982.) 

Two basically different large scale processes can be applied in bacterial leaching. 
Nowadays in-situ dump or heap leaching are the most widespread bacterial leaching 

processes, (Duncan et al., 1967; Kelly et al., 1979; Torma, 1988) while aerated slurry 

reactors find less application. From feasibility studies we found that the costs of the 
slurry process for gold production are mainly determined by the aeration, heat transfer 

(heat is produced from bacterial sulphide oxidation), and the pyrite oxidation rate 

(Duncan et al., 1966; Corrans et al., 1972; Acevedo et al., 1989). An important part of 

the costs of a slurry process for leaching of low grade ores is caused by the investment 
costs of the slurry reactors. Improvement of the oxidation rate per unit of reactor volume 

is essential for the feasibi lity of slurry processes. 

Process optimization with respect to the oxidation rate can be achieved by optimizing 

process conditions such as pH, temperature, slurry density, particle size, ferric and 
ferrous iron concentrations, biomass, and improvement of the process operation. Up until 

now, the basis for the stirred bioreactor design has been the use of the logistic equation 

(Pinches et al., 1988). This has been shown to fit both batch and continuous data and 
to predict multi-stage pilot plant performance (Hansford and Bailey, 1992; Hansford and 

Miller, 1993). While successful in fitting continuous steady state data, the empirical 
logistic equation does not contain terms reflecting the effect of particle size, slurry 

density nor pH and ferrous or ferric iron concentrations. In other words, the major 

limitation of the logistic equation is that it is not mechanistically based and therefore 
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does not provide information on the fundamental mechanisms, kinetics and rate-limiting 

factors. 

With the successful commercialization of bio-oxidation for refractory gold and for low

grade copper, and the potential for its use in a wide number of minerals processing and 

environmental control operations, there is considerable incentive to gain further 
understanding of the sub-processes involved, their mechanisms and kinetics, in order to 

identify the rate-limiting sub-processes. 

The general aim of this research work is to find rules for the design and optimization 

of bio-leaching processes in slurry reactors. In order to find the bottle-necks in these 

kind of processes we made a (academic) process design for the oxidation of pyrite with 

Tferrooxidans in bubble columns or stirred aerated reactors at varying slurry densities. 

The costs of these slurry processes are mainly determined by both the energy costs 

needed for the aeration of the slurry as well as by the investment costs of the reactors, 

which are caused by the residence time needed for the conversion of the pyrite. We 

choose to aim at the second problem: how can (at sufficient oxygen and carbon dioxide 

transfer to the slurry) the bacterial oxidation rate of sulphide minerals be optimized, and 

which factors determine or limit this rate. In scientific terms: which are the rate 

determining sub-processes in the bacterial oxidation of mineral sulphides. Next, these 
sub-processes need to be kinetically modelled in order to obtain a complete kinetic 

model of the bacterial oxidation of the sulphide minerals as a function of the process 

conditions. It is assumed that these kinetic models can be used in the optimization of the 

processes. Also, insight in the rate determining sub-processes might lead to new process 

design. 

1.2 Rate-limiting sub-processes in bio-oxidation of sulphide minerals 

The bio-oxidation of sulphide minerals (MeS) can be considered to consist of several 

sub-processes each of which can be described in terms of a mechanism and related rate 

expression. These rate expressions describe the rate of the sub-processes as a function 
of the process variables such as, biomass concentration, particle diameter, ferrous and 

ferric iron concentration, pH and temperature. Furthermore it is assumed that each of the 

sub-processes can be examined separately and that the overall bio-oxidation rate can be 
predicted from the kinetics of the critical or rate determining sub-processes. 



4 

/ GAS-Ll_au10 
: :MASS .TRANSFEFL 
·::::-: . - ·-: .. :::::-:.·:::~{ 

... 

t~1~~ ~lr~g 
. .·. ··.·.·· ._ ... ·.· · ··· 

... 

> CO . : . 2 

·o 
. 2 . .. \{:{\ 

. .. 

.. . .... 

: •• ;_:.~DI ~-~~;;::M ~dN:A:~·,·S:M::::::: 
.·. .. ·.···. ···.·.·.·.·.·. ·.·.·.·.- ·.· 

Figure I.I 

. . . . . . . . . ... -: :-:-:::·: :· .: diF.f=:1):$Jbt~r: 

: ~ ~: ~: ~: ~:~ :=: ~:~.. : : : . ::: : : : : : : : : : : : : : : : : : : : : : : 
'.. . .·~·>. ·.-:-:-:·: .;-:-:-:-:-:-;.: 

::::::::.P~~<..::J+::::=·:.:.:::::u::::::: 
. ...... . ... . 

... ·.·.·.·.·.·.·.·.·.·.·.· . 
.... ··········· ···-········· ............ 

. .. ·.·.·.·.·.·.·.·.·.·.·.· .... 

//8P~ ... 
......... · · ········· ... ........ ........ . ... . . 

~~Bi~~I~M 
Subprocesses in the bacterial oxidation of sulphide mineral. 

Chapter I 

Besides the chemical and/or bacterial oxidation reactions involved in the bio-oxidation 

process, other sub-processes might also play a role; e.g. oxygen and carbon dioxide 
transfer from the gas to the liquid phase, formation of precipitate layers such as jarosites 

on the mineral surface, mass transfer of reactants and products between the bulk liquid 
and the reaction surface through layers on the surface, attachment of bacteria to the 

mineral surface, etc .. In industrial ores there may be even more sub-processes like mass 

transfer through the gangue, electrochemical reactions between different minerals, etc., 
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which may determine the rate of reaction. Sub-processes that can occur and may 

determine the rate in the bacterial oxidation of a pure mineral sulphide are shown in 

Figure 1.1. 

In order to examine which sub-process is limiting to the overall bio-oxidation rate, each 

sub-process needs to be identified, and how its rate is affected by process conditions 

needs to be known. In this way mechanistic models provide a tool to predict what will 

happen to the overall bio-oxidation rate if certain process conditions are changed. 

Accordingly, mechanistic modelling of bio-oxidation kinetics aims at the determination 

of the rate-limiting sub-processes involved, and at the mathematical description of these 

sub-processes as a function of the process conditions. This thesis will focus on the 

identification of the mechanisms involved in bio-oxidation reactions of pure sulphide 

minerals and on the kinetic modelling of these reactions. 

1.3 The direct and indirect mechanism in bio-oxidation of metal sulphides 

A mechanistic kinetic model is one based on 

the mechanism that is supposed to be 

involved in the bio-oxidation of the mineral 

sulphide. From several review papers on 

bioleaching it appears that little agreement 

on the specific role of micro-organism in 

bacterial oxidation processes exists (Corrans 

et al., 1972; Dutrizac and MacDonald, 1974; 

Brierley, 1978; Torma, 1982 and 1988). 

Some authors support the direct mechanism, 

assuming that bacteria are capable of directly 

oxidizing the mineral surface. Others prefer 

the indirect mechanism, claiming that bio

oxidation takes place by means of a 

Me2
• 

l so:· 

Figure 1.2 
Direct bacterial oxidation of a sulphide mineral. 

chemical reaction of the mineral surface with ferric iron. The role of the bacteria is to 

oxidize and recycle the ferrous iron thus formed to ferric iron. 

In the direct mechanism (Figure 1.2), it is assumed that the bacteria associate closely 

with the sulphide mineral surface, and that the sulphur moiety of the mineral sulphide 

is biologically oxidized (Duncan 1967; Arkesteyn, 1980). However, the specific 

mechanism, enzymatic or electrochemical, by which this occurs has not yet been 

elucidated. It is generally assumed that attachment of the bacteria to the mineral surface 

is required in this mechanism, as shown in Figure 1.2. In Table 1-i the simplified 
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stoichiometric equations of direct bacterial oxidation of sphalerite (Eqn. 1 a), chalcopyrite 

(Eqn. 2a) and pyrite (Eqn. 3a) are listed. In Chapter 4 it is explained how the biomass 
production from C02 is included in the stoichiometric equations for bacterial oxidation 

reactions. 

Table 1-i: Stoichiometric equations for the direct and the indirect bacterial oxidation of sphalerite, 

chalcopyrite and pyrite. ' bio' refers to a bacterial oxidation reaction, 'chem' to a 

chemical oxidation reaction. 

Mechanism Stoichiometry 

Equation. 

direct ZnS + 20 2 
__.. znso. bio la 

incomplete ZnS + 2Fe3
• __.. zni. + S0 + 2Fe2• chem lb 

indirect 2Fe2
• + 0.502 + 2W __.. 2Fe3

• + H20 bio 4 

S0 + 1.502 + H20 __.. H2S04 bio 5 

complete ZnS + SFei+ + 4H20 __.. ZnS04 + SFe2
• + sH• chem le 

indirect SFe2• + 202 + SH• __.. SFei+ + 4Hp bio 4 

direct CuFeS2 + 4.2502 + W __.. Cu2
• +2SO/' +Fe3•+0.5H20 bio 2a 

incomplete CuFeS2 + 4Fe3
• __.. Cu2

• + 2S0 + 5Fe2
• chem 2b 

indirect 5Fe2
• + 51402 

__.. 5Fei+ + 5/2H,0 bio 4 

2S0 +30 2 + 2H20 __.. 2H2so. bio 5 

complete CuFeS2 + 16Fei+ + SHP __.. cu2•+2so/ + 17Fe2++16H• chem 2c 

indirect 17Fe2
• + 17/402 + I 7W __.. 17Fe3

• + 17/2H,0 bio 4 

direct FeS2 + 15/402 + 0.5Hp __.. Fe)+ + 2SO/ + W bio 3a 

incomplete FeS2 + 2Fe3
• __.. 3Fe2

• + 2S0 chem 3b 

indirect 3Fe2• + 3/402 
__.. 3Fei+ + 3/2Hp bio 4 

2S0 + 302 + 2Hp __.. 2H2S04 bio 5 

complete FeS2 + 14Fe3
• + SHp __.. I5Fe2

• + 2so,i· + 16W chem 3c 

indirect 15Fe2
• + 15/402 + I SW __.. 15Fei+ + 15/2H20 bio 4 

On the other hand, in the indirect mechanism (Figure 1.3 and Figure 1.4), it is asswned 

that the sulphide mineral is chemically oxidized by ferric iron leading to the dissolution 
of the metal cation. However, also the specific mechanism by which the chemical 

oxidation of the mineral sulphide occurs is still unclear (Luther, 1987; Moses, 1987; 

Crundwell, 1987). The chemical oxidation reaction can be complete, in which case 
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ferrous iron and sulphate are produced. The role of the bacteria is to regenerate ferric 

iron by oxidizing the ferrous iron. This does not require that the bacteria are closely 

associated with the mineral surface. This indirect mechanism is shown in Figure 1.3. The 

chemical oxidation reaction can also be incomplete, in which case ferrous iron and 

elemental sulphur are produced. Several authors suggested that elemental sulphur at the 

mineral surface causes mass transfer limitation in the chemical oxidation reaction. The 

role of bacteria is to oxidize the sulphur to sulphate as shown in Figure 1.4. 

Fe
3·-m-o 

~Fe2·~~~~. 
~Me'' 

so2
· 

4 

Figure 1.3 
Indirect bacterial oxidation of a sulphide mineral: Complete chemical oxidation of the mineral with 
ferric iron and bacterial oxidation of ferrous iron. 

Figure 1.4 
Indirect bacterial oxidation of sulphide mineral: Incomplete chemical oxidation of the mineral with 
ferric iron and bacterial oxidation of ferrous iron and elemental sulphur .. 
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In Table 1-i the stoichiometric equations of the incomplete and complete chemical 

oxidation of sphalerite (Eqn. 1 b and le resp.), chalcopyrite (Eqn. 2b and 2c resp.) and 

pyrite (Eqn. 3b and 3c resp.) are listed. In the case of a complete chemical oxidation of 

the mineral sulphide to ferrous iron and sulphate only the ferrous iron is oxidized by the 
bacteria (Eqn. 4), whereas in case of an incomplete chemical oxidation both ferrous iron 

and elemental sulphur are biologically oxidized (Eqn. 4 and 5). Equations 4 and 5 give 

simplified stoichiometric equations in which the growth of bacteria is neglected (see 

Chapter 4 for incorporation of bacterial growth). 

If ferric iron is available chemical oxidation of the mineral sulphide takes place. 

Therefore the direct and indirect bacterial oxidation might occur in parallel. From a 
process optimization point of view it is necessary to determine which of these sub

processes controls the overall oxidation rate. 

1.4 Review of the literature on the direct and indirect bacterial oxidation 

Several attempts have been made to determine whether a direct or an indirect 

mechanism applies in a particular bio-oxidation process. This section discusses the 

methods that have been used in the literature to discriminate between the direct and 

indirect mechanism. 

1.4.1 Scanning electron micrographs (SEM) 

Some authors suggested that the formation of pits at the mineral surface is an indication 

for the occurrence of direct bacterial leaching. Hansford and Drossou (1987) showed 

with scanning electron micrographs that pits were formed at the bacterially oxidized 

sphalerite surface and concluded that these were caused by direct bioleaching. Natarajan 
(1988), Rodriquez-Leiva and Tributsch (1988), Bartels et al. (1988), Mustin et al. 

(1992), and Vargas et al. (1993) also used SEM and observed the formation of pits and 

corrosion patterns in the bacterial oxidation of pyrite and concluded that direct bacterial 

attack of the surface took place. 

However, pit formation was also found to occur in chemical oxidation of minerals. 
Mathews et al. (1972) examined the pyrite surface after chemical leaching with ferric 

sulphate and observed that the surface was noticeably pitted. Zuo-Mei Jin et al. (1984) 

used SEM to show the formation of pits on a chemically oxidized sphalerite surface. 
McKibben and Barnes (1986) examined cleaned pyrite surface prior to oxidation. From 

scanning electron micrographs they concluded that substantial intergranular variations 

in surface texture existed. According to the authors these grain edges and corners, 
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defects, solid and fluid inclusion pits, cleavages and fractures were both inherited from 

mineral growth history and applied surface preparation procedures. These sides were 

chemically reactive because of high excess surface energy. Consequently the reactive 

surface area was substantially different from the total surface area and this explained the 

occurrence of pit formation in chemical oxidation reactions. 

Therefore, the observation of pits is not sufficient evidence for proving the occurrence 

of direct biological leaching. However, the form of the pits might be of use in 

distinguishing between bacterial and chemical leaching. Norman et al. (1987) described 

chemical and bacterial leaching experiments carried out with pyrite. The etching patterns 

were examined with a light microscope. Bacterial leaching progressed from fine cracks 

to pits, to progressively wider and longer grooves until the mineral was destroyed. The 

shape of these pits is often referred to as bacterial "foot-print" or "finger-print" Acidic

ferric leaching caused similar pits on pyrite of 0.5 µm * 1-3 µm, but different in 

appearance than those obtained by bacterial leaching. From these observations they 

concluded that the bacteria played a specific role in mineral leaching. 

1.4.2 Theoretical considerations on the bio-oxidation mechanism 

Various mechanisms have been postulated in order to explain the direct bacterial 

oxidation of a sulphide mineral. Lundgren and Tana ( 1978) claimed that the cell 

envelope forming the exterior of the micro-organism contains the necessary enzymes 

(biological catalysts) to oxidize the sulphide. However, on the basis of energetic 

calculations Tributsch and Bennett (1981a) claimed that for both ZnS and CdS a direct 

electron transfer from the metal sulphide valence band to the bacterial metabolic system 

has to be excluded. In the absence of ferric ions they observed a significantly larger 

oxidation rate of synthetic ZnS and CdS in the presence of bacteria. They proposed an 

indirect mechanism in which in the absence of ferric ions hydrogen ion, H+, acts as an 

electron acceptor in the chemical oxidation of pyrite. The reaction steps are listed in 

Table 1-ii. 

Table I-ii: The sterile mineral sulphide oxidation in the absence of ferric iron with H+ as an 

electron acceptor, as proposed by Tributsch and Bennett ( 1981 ). 

MeS + 2W ~ Me2+ + H2S chem 6a 

H2S + H2so. ~ H2S03 + H20 + S chem 6b 

H2S03 + 1/202 ~ 2H· + so.i· chem 6c 

Mes + 11202 +2W ~ Me2• + S + HP overall 6d 
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They also proposed a mechanism in order to explain the enhanced oxidative dissolution 

of mineral sulphides by bacteria in the absence of ferric ions: By reacting chemically 

with the metal sulphide surface protons break chemical bonds to produce a surface state 

that can be chemically described as -SH5
-- groups. This process controls the rate of 

dissolution of the metal. Further they postulated a carrier molecule, Y+, which is 

produced by the bacteria, that removes the -SH5
-- groups from the sulphide surface. y + 

can break chemical bonds by forming a chemical complex (Y-SH). The resulting 

compound is then re-absorbed into the metabolic system of the bacteria, where the 
sulphide ion is oxidized and y • becomes released. The stoichiometry of this mechanism 

is given in Table I -iii. 

Table I-iii: The role of a bacterial produced carrier molecul~ y • in bacterial mineral sulphide 

oxidation in the absence of ferric iron with hydrogen ions as an electron acceptor as 
proposed by Tributsch and Bennet ( 1981 ). 

MeS +v • + H+ 

Y-SH + 202 

MeS + 202 

~ Me2
• + Y-SH 

~ y • + H• + SO/ 

~ Mez+ +SO/ 

chem 

bio 

overall 

7a 

7b 

7c 

Summarizing, the mechanism proposed by Tributsch and Bennett, describes an indirect 

mechanism based on a carrier y • that possibly occurs in bacterial oxidation of mineral 

sulphides at iron free conditions. According to them a strictly direct mechanism in which 

bacteria attack the bond between the metal ion and the sulphur moiety in the mineral 

crystal does not occur. 

1.4.3 Cyclic Voltammetry 

Voltammetry is a technique of studying the kinetics of electrode processes. The current 

from the electrode is monitored as the potential of the electrode is changed. As the 

potential approaches the reduction potential of the reducible solute, the cathodic current 

increases. Soon after the potential exceeds the reduction potential, the current declines 

due to mass transfer limitation of reducible species towards the electrode (i.e. 
concentration polarization). Consequently, the concentration of reduced (=oxidizable) 

species at the electrode surface is high. In cyclic voltammetry the potential is taken back 

down to its initial value. As the potential begins to fall there is a rapid increase in the 

current, due to the high concentration of oxidizable species close to the surface. When 

the potential is close to the potential required to oxidize the reduced species, there is a 
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substantial anodic current until all the oxidation is complete, and the current returns to 

zero. 

Chia et al. ( 1989) measured cyclic voltarnmograms of pyrite electrodes in the presence 

and absence of Thiobacillus ferrooxidans. It appeared that the cyclic voltarnmograms of 

sterile and inoculated experiments were closely matched. The slight differences were 

attributed to the presence of small amounts of iron transferred with the inoculum into 

the experimental solution. From the measured half-peak potentials in the voltammograms 

several electrochemical reactions were proposed. It was assumed that if during the 

oxidation of pyrite all electron transfer would take place in one single reaction, only one 

oxidation peak should have been realized during the positive sweep, and one reduction 

peak during the reversal of the potential (negative sweep). Since a number of reduction 

and oxidation peaks occurred, these authors concluded that intermediate reactions take 

place. In the proposed mechanism for both the sterile and the bacterial pyrite oxidation 

H2S and ferrous iron were electrochemically produced. The contribution of the bacteria 

was to further oxidize these compounds. These results indicated that bacterial pyrite 

oxidation was due to an indirect mechanism in which reduced sulphur compounds were 

electrochemically produced. 

1.4.4 Biomass yield on the mineral sulphide 

Some authors claim that based on a comparison of the bacterial growth yields on ferrous 

iron and the metal sulphide, a direct mechanism has to be postulated. In case of an 

indirect mechanism in which the sulphide is completely oxidized to ferrous iron and 

sulphate, part of the chemical energy content of MeS is chemically dissipated, and only 

the chemical energy content of the produced ferrous iron is available for bacterial 

growth. 

In their review on the (sterile) chemical leaching of mineral sulphides with ferric iron 

Dutrizac and McDonald (I 974) predicted from thermodynamic data that under sterile 

conditions and excess of ferric iron mineral sulphides will completely oxidize. Complete 

oxidation to ferrous iron and sulphate was found to occur in the chemical oxidation of 

pyrite with ferric iron (McKibben et al., 1972; Mathews et al., 1972; Boogerd et al. 

1991 ). It appeared however, that ferric iron oxidation of zinc sulphide, copper sulphide, 

nickel sulphide, chalcopyrite etc. is incomplete and produces ferrous iron and elemental 

sulphur (Dutrizac and McDonald, 1974). Accordingly, if an indirect mechanism is 

dominant, except for the case of pyrite, oxidation energy from both elemental sulphur 

and ferrous iron is available for the bacteria. Assuming that pyrite is completely 
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chemically oxidized to ferrous iron and sulphate, arguments for the occurrence of a 

direct mechanism based on the comparison of growth yields on pyrite and ferrous iron 

can only be applied in the case of the bacterial pyrite oxidation. In Chapter 7 it will be 

discussed however, that most probably sp/ is formed in the chemical oxidation 

reaction, which can be oxidized by Thiobacillus ferrooxidans. The formation of 

intermediate reduced sulphur compounds would make the yield argument also 

inapplicable for pyrite. 

Arkesteyn ( 1980) and Hazeu et al. ( 1986 and 1987) calculated the bacterial yield as the 

amount of biomass produced per mole of electrons available in a substrate. Per mole of 

pyrite oxidized 15 electrons are transferred to oxygen. The source of these electrons is 

different for the direct and the (complete) indirect bacterial pyrite oxidation mechanism: 

In the case of a direct bacterial oxidation reaction there are I mole of ferrous iron 

electrons and 14 moles of electrons from S/- in pyrite available for bacterial growth. In 

the case of an indirect mechanism pyrite is completely chemically oxidized, and 

therefore 15 moles of ferrous iron electrons per mole of pyrite are available for bacterial 

growth. 

Table I-iv: Growth yields at pH 3, on ferrous iron, elemental sulphur and pyrite expressed in mole 

CO, fixed per mole substrate and per mole electrons respectively, as measured by 

Arkesteyn ( 1980). 

Substrate Growth yield Growth yield 

(mol CO,Jmol substrate) (mol CO,Jmol electron) 

·Ferrous iron 0.012 0.012 

Sulphur 0.17 0.028 

Pyrite 0.2 0.013 

Arkesteyn showed that the transport of electrons from sulphur to oxygen yielded more 

energy for the bacterial C02 fixation than the transport of electrons from ferrous iron 

(see Table I-iv). In other words, the available energy for growth on ferrous iron 

electrons is less than that of sulphur electrons. He claimed that the bacterial yield from 

the electrons released from FeS2 is intermediate, which supports the occurrence of direct 

bacterial pyrite oxidation. 

However, with regard to the data presented in Table I-iv Arkesteyn's argument does not 

seem very convincing. The value of 0.013 mole CO/mole pyrite electron seems to be 

much closer to the value of ferrous iron than to the value of sulphur. Also from the 

growth yield per mole of substrate, the predicted yield for an indirect mechanism (0.18 
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mole of C02 fixed per 15 mole ferrous iron) is much closer to the measured yield on 

pyrite, than the predicted yield of a direct mechanism (0.35 mole C02 fixed per 1 mole 

of ferrous iron and 2 moles of sulphur). 

Hazeu et al. ( 1986 and 1987) have also measured that the growth yield of T.ferrooxidans 

per mole of electrons is much higher on reduced sulphur compounds than on ferrous iron 

(Table 1-v). Because the growth yield per mole of electrons on pyrite is significantly 

higher than the yield on ferrous iron they concluded that the sulphur part of the mineral 

is oxidized bacterially to a significant extent, rather than via the complete chemical 

oxidation of the pyrite with ferric iron. They concluded that these results favour a direct 

mechanism. 

Table 1-v: Growth yields on ferrous iron, tetrathionate and pyrite expressed in dry weight per mole 

electrons as measured by Hazeu et al. ( 1986 and 1987). 

Substrate Mode of Growth yield 

cultivation (gDW/mol electron) 

Ferrous iron Chemostat 0.23 

(D=0.034 h"1
) 

Tetrathionate Chemostat 0.92 

s.o/- (D=0.034 h"1
) 

Pyrite Batch 0.35 - 0.95 

Against this conclusion we want to argue that in the chemical oxidation of pyrite with 

ferric iron intermediate thiosulphate is be produced (Luther, 1987; Moses et al., 1987). 

According to these authors thiosulphate is easily chemically oxidized to ferrous iron and 

sulphate by ferric iron. Bacteria like Thiobaci/lus ferrooxidans are also capable to 

oxidize Sp/-. Th.erefore, bacteria and ferric ions will oxidize these chemically produced 

intermediate sulphur species at different rates. Accordingly, even in the case of an 

indirect mechanism the growth yield on pyrite might be larger than the value that would 

be predicted from exclusive growth on chemically produced ferrous iron. This might 

explain the wide yield range that was observed by Hazeu et al. for the bacterial growth 

on pyrite. 

Summarizing, pyrite is chemically completely oxidized by ferric iron whereas in the case 

of sphalerite and chalcopyrite elemental sulphur is produced. Accordingly, a comparison 

of data on the bacterial growth yield to discriminate between the direct and indirect 

mechanism is only applicable in the case of pyrite. However, in the chemical oxidation 
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of pyrite reduced sulphur species might be produced which can be both chemically and 

bacterially oxidized. In that case the bacterial growth yield on pyrite is indeterminate. 

Therefore, this method seems to be inadequate to discriminate between the two 

mechanisms. 

1.4.S Bio-oxidation at iron free conditions 

Several authors have carried out bio-oxidation experiments with synthetic or natural 

metal sulphides under iron free conditions (Torma et al. 1970, 1972; Sanmugasunderam 
et al., 1985; Natarajan, 1988). In these experiments oxidation of the sulphide took place 

and these authors concluded that a direct bacterial actio11 took place. It will be shown 

however (Chapter 2) that the measured oxidation rates are extremely slow as compared 

with bacterial oxidation rates at higher iron concentrations. Moreover, the measured rates 

can occur by chemical oxidation if only traces of iron were available. Alternatively, if 
no ferric iron is available, molecular oxygen can act as an electron acceptor in the slow 

chemical oxidation of metal sulphides (Lowson, 1982; Moses et al., 1987; Luther, 1987). 
Therefore, these experimental results are not convincing in proving the occurrence of a 

direct bacterial oxidation reaction. 

Others have claimed a direct mechanism by comparing a bio-oxidation rate that was 

greater than the chemical, sterile leaching rate at equal initial concentrations of ferric 
iron (Boogerd et al., 1991; Lizama and Suzuki, 1991; Konishi et al., 1992). However, 

this conclusion is also incorrect, because in the sterile blank the used ferric iron was not 

regenerated and ferrous iron accumulated. Several authors mentioned an inhibiting effect 

by the ferrous iron produced in the (sterile) chemical sphalerite oxidation (Dutrizac and 

McDonald, 1978; Warren et al., 1985; Verbaan and Crundwell, 1986; Crundwell, 1987), 

and also in the (sterile) chemical pyrite oxidation (Garrels and Thompson, 1960; 

Mathews et al., 1972; King and Perlmutter, 1977; Qiong Zheng et al., 1986; Kawakami 
et al., 1988; Boogerd et al., 1991). This might explain why the chemical oxidation rate 

is smaller than the bacterial oxidation rate at the same total iron concentration. 

1.4.6 Selective inhibitors 

Duncan et al. ( 1967) carried out bacterial leaching experiments with CuFeS2 and FeS2 

applying sodium azide (NaN3) as a selective inhibitors for the bacterial ferrous iron 

oxidation, and N-ethyl-maleimide (NEM) as a selective inhibitor for bacterial sulphide 

oxidation. From these experiments they concluded that during the oxidation of CuFeS2 
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and FeS2 Tferrooxidans attacked both insoluble ferrous iron and sulphide. The oxidation 

of the two substrates occurred simultaneously and independently. However, the relative 

rates depended on how the cells were grown. 

Arkesteyn ( 1980) used the same selective inhibitors to measure a decrease on the 

bacterial pyrite oxidation rate by means of respiration measurements. He also showed 

that the relative rates depended on how the cells were grown. In Table I-vi the results 

are summarized. 

Table 1-vi: 

Growth 

substrate 

Fe2• 

FeS2 

so 

Influence of selective inhibitors on oxidation capacity of Thiobacillusferrooxidans from 

respiration experiments (Arkesteyn, 1980). 

Oxidation of 

Inhibitor added Fe2• FeS2 
so 

Percentage of inhibition 

I mM NEM 0% 36% 100% 

0.01 mM NaN3 100% 69% 0% 

I mM NEM 0% 55% 100% 

0.01 mM NaN3 100% 45% 0% 

I mM NEM 0% 7 1% 100% 

0.01 mM NaN, 100% 35% 0% 

Based on the following observations Arkesteyn claimed that T.ferrooxidans directly 

utilizes the sulphur moiety of pyrite: 

a) The known inhibitors of Fe2
+ and s0 oxidation (NaN3 and NEM respectively) 

partially abolished FeS2 oxidation (see Table I-vi). 

b) Ab-type cytochrome was detectable in FeS2 and S0 grown cells, but not in Fe2
• 

grown cells. 

c) FeS2 and S0 reduced b-type cytochrome in whole cells grown on S0
. 

d) C02 fixation at pH 4.0 per mole of 0 2 consumed was the highest with s0
, lowest 

with Fe2
• and medium with FeS2 as a substrate. 

e) Bacterial Fe2
• oxidation was found to be negligible at pH 5.0 whereas both FeS2 

and S0 oxidation was still appreciable. 

t) Separation of pyrite and bacteria by means of a dialysis bag caused a pronounced 

drop of the oxidation rate which was similar to the reduction of pyrite oxidation 

by NEM; indirect oxidation of the sulphur moiety by Fe3
• was not affected by 

separation of pyrite and bacteria. 
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It will be discussed in Chapter 7 why these observations do not prove that the sulphur 

moiety of pyrite is directly attacked by the bacteria. 

1.4. 7 Chemical and biological oxidation rates in redox-stat experiments 

Verbaan and Crundwell ( 1986) and Verbaan and Huberts ( 1988) performed parallel 

sterile, chemical and bacterial oxidation of sphalerite and Ni3S2 in an iron containing 

medium. The redox potential in the sterile oxidation experiment was kept equal to that 

in the bacterial oxidation experiment. Thus, they assumed that the ferric and ferrous iron 

concentrations in both experiments were kept identical. The ferric iron in the sterile 

experiment was regenerated using hydrogen peroxide. T,hey found that the chemical 

oxidation rate and the bacterial oxidation rates were about the same, and concluded that 

no significant direct bacterial oxidation took place. 

1.4.8 Conclusion 

From this study of the literature it is concluded that little agreement exists on whether 

a direct bacterial oxidation of sulphide minerals is possible in principle, and secondly, 

on whether this is a relevant (rate determining) sub-process with respect to the overall 

bio-oxidation rate of sulphide minerals. Except for the redox-stat method discussed in 

Section l.4.7, none of the presented methods to discriminate between the direct and the 

indirect mechanism seems to be conclusive. 

1.5 Methods in studying the bio-oxidation kinetics 

1.5.1 Aim and general approach 

The general aim of this work is to develop tools for the optimization of industrial 

bioleaching processes. This research work will focus on the development of 

mechanistically based models on bio-oxidation kinetics in terms of the relevant sub

processes. Mechanistic kinetic models predict what will happen to the sub-processes and 

consequently to the overall bio-oxidation rate if certain process conditions are changed. 

These kinetic models provide a tool to determine which of the sub-processes limits the 

overall bio-oxidation rate of the sulphide mineral. This is often referred to as the 

determination of rate-limiting regimes (Roets, 1983; Oosterhuis, 1984). Thus, 

mechanistic models on bio-oxidation kinetics provide a tool in the optimization of 
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industrial bio-oxidation processes as well as the prediction of the dynamic response of 

the system to process variations. In addition, more specific knowledge on the rate

limiting sub-processes provides the opportunity of examining alternative design options 

of these industrial processes. It is assumed that the sub-processes are mutually 

independent, and therefore can be examined separately in kinetic experiments. 

Accordingly, models that describe the overall bio-oxidation kinetics can be built from 

kinetic models for the rate determining sub-processes. 

For the determination of the rate determining sub-processes the underlying mechanism 

is needed. In the literature the debate on whether a direct or an indirect mechanism 

occurs is still lively. The determination of a reaction mechanism by analytical techniques 

is often recognized as a scientifically solid method. However, it has not proven to be 

conclusive with respect to the bio-oxidation mechanism (see Section 1.4). Moreover, 

from the engineering point of view it is important to know the rate of a proposed 

mechanism. Therefore, (chemical) engineers need to have at their disposal an imaginable 

mechanism ("picture") from which it can be understood how process conditions will 

influence the process. Because this research work is aiming at optimization of bio

oxidation processes, we will not focus on the scientific problem whether direct bacterial 

oxidation of sulphide minerals is possible in principle, but on the problem whether it is 

a relevant sub-process with respect to the overall bio-oxidation rate. Therefore, an 

approach is taken in which imaginable mechanisms ("pictures") of the rate-determining 

mechanism in the bacterial oxidation of sulphide minerals will be examined (and 

developed) from measuring the rates of supposed sub-processes. Measurements methods 

and kinetic experiments are developed in order to independently measure the rates of the 

sub-processes that occur in the proposed mechanisms. Next, the developed experimental 

methods are applied in order to determine the kinetics of the relevant sub-processes as 

a function of the process conditions. 

1.5.2 Sub-processes in bacterial oxidation of sulphide minerals 

Beside the sub-processes that are involved in the oxidation reactions, also the sub

processes of diffusion and mass transfer can be relevant. Only those sub-processes 

related to the interaction of the bacteria with the minerals and reacting species are 

considered. Therefore, the sub-processes of which it is believed that they are most 

relevant in the bio-oxidation kinetics of pure metal sulphides are examined in this work. 

These sub-processes are (see Figure 1.1.): 
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a) The chemical oxidation of the sulphide mineral. 

b) The direct bacterial oxidation of the sulphide mineral. 

c) The bacterial oxidation of ferrous iron and reduced sulphur compounds. 

If precipitate formation on the mineral surface occurs, then the diffusion of reacting 

species through this layer to the mineral surface might be an important sub-process. 

Some authors claim that bacteria promote the formation of jarosite (Lazaroff et al., 
1982; Verbaan and Huberts, 1986). Others claim that elemental sulphur produced in the 

chemical oxidation might cause mass transfer limitation to the mineral surface, and that 

the specific role of bacteria is to remove this layer (see S«ction 2.6). Kinetic data in the 

literature are examined whether mass transfer limitation due to jarosite or sulphur at the 

mineral surface occurs in bacterial oxidation reactions (Chapter 2). Although the 

formation of jarosite is probably a very important rate determining sub-process, this 

work does not aim at a kinetic description of the precipitate formation or the diffusion 

rate through such layers. In the experimental work it will be tried to prevent the 

formation of jarosite. 

Another important sub-process is the gas-liquid oxygen and carbon dioxide transfer. 

Literature data are studied in order to examine whether oxygen and carbon dioxide mass 

transfer limitation is relevant in bacterial oxidation of sulphide minerals (Chapter 3). In 

the experimental work process conditions are chosen so as to prevent the occurrence of 

oxygen and carbon dioxide limitation (Chapter 4). 

1.5.3 Theoretical and experimental methods 

In this work general theory and experimental methods that are often used in other fields 

of the biotechnology were applied (Chapter 4). The most important theoretical and 

experimental tools were: 

* 

* 

On-line oxygen and carbon dioxide off-gas analyses. In bacterial oxidation 

experiments the oxygen and carbon dioxide consumption rates are measured by 

means of on-line measurements of the oxygen and carbon dioxide concentration 

in the off-gas and aeration gas. 

Determination of the biomass concentration from the carbon dioxide analyses in 

the off-gas and applying the carbon balance. The amount of bacterial matter is 
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expressed in moles of organic carbon, and the concentration of bacteria in C

mol/1. The amount of organic carbon is equal to the amount of carbon dioxide 

consumed from the aeration gas (carbon balance). Accordingly, biomass specific 

rates are expressed per mole of organic carbon. 

The ferrous iron or pyrite oxidation rate is calculated from the oxygen and 

carbon dioxide consumption rate using the degree of reduction balance. In this 

equation the oxygen and carbon dioxide consumption rate are related to the 

bacterial oxidation rate of a substrate (e.g. ferrous iron or pyrite). 

The mineral specific rate, v, is introduced: In the oxidation of pyrite, vFcsi 

is the pyrite oxidation rate per unit of pyrite, and in the bacterial 

oxidation of pyrite, v02 is the oxygen consumption rate per unit of pyrite. 

Because a surface reaction is involved v should be expressed per unit of 

surface area (mol/m2/s). However, we did not develop a technique for the 

accurate determination of the surface area concentration in a pyrite slurry. 

Therefore, v is expressed per mo! of pyrite (mol/mo!FeS/s). 

Staged pyrite addition experiments have been developed in this work: to a batch 

culture on pyrite, amounts of pyrite are added with a time interval of 3 to 6 

hours. This provided the measurement of the pyrite oxidation kinetics at a fairly 

constant pyrite concentration to surface area concentration ratio (= particle 

diameter). 

Application of a biological oxygen monitor as an analytical tool to measure the 

oxygen consumption rate of cell suspensions from batch or continuous cultures. 

Application of a redox meter for the on-line determination of very low ferrous 

iron concentrations (i.e high ferric to ferrous iron concentration ratios). 

Calibration curves are used to determine the ferrous to ferric iron ratio from the 

redox potential measured in the cell suspensions. 

Thus, the on-line measurement of the oxygen and carbon dioxide consumption rates in 

the measurement of bacterial oxidation kinetics play a key role in this work. From the 

mentioned theoretical and experimental tools several techniques have been developed 

that appeared to be very useful in biohydrometallurgy research. 
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1.5.4 Determination of relevant sub-processes 

As was discussed in Section 1.5. I the occurrence of sub-processes will be determined 

from reaction rates. 

Firstly, kinetic data on the bacterial oxidation rate of pure sulphide minerals are 

compared with the sterile chemical oxidation rate (with ferric iron) at comparable 

process conditions. These data are derived from kinetic experiments reported in the 

literature for sphalerite, chalcopyrite and pyrite (Chapter 2). The basic assumption in this 

approach is that a direct bacterial oxidation reaction needs to be assumed if at equal 

process conditions (ferric and ferrous iron concentration, pH, temperature) the 

maximum chemical oxidation rates of a mineral MeS, YMcS (per unit of surface) are 

significantly smaller than maximum bacterial oxidation rates (also expressed in vMes)· 

Secondly, in order to determine the rates of the proposed sub-processes, kinetic 

experiments are carried out with ferrous iron (Chapter 5), synthetic zinc sulphide 

(Chapter 6) and pure mineral pyrite (Chapter 7) as model substrates (see Figure 1.5). 

Experimental methods are developed to measure the bacterial oxidation rate and the 

(sterile) chemical oxidation rate of the metal sulphides at equal conditions (Chapter 4). 

Again, it is assumed that in the case of a significant direct bacterial oxidation reaction 

the bacterial oxidation rate will exceed the chemical oxidation rate at equal process 

conditions. 

The kinetics of T Jerrooxidans and Leptospirillum-like bacteria on ferrous iron are 

determined in batch and continuous cultures. 

For (synthetic) ZnS redox-stat experiments are applied to examine the bacterial oxidation 

mechanism. In these experiments the redox potential in a sterile chemical oxidation 

experiment with synthetic zinc sulphide is kept equal to that in a parallel bacterial 

oxidation batch culture (using Thiobacillus ferrooxidans), by the addition of hydrogen 

peroxide to the sterile slurry. 

This technique is inappropriate in the case of pyrite. Therefore, a new experimental 

technique has been developed to measure the rate of relevant sub-processes in the 

bacterial oxidation of pyrite with Leptospirillum-1ike bacteria. (Note that Leptospirillum-

1ike bacteria are not capable to oxidize reduced sulphur species). In this technique the 

oxygen consumption rate of bacteria in a batch culture on pyrite is measured in the 

presence and in the absence of pyrite using dynamic BOM-Eh measurements. It is 

assumed that in the case of a significant direct mechanism (part of) the oxygen 

consumption occurs at the mineral surface. In that case the oxygen consumption rate will 

be significantly lower in the pyrite free cell suspension. 
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Next, it is attempted to describe the kinetics of the measured bacterial mineral oxidation 
rate from the rate equations of the rate determining sub-processes (e.g. chemical 

oxidation of the mineral with ferric iron, bacterial ferrous iron oxidation). 

Although important in the kinetic modelling of bacterial metal sulphide oxidation, no 

kinetic experiments with reduced sulphur compounds and with a mixed substrate of 

ferrous iron and sulphur are performed. 

1.6 Outline of the thesis 

The chapters in this thesis contain the following subjects (see Figure 1.5). In Chapter 2 

literature data are studied in order to examine whether bacteria do improve the oxidation 

rate of mineral sulphides. In others words, do bacteria have capacities in mineral 

sulphide oxidation that are not as yet achieved in chemical ferric oxidation processes at 

the same process conditions (e.g. concentrations and temperature)? In this study chemical 
and bacterial oxidation rate constants for pure zinc sulphide, chalcopyrite and pyrite are 

determined for kinetic data in the literature. Chapter 3 gives general theory on mass 

transfer processes that might be relevant in bacterial oxidation of sulphide minerals. 
Next, it is examined whether the oxygen and carbon dioxide transfer was sufficient in 

the bacterial oxidation experiments that were presented in the literature. Chapter 4 shows 

the application of general theory and experimental methods used in other fields of 

biotechnology to kinetic experiments in biohydrometallurgy. Chapter 5 presents the 
kinetic experiments and modelling on the bacterial oxidation of ferrous iron with 

Thiobacillus ferrooxidans and Leptospirillum-like bacteria. Chapter 6 reports on the 

results of redox-stat experiments with synthetic zinc sulphide and T.ferrooxidans. In 
Chapter 7 results of kinetic experiments and models for the bacterial oxidation of pyrite 

with Leptospirillum-like bacteria are reported, and conclusions are drawn on the role of 

the bacteria. In Chapter 8 the practice of applied scientific research is discussed in the 

context of developing sustainability. Philosophical images are used in order to analyze 
deeper ideas that we possibly have about good science and how to do good scientific 

research, which might hinder an important evolution of our practice. Finally, Chapter 9 

gives a survey of this thesis and in Chapter 10 it is discussed how the results of this 

work can be applied in further research or in the development of industrial processes. 
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2. 

Chapter 2 

A literature review of chemical and bacterial 
oxidation rates for pure sphalerite, chalcopyrite and 
pyrite 

It was examined whether bacteria can achieve significantly larger oxidation rates of pure 

sulphide minerals than sterile ferric oxidation processes at similar process conditions 

(e.g. concentrations and temperature). Rate constants for both the bacterial 

(T.ferrooxidans) and sterile chemical ferric iron oxidation of pure zinc sulphide, 
chalcopyrite and pyrite were derived.fi·om kinetic data in the literature. It was concluded 

that chemical and bacterial sphalerite oxidation rates were in the same range, whereas 

the maximum bacterial oxidation rates of chalcopyrite are a factor of 5 to I 0 and that 

of pyrite a factor of 10 to 20 larger than the maximum sterile ferric iron oxidation rates. 

Consequently special capacities must be attributed to the bacteria. The maximum 

oxidation rate of metal sulphides due to direct bacterial oxidation of irreversibly 

attached bacteria was estimated. It was concluded that extremely high coverage and 

specific growth rates of the attached bacteria are needed in order to achieve the 

reported bacterial oxidation rates. Therefore, both the indirect mechanism and the direct 

mechanism cannot explain the observed bacterial oxidation rates of CuFeS2 and FeS2• 

Based on findings in the literature four different mechanisms were constructed which 

describe the bacterial oxidation of metal sulphides and elemental sulphur. 

2.1 Introduction 

The objective of this chapter is to examine whether bacteria can achieve significantly 

larger oxidation rates of pure sulphide minerals than sterile ferric oxidation processes at 

similar process conditions (e.g. particle size fractions, ferrous and ferric iron 
concentrations, pH and temperature). Therefore, rate constants for both the bacterial and 

sterile chemical ferric iron oxidation of pure zinc sulphide, chalcopyrite and pyrite are 

determined from kinetic data or kinetic models in the literature. 

It is assumed that if the bacterial oxidation rate exceeds the sterile chemical oxidation 
rate at similar process conditions, and if mass transport of the reacting species to the 

mineral surface is not rate limiting, bacteria have special capacities (e.g. direct 

mechanism) in the mineral sulphide oxidation. If the rate constants for the bacterial and 

chemical oxidation are within the same range, no special capacities need to be attributed 
to the bacteria. If the sterile chemical ferric iron oxidation is determined by diffusion 

limitation through the sulphur layer, the bacterial removal of the sulphur layer will 
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improve the overall metal dissolution rate, but bacteria do not necessarily play a special 

role in the mineral sulphide oxidation reaction. 

Section 2.2 discusses the method used to compare oxidation rates reported in the 

literature. The next sections discuss the literature data on the chemical and bacterial 

oxidation kinetics of sphalerite (Section 2.3), chalcopyrite (Section 2.4), and pyrite 

(Section 2.5). Both the chemical and bacterial oxidation rates are expressed in first order 

constants to make them mutually comparable. In Section 2.6 the reaction rate constants 

of the chemical and bacterial oxidation are compared, and it is examined whether the 

bacterial oxidation rates of the three metal sulphides can be explained by the (exclusive) 

occurrence of an indirect mechanism. In section 2. 7 the bacterial oxidation rate due to 

a direct mechanism is estimated from estimations of the bacterial growth rate, growth 

yield and coverage of the mineral surface. This rate is compared with the reported data 

on bacterial oxidation rates. Four refined mechanisms for the bacterial metal sulphide 

oxidation are proposed; these are given in Section 2.8. 

2.2 Method for the comparison of oxidation rates 

2.2.1 Introduction 

Kinetic data for both the chemical ferric iron oxidation and bacterial oxidation of pure 

sulphide metals reported in the literature are analyzed. In this approach a method is 

needed in order to compare kinetic data from different authors. Chemical and bacterial 

oxidation experiments with sulphide minerals that are reported in the literature, were 

performed at many different process conditions. Not only the dissolved iron 

concentration, particle diameter and temperature (in chemical oxidation experiments) 

were in a wide range, also the mineral source, the purity of the mineral, the composition 

of the media, the concentration of bacteria, and the bacterial strain were different in the 

many different kinetic experiments reported in the literature. Moreover, different 

experimental techniques and analytical procedures (especially in the determination of the 

concentration of bacteria) were used. Another difficulty in studying literature data on 

bacterial and chemical oxidation rates was that often very limited information on the 

experiments was available for our aim. Thus, the kinetic data are not mutually 

comparable as such, and several transformations are needed in order to derive bacterial 

and chemical oxidation rates at similar process conditions. 

The method of comparing between chemical and bacterial oxidation rates is only useful 

if the rate constants of the chemical oxidation on the one hand, and the bacterial 
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oxidation on the other hand, are within relatively small ranges. It is started from the 

assumption that it will be possible to find narrow ranges for both the sterile ferric iron 

and the bacterial oxidation rate constants at equal process conditions, and that high rate 

constants occurred under optimal conditions, whereas the occurrence of lower rate 

constants was caused by other (rate limiting) factors. We will try to find explanations 

for the occurrence of the lower sterile ferric iron and bacterial oxidation rate constants. 

To analyze the kinetic data in the literature, data on the experimental methods and 
conditions that are possibly relevant for the oxidation rate, are ordered in separate tables 

for the chemical and bacterial oxidation of zinc sulphide, chalcopyrite and pyrite (these 
table are given after each related section). The kinetic data at the reported experimental 

conditions are transformed to first order kinetic constants (see Section 2.2.3) and 

reported in the tables. Each table is studied in order to examine whether data of different 

authors at similar ferric iron concentrations, particle diameters, and temperature, ([Fe3
• ] , 

dP, T), coincide. Next, the table is used to search for other rate determining factors in 

order to explain differences between kinetic data at similar [Fe3
• ] , dP, T, in the chemical 

or bacterial oxidation of a metal sulphide (see Section 2.2.2). Mass transfer limitation 

is possibly a rate determining factor in both the bacterial and chemical oxidation of 

metal sulphides. Therefore, it is examined whether elemental sulphur at the surface in 

chemical oxidation experiments did cause mass transfer limitation, and whether the 

formation of jarosite precipitate (in both chemical and bacterial oxidation experiments) 

occurred (see Section 2.2.4). Using the reported data of the equipment, it is also 

examined whether oxygen or carbon dioxide transfer from the gas to the liquid phase 

determined the bacterial oxidation rate in the reported kinetic experiments (see Chapter 

3). From this analysis kinetic data at optimal conditions (e.g. no mass transfer limitation) 
in the bacterial and chemical oxidation are achieved. 

Next, the bacterial and chemical oxidation rates need to be compared at similar process 

conditions. Chemical metal sulphide oxidation experiments in the literature were 

performed in a wide range of temperatures and ferric iron concentrations. The reported 

kinetic data are converted to rate constants at conditions that usually occur in bacterial 
metal sulphide oxidation experiments. The Arrhenius equation is used for calculating the 

chemical oxidation rate constant at 30°C. The reported kinetic equation or an equation 

that is based on the electrochemical mechanism is used to calculate the chemical 

oxidation rate constant at ferric iron concentrations that occur in bacterial oxidation 

experiments (see Section 2.2.5). The estimated first order chemical oxidation rate 

constants at conditions that occur in bacterial oxidation experiments, are also reported 

in the tables. Finally, the optimal chemical and bacterial oxidation rates at similar 
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conditions are compared. In the remainder of this section the methods used in studying 

kinetic data in the literature is explained in more detail. 

2.2.2 Rate determining process conditions 

In this section process conditions that generally determine the chemical and bacterial 

oxidation rate of metal sulphides are briefly discussed. It is explained how these factors 

are counted for in our determination of the first order reaction rate constants. More 

details are given in the Sections 2.3 to 2.8. 

Chemical and bacterial oxidation rates are proportional to the mineral surface area. 

Therefore, either the rate constants need to be expressed per unit of surface area, or the 

chemical and bacterial oxidation rates need to be compared at the same particle diameter, 

dP (m), or specific surface area, a (m2 Mes/m3 MeS). 

The chemical oxidation rate largely depends on the temperature. The optimum 

temperature of bacterial oxidation with Thiobacillusferrooxidans or Leptospirillwn-1ike 

bacteria is about 30°C, and bacterial oxidation experiments are usually carried out at this 

optimum. The chemical oxidation rates have to be determined at 30°C (see Section 

2.2.5). 

Below a certain concentration level the chemical oxidation rate increases with the ferric 

iron concentration. Often the chemical reaction rate constant, k, is expressed as a 

function of the ferric iron concentration, [Fe3+], and a reaction order, n: k = k
0

. [Fe 3•]". 

The chemical oxidation rates have to be determined at the same ferric iron 

concentrations as used in bacterial oxidation experiments (see Section 2.2.5). 

In the bacterial oxidation of ferrous iron, ferric iron inhibits the oxidation rate. 

Therefore, ferric iron is possibly inhibiting in the bacterial mineral sulphide oxidation. 

Because no data are available on this inhibition behaviour, this effect is neglected in the 

determination of the bacterial oxidation rate. Chemical and bacterial oxidation rates are 

compared at equal ferric iron levels. 

Ferrous iron possibly limits the chemical oxidation rate. Hardly any authors reported the 

ferrous iron concentration in the bacterial oxidation of metal sulphides. It will be 

assumed that the ferrous iron concentration in bacterial oxidation experiments is very 

low. Therefore, if the kinetic equation on chemical oxidation rates counts for ferrous 

iron inhibition, this term will be neglected. 
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The bacterial oxidation rate of mineral sulphides possibly depends on the concentration 

of bacteria, c .. However, only qualitative data are available: The oxidation rate in the 

initial phase of the bacterial oxidation experiment is relatively low. It is assumed that 

in this so called lag-phase the low concentration of bacteria determines the oxidation 

rate. After the lag-phase the increasing bacteria concentration has no obvious effect on 

the oxidation rate. Therefore, in the determination of the bacterial oxidation rates from 

literature data the lag-phase will be excluded and the bacterial concentration will not be 

taken into account. 

2.2.3 Reaction rate constants in batch experiments 

Chemical and bacterial oxidation experiments presented in the literature have been 

performed at many different process conditions, and the rates are expressed in several 

different kinetic models. Therefore, a parameter is needed to express the reaction rates 

at similar process conditions. In this section it is explained how first order kinetic 

constants were derived from kinetic data on batch experiments reported in the literature. 

First order constant in the mineral surface, k. 

If no diffusion limitation occurs and the surface reaction controls the dissolution rate, 

the chemical oxidation rate of a sulphide mineral is often expressed by a shrinking 

particle model. According to this model the conversion rate of the mineral, dl;/dt 

(molMes/molMcS/h) is inversely proportional to the particle diameter, and thus the reaction 

rate, d[MeS]/dt (mol/m3/h), is proportional to the mineral surface area. In other words, 

the reaction rate is first order in the sulphide mineral (MeS) surface area concentration, 

AMcS (m
2 
Mcs/m

3
slurry): 

d[MeS] 
dt 

(2.1) 

In Equation (2.1) kA (mo1Mes/m2 Mcs/s) is the first order surface reaction rate constant. This 

parameter depends on process conditions like temperature and ferrous and ferric iron 

concentration, but is independent of the specific surface area. The surface area 

concentration is calculated from AMcS = ~cS. MMcs. [ MeS] , in which MMcS is the molar 

weight and aMcS (m2M0sfg) the specific surface area of the sulphide mineral. However, the 

specific surface area can be specified ·in several ways depending on how it is measured. 

If only sieve measures of the mineral particles are known, the specific surface area of 
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the mineral is expressed in the surface area of spherical particles, aMcS.sphc" The parameter 

kA.spher is calculated from Equation (2.1) assuming spherical particles of an average 

measure in the estimation of aMcs.sphc" The BET surface area, aMcS.BET• is a more accurate 
measure for the chemical reaction area' (Brunauer et al., 1938). The parameter kA,BET is 

calculated from Equation (2.1) using the BET surface area, aMcS.BET· 

The conversion, l;, of a mineral sulfide in a batch experiment according to the shrinking 

particle model can be calculated from Equation (2.1) to give: 

2.kA 1 .M., .. 1 _ ( 1 _ S) 113 = ·'P rer M e,, • I 

dp.0 ' PMeS 
(2.2) 

If in the measurement of the kinetics in a batch experiment the value of( 1 -( 1 - l;) 113) It 

is a constant (in other words, kA is a constant) this is often referred to as linear kinetics. 

Nonlinear kinetic behaviour occurs if the value of kA decreases parabolically with time: 

k l/ 
A.~pher (2.3) 

In the literature this kinetic behaviour is often referred to as "parabolic kinetics" (e.g. 

Linge, 1977). In parabolic kinetics the value of (1-(1 -!;)113)/t is not a constant but 

decreases with time. Substituting Equation (2.3) in Equation (2.2) yields: 

II 
2.kA,spher'MMeS . /,( 

l -(l -!;) 113 
= ---- V' 

dp,O' Pu.s 

First order constant in the mineral concentration, k1 

(2.4) 

Another measure to express the oxidation rate is to assume that the reaction rate is 

proportional to the mineral sulphide concentration. This yields first order kinetics with 

respect to the mineral sulfide concentration: 

d[MeS] = -k1. [MeS] 
dt 

(2.5) 

The first order reaction rate constant, k1 (s"1), depends on the temperature and 
concentrations of dissolved iron species, and also on the particle diameter. 
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According to first-order reaction kinetics the conversion, s, in a batch experiment can 

be calculated from Equation (2.5) to give: 

(2.6) 

The first order rate constant with respect to the concentration to the mineral surface area, 

Aspher and A8rr, are related as follows. k1 is related to kA,spher (mol/m2Mes/s) as: 

k = k 6.MMeS 
I A,spher' d (2.7) 

and k1 is related to kA,BET (mol/m2 sEJ s) as: 

From these equations it can be seen that in 

the case of a shrinking particle model 

(constant value for kA), the value of k1 is not 

a constant but increases during the course of 

a batch experiment, due to the decrease of 

the particle diameter (and also the specific 

surface area, aMcs). In the initial phase of a 

batch experiment the change in the particle 

diameter is relatively small, and the initial 

particle diameter, dp,O• is used to relate the 

values of k 1 and kA,spher or kA,BET in the 
analyses of the kinetic data in the literature. 

An example is given in Figure 2. l. In this 

figure the conversion, s , of a mineral 

sulfide in a batch experiment is both 

calculated with the shrinking particle model 

(first order in the mineral surface area, Eqn. 

(2.2)), and with the first order kinetics in the 

p ' Pu.s 

(2.8) 

1.00 --First order In ,/ 
surlaco a rea ~ / '' 
conconlro llon / 

/ 
0.80 / 

I / 
I 

I 
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c I 
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t (h) 

Figure 2.l 
Conversion of a sulphide mineral in a batch 
experiment. 
( - ) First order in the mineral concentration 
withs= 1-exp(-k,.t) and k1 = 7* IO.,; s·'; 
(-----)First order in mineral surface concentration 
withs = l-(l-k,f3.t)113

• 

mineral concentration (Eqn. (2.6)). kA,sphcr in Equation (2.2)) is substituted with 

kA.sphcr = (k1• dp.o. PMcs)/ ( 6. MMcs) (from Eqn. (2.8) with dP = dp,o·) From these curves it 

can be seen that the two equations yield the same slope in the initial phase of the batch 

experiment. If instead of the initial diameter dp,o• an average dP of about 85% of the 

initial diameter would be applied to relate k1 and kA.spher• the two curves are very close. 

The shape of the theoretical curves iri Figure 2.1 are comparable with that of bacterial 

and chemical oxidation experiments as reported in the literature. Therefore, it is assumed 
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that these rate equations are appropriate to describe chemical and bacterial batch 

experiments, and that comparison of bacterial and chemical oxidation rates can be based 

on the rate constants. 

Depending on the available information with respect to mineral surface areas, one or 

more of the three rate constants kA,sphm kA.BET and k 1 are determined for the chemical and 

bacterial oxidation experiments as reported in the literature. The rate constants of 

chemical oxidation experiments are determined at the conditions (temperature and ferric 

iron concentration) in the reported experiments, and also at 30°C and ferric iron 

concentrations relevant for bacterial oxidation experiments (see Section 2.2.5). 

2.2.4 Diffusion limitation 

Elemental sulphur 

As was reported in Chapter 1, the chemical oxidation of sphalerite and chalcopyrite with 

ferric iron is incomplete, producing ferrous iron and elemental sulphur, whereas the 

chemical oxidation of pyrite is usually complete and generates ferrous iron and sulphate. 

The produced sulphur at the mineral surface might cause diffusion limitation of reaction 

species to the surface. 

Jarosites 

Another possible cause of diffusion limitation is the formation of jarosites on the mineral 

surface. The formation of jarosite in acidic ferric sulphate media can be described by the 

following reaction equation: 

Elgersma (1992) examined the formation of jarosites and found that the equilibrium 

ionic concentration product for the dissolution of ammonium-jarosite at 95°C, 

K = [Fe 3• ] 3 • [NH4.]. [sot]2. [OH -]6 , equals 10·91 (mol/1)12
• 

eq 

The production rate of jarosite can be defined as: 
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(2.9) 

Here, rP is the production rate (kg/s), Pc is the jarosite density (2960 kg/m3
), G is the 

linear crystal growth rate (mis) and A is the surface area of the crystals (m2
). The linear 

growth rate G depends on the driving force for crystallization and is proportional to the 

relative supersaturation, cr, which can be calculated from: 

(2.10) 

Therefore, the jarosite formation rate will increase with increasing jarosite surface areas, 

increasing concentrations ofFe3+, NH/ (or M+), 804
2

- and increasing pH. Counteracting, 

the formation of jarosites causes a decrease of the pH. 

Determination of the occurrence of diffusion limitation 

The occurrence of diffusion limitation in the chemical reaction is often determined from 

the measured activation energy of the reaction. The activation energy of chemical 

sphalerite oxidation with ferric iron is between 60 kJ/mol (Rath et al., 1982; Zuo-Mei 

Jin et al., 1984) and 80 kJ/mol (Verbaan and Crundwell, 1986). The value for 

chalcopyrite is about 95 kJ/mol (Rath et al. , 1988) and for pyrite between 85 kJ/mol 

(Mathews et al., 1972) and 95 kJ/mol (McKibben et al., 1986). From the Arrhenius 

equation it can be calculated that in the range were the chemical oxidation experiments 

are performed (between 30°C and 80°C) the reaction rate increases about three times 

with every ten degrees increase in temperature. The diffusion coefficient increases only 

linear with the absolute temperature, which is about 4 % per ten degrees temperature 

increase. Therefore, an apparently low activation energy (e.g. 20 kJ/mol) or an apparent 

decrease of the activation energy indicates that diffusion limitation occurs. 

A decrease in the chemical reaction rate during a chemical batch experiment is also often 

attributed to diffusion limitation. However, also other process conditions might cause a 

decrease of the chemical oxidation rate during the experiment. Therefore, this argument 

should be supported by more visual methods in order to examine whether protective 

layers are formed at the mineral surface. 

Lazaroff et al. (1982) examined precipitate formation during the oxidation of ferrous 

iron in acid solution by resting suspensions of Tferrooxidans. These precipitates 
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consisted of crystalline jarosites and amorphous ferric hydroxysulphates, which however, 

differed in chemical composition and infrared spectra from precipitates formed at similar 

abiotic conditions. These authors argued that bacteria promote the formation of jarosites, 

because they lower the activation energy for the formation of ferric hydroxysulphate 

polymers. These polymers precipitate to either amorphous ferric hydroxysulphates or 

crystalline jarosites, depending on the ionic circumstances. 

Grishin et al. (l 988b) performed experiments in a packed bed bioreactor with activated 

carbon particles as a carrier matrix for Tferrooxidans. In this reactor ferrous sulphate 

was converted to ferric sulphate. Despite the low operating pH ( 1.35-1.5) precipitates 

were produced. X-ray diffraction indicated that the precipitates were well-ordered 

potassium jarosites. Toro et al. (1988) also reported precipitate formation in the 

biological oxidation of ferrous sulphate. 

Verbaan and Huberts (1988) carried out experiments with synthetic nickel sulphide 

(Ni3S2) in the presence and in the absence of Tferrooxidans at controlled solution 

electrochemical potentials. They found that the dissolution of the mineral was inhibited 

in the presence of bacteria. Mineralogical inspection of the leach residues revealed that 

leaching in the presence of bacteria has led to the deposition of a compact layer of 

material round most of the residue particles. According to these authors this layer, which 

was not present when the leach was conducted under sterile conditions, may have 

inhibited dissolution of the mineral, thus causing the oxidation rate to decrease. X-ray 

diffractometry, scanning electron microscope studies and electron microprobe revealed 

the presence of a jarosite precipitate and a sulphur rich layer round the residue particles 

from the bacterial leach. 

Accordingly, the formation of jarosites does occur in bacterial oxidation experiments and 

may cause diffusion limitation of the reaction rate. 

2.2.S Chemical oxidation kinetics 

Chemical oxidation rate constants at conditions in bacterial oxidation experiments 

The first order kinetic constants of the chemical oxidation rates need to be known at 

process conditions that occur in the bacterial oxidation experiments. It is assumed that 

the temperature and the ferric iron concentration are the most relevant parameters. In 

order to calculate the chemical reaction rate as a function of the ferric iron concentration 

kinetic equations given by the authors are used. Chemical oxidation experiments with 



34 Chapter 2 

sulphide minerals are often performed at higher temperature. If the activation energy, 

Eaco of the chemical reaction is known, the Arrhenius equation is applied to calculate the 

chemical reaction rate constant, k, at 30°C: 

k k ( Eacl ( 1 _ .2_)) 
303 = r.exp -R 303 T 

(2.1 1) 

The electrochemical mechanism 

The chemical oxidation rate of sulphide minerals with ferric chloride or ferric sulphate 

solutions often appears to be inversely proportional to the particle diameter and to have 
a reaction order of one-half in the ferric iron concentration. These kinetics can be 

described by the electrochemical mechanism of chemical oxidation (Nicol et al., 1975). 

The electrochemical mechanism is a mechanistic kinetic description derived for 

electrochemical reactions in which the electron transfer at the surface controls the 

reaction rate (Pletcher, 1984; Crundwell, 1987). The reaction rate of the anodic reaction 

(e.g. ZnS ~ Zn2
+ + S0 + 2e) is directly related to the anodic current density, iA 

(A/m2Mcs) by Faraday's law: 

d[MeS] (2.12) 
dt nF 

and equally the reaction rate of the cathodic reaction (e.g. 2Fe3+ + 2e ~ 2Fe2+) 1s 

directly related to the cathodic current density, ic: 

d[Fe 3•] = 2 . AMes·ic (2.13) 
dt nF 

In these equations F is the Faraday constant and n is the number of electrons that are 

transferred (e.g. n=2 in the case of ZnS). The electrochemical mechanism relates the 
current density to the mixed potential, E, across the mineral surface. The mixed potential 

is the potential at which the anodic current density and the cathodic current density are 
equal. Accordingly, the mixed potential is dependent on the ferric iron concentration. 

Assuming that the partial cathodic current density, due to the cathodic deposition of 

MeS, can be neglected, the anodic current density, iA, is given by: 
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(2.14) 

If it is assumed that the partial anodic current density due to the oxidation of Fe2
+ ions 

can be neglected, the cathodic current density, ic, is linear with the oxidant concentration 

and is given by: 

. _ k [F 3.] -(1 -a)FE 
le - 2 • e . exp RT (2.15) 

In these equations k is a rate constant and a is the charge transfer coefficient. 

Because the anodic and the cathodic current densities must be equal, a relation between 

the mixed potential and the ferric iron concentration can be derived using Equation 

(2.14) and (2.15): 

E (2.16) 

Substitution of E in Equation (2.14) yields the anodic current density as a function of 

the ferric iron concentration: 

(2.17) 

The charge transfer coefficient, a, has a value between zero and one and is usually close 

to 0.5. Therefore, ifthe electrochemical mechanism is applicable, the reaction order with 

respect to the ferric iron concentration is equal to the value of a, and is expected to be 
close to one half. 

Many authors assume that if the oxidation rate is found to be inversely proportional to 

the particle diameter and one-half order in the ferric iron concentration, the 

electrochemical mechanism is applicable, that is, the electron transfer is the rate 
controlling step. Literature results on this matter are reported in the discussion of the 

literature. 
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2.2.6 Reporting the kinetic data of other authors 

The literature on the chemical and bacterial oxidation kinetics of pure zinc sulphide is 

reported and discussed in Section 2.3, that of chalcopyrite in Section 2.4, and that of 

pyrite in Section 2.5. 
The sections "A literature review of ... " firstly report on the results and conclusions of 
the authors who performed chemical or bacterial oxidation experiments, without any 

discussion or critical comments ("Review"). This information is related with the data that 

are given in the table at the end of those sections. Due to the size of the tables they are 

split in two parallel tables A and B. In part A data on the kinetic experiments are 

reported, the kinetic constants are given in part B. The structure of the tables is given 

below. The sections "A literature review of ... " proceed with our discussion and 

conclusions ("Conclusions") on the reported results. If relevant, the occurence of 

diffusion limitation due to elemental sulphur or the formation of jarosite precipitate is 

discussed in a separate section. In the last part of Section 2.3, 2.4, and 2.5 the chemical 

and bacterial oxidation rate constants of zinc sulphide, chalcopyrite and pyrite, 

respectively, are compared at equal process conditions, and it is decided whether the 

bacterial oxidation rate constants significantly exceed the chemical oxidation rate 

constants. 

Tables of the chemical oxidation experiments 

The experimental conditions at which several authors performed chemical oxidation 

experiments are summarized in Table 2-iA (sphalerite), Table 2-viA (chalopyrite) and 

Table 2-xiiiA (pyrite). The second column gives the kind of experiment that was 

performed, and the pH, and temperature of these experiments. The tables also list 

whether the experiments were performed at oxygen free conditions. The process 

conditions that were varied in the experiments are listed in the third column. The fourth 

column reports the iron concentration in the medium and the kind of ferric solution that 

was used. In the fifth column the composition of the mineral and the particle size are 

given. The last column lists the initial mineral concentration (PD is pulp density). 

Equation (2.2) is used to determine the values of the kinetic constant k1 from the 

measurements that were presented in the literature. All kinetic data are listed in 

Table 2-iB (sphalerite), Table 2-viB (chalopyrite) and Table 2-xiiiB (pyrite). Firstly the 

values of k1 are determined from the presented kinetic data at the experimental process 

conditions as given in the second column. Most chemical oxidation experiments were 

performed at high temperatures. Using the Arrhenius equation and the activation energies 

in the third column the oxidation rate constants at 30°C are calculated. Additionally the 
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value of k 1 is calculated at ferric iron concentrations that are expected to be relevant in 

bacterial oxidation processes (e.g. 0.1 M). These data are presented in the last column. 

If available and applicable, the values of kA,sphcr are determined from the mathematical 

equations given by the authors. Because it is assumed that the ferrous iron concentration 

in bacterial oxidation experiments is relatively low, the chemical oxidation rate constants 

are calculated at negligible ferrous iron concentrations. If no equation is available the 

value ofkA.spher is determined from k 1, using Equation (2.7) and a mean particle diameter. 

Tables of the bacterial oxidation experiments 

The experimental conditions at which several authors performed bacterial oxidation 

experiments are summarized in Table 2-vA (sphalerite), Table 2-xA (chalopyrite) and 

Table 2-xviiA (pyrite). The second column reports whether batch or continuous culture 

experiments were performed, and the pH and temperature of these experiments. It is also 

listed whether the aeration gas was enriched with C02, because some authors assume that 

C02 limitation might occur. The process conditions that were varied in the experiments 

are given in the third column. The fourth column reports the iron concentration in the 

medium and the medium composition. In the fifth column the composition of the 

mineral and the particle size is given, and finally, the last column lists the initial mineral 

concentration (PD is pulp density). 

The values of the kinetic constants, k1 and/or kA.BET• that are derived from the reported 

experimental data are listed in Table 2-vB (sphalerite), Table 2-xB (chalopyrite) and 

Table 2-xviiB (pyrite). In the last column of these tables it is explained how these 

kinetic constants are derived. 

The value of kA.sphcr is determined from k1, using Equation (2.7) and a mean particle 
diameter. 
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2.3 Zinc sulphide (ZnS) 

2.3.1 A literature review of the chemical ZnS oxidation kinetics 

The experimental conditions at which the various authors performed chemical oxidation 

experiments with sphalerite are summarized in Table 2-iA. The kinetic constants that are 

derived from these experiments are listed in Table 2-iB. The structure of this table was 

discussed in Section 2.2.6. The order of the authors discussed is equal to that in the 

tables. 

Su ( 1976) and Bobeck and Su (1985) investigated the dissolution of natural sphalerite 

in acidic ferric chloride solution in a temperature range between 44 to 90°C, both for 

polished flat surfaces and for spherical particle surfaces, at oxygen free conditions. With 
respect to kinetic experiments with polished surfaces they found that the reaction rate 

increased with increasing stirring speed. At stirrer speeds over 300 rpm no further 

increase was measured. The authors concluded that during the initial stages (<120 min) 

of the experiment the reaction rate was controlled by the chemical reaction at the 

mineral surface, whereas during the later stages diffusion through the product sulfur 
layer was rate controlling. The overall process followed the mixed control model 

embodying both chemical reaction and diffusion. They reported an activation energy for 

the dissolution af sphalerite particles of 47 kJ/mol. The dissolution rate increased with 
ferric iron concentration below O.lM, above this concentration there was no effect 

(Table 2-ii). These authors also found that the presence of iron in the sphalerite 

increased the rate of dissolution. 

Zuo-Mei Jin, Henein and Warren (1984) performed chemical oxidation experiments with 

natural sphalerite in ferric chloride solution and determined a reaction order of 0.5 with 
respect to Fe3+ at ferric iron concentrations less than 0.8M, and zero at higher 

concentrations. Based on the high activation energy of 58 kJ/mol they also concluded 

that the oxidation rate is controlled by surface reactions and not by diffusion. They 
assumed that an electrochemical reaction mechanism occurred at the lower [Fe3+], 

whereas an adsorption mechanism occurred at higher concentrations. They proposed a 
kinetic model for the lower Fe3+ concentrations, and their model was in agreement with 

their experimental results (Table 2-ii). 

Warren, Henein and Zuo-Mei Jin (1~85) reported an inhibiting effect on the chemical 

oxidation rate by ferrous iron. 
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Rath et al. ( 1988) measured the kinetics of dissolution of natural sphalerite in ferric 

chloride solution in order to establish the dissolution mechanism. They found that the 

reaction rate followed the simple shrinking particle model. The reaction order with 

respect to ferric chloride of 0.62 and the high activation energy of 58 kJ/mole, indicated 

that the rate was controlled by the surface reactions and not by diffusion. The measured 

rate was directly proportional to the square root of ferric chloride concentration and 

inversely dependent on mineral particle diameter. They could describe their experimental 

results with theoretical rate equations based on the electrochemical mechanism. 

Rath et al. (1982) studied the dissolution of chemical grade zinc sulphide powder in 

ferric chloride solutions in the concentration range of 0.2 to 0.8 M at temperatures 

ranging from 30°C to 70°C. The dissolution rate followed a parabolic equation. They 

reported an activation energy of the dissolution process of 90 ± 13 kJ/mol. To explain 

the parabolic kinetics they suggested that a film of elemental sulphur was formed on the 

zinc sulphide surface during its dissolution, and that diffusion of the ferric ion through 

this layer to the unreacted particle the rate controlling step. In our opinion, the 

hypothesis that diffusion limitation occurs is inconsistent with the high activation energy. 

Verbaan and Crundwell (1986) concluded that the chemical oxidation rate of sphalerite 

concentrate in ferric sulphate solution was proportional to the specific BET surface area 

for sphalerite samples ground to various degrees of fineness, and having ·specific BET 

areas between 700 and 1900 m2/kg. The high activation energy of 79 kJ/mol indicated 

that the reaction rate was not limited by the diffusion rate. They suggested that the 

oxidation (at oxygen free conditions) has to be described by an electrochemical reaction 

occuring at the surface of the particle, in which the mineral surface potential is 

dominated by the ferrous-ferric redox couple (Table 2-ii). Experiments were also 

performed to measure the (sterile) oxidation rate of ferrous to ferric iron with dissolved 

oxygen. By integration of the two individual rate expressions they derived an overall 

kinetic model for the leaching of sphalerite in the presence of oxygen. Their 

experimental data were adequately described by this model. 



Table 2-iA Reaction circumstances in chemical oxidation kinetic exeriments of sphalerite, 
derived from literature data. 

ZnS Chemical process conditions 

Reference Experiment Variations Medium Mineral Pulp 
cl,, (*10.,; m) density 

g/l 

Su(l976) Batch Temperature Fe( Cl), dp = 45-252 l 

Bobeck et al. ( 1985) 0 2 free Particle size 0.25M Mineral: 
T = 44-90 °C Stirring speed 92% ZnS, 61 % Zn, 

pH < 2 5% Fe 

Zuo-Mei et al. (1984) Batch Temperature Fe(Cl)3 dP = 44-125 µm I 
Warren et al. (1985) T = 27-93 °C Particle size 0.05-2M Mineral: 

pH = 0.3-1.0 [Fel+] 61% Zn, 3.4%Fe 
Effect [Fe2•1 

Rath el al. (1988) Batch Temperature Fe( Cl), dP = 20-250 µm 5 
T = 30-60 °C Particle size 0.1-1.0M Mineral: 
pH = l.45 [Fe,.] 50% Zn, 11% Fe, 

37% s 

Verbaan et al. (1986) Batch at Temperature Fe(SO,), , BET=l.47 m2/g I 
constant E,, [Fe,.] 0.02-lM Gamsberg: 
0 2 free E,,=Fe2•/Fe,. 51% Zn, 31% S, 9% 
T = 25-85 °C [Fe,.] = 38mM Fe 
pH= 0.7 

Crundwell Batch 5 Samples Fe( Cl), dp = 45-69 2 
(1988) T = 65 °C Fe content of 0.3M Mineral: 

pH = 1-1.5 mineral [Fe,.]= 5 mM 66-51% Zn 
32-29% s 
0.5-9% Fe 

Palencia-Perez el al. Batch 15 samples Fe(S0,) 1 , dp = 75-104 0.4 
(1991) T = 50-90 °C Fe content of 0.3M or Mineral: 

pH = 0.5 mineral Fe(Cl)3 67-57% Zn 

0.3M 33% s 
0.04-15% Fe 



Table 2-iB Kinetic parameters in the chemical oxidation of sphalcrite with ferric iron, derived 
from literature data. IFe>+I in molll, particle diameter in *10 .. m 

ZnS Chemical Kinetic constants 

Reference k , (*10·5 s·') and kA (mol/m2/s) E11, calculated k, (*I 0·7 s·1
) and kA 

KJ/m (mol/m2/s) at 30°C 

Su (1976) dp k1 44°C kA.sph« 87°C kA.spher 44"C 50 dp k I k A.spher 

Bobeck et al. 45 31 1.0• 10"' 1.0• 10-s 45 150 4.2*10 .. 

(1985) 63 19 63 80 

89 14 89 80 

126 10 126 42 

178 5.8 178 31 

252 4.6 252 24 

Zuo-Mei et al. 58 [Fe3•)-t 0.1 M 0.0 1 M 

(1984) dp k, k , 

Warren et al. 30-45 70 22 

(1985) 45-53 54 17 
53-105 33 11 

105-150 21 6.6 
150-250 13 4.2 

-------- -------- --------
kA.sphu-t 2.4* I 0 .. 7.7*10"7 

Rath et al. dP µm [Fe3• ] k1 50°C kA.spher50°C 58 [Fe3•)-t 0.1 M 0.01 M 

(1988) dp k, k, 

30-45 0.2 4.0 from eq. 30-45 69 17 

45-53 0.2 2.9 1.7* 10.s 45-53 50 12 

53-105 0.2 2.6 53-105 45 II 

105-150 0.2 2.3 105-150 40 9.6 

150-250 0.2 1.7 2.6• 10·5 150-250 29 7.0 

53-105 0.4 5.1 3.3*10"5 -------- -------- --------
" 

0.6 6.3 kA.>phe<-t 2.7* IO .. 6.4*10-7 

Verbaan et al. [Fe3
• ] k1 65°C kA,DET 65°C 79 [Fe>+] k, kA.DET 

(1986) 0.018 II 5.8• 10·1 0.018 42 2.2• 10·1 

0.093 18 9.4* 10"7 0.093 70 3.7* I 0·1 

0.172 25 l.3* 10 .. 0.172 95 5.0• 10·1 

0.466 40 2.1*10 .. 0.466 150 7.8* 104 

0.938 52 2 .7* IO .. 0.938 200 11 •10·3 

Crundwell Mineral: [Fe]% dp k, 65°C k I k A,spher 

(1988) Ward's 0.5 49 2.3 60 w. 21 9.0* 10"7 

Zincor 7.3 69 7.4 52 z. 68 4.1*10 .. 

BlackMnt 9.7 45 22 32 B. 210 8.3*10 .. 

RoshPinh 4.4 45 I I 44 R. 100 3.9* 10 .. 

Garns berg 9.1 45 44 43 G. 400 1.6* 1 o-s 

Palencia-Perez Mineral [Fe]% k, 80°C dp = -t 75-104 
et al. (1991) dp 75-104 k, kA,sph« 

Santander 0.04 1.6 72 s. 2.8 2.2* I 0·7 

Oklahoma 0.19 3.2 61 0. 10 7.8* 10"7 

Bal mat 1.29 4.8 67 B. II 8.6* 10·7 

Nanisivik 6.0 13 52 N. 68 5.3* IO .. 
Long Lake 7.5 21 50 L. 120 9.4*10 .. 

Bluebell 12.5 29 41 B. 290 2.3• 10-s 
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Crundwell (1987) studied the kinetics of the oxidative dissolution of sphalerite 

concentrate in ferric sulphate solutions. The model of Verbaan and Crundwell (1986) 

was refined. The kinetics of dissolution were described by an electrochemical mechanism 

in which the charge transfer from the mineral surface to ferric iron is rate limiting. The 

oxidation rate of the sphalerite was proportional to the sum of the concentrations of Fe3
+ 

and FeHSO/' complexes with a reaction order of 0.5. Therefore, in the calculation of 

the reaction rate using the electrochemical mechanism only the concentration of active 

ferric ions needed to be taken into account. The addition of Fe2
+ to the solution had an 

indirect effect on the reaction rate, by decreasing the concentration of electro-active 

ferric ions. Addition of ZnS04 did not affect the reaction rate. 

Crundwell (1988) performed experiments with different sphalerite samples in ferric 

chloride solutions and showed that the rate of dissolution of sphalerite is directly 

proportional to the concentration of substitutional iron impurities in the mineral. A 

mechanistic explanation was given and a fundamental model combining the electronic 

structure of sphalerite and semi-conductor electrochemistry was presented. 

Palencia-Perez and Dutrizac (1991) also studied the dissolution rate in ferric sulphate 

and ferric chloride media of 15 different sphalerite samples with different iron contents. 

Similar kinetics were measured in sulphate and chloride leaching systems. Their result 
that the sphalerite leaching rate increased in a linear manner with the increasing iron 

contents in the sphalerite, corresponds to Crundwell ( 1988). The activation energy 

decreased with increasing iron content. Like Crundwell (1986) they assumed that the 

sphalerite oxidation reaction is controlled by charge transfer at the sphalerite surface. 

Conclusions 

In Table 2-ii the kinetic equations for the chemical oxidation of sphalerite as derived by 
different authors are given. In the third column of this table the kinetic parameters and 

the activation energy are listed. In Table 2-iii the effect of several process conditions on 

the chemical oxidation rate of sphalerite in ferric sulphate or ferric chloride solutions are 
summarized. Several of the reported chemical oxidation experiments were performed in 

ferric chloride solutions. Palencia-Perez et al. (1991) carried out experiments in both 
ferric chloride and ferric sulphate solutions, and it was concluded that the chemical 

oxidation kinetics and rates were similar in ferric chloride and sulphate solutions. 

Accordingly, in our examination of. the literature data we will assume that chemical 

oxidation rate constants measured in ferric chloride solutions can be compared with rate 

constants in bacterial oxidation experiments (which are performed in ferric sulphate 



Review of the literature 43 

solutions). Most authors agree that chemical sphalerite oxidation with ferric iron can be 

described by a simple shrinking particle model. The oxidation rate is proportional to the 

BET surface area, and the reaction order for ferric iron is 0.5 at lower concentrations. 

These findings imply the applicability of the electrochemical mechanism. The oxidation 

rate is inhibited by ferrous iron formed during the oxidation reaction. An increase in the 

chemical oxidation rate occurs if the sphalerite concentrate contains iron. 

Table 2-ii: 

Reference 

Rath 

(I 988) 

Zuo-Mei Jin 

( 1984) 

Verbaan 

(1986) 

Su 

(1976) 

Bobeck and Su 

(I 985) 

Kinetic models on the chemical sphalerite oxidation with ferric iron as proposed in the 

literature. 

Kinetic model 

Shrinking particle model and reaction rate control: 

[Fe l•Jo62 - E 
I -(I -E,) 113 = k " . .exp(--.::'.)./ 

d0 RT 

Shrinking particle model and reaction rate control: 

[f: l•JOS -£ 
1-(1-E,)llJ=k' .-e __ ,exp(~)./ 

r
0 

RT 

Electrochemical charge-transfer model with shrinking 

particle model: 

ddMt = k'.exp( -E.e1).A0(~yzn.exp(17.3E.) RT M0 

dM/dt = oxidation rate (mol/m3
, 1u../s) 

Eh = redox potential Fe2+/Fe3
• (V) 

A0 = initial BET surface (m2/m3
, 1uny) 

Initial stages shrinking particle model and latter stages 

mixed control equation: 

KR= l-{l-E,)113 + B.(1-.:C,-(l-E,)213
) 

3 

KR = dissolution rate (l/s) 

B = constant for mixed control model 

Parameters 

with: 

k"= 4.3 mis 
Ex, = 58 kJ/mol 

with: 

k'= 1.48 (m/s).(mol/1)"1 

E"" = 58 kJ/mol 

with: 

k' = 6.505 mol/m2/s 

E," = 79 kJ/mol 
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Table 2-iii Summary of process conditions and their influence on the kinetics of the chemical ferric 

iron oxidation of sphalerite reported in the literature. 

Effect of several factors on the kinetics: 

Reference Medium [Fe1•] [Fez.] [Fe] in Diffusion 

mineral limitation 

Rath el al .. Ferric < 1.0 M: 11% No 

( 1988) chloride n = 0.62 E", = 58 

Zuo-Mei el al. Ferric < 0.8 M: negative 3.4% No 

Warren el al. chloride n = 0.5 E>Cl = 58 

( 1984),( 1985) 

Y erbaan el al. Ferric positive negative 9% No 

(1986) sulphate E,c, = 79 

Crundwell Ferric < 0.3 M: negative 0.5-9% No, Eac1 = 60-43 

(1988) chloride n = 0.5 positive decrease with Fe 

Palencia-Perez el al. Ferric 0.04-14.7% No, E," = 72-41 

(1991) sulphate positive decrease with Fe 

Su ( 1976) Ferric < 0.1 M: 5% Yes 

Bobeck el al. chloride positive E"' = 50 

(1985) 

2.3.2 Diffusion limitation in the chemical ZnS oxidation 

Sulphur 

Because the measured activation energy of the chemical reaction is relatively large most 

authors concluded that the oxidation rate is determined from the chemical reaction rate 

and that diffusion rate limitation due to the formation of S0 does not occur. Also in the 

measurements of Rath et al. (1982) the high value of the measured activation energy (90 
kJ/mol) seems to be too high to explain the observed parabolic kinetic with diffusion 

rate limitation. 

Consequently, if acceleration of sphalerite oxidation by bacteria occurs, this effect cannot 

be explained by the biological removal of a diffusion rate limiting S0 layer. 

The conclusion that in the chemical oxidation of sphalerite no transport limitation 
through the produced sulphur layer occurs, was sustained by observations of Zuo-Mei 

Jin el al. (1984). They examined reaction residues at various levels of zinc extraction 

by SEM and identified the products of reaction by energy dispersive X-ray analyses and 
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X-ray diffraction. These analyses showed increasing levels of sulphur at the surface of 

the particles. However, this sulphur product layer is extremely porous, and is therefore 

no diffusion barrier. These observations indicate that the dissolution reaction is surface 

reaction limited. These observations are· also supported by scanning electron micrographs 

reported by Rath et al. (1988). 

Against the conclusion that elemental sulphur at the zinc sulphide surface will not cause 

diffusion limitation, Su (1976) and Bobeck and Su ( 1985) concluded that the reaction 

rate decrease in the later stages of sphalerite oxidation was caused by formation of a 

protective sulphur layer. However, if diffusion limitation would occur the activation 

energy should be lower (about 20 kJ/mol). Possibly the strong rate decrease in the initial 

120 minutes that was observed by these authors is rather caused by the inhibiting effect 

due to the increasing ferrous iron concentration. Most authors do not model this initial 

phase (see Table 2-iB). In this phase the redox potential decreases relatively fast due to 

the formation of ferrous iron. Verbaan and Crundwell (1986) claimed that the oxidation 

rate is proportional to the ferric to ferrous iron ratio. From their data it can be estimated 

that after 120 minutes the Fe3
+ concentration in the experiment of Su is 0.25 Mand the 

Fe2
+ concentration has increased to 4 mM. Applying the kinetic equation ofVerbaan and 

Crundwell (1986) a decrease in the redox potential of approximately 43 m V is predicted, 

which would yield a decrease of the chemical oxidation rate of a factor of 2. 

On the other hand, it is very unlikely that the inhibiting effect of ferrous ifon measured 

by Verbaan and Crundwell (1986) is due to the formation of a protective sulfur layer 

because they examined the rate limiting effect by adding ferrous iron at the start of the 

experiment. 

Jarosites 

In many of the reported chemical oxidation experiments with zinc sulphide ferric 

chloride solutions were used; in these solutions no jarosites will be produced. Several 

authors also performed chemical leaching experiments in ferric sulphate media (Verbaan 

and Crundwell, 1986; Crundwell, 1987; Palenzia-Perez and Dutrizac, 1991) and did not 

mention the formation of jarosites. 

2.3.3 Conclusions from the chemical ZnS oxidation literature 

The results of kinetic experiments as reported in the literature are fairly consistent. 

Chemical oxidation kinetics of sphalerite were measured in ferric chloride and ferric 
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sulphate media. No obvious difference was observed between ferric chloride and ferric 

sulphate oxidation kinetics. In the chemical oxidation of sphalerite elemental sulphur is 

formed. However, no diffusion limitation occurs because the sulphur layer is very 

porous. Also no diffusion limitation due to jarosites formation in the chemical ferric 

sulphate oxidation was observed. 

The initial stages of the chemical sphalerite oxidation can be described by a simple 

shrinking particle model. The oxidation rate is proportional to the particle diameter or 

the BET surface area, and the reaction order for ferric iron is about 0.5 at lower 

concentrations, which is in accordance with the electrochemical mechanism. The 

oxidation rate is inhibited by ferrous iron formed during the chemical oxidation reaction. 

The chemical oxidation rate is larger at larger iron concentrations in the mineral. 
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Figure 2.2 
First order constant in the sphalerite surface as 
derived from literature data against the ferric iron 
concentration at different iron contents in the 
mineral. (-)Rath;(·······) Zuo Mei; 
( * ) Crundwell; (o) Palencia; (X) Su. 
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Figure 2.3 
First order constant, kA.sph•~ as derived from 
literature data at [Fe3• ) =0.3, against the iron 
content in the mineral. (•) Rath; + Zuo Mei; 

( * ) Crundwell; (D) Palencia; (X) Su. 

Based on the data reported in Table 2-iB kinetic constants are estimated for the chemical 

oxidation rates that occur at the process conditions in the bacterial oxidation 

experiments. Data for kA,sphcr of different authors are plotted as a function of the ferric 

iron concentration in Figure 2.2. In Figure 2.3 values of kA,sphcr that were derived for 

minerals with varying iron contents at a high ferric iron concentration in the solution 

(0.3 M), are plotted. From this plot it can be concluded that the iron content of the 

mineral is of major importance. In Table 2-iv the rate constants at moderate iron 

contents in the mineral, and several particle diameters, at a ferric iron concentration of 

0.1 M, are summarized. It is concluded that at moderate iron contents in the mineral (5-



Review of the literature 47 

10%) and a ferric iron concentration of about 0.1 M, the average value of kA.spher at 30°C 

is close to 2.5* 1 o-6 mol/m2/s, and the average value of k1 for particle diameters with an 

average diameter between 40 and 70 µm is between 5 and 7* 10-6 s-1
. At 0.01 M Fe3+ 

these constants are about three times less. For mineral sphalerite kA,BET = 2.2* 10-s 

mol/m2 
8 d s. At lower iron contents in the mineral the chemical oxidation rates are a 

factor 2 to 10 lower. 

Table 2-iv: Summary of the rate constants of the chemical oxidation of ZnS at 0.1 M Fe3
• and 

30°C. A reaction order of 0.5 in the ferric iron concentration was used. 

Literature [Fe J .. .s 

% 

Su (1976) 5 

Zuo-Mei et al. (1984) 3.4 

Rath et al. ( 1988) 11 

Verbaan et al. ( 1986) 9 

Crundwell ( 1986) 7.3 

9.7 

4.4 

Palencia et al. ( 1991) 6.0 

7.5 

2.7*10-6 

2.4* 10-6 

4.8* 10-6 

2.3* 10-6 

3.1* 10-6 

5.4* 10-6 

dp 
*10-6 m 

45 

63 

89 

30-45 

45-53 

53-105 

30-45 

45-53 

53-105 

BET= I .47m2/g 

45-69 

75-104 

2.3.4 A literature review of the bacterial ZnS oxidation kinetics 

k, 
s-• 

9.5*10-6 

5.1 *10-6 

5.1*10-6 

7.0*10-6 

5.4*10-6 

3.3*10-6 

6.9* 10-6 

5.0* 10-6 

4.5* 1.0-6 

7.0*10-6 

3.9* 10-6 

12*10-6 

5.7* 10-6 

3.9*10-6 
6.9*10-6 

The experimental conditions at which the authors performed bacterial oxidation 

experiments with sphalerite are summarized in Table 2-vA. The kinetic constants that 

were derived from these experiments are listed in Table 2-vB. The structure of these 

table was discussed in Section 2.2.6. 
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Torma et al. ( 1970 and 1972) investigated the bacterial extraction of zinc from a high

grade zinc sulfide concentrate at iron-free conditions in batch experiments. The sphalerite 

itself contained 2.5% iron (Table 2-v). Experiments were performed at varying pulp 

densities and with solids of varying specific BET surface areas. The oxidation rates were 
proportional to the pulp density and with the initial specific surface area. At higher pulp 

densities however, carbon dioxide became rate limiting. From the given data we 

calculated that the value of kA,BET was a constant (Table 2-v A and B). 

Gormely et al. (l 975) leached a zinc sulfide concentrate in a continuous stirred tank 

reactor with Thiobacillus ferrooxidans. No iron was available in the medium. The 

surface concentration in the slurry was varied for particles with a constant specific BET 

surface area. Stable steady states were obtained over a range of dilution rates from 

0.0171 to 0.1038 hr-1
• The specific growth rate was not a function of the solid substrate 

concentration. Therefore, conventional continuous culture theory based on the Monod 
equation did not apply to this system. The leaching rates and bacterial growth rates 

appeared to be first order with the mineral surface concentration. 

From the presented data we calculated that the value of kA,BET is a constant (see 

Table 2-vB). 

Torma et al. (1978) also performed bacterial leaching experiments at iron-free conditions 
with several analytically pure heavy metal sulfides. An adapted Monod equation with 

respect to the specific BET area could be applied for the kinetic description of the 

bacterial oxidation of metal sulfides. It was observed that the rate of metal sulfides 

oxidation was correlated with their solubility product, and the highest rate was obtained 

with the substrate having the highest solubility product. These authors assumed that the 
role of bacteria in the mineral oxidation was to consume the s2- ions and thus promoting 

the dissolution of the sulphide minerals. 

Tributsch and Bennett (1981) cultivated Tferrooxidans at iron free conditions on 

synthetic ZnS as the only energy source for many culture generations during a period 

of 4-years. They concluded that at iron-free conditions the oxidation rate of the mineral 

is correlated with the solubility product of metal sulphide. This is in agreement with the 
findings of Torma et al. (1978). 

Sanmugasunderam et al. (1985) examined the bacterial oxidation of a zinc sulfide 

concentrate in a continuous stirred tallk reactor at iron-free conditions. They also found 

that the oxidation rate is first order in the pulp density and the surface area. The rate 
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constants increased with increasing dilution rates. A mathematical model for the growth 

of Tferrooxidans on this solid substrate was presented and tested. The proposed model 

fitted their experimental data. However, comparison of the fitted parameters (e.g. the 

area occupied on the sulfide surface by bacteria and the maximum specific growth rate) 

with the data of others, showed that a wide variation can exist. The authors attributed 

this difference to the nature of the substrate. 

Cwalina et al. (1988) studied the leaching activity of Tferrooxidans on elemental 

sulphur, ferrous iron, pyrite, covelite, chalcopyrite and sphalerite. All these experiments 

were performed in ferrous iron containing medium. The effectiveness of leaching was 

directly correlated with the enzymatic activity of the cultures. They suggested that either 

the activities of the enzymes metabolizing sulphur and its reduced compounds, or 

bacterial leaching activity on sulphur and sulphides should be taken as a criterion of the 

usefulness of bacteria for the leaching of sulphide minerals, and not the oxidation rate 

of ferrous iron ions. 

Konishi et al. (1992) studied the kinetics of the bioleaching of sphalerite concentrate in 

a well-mixed batch reactor. They proposed a kinetic model in which attached bacteria 

directly oxidize the sulphide mineral, whereas the free bacteria grow on ferrous iron. 

Kinetic experiments on both the (sterile) chemical ferric iron oxidation and the bacterial 

oxidation were carried out. Experimental studies were made on the adsorption of bacteria 

to the mineral. They found that the adsorption rate of the bacteria is fairly rapid in 

comparison with the bioleaching rate, indicating that the bacterial adsorption was at 

equilibrium during the leaching process. A Langmuir type isotherm was applied to 

correlate the adsorption equilibrium data the number of bacteria adsorbed on the mineral 

surface. The rate of chemical leaching varied with the concentration of ferric iron, and 

the first-order reaction rate constant was determined. They concluded that bioleaching 

in an iron-containing medium takes place by both direct bacterial attack on the sulfide 

mineral and indirect attack via ferric iron. In order to develop rate expressions for the 

kinetics of bacterial growth and zinc leaching the two bacterial actions were considered. 

The key parameters appearing in the rate equations, the growth yield and specific growth 

rate of adsorbed bacteria, were evaluated by curve fitting using the experimental data. 

According to the authors the liquid-phase concentrations of the leached zinc and free 

cells during the batch bioleaching process could be predicted with this kinetic model. 



Table 2-vA Reaction circumstances in bacterial oxidation kinetic exeriments of zinc sulphide, 
derived from litera ture data. 

ZnS Bacterial Process conditions 

Reference Experiment Variations FeJ+ in Mineral Pulp 
medium dP (*IO.;; m) density g/I 

Torma et al. Batch culture Pulp density iron free dp < 38 20-250 
( 1970) pH control Specific BET 9K BET=l.37 m2/g 160 
(1972) pH 2.3 T (1970) 0.3-7.0 m2

0d g 
T=35°C C02 (1972) Mineral: 
(1972): 61% Zn 
8% C02 2.5% Fe 

33% s 
Gormely et al. Continuous Dilution rate iron free dp ? 25-100 

(1975) culture D=0.017-0.104 h.1 9K Mineral: m2ad l 
pH control 56% Zn 
pH 2-2.5 5% Fe estim. 

T=35°C 32% s 20-200 g/I 

1% C02 

Torma et al. Batch culture Pulp density iron free dp < 32 10-140 

(1978) pH control 9K BET=6.4 m2/g 

pH 2.3 Different synthetic Synthetic ZnS 

T=35°C sulphides 
0.2% C02 

Tributch et al. Batch culture Different synthetic iron free dp < 38 IO 

(1981) pH 2.5 sulphides 9K Synthetic ZnS 

Sanmugasunderam Continuous Pulp density iron free BET=0.55m2/g 25-200 

et al. culture Dilution rate 9K Mineral: 
(1985) pH 2.5 61%Zn 

T=35°C 2.4% Fe 
1% C02 33% s 

Cwalina et al. Batch culture Different substrates 9 g/l dp<300 100 
(1988) T=30°C 9K Mineral: 

61% Zn 

Natarajan Batch culture Fe2• addition 0 or 5 g/I dp 38-45 100 
(1988) pH= 2.3 0.9 K Synthethic ZnS 

Konishi et al. Batch culture Chemical and Bio- 5 g/I ~ 37-53 10, 20 
( 1992) Chem.ox.Batch oxidation rates BET=46 m2/kg 

pH control Mineral: 
pH 2.2 56% Zn 
T=30°C 32% s 

3% Fe 



Table 2-vB Kinetic parameters of the bacterial oxidation of zinc su lphide, 
derived from literature data. d• in *10 .. m, PD is pulp density 

ZnS Bacterial Kinetic Parameters 

References k, (* IO" s·') and kA moVm2/s Calculation k1 and kA 

Torma el al. (dp < 38) PD up to 200 git k 1 from given rates as 

(1970) k = I 12 function PD at constant spec. 

(1972) kA,DET = 1.0•10·1 A a ET 
--------- -------------- kA from given rates at varying 

Temperature effect initial specific BET surface at 

k, (25°C) 5.1 constant PD 

k, (30°C) 7.2 
k1 (35°C) 10 

Gormety et al. D (h'') k, k, = D*~ 

(1975) 
0.017 30 kADET = oxidation rate/BET 

O.G28 44 surf. 

0.060 70 
0.104 96 

---------- ·-------
kA.BET = 4.5*10-' 

Torma et al. (dp < 32) PD I0-140 gll k, = kA,BE,I ABET 
(1978) synthetic kA.BET from given rate as 

k, = 8.1 function A8dl 

kA.BET = 1J•10·9 

Tributch el al. (dp < 38) Initial rate are large 

(1981) synthetic k1 =ln(ti.Zn2•,/ ti.Zn2
• 11 )/(t2-t1) 

k = I I.I 

Sanmugasunderam D (h·') k, (s·') kA.BET k, = D*~ 
et al. BET=0.55 kA,BET = k1 *m;0/S;0 

(1985) 0.0 10 t6 1.3* to·• 

O.Ot3 20 1.7* tO .. 

O.Ot5 25 1.8•10·• 

Cwatina el al. (dp < 300) k1 from given rates and 

(1988) k = I 3.3 concentrations 

Natarajan (dp 38-45) k1 from conversion in t 6 days 
(1988) synthetic 

Fe free k, = 0.94 
with Fe2

• k, = 2 

Konishi el al. (dp 37-53) k, from conversion in t2 days 
(1992) [Fe] k, kA.BET kA.BET from given rate 

equation and BET surface 
free 2.7 5.o• to·• 

1.0 gll 4.1 7.6*10 .. 

------------ ------------- ------------
Chemical kl.chem kA.BET.chcm 

0.54 git 1.9 3.5• 10·• 

1.0 git 3.5 6.5* 10·1 

2.0 git 7.0 t3• to·• 
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Conclusions 

Konishi et al. (1992) performed both bacterial and chemical leaching experiments with 

sphalerite. Comparing the results of these experiments shows that at similar conditions 

(1.0 g/l Fe3+) the bacterial and the chemical oxidation rate expressed in kA.BET are about 

the same (see Table 2-v). Therefore, the bacterial activity in their experiments did not 

significantly improve the oxidation rate of sphalerite. These results imply that no special 

capacities need to be attributed to the bacteria in the bacterial oxidation of zinc sulphide. 
As was discussed in Chapter 1 several authors performed bacterial oxidation experiments 

at iron-free conditions, and concluded from the occurrence of the leaching of the mineral 

that bacteria directly attack the mineral surface (i.e. the occurrence of a direct 

mechanism). However, the measured bacterial oxidation rates at iron free conditions are 

low compared with the presented chemical oxidation rates in the presence of ferric iron. 

The average values of the chemical rate constants k1 at 30°C and 0.1 M Fe3
+ is between 

5 and 7* 10"6 s·1 (see Table 2-iv). The bacterial rate constants at iron free conditions is 

between 0.1 and l * l o·6 s·1 (see Table 2-vB). From these data it can be concluded that 

if a direct bacterial attack of the mineral surface exists, the oxidation rate due to the 

direct bacterial action is small compared with chemical oxidation with ferric iron. 

2.3.5 Bacterial versus chemical oxidation rates of ZnS 

It is examined whether the observed bacterial oxidation rates of natural sphalerite at iron 

free conditions can be achieved if an indirect mechanism is assumed. In Figure 2.4 the 

first order (sterile) chemical reaction rate constants, k1, as a function of the ferric iron 

concentration, that were derived from the equations given by Zuo-Mei et al. ( 1984) and 

Rath et al. (1988), are plotted. Gormely et al. (1975), Torma et al., (1970 and 1972), 

Sanmugasunderam et al. (1985) and Konishi et al. (1992) performed bacterial oxidation 

experiments at iron free conditions with sphalerite that contained significant amounts of 

iron (Gormely: 5%, Torma: 2.5%, Sammugasunderam: 2.4%, Konishi, 3%). This iron 

will dissolve in the solution during the bacterial oxidation experiment. 

From the plotted curves in Figure 2.4 it is estimated which ferric iron concentration 
would be required in the bacterial oxidation experiments if the oxidation of the sphalerite 

was purely chemical, in other words, if the indirect mechanism is the rate dominating 

mechanism. The data points (observed k1 against an estimated ferric iron concentration) 
are also plotted in Figure 2.4. From this plot it is concluded that the required ferric iron 

concentrations to achieve the reported bacterial oxidation rates by an indirect mechanism 

are low. This amount of iron is available in the growth medium, or, when about 10% 
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of the natural zinc sulphide is oxidized. Against the conclusions of these authors, it is 

concluded that these bacterial oxidation experiments with natural sphalerite at iron free 

conditions do not show that a direct mechanism needs to be assumed. 
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Figure 2.4 
Bacterial first order rate constant, k1, of natural 
sphalerite at iron free conditions. k1 of Gormely 
and Sanmugasumderam increased at increasing 
dilution rates. The actual [Fel+] in the 
experiments is estimated from the chemical 
oxidation kinetics as a function of [Fe1•1 given by 

(-)Rath et al.;( ....... ) Zuo Mei et al.. ( *) 

Gormely; (•) Torma; (+) Sanmuganderam; (A) 
Konishi. 
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Figure 2.5 
Bacterial first order rate constant, kA,.pha• of 
synthetic ZnS at iron free conditions. The actual 
[Fe1•] in the experiments is estimated from the 
chemical oxidation kinetics as a function of [Fe1

•] 

given by(-) Rath et al. and(, ...... ) Zuo Mei et 
al. (•) Torma; (+) Tributsch; ( *) Natarajan. 

To proof the existence of a direct mechanism, also bacterial oxidation experiments were 

performed with synthetic zinc sulphide at iron free conditions (Torma et al., 1988; 

Tributsch and Bennett, 1981 ; Natarajan, 1988). However, the rate constants in these 

experiments were considerably lower than experiments with mineral sphalerite at iron 

free conditions. In Figure 2.5 the first order (sterile) chemical oxidation rate constant, 

kA,sphcr• as a function of the ferric iron concentration, that were derived from the kinetic 

equations given by Zuo-Mei et al. (1984) and Rath et al. ( 1988), are plotted. From the 

curve of Rath it is estimated which ferric iron concentration would be required in the 

bacterial oxidation experiments if the oxidation of the synthetic ZnS was purely 

chemical, in other words, if the indirect mechanism is the rate dominating mechanism. 

The achieved data points (observed kA.sphcr against an estimated ferric iron concentration) 

are also plotted in Figure 2.5. From this figure it can be concluded that very small 

amounts of ferric iron would be needed to chemically derive the rate constants that are 

measured in the presence of bacteria. These iron concentrations are often available in the 

growth medium. From these results it is concluded that the bacterial oxidation rate of 
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zinc sulphide depends on the ferric iron concentration, and therefore, on the chemical 

oxidation rate. 

Also the observed temperature effect on the bacterial oxidation rate can be explained 

from the occurrence of an indirect mechanism as the rate determining mechanism. From 

the data presented by Torma ( 1970) it appeared that the bacterial oxidation rate increased 
by a factor of two between 25 to 35°C (see Table 2-vB). They reported that a further 

increase of temperature caused a strong decline of the oxidation rate. This implies that 

the bacteria were inactivated. Torma calculated an activation energy of 54 kJ/mol for the 

bacterial oxidation reaction between 25 and 35 °C. Rath et al. (1988) and Zuo-Mei et 

al. (1984) found an activition energy of 58 kJ/mol for the chemical oxidation of ZnS 

with ferric iron. In our opinion these results indicate that the increase in the bacterial 

oxidation rate is possibly caused by an increase in the chemical oxidation rate. Above 

35°C the biological activity is destroyed, and, because the experiments were performed 

at iron-free, or very low iron concentrations, depletion of ferric iron that is not 
regenerated by the bacteria, caused the termination of the chemical reaction. 

Although no conclusion can be drawn with respect to the principal possibility of a direct 

mechanism, it is concluded that the contribution of direct bacterial action in sphalerite 

oxidation is negligible compared with the chemical oxidation rate with ferric iron. 

Accordingly, the ferric iron concentration is an important process parameter in the 

bacterial oxidation of zinc sulphide 

2.4 Chalcopyrite (CuFeS2) 

2.4.1 A literature review of the chemical CuFeS2 oxidation kinetics 

The experimental conditions at which several authors performed chemical oxidation 
experiments with chalcopyrite are summarized in Table 2-viA. The kinetic constants that 

were derived from these experiments are listed in Table 2-viB. The structure of these 

table was discussed in Section 2.2.6. 

Review of chalcopyrite concentrates 

The older literature of the many different hydrometallurgical processes of chalcopyrite 
concentrates were reviewed by Subramanian (1972) and Wadsworth (1972). 
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Haver and Wong (1971) performed batch leaching experiments with natural chalcopyrite 

in a ferric chloride solution at the highest possible concentration. Parabolic kinetics were 

observed. 

Dutrizac and MacDonald (1971) measured that the chemical oxidation rate of natural 

chalcopyrite in ferric sulphate solution decreased during the course of a batch 

experiment. 

Linge (1976) investigated the reactivity of several chalcopyrite concentrates in acidified 

ferric nitrate solution. In these experiments the redox potential of the leaching solution 

was kept constant by titration with a ferric nitrate solution. The leaching obeyed 

parabolic kinetics between 25 and 40°C. The oxidation rate in the initial few minutes of 

the experiment was very high. In the next stage the oxidation rate showed parabolic 

kinetics, which was assumed to be caused by diffusion limitation. The author calculated 

that if diffusion through pores in the sulphur layer was assumed, the diffusion rates of 

ferric ions in these pores are four orders of magnitude larger than the measured 

dissolution rate. Therefore, this mechanism cannot control the leaching reaction. 

Calculations based on a solid state diffusion mechanism were in much better agreement 

with the results. 

The chalcopyrite reactivitiy was also dependent on the mineral composition of the 

concentrate: the presence of pyrite accelerated the reaction markedly: The author 

assumed however that galvanic interaction between the minerals could not account for 

this change because this electrochemical explanation would imply that the charge transfer 

across the mineral/solution interface limits the reaction rate. This would predict linear 

dissolution kinetics and was therefore not consistent with the parabolic kinetics 

experimentally observed. 

Munoz-Castillo ( 1977) studied the acid ferric sulphate leaching of chalcopyrite using 

monosized particles in order to obtain fundamental details of the reaction kinetics. The 

initial oxidation rate was inversely proportional to the initial particle diameter, and at 

ferric iron concentrations below 10·2 M the apparent reaction order with respect to the 

ferric ion concentration approached 0.5. Thus, the reaction kinetics were in accordance 

with the electrochemical mechanism, and it was assumed that during the initial stages, 

the reaction was controlled by an electrochemical surface reaction. In addition the author 

concluded that the measured activation energy of 34 kJ/mol for the initial rate of the 

reaction, supports the claim that the electrochemical reaction was limited by a surface 

reaction mechanism. 

The author proposed that a switch of reaction rate control mechanism to a transport 

control mechanism occurred during the course of a batch experiment, due to the 
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formation of an elemental sulfur layer that makes the surface inaccessible. From several 

reasons it was claimed by the author that the transport of electrons through the elemental 

sulfur layer is the rate limiting process. Firstly, the activation energy for transport of 

electrons through elemental sulfur was shown to be approximately the same as the 

measured activation energy of 84 kJ/mol. Secondly, the reaction rate was independent 

of the ferric ion concentration, the initial ferrous and the cupric concentration, and 

dependent on the inverse square of the particle diameter. 

An equation was provided to describe the chalcopyrite conversion, I.;, if transport 
limitation controls the reaction rate (see Table 2-vii). 

Dutrizac ( 1978) used the rotating disk technique in order to investigate the kinetics of 
dissolution of synthetic chalcopyrite in ferric chloride-hydrochloric acid and ferric 

sulphate-sulphuric acid solutions. Over the temperature range 50 to 100°C, the oxidation 
rate was first order in the mineral surface (linear kinetics) in the chloride media. 

Nonlinear kinetics were observed in the sulphate system. Also linear kinetics were 

observed for the leaching of natural chalcopyrite in ferric chloride solution. The rate 

increased with increasing ferric chloride concentrations but was insensitive to 

concentrations of hydrochloric acid and to the ferrous chloride reaction product. Cupric 
chloride substantially accelerated the rate. 

However, Dutrizac ( 1982) found parabolic kinetics in ferric chloride and ferric sulphate 
solution for the leaching rate of natural chalcopyrite. These chemical oxidation 

experiments were performed with chalcopyrite concentrates from different geographical 

localities in both ferric chloride-hydrochloric acid and ferric sulphate-sulphuric acid 

media. When the leaching rates were corrected for the amount of CuFeS2 in the 
particular sample, similar leaching rates (±50%) were observed for all eleven 

chalcopyrites under all experimental conditions. Dutrizac claimed that the diversity of 

data reported in the literature for the rate of chalcopyrite leaching can be explained from 

experimental difficulties in obtaining a well defined chalcopyrite area. 

Palmer et al. (1981) studied the rate of dissolution of monosized chalcopyrite in 

solutions containing ferric chloride, sodium chloride and hydrochloric acid, in order to 

establish the mechanism by which leaching occurs in this system. The initial oxidation 

rate in a batch experiment could be described by a shrinking particle model (linear 

kinetics), indicating that the rate is controlled by surface phenomena and not by transport 
phenomena. The oxidation rate exhibited a one-half power dependence on the total ferric 

iron concentration. Additionally, the rate of dissolution increased with chloride ion 

concentration for values up to one molar but became independent of this parameter for 

higer concentrations. The authors concluded that these observations are consistent with 

a mechanism involving mixed electrochemical control: The anodic reaction involved the 
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oxidation of chalcopyrite to Cu2+, Fe2
+ and S0

. Four cathodic reactions occurred in 

parallel: these are the reduction of uncomplexed ferric ion and the reduction of first, 

second and third chloro-complexes of trivalent iron. The proposed mechanism was 

consistent with electrochemical measurements in this system. The anodic and cathodic 

processes were described by the electrochemical mechanism assuming that single 

electron transfer occurred and that the value of the transfer coefficient, a, is one-half. 

Hirato et al. ( 1986) performed a comparative study of electrochemical and chemical 

leaching in order to elucidate the leaching mechanism of chalcopyrite (natural 
chalcopyrite crystals) with ferric chloride, using a rotating disk technique. The oxidation 

rate of chalcopyrite exhibited a half order dependency of the FeC13 concentration, 

whereas it was independent of the FeC12 concentration. The applicability of the 

electrochemical mechanisms was studied by measurements of the current density of a 

chalcopyrite electrode and mixed potentials of this electrode as a function of the 

composition of the leaching solution. From their observations an electrochemical 
mechanism (one electron transfer mechanism) which involved the oxidation of 

chalcopyrite and the reduction of FeCI/ (the predominant species of Fe(III)) was 

proposed. They also suggested that cupric chloride may play an important role in the 
later stages of leaching as an oxidizing agent, since cupric chloride is thought to be a 

more reactive reagent than ferric chloride. 

Hirato et al. (1987) found that the oxidation kinetics of natural chalcopyrite crystals with 
ferric sulphate, using rotating disks, initially showed parabolic-like kinetics, followed by 
linear kinetics. They assumed that in the initial stage, a dense sulfur layer formed on the 

chalcopyrite surface. The growth of the layer caused it to peel from the surface, leaving 

a rough surface, which was shown from X-ray analyses. In the (latter) linear stage, no 

thick sulfur layer was observed. The authors investigated chalcopyrite oxidation in the 
linear stage. The apparent activation energy was found to range from 77 to 88 kJ/mol, 

which suggested that the oxidation of chalcopyrite was chemically controlled. The 

oxidation rate of chalcopyrite increased with an increase of ferric sulphate concentration 
up to 0.1 molar, but further increase had little effect. They also observed that the mixed 

potential and the chemical oxidation rate decreased with increasing ferrous sulphate 
concentration. 



Table 2-viA Reaction circumstances in the chemical ferric iron oxidation kinetics of chalcopyrite 
reported in the literature. 

C uFeS, Chemical process conditions 

Reference Experiment Variations Medium Mineral Pulp 
composition density 
d• (*IO"") git 

Haver el al. Batch Temperature 3.5M FeCl3 dp.av = 17 300 
(1971) T=30-106°C 75% CuFeS2 

15% FeS, 

Dutrizac et al. Rotating disk Temperature 0.1 M Fe(S0,)1 5 Disks of pure 

(1971) T=25-60°C Origine mineral O. IM H,so, natural CuFeS2 

Linge ( 1974) Batch Temperature O.OIM HNO, BET 0.8-1 .6 m2/g 2.5-10 
0 2 free Origine mineral 0.5M NaN03 44-77% CuFeS2 

Fei+ titration O.OOIM Fe,. 25- 10% FeS2 

T=25,40°C Fe3./Fe2•=0.1 

Munoz-C. Batch Temperature 0.5M Fe(S0,)1 5 d. = 4 5 
(1977) 0 2 free Particle size I.OM H,so. 80% CuFeS2 

T=60-93 °C 5% FeS, 

Dutrizac Rotating disk Temperature O.IM FeCl3 dp = 38-45 0.4 
( 1978) or Batch [Fe'•] + 0.3M HCI or 95% CuFeS2 

T=50-100°C Chloride-Sulphate 0.1 M Fe(S04) 1 5 3 % FeS2 
Synth.-Natural + 0.3M H,SO, or Synth.disks 



Table 2-viB K inetic parameters of the chemical oxidation of chalcopyrite with ferric iron 

as derived from literature data. 

CuFeS2 Chemical Kinetic Parameters 

Reference Chemical k, ( l/s) and kA (mol/m2/s) E,k, calculated k, (*Io·• s·') and kA 

dP = * 10-6 m KJ/m (mol/m2/s) at 30°C 

Haver et al. dp,m..,, =17 µm 106°C 106°C 52 [Fe)•]~ 3.5 M 3.5M 

(1971) t(min) k, kA.spht< t(min) k, kA.sphcr 

I 19*104 l.4*104 I 96 7.1•10·• 

15 6.5* I 04 4.4* 10·5 15 33 2.2•10·• 

30 8.5*104 4.9* lO'S 30 43 2.5* 10·• 

60 5.5*104 3.0* 10'5 60 28 1.5• 10·• 

120 3.3*104 2.s• 1 o·s 120 17 1.3* Io·• 

Dutrizac et al. Disks of: t(h) kA,d1sc estim. Transvaal 

(1971) 80°C 66 kA,dosk= 1.5* 10·& 

Bisbee 90 6.0• 10·1 =>at dP k, 

Transvaal 66 6.2• 10·1 

Temagami 25 6.2•10·7 30-45 8.7 

Plexar 93 1.4*10'7 45-53 6.9 

G.Manitou 69 4.9*10'7 53-105 4.1 

Craigmont 69 5.5* 10·7 105-150 2.6 

Creighton 69 20* 10'7 150-250 1.7 

Ecstall 93 9.5* I 0·1 

Linge (1974) BET ~ SA (25°C) BET k1(lmM) 

m2/g CuFeS2 = kA,Bdt112 m2/g 200 min 

1.2 0.17 15*10 .. 59 1.2 45 

0 .8 0.34 11• 10·1 50 0.8 31 

1.1 0.34 10•10·• 46 I. I 24 

1.0 0.91 89*10'1 59 1.0 220 

1.6 0.32 12*10 .. 38 1.6 41 

1.3 0.72 79*10 .. 50 1.3 250 

Munoz-Castillo t(h) kA,sphcr kA.tphcr kNphcr 84 t(h) kA,sphcr =>k, 

(1977) 90°C 75°C 60°C dp=47 
I 8.1*10·1 I I. I* I 0·3 5.2 

3.5 1.8* 10-6 4.6*10'7 2 .1•10·1 3.5 6.2* 10'9 2.9 

7 1.0•10·1 2.9* 10·7 1.3•10·7 7 3.9* 10·9 1.8 

65 3.7• 10·7 8.1*10·1 2.9*10'8 65 1.1• 10·9 0.5 

150 1.5• 10·1 5.1*10 .. l.7*10 .. 150 0.7* I 0·9 0.3 

Dutrizac Synth.Disk F~(S0.)2 FeCl3 estim. Natural CuFeS2 in FeCl3 over 

(1978) t(h) kA,fac 95°C kA,dosc 95°C synth. 40 h 

45 

10 5.2• 10-s 2 .0*104 At [Fe3
•) 0.1 M 

20 3.9*J0'S ,, estim. dp = 38-45 

30 3.5* 10'5 ,, natur. k, = 8.3 
40 3.J * )0'5 ,, 66 

50 2.9*)0'5 

" 
At [Fel+) 0.1 M 

--------------- ------------- --------------- kA.tph" = 1.6* I 0 .. 
Natural k1 95°C kA.•phcr 95°C 
CuFeS2 in in FeCl3 in FeCl3 

FeCl3 8.5* 10-6 1.6* 10-6 



Table 2-viA Reaction circumstances in the chemical ferric iron oxidation kinetics of chalcopyrite 
reported in the literature. 

C uFeS, Chemical process conditions 

Reference Experiment Variations Medium Mineral Pulp 
composition density 
dp (* 10-4) g/l 

Palmer el al. Batch Temperature 0.1 M FeCl3 dp = 38-45 0.25 

(1981) T=75-96°C Particle size 1.0 M HCl Mineral: 33%Cu, 
[FeJT] 3.0 M NaCl 29%Fe, 33%S 

Dutrizac Batch Temperature O.IM FeC13 d, = 20-29 2 
( 1982) T=55-95°c Origine mineral + 0.3M HCI or Mineral: 

0.1 M Fe(S04 ) " 36-26% Cu 
+ 0.3M H2SO, 29-35% Fe 

Hirato et al. Rotating disk [FeJT] 0.01-IMFeCl3 Natural disk of 

(1986) T = 10°c 0.2M HCl Crystals CuFeS2 

Hirato el al. Rotating disk Temperature 0.1 M Fe(S0,)15 Natural disk of 

( 1987) T=40-75°c o.2M H,so, CuFeS2: 35%Cu, 
30%Fe, 35%S 

Rath et al. Batch Temperature I.OM FeCl3 d,= 37-150 5 

(1987) T=70-100°C Particle size Mineral: 25%Cu, 
pH= 1.45 [Fe3• ] 34%Fe, 33%S 

O' Malley et al. Batch 0.1 M FeCl3 ~ = 45-53 12 
(1987 0 2 free 0.4 M HCI Pure CuFeS, 

T = 95°C 3.0 M NaCl 

Ores 

Lowe ( 1970) Packed bed O.O lM Fe(S0,)15 Ore: 
0 2 free 3.3% CuFeS, 
T = 5o•c 

Saxena el al. Batch Temperature 0.2M FeCl3 Ore: 40 
(1992) T=30-90°c 0.75% Cu 

d,=74-104 



Table 2-viB Kinetic parameters of the chemical oxidation of chalcopyrite with ferric iron 

as derived from literature data. 

C uFeS2 Chemical Kinetic Parameters 

Reference Chemical k, ( l/s) and kA (mol/m1/s) E,k, calculated k, (* 1 o·• s·') and kA 

dP=*IO..sm KJ/m (mol/m1/s) at 30°C 

Palmer et al. From ~ after 5 h: 66 At O.IM Fe1
•: 

(1981) k1 (96°C, 0. 1 M Fe1
•) = 1.0* l o·s s·' k, = 9.2 (dp = 38-45) 

dP = 38-45 µm kA,sphu = J.8 * 10·8 

Dutrizac Fe(S04) 1 , Fe(SO,), , 66 Natural CuFeS2 in Fe2(S0.)3 

( 1982) t(h) k, 90°C k, 75°C over 20 h 

5 1.2•10·' At [Fe1·1 0.1 M and 

10 1.0• 10·' 4.3* 10-6 dp = 20-29 

20 8.9* 10-6 2.9*10-6 k, = 10 

30 7.9* l 0-6 2.4* 10-6 

40 7.5*10-6 2.0*10-6 At [Fe3
'] 0.1 M 

50 7.7* 10-6 kA,sph" = J .0* J o·S 

Hirato estim. kA,fak = 7 .5 *lo·• 

(1986) kA.dosk (70°, O.IM FeJ+) = 3.5*10-6 83 => At dP 38-45 k, = 39 

Hirato et al. 83 kA,d.sk= 4.1*10"9 

(1987) kA.dosk (70°, 0.1 M Fe1
·) = 1.9* l 0·1 =>at dP k, 

30-45 2.4 

45-53 1.9 
53-105 1.1 

105-150 0.7 

150-250 0.5 

O'Malley et al. From ~ after 20 h: ass um At O.lM Fe3•: 

( 1987) k, (95°C, O. lM Fe3
•) = 5.2• 10..s s·' 66 k, = 5.0 (dp = 45-53) 

dP = 45-53 µm kA.sphtt = J.J*Jo·S 

Rath el al. dP µm [Fe)+] M k 1 (100°C) 83 [Fe1•]-t IM 0.1 M 

{1988) from~ at 5h dp k, k, 
37-53 1.0 4.5* 10.s 37-45 5.4 2.2 

53-105 
" 

2.1•10·' 45-53 4.1 1.7 

" 
0.3 l.8*1o·' 53-105 2.5 1.1 

" 
0.1 J.O* IO·S 105-150 1.6 0.7 

" 
0.03 6.1*10-6 150-250 1.0 0.4 

" 
0.01 4.5*10-6 --------- --------- ---------

105-150 1.0 1.7* tO·' kNphtt 8.2• 10·9 3.4*10·• 

-t 

Ores 

Lowe between 24-72 h of oxidation 75 [Fe,.] = 0.022 M 

{1970) kA.sph.,(50°C) = 1.1* l0..s kA.sph.,{50°C) = 1.7* 10·7 

Saxena el al. t(h) k , 90°C k, 70°C k, 30°C 17 See measured data at 30°C 
( 1992) At 0.2M Fe3•: 

I 4.5* to·' 3.2* IO·S 1.8* I o·S k , = 1100-1 800 
2 4.6•10-s 3.3•10·5 J.7*t0·S 

3 4.3* to·' 3.2* IO·S l .6•10·5 

4 4.2•10·' 3.0•10·5 1.4* J o·S 

5 3.9* 10·5 2.8* 10.s 1.2• 1 o·' 

6 3.6• 10·5 2 .6*t0·S 1.1 * IO"S 
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O'Malley et al. (1987) carried out batch leaching experiments in which the initial 

amounts of chalcopyrite and ferric chloride were selected in order to ensure that the 
oxidant was significantly depleted during an experiment. An acceleration in the total rate 

of leaching was normally observed at the middle of the experiment. This rate increase 

was in all experiments accompanied by a maximum of the Cu2+ concentration and, 

simultaneously, by a sharp increase of the Cu+ concentration. They explained this effect 

as follows: Early in the leach the solution potential was too high for the reduction of 

Cu2
+ to Cu+. However, at the time of the increase in the overall leaching rate the solution 

potential reaches a value low enough for reduction of cupric ion to take place. 

Rath et al. (1988) studied the kinetics of dissolution of natural chalcopyrite in ferric 

chloride solution. The activation energy of 93 kJ/mol indicated rate control by surface 

reaction. The dissolution followed a simple shrinking-core model, and the reaction order 
with respect to ferric chloride was found to be 0.38. They assumed that these results 

confumed the occurrence of an electrochemical mechanism. A theoretical rate equation 
was derived, and the experimental data fitted this equation (see Table 2-vii). 

Review of chalcopyrite ores 

Lowe (1970) performed leaching experiments with chalcopyrite ore (3.3% CuFeS2) in 

ferric sulphate solution. In these experiments a constant flow of ferric sulphate 

percolated through a packed bed with chalcopyrite ore. The author compared the 
measured oxidation rates with theoretical rate equations determined for the mechanistic 

sub-processes that possibly occur in the chemical oxidation of sulphide minerals with 

ferric sulphate: Firstly, the aqueous diffusion offerric sulphate. Secondly, the solid-state 

diffusion of reacting cations and produced species through the sulfur matrix of the 

minerals. Thirdly, the chemisorption processes, like the adsorption of ferric sulphate in 

the solution to the active sites of the metal sulphide and the formation of an activated 
complex, followed by an the electrode reaction in which electrons exchange between the 
chemisorbed ferric sulphate and the metal sulphide. 

The author concluded that the dominant mechanism for chalcopyrite oxidation was the 

chemisorption followed by electron transfer. In this process the surface reaction 

involving the electron exchange between the adsorbed ferric ions and the sulfur active 

sides of the sulfide mineral was assumed to be the slowest process. 

Saxena and Mandre (1992) measured copper dissolution from copper ore (0.75% Cu) 
in ferric chloride. They observed that in the initial stages the rate was controlled by the 

chemical reaction rate at the mineral surface whereas during later stages, diffusion 
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through the sulphur layer was rate controlling. The overall reaction was described by the 

mixed control model that accounted for both the chemical reaction rate according to a 

shrinking particle model, and the diffusion rate (see Table 2-vii). 

Table 2-vii: Kinetic models on the chemical chalcopyrite oxidation with ferric iron as proposed in 

the literature, and parameters reported by the authors. 

Reference 

Munoz

Castillo 

(1977) 

Linge 

(1977) 

Rath et al. 

(1988) 

Saxena et al. 

(1992) 

Kinetic Model 

Diffusion rate limited reaction 

I -2/3~ -(I -~}113 = K.I 

Parabolic kinetics 

S0 depends on mineral source. 

S0 = 10-100*10.s mol/m2
8afs112 

Shrinking particle model and reaction rate control: 

[Fe l •]oi• -£ 
1-(l -~} 113 = k 11

• .exp(~).1 
d0 RT 

with: 

k"= 6.7*103 mis 

E"' = 93 kJ/mol 

Mixed control kinetics for chalcopyrite ore: 

I -(I -~)113 +B[1 -2/3~ - ( 1 -~)213] = k,.t 

with: 

B=factor for diffusion control, depends on T and initial 

particle diameter. 

k,=depends on T, [Fe3•] and initial particle diameter 
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Table 2-viii Summary of the influence of process conditions on the chemical ferric iron oxidation 

kinetics of chalcopyrite reported by the authors. 

Influence on kinetics of 

Reference Medium 
[Fe)+] [Fe2• ] [Cu2

•] pH Diffusion 

limitation 

Haver et al. Ferric yes 

(197 1) chloride parabolic 

Dutrizac et al. Ferric yes 

(1971) sulphate parabolic 

Linge (1974) Ferric nitrate yes 

parabolic 

Munoz-C. Ferric no effect no effect no effect yes 

(1977) sulphate 

Dutrizac Ferric positive no effect positive no chloride no 

(1978) chloride n = 0.8 sulphate yes 

Palmer et al. Ferric positive no 

(l 981) chloride n = 0.5 

Outrizac Ferric positive chloride yes 

(1982) chloride or n= 0.35 sulphate yes 

sulphate parabolic 

Hirato et al. Ferric positive no effect no 

(1986) chloride n = 0.5 

Hirato et al. Ferric positive negative yes 

( 1987) sulphate parabolic 

Rath et al. Ferric positive no 

(1987) chloride n= 0.38 

O'Malley et Ferric positive no 

al. ( 1987 chloride 

Ores 

Lowe ( 1970) Ferric no effect no 

sulphate Cu ore 

Saxena et al. Ferric yes 

(1992) chloride Cu ore 
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Discussion 

In Table 2-vii the kinetic equations for the chemical oxidation of chalcopyrite as 

reported by different authors are given. In the third column of this table the kinetic 

parameters are listed. In Table 2-viii the effect of several process conditions on the 

chemical oxidation rate of chalcopyrite in ferric sulphate or ferric chloride solutions are 

summarized. 

Most authors agree that if no diffusion limitation occurs, the chemical oxidation rate of 

chalcopyrite is inversely proportional to the initial particle diameter (shrinking particle 

model), and proportional to the ferric iron concentration to the power one-half. 
Therefore, the electrochemical mechanism is applicable, and it is assumed that the rate 

determining mechanism is an electrochemical surface reaction where the electron transfer 

from mineral to oxidant (e.g. FeIII compounds) is rate limiting. However, several 

authors measured parabolic kinetics, and most authors assume that this rate decrease was 

caused by diffusion limitation due to the sulphur product. This will be discussed in the 

next section (2.4.2). 
The chemical oxidation kinetics of chalcopyrite is influenced by several other process 

conditions: 

1) The chemical oxidation rate decreased if ferrous iron was added (Hirato et al., 
1987), and with a decreasing solution potential (O'Malley el al., 1987). However, 

other authors observed no effect if ferrous iron was added (see Table 2-viii). 

2) In the presence of cupric ions the chemical reaction rate increased. Dutrizac 

(1978) found that the addition of 5 g/l cupric ions (Cu2+) doubled the 

chalcopyrite oxidation rate in ferric chloride. The maximum increase with a 
factor three compared to the initial occurred at about 20 g/1 Cu2+. O'Malley el 

al. (1987) observed an acceleration of the reaction rate half-way through a batch 

experiment due to oxidation with the produced Cu2
+ ions (see Table 2-viii) 

3) It appeared that the pH does not influence the oxidation kinetics. 

4) Very high ferric iron concentrations seem to cause significantly larger chemical 
oxidation rates. Haver and Wong (1971) performed leaching experiments with 

chalcopyrite particles in concentrated ferric chloride solutions. Possibly the high 

ferric iron concentrations explain why the rate constants in these experiment 

largely exceed the first order rate constants of other authors (see Table 2-viB). 
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The chemical oxidation rate increases in the presence of pyrite (Dutrizac and 

MacDonald, 1971 ). This is possibly due to the occurrence of electrochemical 

reactions between pyrite and chalcopyrite, in which pyrite is the nobler mineral. 

6) Chalcopyrite ores show significantly higher oxidation rates than the concentrates. 

Lowe (1970) performed leaching experiment with chalcopyrite ore (3.3% 

CuFeS2). These results also show that the value of kA,sphcr is about a factor ten 

larger then values found in pure chalcopyrite leaching. These data indicate that 

the chemical leaching rate of ores is significantly larger then the rate of pure 

chalcopyrite leaching (see Table 2-viB). Possibly this effect is due to dissolution 

of chalcopyrite in an electrochemical reaction with pyrite in the ore. Saxena and 

Mandre ( 1992) also performed leaching experiments with chalcopyrite ore 

(0.75% Cu). The measured rate constants largely exceed the data measured by 

other authors. Also the measured activation energy is only about 1/4 compared 

to Eac• measured by others. 

2.4.2 Diffusion limitation in the chemical CuFeS2 oxidation 

Elemental sulphur 

Several authors observed a decrease of the chemical oxidation rate during the course of 

a batch experiment, and most of them assumed that the occurrence of this parabolic 

kinetics was caused by diffusion limitation of ions through the sulphur product layer that 

was produced in the chemical reaction (see Table 2-viii). 

The occurrence of diffusion limitation is however contradictory with the high activation 

energies that were observed. Muniz-Castillo (1977) and Hirata et al. determined an 

activation energy of 84 kJ/mol. 

The occurrence of diffusion limitation due to the produced sulphur layer is also 

contradictory with observations in the chemical sphalerite oxidation of which most 

authors reported that no diffusion limitation occurred. Because the chemical oxidation 

rates of sphalerite largely exceed that of the chalcopyrite oxidation, the occurrence of 

diffusion limitation due to the produced sulphur seems to be questionable. 

Lowe ( 1970) calculated that in the chemical oxidation of a chalcopyrite ore the aqueous 

diffusion of ferric sulphate ions through pores in the elemental sulphur is not rate 

determining. Linge ( 1976) observed parabolic kinetics and suggested that diffusion 
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limitation through the solid state of elemental sulphur must be assumed because it was 

calculated that the diffusion rate through pores in a sulphur layer is large enough 

compared with the measured oxidation rate (which is in accordance with the result of 

Lowe, 1970), whereas the diffusion rate in a solid state is much slower. Thus, the 

diffusion rate becomes rate limiting when the liquid-mineral transport of ions is across 

a solid state of elemental sulphur, whereas, the diffusion rate is large enough when pores 

are in the sulphur layer. Zuo-Mei Jin et al. (1984) examined the sulphur layers that were 

formed in the ferric chloride oxidation of sphalerite, using SEM and X-ray techniques 

(Section 2.3.2), and observed an extremely porous elemental sulphur at several stages 

of the batch experiment. Unfortunately the porosity of sulphur layers on the chalcopyrite 

surface were not examined. In our discussion we will assume that sulphur layers 

produced in the chemical chalcopyrite and sphalerite oxidation are not very different in 

porosity. 

Contrary to these authors we conclude from their data that most probably the parabolic 

kinetics in the chemical oxidation of chalcopyrite is not caused by diffusion limitation 

in elemental sulphur. 

Jarosites 

From Table 2-viii it can be concluded that parabolic kinetics were mainly observed in 

ferric sulphate media, whereas both parabolic and linear kinetics were observed in ferric 

chloride media. A possible explanation for the the fact that parabolic kinetics occurred 

in sulphate media, while both linear and parabolic kinetics are observed in ferric chloride 

solutions, is the formation of jarosite layers (or other hydroxide layers) on the mineral 

surface causing diffusion limitation in the solid state. As was discussed in Section 2.2.4 

the formation of jarosites is promoted by sulphate ions and high pH values. The 

formation of jarosites was observed in bacterial oxidation experiments of chalcopyrite 

(Kingma and Silver, 1980; Sulka et al., 1990, see Section 2.4.5). 

However, contradictory to the explanation that parabolic kinetics m the chemical 

oxidation of chalcopyrite were caused by the formation of jarosites is that, although 

several authors reported the occurrence of linear kinetics in ferric chloride media, others 

reported parabolic kinetics in ferric chloride solutions as well (see Table 2-viii), and the 

formation of jarosites in ferric chloride solutions is unlikely. Another argument against 

the formation of jarosites as an explanation of the occurrence of parabolic kinetics, is 

that the chemical oxidation experiments were performed at very low pH: Dutrizac et al. 

(1971) added 0.1 M H2S04 and Dutrizac et al. (1978 and 1982) added 0.3 M H2S04, 

Muniz-Castillo (1977) added 1 M H2S04, and Hirata ( 1987) performed the experiments 
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with 0.2 M H2S04 . Low pH prevents the formation of jarosites. The bacterial 

chalcopyrite oxidation experiments were performed at higher pH values. Moreover, 

protons are consumed in the bacterial oxidation of chalcopyrite which will cause a raise 

of the pH during the experiment, whereas the chemical oxidation reaction is pH neutral. 

Accordingly, the observed formation ofjarosites in bacterial oxidation experiments does 

not necessarily imply the formation of jarosites in chemical oxidation experiments. 

Consequently, our hypothesis that the formation of jarosites causes diffusion limitation 

is not a plausible explanation (see also Section 2.4.5). Apparently, other explanations are 

needed in order to explain the parabolic kinetics. In Chapter 7 it will be suggested that 
the chemical oxidation rate of pyrite and chalcopyrite depends on the ferric to ferrous 

iron concentration ratio, and therefore, that the parabolic kinetics in the chemical 

oxidation of chalcopyrite are caused by the decrease of this ratio. This explanation is in 

accordance with the observations of O'Malley et al. (1987) who reported a decrease of 

the oxidation rate at decreasing solution potential, and Hirato et al. (1987), who 

measured a rate decrease at increasing ferrous iron concentration. 

In Table 2-ix a summary is listed of the kinetic constants at 30°C and 0.1 M ferric 

chloride or ferric sulphate solutions of natural chalcopyrite particles. From this table it 

can be concluded that in the initial stage of the chemical oxidation experiments no 

significant difference due to ferric chloride or ferric sulphate oxidation was observed. 

Values of the kinetic constants from different authors agree to a large extend. Despite 
of this agreement it should be noted that a factor of 4.5 between the minimum and 

maximum value of rate constants causes a residence time difference of a factor 4.5 in 

order to achieve the same conversion at the minimum and the maximum rate constant. 

Summarizing, it is concluded that the kinetic constants determined from data in the 

literature for chemical oxidation of chalcopyrite concentrates are fairly consistent. No 

obvious difference was observed between ferric chloride and ferric sulphate oxidation 

kinetics in the initial stages of the experiments. The initial stages of the chemical 

chalcopyrite oxidation can be described by a simple shrinking particle model. The 
oxidation rate is proportional to the particle diameter or the BET surface area, and the 

reaction order for ferric iron is about 0.5 at lower concentrations, which is in accordance 

with the electrochemical mechanism. 

However, in the latter stages of a batch experiment inhibition of the chemical oxidation 

of chalcopyrite in ferric sulphate media occurs, whereas most authors reported linear 

kinetics for chalcopyrite oxidation in ferric chloride. Doubt was cast on whether this 
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inhibition is caused by diffusion limitation in the elemental sulphur layer as was usually 

suggested by the authors. This will be discussed further in Section 2.4.5. 

At a temperature of 30°C and a ferric iron concentration of about 0.1 M, the value of 

k A,sphcr at 30°C is about (1.4 ± 0.4)*10·3 mol/m2/s, and the value of k 1 at particle 

diameters between 38 and 45 micrometer is between 5*10·3 and 8*10.8 s·1• 

2.4.3 Conclusions from the chemical CuFeS2 oxidation literature 

Table 2-ix Summary of the kinetic parameters of the chemical oxidation of natural chalcopyrite 

concentrates in 0 .1 M ferric chloride or ferric sulphate solutions at 30°C 

Ferric chloride media 

Reference kA,sphu k, (dP 38-45 µm) 

mollm2fs Ifs 

Dutrii.ac 1978 l.6*10 .. 8.3* Io·• 

Palmer et al. 1981 1.8• 1 o·• 9.2• 10·1 

O'Malley el al. 1987 1.1•10 .. 5.0• 1 o·• 

Rath et al. 1988 0.4* 10·• 2.2•10·• 

Ferric sul11hate media 

Reference Leaching time kA)phu k1 (dp 38-45 µm) 

(h) mol/m2fs I fs 

Dutrii.ac el al. 1971 70-90 1.5• 1 o·• 8.1• 10·1 

Munoz-Castillo 1977 1.1•10·• 5.2• 10·1 

Dutrii.ac 1978 40 1.6* 10"8 8.3* 10"8 

Dutrii.ac 1982 20 1.0• 1 o·• 5.9• 10·• 
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2.4.4 A literature review of the bacterial oxidation kinetics of CuFeS2 

Review of chalcopyrite concentrates 

The experimental conditions at which several authors performed bacterial oxidation 

experiments with chalcopyrite are summarized in Table 2-xA. The kinetic constants that 

were derived from these experiments are listed in Table 2-xB. The structure of these 

tables was discussed in Section 2.2.6. 

Yukawa et al. (1978) presented a kinetic model for the bacterial leaching of chalcopyrite 

which takes account of both chemical and biological actions. They assumed that 

chalcopyrite oxidation is due to both a direct bacterial action and chemical oxidation 

with ferric iron where the bacteria oxidize the ferrous ions. In their model it was 

assumed that the chemical chalcopyrite oxidation rate was linear with the ferric iron 

concentration and that the bacterial chalcopyrite oxidation rate was linear with the 

bacteria concentration. The bacterial ferrous iron oxidation was described by Monod 

kinetics. The kinetic constants of the models for the chemical and bacterial chalcopyrite 

oxidation, and the bacterial ferrous iron oxidation were derived from independent kinetic 

experiments. 

Chemical leaching experiments were performed at several ferric iron concentrations. In 

bacterial oxidation experiments of chalcopyrite exponential growth and an exponential 

increase of copper ions occured in the initial phase of 20 hours (about 5% Cu was 

leached in 20 h). The authors concluded that the good agreement that was observed 

between the measured and the predicted dissolved copper concentration over 20-30 hr 

leaching, suggested that the model could successfully predict the underlying reaction 

kinetics. The deviations that occurred after 300-400 hr were attributed to physical 

changes in the system (e.g. increased diffusional resistance, surface effects, ferric and 

sulfur precipitation). 

Kingma and Silver (1980) performed bioleaching experiments with a chalcopyrite 

concentrate that contained pyrite (8%) and sphalerite (5%). A large dissolution rate of 

copper ions was measured in the initial 240 hours. After this stage the leaching 

terminated when only 60% of the copper had leached. The authors suggested that this 

termination was caused by the formation of a jarosite layer. The authors reported that 

jarosite, which was not detected until the 10th day, increased to comprise 21% of the 

residue by the 22nd day. 

From our comparison of the initial oxidation rate with the measurements of other authors 

it appears that this rate exceeds data measured by others by about a factor of two (see 
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Table 2-xB). These large leaching rates are possibly caused by galvanic effects due to 

high pyrite concentration in the concentrate. 

Blancharte-Zurita et al. (1986) examined the particle size effect in the microbiological 

leaching of chalcopyrite concentrate by Tferrooxidans. They showed that the bacterial 

leaching rate increased with decreasing particle diameters. Predictions calculated with 

the model provided in their study were not in agreement with the measured data. 

Blancharte-Zurita et al. ( 1987) measured the bacterial oxidation of chalcopyrite in the 

presence and absence of silver. The presence of silver sulphate considerably improved 

the bacterial oxidation rate (see Table 2-xB). This catalytic effect was attributed to 

prevention of jarosite formation (see also "discussion and conclusions"). 

Almendras et al. (1987) performed leaching experiments with pure chalcopyrite and 

enriched ore samples. They made a comparison between sterile acid, sterile ferric, 

bacterial acid and bacterial ferric leaching. After a long lag-phase, the bacterial acid 

oxidation of chalcopyrite was significantly faster than the sterile acid oxidation. They 
did not observe significant difference between the sterile ferric and the bacterial ferric 

chalcopyrite oxidation. 

Cyclic voltametry and corrosion potential measurements were applied to chalcopyrite 
electrodes. The studied samples were residues of the different leaching. experiments. 

From the occurrence of different voltarnrnograms the authors indicated that a bacterial 
effect other than an oxidizing capacity for ferrous iron might be operative in promoting 

copper dissolution from chalcolpyrite. 

Khinvasara and Agate (1987) used both shake flasks and a bioreactor for bacterial 

leaching of chalcopyrite concentrate. They measured enhanced copper extraction in the 

bioreactor which they compared with results in shake flasks at similar conditions. This 

effect was attributed to the efficient aeration and consequent high rates of oxygen and 
carbon dioxide mass transfer in a bioreactor. 

Le Roux and Wakerley (1987) used thermophilic (70°C) Sulfolobus bacteria for 

bioleaching of chalcopyrite concentrate. An acclimatisation procedure using semi

continuously maintained shake-flask cultures caused an enhancement of Sulfolobus 

bacteria tolerance for copper ion. It was shown that the thermophilic bacteria can leach 

chalcopyrite with the almost complete solubilization of copper. In leaching tests with a 

refractory chalcopyrite concentrate, rates of copper solubilization by thermophilic 

Sulfolobus were ca. five times those of Tferrooxidans. From these results they 
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concluded that Sulfolobus might be an alternative to the mesophilic bacterium 

T.ferrooxidans. 

Palenzia et al. ( 1987) also examined the silver catalyzed bioleaching of chalcopyrite, and 
found that the silver catalyzed chalcopyrite oxidation was improved if the bacterial 

regeneration of ferric iron was separated from the silver catalyzed chemical chalcopyrite 

oxidation with ferric iron. 

Acevedo et al. (1987) compared two types of tank reactors for their use in the 

bioleaching of chalcopyrite concentrate: a Pachuca tank and an aerated stirred reactor. 
Kinetic parameters were compared on an equal total energy consumption basis. The 

stirred reactor was superior to the Pachuca tank in terms of amount of copper solubilized 

per unit of energy consumed and maximum percentage of extraction per unit energy. 
Acevedo and Gentina (1989) claimed that the most significant aspects involved in the 

bacterial leaching of copper ores, are bacterial population, type of mineral and particle 

size, nutrients and inhibitors, oxygen and carbon dioxide, temperature and pH, leaching 

kinetics and operation mode. 

Cwalina et al. (1988) also studied bacterial chalcopyrite leaching (see Section 2.3.4 for 

more details). 

Natarajan (1988) investigated electrochemical aspects of the bioleaching of multisulfide 
minerals. The author concluded that both bio- and electrochemical interactions play an 

important role in bio-oxidation of multirnetal sulfides. In a mixture of various sulfide 

minerals present in a sterile acid leaching system, the most active one will undergo 
preferential oxidation while the noblest mineral gets passivated. Thus, the addition of 

pyrite enhanced chalcopyrite leaching. Besides the electrochemical aspects, it was 

assumed that bacterial attachment to mineral substrates played a key role in direct 

solubilization of sulfides. The presence of T jerrooxidans further catalyzed the galvanic 

dissolution process: the addition of bacteria to a chalcopyrite-pyrite mixture in iron 

containing 0.9K medium, caused a factor of IO increase in copper leaching as compared 

to sterile leaching. 

Elzeky and Attia ( 1989) studied the effect of bacterial adaptation on the bioleaching of 

three iron-bearing sulfide minerals: pyrite, chalcopyrite and arsenopyrite. They found 

that bacterial adaptation prior to bioleaching enhanced the degree of sulfide leaching by 
2-4 fold over that of non-adapted bacteria. Also the bacterial activity was enhanced by 

2-4.8 fold. These authors concluded that the mechanism of bioleaching of iron-bearing 
minerals involved both the direct and indirect bacterial action simultaneously. 
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Sulka et al. (1990) investigated the bacterial leaching of chalcopyrite concentrates in the 

presence and absence of silver ion. They found that the leaching kinetics improved in 

the presence of silver ion. These authors also attributed the catalytic effect to the 

prevention of the formation of jarosites. 

Review of chalcopyrite ores 

Espejo and Ruiz (1987) studied the growth of Tferrooxidans on a low-grade 

chalcopyrite ore in iron free medium. They reported that only 1-10% of the bacteria 

were attached to the chalcopyrite surface. In their opinion the non-attached bacteria 

utilized ferrous iron as the energy source for growth. This ferrous iron was either 

released from the mineral or generated by the interaction of ferric iron with the mineral. 

Bhattacharya et al. (1990) performed leaching experiments with low-grade chalcopyrite 
ores using T ferrooxidans. A mathematical model was presented that consisted of a 

combination of bacterial growth on chalcopyrite according to Monod kinetics and a 

shrinking particle model for the decrease of the chalcopyrite concentration. The kinetic 
constants in this model were fitted from the model. 

Discussion and conclusions 

Summarizing, the bacterial oxidation rate of chalcopyrite can be influenced by several 
factors: 

1) The particle diameter. Blancharte-Zurita et al. (1986) and Sulka et al. (1990) 

measured the bacterial oxidation rate of chalcopyrite at varying particle diameters 

(see Table 2-xB). They concluded that the oxidation rate increased with 

decreasing particle diameters. The values of kA,spher that were determined from 
Sulka's data are the same at different particle diameters, from which it can be 

concluded that a shrinking particle model is applicable. 

2) The formation of jarosites. This will be discussed in Section 2.4.5. 

3) Oxygen and carbon dioxide limitation. Avecedo et al. ( 1987), Khinvasara et al. 

(1987) and Le Roux et al. ( 1987) reported an increase in the measured bacterial 

oxidation rate when an experimental device with better oxygen- and carbon 
dioxide transfer capability was applied (see Table 2-xB). This indicates that in 
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bacterial oxidation experiments oxygen- and carbon dioxide mass transfer 
limitation might have determined the rates. The occurrence of mass transfer 

limitation of bacterial oxidation rates reported in the literature, will be discussed 

in Chapter 3. 

4) The application of thermophilic bacteria. Le Roux et al. (1987) performed 
bacterial chalcopyrite leaching with thermophilic bacteria (70°C). From their 

results we calculated that the oxidation rate constants for thermophilic bacteria 
are about 8 times larger than that for Tferrooxidans (see Table 2-xB). Assuming 

an activation energy of 80 kJ/mol it can be calculated that the chemical oxidation 

rate of chalcopyrite with ferric iron increases by a factor of 40 between 30° and 

70°C. Therefore, the observed increase in the bacterial oxidation rate at an 

increasing temperature might be due to an increase in the chemical leaching rate, 

which would indicate the occurrence of an indirect mechanism. 

5) The application of (pyrite containing) chalcopyrite ores. Bhattacharya et al. 

(1990) and Espejo et al. (1987) performed bacterial leaching experiments with 

chalcopyrite ores. The measured rate constants are significantly larger than rate 

constants of chalcopyrite concentrates (see Table 2-xB). The same effect was 

reported in the (sterile) chemical oxidation with ferric iron of chalcopyrite ores 

(Lowe, 1970, and Saxena et al. 1990, see Table 2-vi). Therefore, galvanic effects 

possibly improve the bacterial oxidation rate. 

6) Silver as a catalyst 

Blancharte-Zurita et al. (1987) performed both bacterial oxidation experiments 

with chalcopyrite in the presence and absence of silver sulphate. Comparison of 
the rate constants of (Ag+) catalyzed and non-catalyzed leaching in the 

exponential phase indicated that the catalyzed bacterial leaching rate is about ten 

times larger than the non-catalyzed leaching rate (see Table 2-xB). In the silver 

catalyzed bioleaching process elemental sulfur and no sulphate was produced, 

whereas in the non-catalyzed bioleaching no sulfur was observed. According to 
the authors silver ions inhibit the sulfide oxidation pathway in the cell membrane. 

Therefore, they assumed that the formation of elemental sulphur is due to 

catalyzed chemical oxidation of chalcopyrite, whereas the major role of the 

bacteria was to oxidize ferrous iron which caused a shift in the equilibrium of 

the catalyzed mineral dissolution reaction. 

From Table 2-xi it can be seen that their rate constants for the non-catalyzed 
bacterial oxidation are in accordance with values measured by other authors (see 
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also Table 2-xi), whereas the silver catalyzed oxidation rate is significantly 

larger. 

Palenzia et al. (1987) showed that silver catalyzed bioleaching is improved if the 

catalyzed chalcopyrite leaching and the bacterial oxidation of ferrous to ferric 

iron are separated. Two experimental devices were used: (!) a stirred tank in 
which catalyzed bioleaching occurred and (2) a continuous device in which 

bacterial action was separated from catalyzed chemical leaching with ferric iron. 
The only role of the bacteria in the continuous device was to regenerate ferric 

ion as a chemical leaching agent. The authors found that the use of the 

continuous device significantly improved the catalyzed oxidation rate of 
chalcopyrite compared with that in a stirred tank. They assumed that the 

inhibiting effect of silver on bacteria was prevented in the continuous device, and 

they concluded that in the silver catalyzed bioleaching the major role of bacteria 

is the ferrous iron oxidation. 
From the comparison of the rate constants it appears that the rate constants for 

the silver catalyzed bacterial oxidation are significantly larger than the values of 

non-catalyzed chalcopyrite oxidation measured by other authors (see Table 2-xi). 

Sulka et al. (1990) also found that the bioleaching kinetics improved in the 

presence of silver. The enhanced rate of leaching was attributed to the formation 

of an intermediate film of Ag2S on chalcopyrite particles. The chemical reactions 
proposed by these authors are: 

CuFeS2 + 4Ag• ~ 2Ag2S + Cu2• + Fe2• 

Ag2S + 2Fe3
• ~ 2Ag• + S0 + 2Fe2

• 

From the comparison of the rate constants derived from Sulka's data it appears 

that their rate constants for the non-catalyzed bacterial oxidation are a factor of 
2 to 4 lower than values measured by other authors, whereas the silver catalyzed 

oxidation rate is about equal to the values of the non-catalyzed chalcopyrite as 

measured by others (see Table 2-x and Table 2-xi). 



T able 2-xA Reaction circumstances in kinetic experiments of the bacterial oxidation of 
cha lcopyrite, derived from literature data 

CuFeS2 Bacterial Process conditions 

Reference Experiment Variations Fe1
• in Composition Pulp 

medium d• 10~ m density 

Yukawa et al. Batch culture Chemical leaching [Fe2
• ) = 0.18 dp? 20 

(1978) pH 2.5 rate measurements g/I 26% Cu, 30% Fe 50 
T = 3o•c 

Kingma and Batch culture 9K medium dp < 100 60 

Silver pH 2.2; pH control iron free estimation: 

(1980) T = 27°C 80% CuFeS2 

8% FeS2 

5% ZnS 

Blancharte-Zurita Batch culture Particle size 9K iron free unfractioned: 100 

et al. pH 2.0 dp < 38 

( 1986) T =35°C fraction ized (see 

C02 addition tabel) 

28% Cu, 28% Fe 

3 1% s 
Blancharte-Zurita Batch culture Addit ion Ag 9K iron free dp < 38 107 or 

et al. pH 2.2; pH control catalyst 26% Cu, 26% Fe 200 

( 1987) T = 35°C 3 1% s 
1 % CO, addition 

Almendras et al. Batch culture Addition of Fe1• iron free or dp < 45 5 
( 1987) pH 1.6 Chemical leaching [Fe1• ) = 0.96 pure CuFeS2 

T = 3o•c rate measurements g/I 35% Cu, 29% Fe 

32% s 
Khinvasara et al. Batch culture Reactor type 9K medium, dp < 106 400 

(1987) pH 2.5 ; pH control iron free 25% Cu, 31% Fe 
Room temp. 34% s 

Le Roux et al. Batch culture Batch or continuous iron free dp < 90 50 

(1987) Continuous culture Mesophilic or 20% Cu, 31% Fe 

pH 1.5; pH control thermophilic 28% s 
T = 30°C or 68°C 

Add ition yeast 
extract or I %C02 



Table 2-xB Kinetic parameters of the bacterial oxidation of chalcopyrite as derived from 
literature data. 

CuFeS2 Bacterial Kinetic parameters 

Reference k, (*JO'' s·') and kA (mol/m2/s), dP (*JO"' m) Calculation k, and kA 

Yukawa et al. d =? p • k, kl.chem k,,ch,m from initial rate 

(1978) [FeJ+) ppm k, = ln(J-s)/6t no lag phase 
free I 00-400 h 3.5 

free initial 20h 28 

50 41 0.7 

100 1.4 

200 2 .8 
400 5.6 

600 6.9 

Kingma and dP < JOO k , = ln(J-s)/6t at 300 h, no lag 

Silver k, = 100 kA.sph" = 2.2• 1 o" phase 

(1980) kA from k, at dP = SOµm 

Blancharte-Zurita et dP µm k, kA.>phtt k, = ln( l-s)/t at 150 h 

al. kA from k, at dP 

(1986) 0.20 63 5.7* JO·IO 

2.68 29 3.s• J0·9 

3.53 16 2.5* 10'9 

5.98 12 3.2• 10·9 

mean dP = 29 

Blancharte-Zurita et k, kA.sphtt k, = ln(l-s)/6t no lag phase 

al. dp < 38 k, (Ag)= ln(J-s)/6t (100 h lag 

(1987) 600 h 15 1.4• 1 o·• phase excluded) 

Exp. phase 43 3.9• 10·1 kA from k1 at dP = 20 µm 

------------ -------------
Ag catalyzed k, 
100 h 0 (lag phase) 

200 h 160 
280 h 190 

Almendras et al. dp < 45 kl,ch<m k A.>ph,,,chcm k, = ln(l -s)/6t at 500 h 
(1987) Without Fe3

• 1.4 1.s•10·9 kA from k1 at dP = 25µm 
With Fe3

• 3.9 3.3*10'9 

------------- ---------- ---------
k1 (SOOh) kA,spher 

Without Fe3• 4.9 5.s• 10·9 

exp.phase 18 2.0• 10·• 
With Fe3• 4.9 5.s• 10·9 

Khinvasara et al. dP<I06 µm k, kA.>phtt k, = In( 1-s)/ 6t at 60 days 
(1987) Shake flask: 23 5.1•10·• (lag phase included) 

Air lift: so 11•10·• kA from k, at dP = SOµm 
exp. phase 110 25*104 

Le Roux et al. dP < 90 µm k, kA.sphtt k , = ln(l-s)/6t at 30 days 
(1987) Stirred tank: (3 days lag phase excl.) 

T.f(30°C) 9.4 1.9• 10·• kA from k, at dP = 45µm 
Sulf.(68°C) 77 l.6• 10·1 

Conlin. Air lift: 

Sulf.(68°C) 150-320 3.0-6.s• 10·1 



Table 2-xA Reaction circumstances in kinetic experiments of the bacterial oxidation of 
chalcopyrite, derived from literature data 

CuFeS1 Bacterial Process conditions 

Reference Experiment Variations FeH in Composition Pulp 
medium dP 10-<1 m density 

Palencia et al. Batch culture Addition Ag 9K iron free dp = 40.5 20-140 

( 1987) pH 1.25 or 2.5 catalyst 25% Cu, 31% Fe 

T = 35°C 34% s 
Acevedo et al. Batch culture Reactor type 9K medium dp < 38 150 

(1987) pH 2-2.3 Stirring speed iron free 64% CuFeS2 

T = 35°C 29% Cu, 27% Fe 

I% C02 addition 34% s 
Acevedo et al. Batch culture 9K medium ~ 38-53 100 g/I 

(1989) pH 2.3 37% Cu 
T = 35°C 

Cwalina et al. Batch culture 9 g/I Fe dp < 300 100 

(1988) pH=? 26% Cu, 27% Fe 

T = 30°c 

Natarajan Batch culture 9K 38-45 100 

(1988) pH= 2.3 Pure CuFeS2 

Elzeky et al. Batch culture Bacterial adaptation 9K medium dp < 45 50 

(1989) pH 2.0 period pure crystaline 
T = 3o•c 
Addition yeast 
extract 

Sulka et al. Batch culture Particle size 9K dP see tabel 10 
(1990) pH 2.5 Addition Ag 23% Cu, 29% Fe 

T = 3o•c catalyst 28% s 
Ores 

Espejo et al. Batch culture iron free dp 38-106 20 

(1987) pH 1.6 Ore 1.1 g 
T = 28°c 1.9% Cu CuFeS2 

Bhattacharya et Batch culture 9K dp < 13 100 
al. pH 2.0 Ore 2.2 g 
(1990) T = 28°c 0.76% Cu CuFeS2 



Table 2-xB Kinetic parameters of the bacterial oxidation of chalcopyrite as derived from 

literature data. 

CuFeS, Bacterial Kinetic parameters 

Reference k I (*I 0·1 s·') and k" (mol/m2/s), dP (*IO_. m) Calculation k 1 and kA 

Palencia el al. Ag catalyzed k, (dp = 40.5) k 1 = ln(l-~)/6t 
( 1987) 500 h 45 

700 h 88 

At seperated 

chemical and 210 

bacterial action 

Acevedo el al. dp < 38 k, kA,sphcr k, = In( 1-~)/ 6t at 400 h, no lag 

(1987) Pachuca tank: 13 I.I* I 0·1 phase. kA from k, at dP = 20µm 

Stirred tank: 27 2.4*10"1 

Acevedo el al. dp = 38-53 k1 from given rate 

(1989) k, = 60 kA,sph" = J.2* l 0·7 kA from k, at dP = 45µm 

Cwalina el af. dP < 300 µm k 1 from given rate 

( 1988) k, = 1.9• 10·1 
kA.•ph" = 1 J • 10·1 kA from k1 at dP = 150µm 

Natarajan dP = 38-45 µm k1 = ln(l-~)/6t at 41 days 

(1988) k, = 6.3*10"1 kA.•phtt = (,1*10-8 kA from k 1 at dP = 40 µm 

Elzeky el al. adaptation k, kA,spher k1 = ln(l-~)/6t at 24 days 

(1989) weeks (dp < 45) kA from k1 at dP = 25µm 

0 5.7 6.4* 10"9 

2 12 1.4* 10-8 

4 19 2.1•10-1 

6 23 2.5* I o.s 
Sulka el al. dP µm k, kA,sphcr k1 = ln(l-~)/6t at 950 h 

( 1990) kA.sphcr from k1 

35-53 4.4 8.9* 10"9 

53-75 3.2 9.4* 10"9 

75-100 

100-150 2.2 12•10·9 

Ag catalyzed: -------- --------
dp k, kA.•phcr 
35-53 20 4.0•10·• 

53-75 17 4_9• 10·• 

75-100 12 4_3• 10·• 

100-150 8.9 5.0* I 0·1 

Ores 

Espejo el al. k, = 100 k 1 = ln(l-~)/6t at 18 days, no lag 
(1987) phase 

Bhattacharya et al. k, = 820 k, from 89% conversion in 60 h 
(1990) 
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2.4.5 Diffusion limitation in bacterial chalcopyrite oxidation 

Jarosites 

The formation of jarosites in the latter stages of bacterial oxidation experiments with 

chalcopyrite was reported by Kingma and Silver (1980), and they observed that the 

formation of jarosites coincided with a decrease of the bacterial oxidation rate. From 

these results they suggested that jarosites cause diffusion limitation. 

Ag• prevents jarosite formation 

The formation of jarosites was also examined in the silver catalyzed bacterial oxidation 

experiments with chalcopyrite. Several authors claimed that the addition of Ag• prevents 

the formation of protective jarosite layers at the mineral surface: 

In the bacterial oxidation of chalcopyrite concentrate Blancharte-Zurita et al. (1987) 

observed a copper recovery of only 30%, whereas 70% copper recovery was observed 

when silver ions were added. According to these authors jarosites were produced in 

larger amounts and at an earlier stage in the non-catalyzed leach. SEM studies supported 

the hypothesis that jarosites form a protective precipitate on the chalcopyrite surface. The 

difference in the precipitate formation was attributed to differences in the solution redox 

potential. In the catalyzed leach low solution redox potential values were observed 

throught most of the experiment, whereas in the non-catalyzed leach the redox potential 

values are higher. 

Sulka et al. ( 1990) found that kinetics of the bacterial oxidation of chalcopyrite in the 

presence of silver can be described by a simple shrinking particle model, while without 

silver the leaching rate is parabolic. From these results they assumed that the kinetics of 

copper dissolution changed from diffusion control in the non-catalyzed leach to chemical 

control in the catalyzed leach. Analyses showed jarosites in the residues of both the 

catalyzed and non-catalyzed leaching. SEM photomicrographs of the leached residues 

showed that without silver a smooth layer covered the chalcopyrite, while in the case of 

initial silver addition the jarosite layer appeared to be very porous. X-ray diffraction 

analysis demonstrated that the protective layer consisted of jarosite HFeJ(S04)i(OH)6. 

Therefore, they assumed that silver in the solution changed the nature of the jarosite 

layer, which prevented the formation of a protective precipitate in the catalyzed 

chalcopyrite oxidation, whereas in the non-catalyzed leach jarosites formed a protective 

precipitate on the chalcopyrite surface which caused the leaching of copper to stop. 
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In our opinion, an alternative explanation is that in the case of silver addition, (which 

inhibits the bacterial oxidation of elemental sulphur), the elemental sulphur forms the 

porous layer that was observed by the SEM analyses. The elemental sulphur provides 

that jarosites cannot stick to the chalcopyrite surface, whereas in the case of the non

catalyzed chalcopyrite oxidation elemental sulphur is oxidized by bacteria and a smooth 

jarosite layer is formed at the chalcopyrite surface. 

In Section 2.4.2 we questioned whether the formation of elemental sulphur in the the 

(sterile) chemical oxidation of chalcopyrite caused the observed parabolic kinetics. The 

reported results of the Ag+ catalyzed bacterial oxidation experiments provide an 

argument against the occurrence of diffusion limitation in the elemental sulphur layer 

in the sterile chemical oxidation of chalcopyrite: In the Ag+ catalyzed bacterial oxidation 

experiments chalcopyrite is oxidized with ferric iron, in other words, the oxidation of 

chalcopyrite is a purely chemical reaction (indirect mechanism!). The only role of the 

bacteria is to regenerate ferric iron. The bacterial oxidation of the chemically produced 

elemental sulphur is inhibited by Ag+ ions. Accordingly, elemental sulphur is formed in 

silver catalyzed bacterial oxidation experiments. If, as several authors claim, elemental 

sulphur causes diffusion limitation in the (sterile) chemical oxidation of chalcopyrite, 

than, elemental sulphur would also cause diffusion limitation in the Ag+ catalyzed 

bacterial oxidation experiments. However, inspite of the sulphur layer that is formed in 

the silver catalyzed bacterial oxidation of chalcopyrite (see Table 2-vi), the oxidation 

rate is about a factor of 20 to 80 larger than the rate in the (sterile) chemical 

chalcopyrite oxidation (see Table 2-x). Moreover, linear kinetics are observed in the Ag+ 

catalyzed bacterial oxidation of chalcopyrite. Therefore, the hypotheses that elemental 

sulphur inhibits the chemical oxidation rate of chalcopyrite with ferric iron seems to be 

incorrect. 

pH control prevents the formation of jarosites 

From the above mentioned results it is concluded that the occurrence of jarosite-like 

precipitates hinders the bacterial leaching, causing a decrease of the leaching rate. As 

discussed in Section 2.2.4 the formation of jarosites is stimulated at increased values of 

pH. In the bacterial oxidation of chalcopyrite to sulphate protons are consumed. 

Therefore, an increase in pH can easily occur in batch culture experiments. It is assumed 

that the application of pH control in the bacterial oxidation experiments of chalcopyrite 

prevents the formation of jarosites. In Table 2-xi the first order kinetic constants of the 

different authors are summarized. A distinction was made between authors that applied 

pH control and those who did not. Also the initial rate constants, of which it is assumed 
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that no diffusion limitation occurred, are listed. From this table it was concluded that the 

rate constants are significantly larger if pH control was applied, and also that the initial 

rate constants are larger. This supports the hypothesis that low bacterial oxidation rates 

of chalcopyrite are due to the formation of jarosites precipitates that occurred in bacterial 

oxidation experiments in which no pH contriol was applied. 

Table 2-xi Influence of pH control on the overall and initial first order reaction rate constants of 

bacterial chalcopyrite oxidation rates as reported in the literature. 

Reference Overall Initial Remarks 

k1 (s-1) k1 (s-1) 
• 10-7 • 10-1 

pH control 

Kingma et al. (1980) 10 FeS2 available 

Blancharte et al.(1987) 1.5 4.3 C02 enriched air 

Khinvasara et al. (1987) 5.0 II Mass transfer improved by 

reactor type 

Avecedo et al. (1989) 6 C02 enriched air 

No pH control 

Yukawa et al. (1978) 0.4 4.1 

Blancharte et al. (1986) 1.6 2.9 C02 enriched air 

A I mandras et al. ( 1987) 0.5 2.8 

Le Roux et al. (1987) 0.9 C02 enriched air 

Cwalina et al. ( 1988) 1.9 

Natarajan ( 1988) 0.6 

Elzeky et al. ( 1989) 2.3 Addition of yeast extract 

Sulka et al. ( 1990) 0.4 
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2.4.6 Bacterial versus chemical oxidation rates of CuFeS2 

Several authors performed both chemical and bacterial oxidation experiments with 

chalcopyrite. 

Yukawa et al. (1978) performed both chemical and bacterial oxidation experiments with 

chalcopyrite. They observed that the chemical oxidation rate increased with the ferric 

iron concentration up to 600 ppm (O.OIM) (see Table 2-x ). At a higher ferric 
concentrations no further rate increase occurred. At the higher ferric iron concentrations 

the measured values of the first order rate constant, k1, of the chemical chalcopyrite 

oxidation agree with the data of others, as reported in section 2.5.3 (Table 2-ix). The 

measured bacterial oxidation rate constant, k1, of the initial phase is compared with 

chemical oxidation rate constants of chalcopyrite at 200 ppm Fe3
+ (in the bacterial 

oxidation experiment 180 ppm ferrous iron was added as an energy substrate). It appears 

that the bacterial oxidation rate constant is about I 0 times larger than the chemical 

oxidation rate constant: k1,chem = 2.8* 10-3 where k1,hio = 2.8* io-'. This result indicates that 

special capacities (e.g. direct mechanism) need to be attributed to the bacteria. 

Almendras et al. ( 1987) also performed chemical and bacterial oxidation experiments 
with chalcopyrite, with and without ferric iron addition. The reported chemical oxidation 

rates are in agreement with other literature data (section 2.5.3, Table 2-ix). In the 

exponential phase (which occurs after about 150 hours of leaching) the bacterial 
oxidation rate at iron free-conditions is about ten times larger than the chemical 

oxidation rate at iron free conditions. The overall (500 h) bacterial oxidation rate at iron

free conditions is about three times larger than the chemical oxidation rate at iron-free 

conditions. 

Table 2-xii Average rate constants of the (sterile) chemical and bacterial oxidation of chalcopyrite. 

The chemical rate constants at 30°C and 0.1 M Fe3
• . The bacterial rate constants for 

experiments with pH control. The first order rate constants at particle diameters close 

to 40 micrometers. 

kA, phtt 

*I 04 mol/m2/s 

Chemical 5 to 8 1.4 ± 0.4 

Bacterial 40 to 110 4 to 22 
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For the comparison of the (optimum) chemical and bacterial chalcopyrite oxidation rates 

the rate constants for the chemical oxidation of chalcopyrite at 30°C and a ferric iron 

concentration of about 0.1 M, and the bacterial oxidation experiments in which pH 

control was applied (Table 2-xi) are summarized in Table 2-xii. From this table it can 

be concluded that, if no diffusion limitation due to jarosites occurs, the bacterial 

oxidation rate is a factor of 5 to 10 larger than the observed chemical oxidation rates. 

Based on these observations it is concluded that bacteria have special capacities in the 

bacterial oxidation of chalcopyrite. This cannot be attributed to the prevention of 

diffusion limitation of the chemical oxidation rate due to the bacterial removal of a 

sulphur layer, because it was concluded that elemental sulphur does not cause diffusion 

limitation. Therefore, the improved bacterial chalcopyrite oxidation is either due to a 

direct bacterial action at the mineral, or bacteria are somehow able to improve the 

process conditions for the chemical ferric oxidation of chalcopyrite: The chemical 

oxidation rate of chalcopyrite is possibly inhibited by other factors, because the chemical 

chalcopyrite in the initial minutes of a batch experiment are in the same order as the 

bacterial oxidation rates (Table 2-vi, Haver et al., 1971; Linge 1974). This will be 

discussed in Chapter 7. 

2.5 Pyrite (FeS2) 

2.5.1 A literature review of the chemical FeS2 oxidation kinetics 

The experimental conditions at which several authors performed chemical oxidation 

experiments with pyrite are summarized in Table 2-xiiiA. The kinetic constants that were 

derived from these experiments are listed in Table 2-xiiiB. The structure of these tables 

was discussed in Section 2.2.6. 

Garrels and Thompson (1960) measured the rate of oxidation of pyrite specimen from 

three localities in dilute (10-5 to 10·3 M) acid iron sulphate solutions at 33°C. They 

concluded that the average oxidation rate differed for specimen from different localities. 

The pH did not affect the rate in the tested range, pH=O to pH=2. The instantaneous 

oxidation rate diminished with decrease in the ferric-ferrous ratio. The authors postulated 

a mechanism in which the instantaneous rate is controlled by competitive absorption of 

ferric and ferrous ions on the pyrite surface. From this assumption it followed that the 

oxidation rate was proportional to the fraction of pyrite surface occupied by ferric ion 
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(see Table 2-xiv). These authors are not mentioned in Table 2-xiii because rate constants 
could not be derived from their data. 

Mathews and Robins (1972) investigated the oxidation of pyrite in ferric sulphate 

leaching medium with an initial Fe3
+ concentration of 0.02 M, using a gas-lift percolator 

apparatus. Experiments were carried out in a temperature range of 30°C to 70°C, a pH 
range of 0 to 1.5, and particle size ranges between 36-120 B.S. mesh number. They 

found that FeS2 was completely oxidized to sulphate and ferrous iron. They reported that 

the oxidation rate decreased with decreasing pH and was proportional to the pyrite 

loading and surface area. Since an activation energy of 85 kJ/mol was measured they 

concluded that the reaction rate is predominantly chemically controlled. An equation for 
the overall oxidation kinetics was derived (see Table 2-xiv). 

King and Perlmutter (1977) determined the rate of pyrite oxidation in aqueous ferric 

chloride in a stirred slurry reactor with industrial grade pyrite. The oxidation rate 
(molFeS/ l/s) increased significantly with increasing temperature between 40°C and 

100°C, ferric chloride concentration (0.1 and 1.0 M), and pyrite loading (2 to 20 g/l). 

The rate decreased with increasing particle size (-325 to 140 mesh). A rapid decrease 
of oxidation rate was observed in the initial phase of the experiment. Agitation did not 

have a significant effect. These authors also found that pyrite is only partly oxidized to 

sulphate, and that more sulfur is oxidized to sulphate at higher temperatures. 
An empirical kinetic model was developed which fitted the experimental data. In this 

model the value of the reaction rate constant, K, depended on both the temperature and 

the initial ferric concentration: The value of K increased with increasing initial ferric iron 

concentrations. In the third column in Table 2-xiv a few examples are listed. The 

decrease of the reaction rate with the progress of the experiment that was observed, 

could not be described by shrinking particle behavior. They assumed that the strong 

decrease of the reaction rate was due to strong inhibition by the ferrous iron produced. 

This effect was accounted for by a dependence of the oxidation rate on the ferric and 
ferrous iron concentration during the batch run (see Table 2-xiv). The value of the 

constant K (see Table 2-xiv) is always larger than one and also depends on the 

tempera!ure and the initial ferric iron concentration. These authors are not mentioned in 
Table 2-xiii because the units of their rate constants were not reported. 

A former review of the literature on chemical pyrite oxidation by molecular oxygen and 

ferric iron was presented by Lowson (1982). 



Table 2-xiiiA Reaction circumstances in the chemical ferric iron oxidation kinetics of pyrite 
repor ted in the literature. 

FeS1 Chemical Process Conditions 

Reference Experiment Variations Medium Mineral Pulp 
dP (*IO~) density 

Mathews Batch 0 2 free Temperature Fe(S04 ) 1 5 O.OIM BET=0.66m2/g 50- 100 
and Robins T=30,50,10°c BET surface Predominantly g/1 
(I 972) pH 0- 1.5 pH marcasite and 

pyrite 

Zeng el al. Packed bed [Fe2
• ) , [Fe3

• ) Fe(S04 ) 1 5 0.04 M dp 105-250 packed 
(1986) 0 2 free [Fe2•)t[Fe3•), Feso. 0.004 M BET=O. I 3m2/g bed 

Eh control pH, [SO/·] H1so. o.054 M 97.7 % pyrite IO g 
T assumed 30°C 
pH 0.7- 1.3 
pH control 

McKibben Batch 0 2 free [Fe3
•), [Fe2

• ], FeCl3 dp 125-250 packed 
and Barnes T=30°c [W] BET=0.025m2/g bed 
( 1986) pH 1.9 Pyrite 4g 

pH control 

Kawakami Batch 0 2 free Temperature FeCl3 0.05-1.0 M dp 37-53 6-12 
el al. T=60-90°c [Fe)+), [Fe2•) FeCl2 0-0.2 M 46% Fe, 53% S 
( 1988) Particles size HCl 0.01 -1 M 

pH 

Boogerd et Batch Temperature FeCl3 dp.m..,, = 10 4.4 and 
al. T=30,45,10°c [FeS2) 88% pyrite 8.8 
(1991) pH 1.5 [Fe31 



Table 2-xiiiB Kinetic parameters of the chemical oxidation of pyrite as derived from 
literatu re data 

FeS2 Chemical Kinetic parameters 

Reference measured k, kA,BET E"', At 3o•c 
• 10·7 * 10·9 KJ/mol k, (* Io·') Ifs 

Ifs mol/m2/s kA~pher (*I 0·1) mol/m2/s 

Mathews From: 85 At 20 mMFeH, 0 Fe2•: 

and Robins k, = 7.7 
(1972) [Fe 3' ] 

-k,t kA.sET =9.7* 10·10 
In-- = 

[Fe3'lo 

Fe2
• =O 

T k, kA.BET 
5o•c 6.4 8 
10°c 41 52 

Zeng el al. From given rate At 0.1 MFe3
•, 0 mMFe2

' : 

(1986) Initial rate (30°C): k, = 25 kA.sET = 6.7* 1 o·• 
k1 = I 0 --+ at dp,m"n = 175 
kA.•phe< = 12 

McKibben From equation at 30°C --+ 20.3o•c At l 00mMFe3
•, IOOmMH': 

and Barnes 57 kJ/mol kA.BET = 3*10.g 
(1986) k1 = 9--+ at dp.mw1 = 175 

kNpher = II 

Kawakami From equation at 75°C 95 At 0.5MFe3
•, 0.05MFei+: 

el al. k, = 78 (0.5 MFe3
•, 0.1 M Fe2

':) k1 = 11 --+ at ~.mm =.45 
(1988) kA,spher = 3.4 

At O.IMFe3
', O.OIMFe2

• : 

k, = 3.1 4 at dp.mnn = 45 
kNphu = 1.0 

Boogerd et From given rates 30-45°C At 70 mMFe3
', 0 Fe2

•: 

al. T [FeS2] [Fei•] 125 kJ/mol k, = 11 --+ at dp.man = 10 
(1991) •c mM mM k, 45-70°C kA.•phe< = 0.8 

50 kJ/mol 
30 37 70 I. I 
45 37 67 10 
70 37 89 48 
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Wiersma and Rimstidt (1984) measured pyrite oxidation kinetics in diluted ferric 

chloride solutions of different pyrite and marcasite sources. Batch experiments were 
performed in a stirred slurry reactor. The rate limiting mechanism for oxidation of pyrite 

by aqueous ferric iron was found to be a chemical reaction at the surface. The activation 
energy between 25°C and 50°C was 92 kJ/mol. The oxidation rate was first order in the 

concentration of uncomplexed ferric iron (see Table 2-xiv). They observed that in the 

initial stage of the batch experiments a sharp decrease of the redox potential occurred. 

They concluded that the initial oxidation rate was high, and they attributed this effect 

to a combination of factors: a rapid dissolution of fine pyrite particles and reactive sides, 
a rapid adsorption of ferric iron ions to the pyrite surface, and anomalous behavior of 

the electrode. 

Zheng et al. ( 1986) examined chemical oxidation of pyrite in ferric sulphate at 30°C. 
A packed bed reactor was used, and an automatic titration unit was used in order to 

maintain a constant solution potential. KMn04 or ferric sulphate were used as oxidant 

solutions. Complete oxidation of pyrite to sulphate and ferrous iron was observed. It was 

found that the chemical oxidation rate was kinetically limited. The oxidation rate 

increased with increasing total iron concentration and with increasing redox potential 
(emf) of the solution (i.e. the ratio of ferric to ferrous ions) under constant acid 

concentration. They also found that the oxidation rate decreased with increasing sulphate 

concentration if sodium sulphate or sulphuric acid were added. The oxidation rate was 

inversely proportional to sulphate concentration with order -0.46. This effect was 
attributed to the formation of less active ferric-sulphate complexes. The large complexed 
ferric ion species have a lower positive charge density relative to the free Fe3

+ ions, 

hence inhibiting electron transfer. Therefore, the oxidation rate of pyrite at different 

pyrite concentrations is a function of free ferric, free ferrous and HS04--Fe3
+ complex 

ions. This was represented by a Hougen-Watson simple adsorption-irreversible reaction 
model, with the electron-transfer reaction being the rate limiting step. The Hougen

Watson model for heterogeneous reactions is based on a desorption and adsorption 

mechanism of the reacting species, and uses the Langmuir-Hinselwood adsorption 

isotherm. According to this model Fe(III) and Fe(II) ions compete for adsorption on dual 

active sites on the pyrite surface. An adsorbed ferric ion reacts with a vacant site of 
pyrite to form an activated complex and then oxidizes the pyrite. A rate expression was 

derived in which the total ferric and ferrous iron concentrations were used (see 
Table 2-xiv). 

McKibben and Barnes (1986) determined rate laws for the oxidation of pyrite at 

rnillimolar levels of ferric chloride solutions at 30°C (see Table 2-xiv) in batch 

experiments. Fresh, smooth pyrite grains surfaces were prepared by cleaning prior to 
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experiments. Initial specific surface areas were measured by the multipoint BET 
technique. The major sulphur product in oxygen-, hydrogen peroxide- and ferric iron 

leaching, was sulphate. The initial rate method was used in order to derive rate laws. 

They found that the oxidation rate of pyrite by ferric iron is dependent on the square

root of ferric ion concentration, and possibly inversely dependent on the square-root of 

proton concentration from pH 1-2. The oxidation rate dependence of ferrous iron at 

millimolar levels was negligible. From their SEM study they concluded that the reactive 

surface area was substantially different from the total surface area, and the oxidation 
occurred preferentially on sites such as grain edges and corners, defects, solid and fluid 
inclusion pits, cleavages and fractures. 

Kawakami et al. ( 1988) investigated the aqueous oxidation of pulverized pyrite by ferric 

ion in a concentrated acidic chloride solution. The ratio of the concentration of sulphate 
ion to elemental sulfur during the reaction was approximately 1.3, regardless of the 

leaching conditions such as temperature and acid concentration. Extremely high initial 

reaction rates were observed. The oxidation rate increased with decreasing acid 
concentrations and increasing initial ferric chloride concentration and was retarded by 

an addition of ferrous ion. They also found that the oxidation rate was neither linearly 

related to the pyrite loading nor to the reciprocal of the particle diameter. A kinetic 

model was proposed assuming that a fine mineral powder and irregular pits on the outer 

surface of the crushed pyrite were responsible for high initial reaction rates. The kinetic 

expression derived in the Langmuir-Hinshelwood form gave good agreement with the 
experimental results (see Table 2-xiv). 

Boogerd et al. ( 1991) studied the stoichiometry and kinetics of the spontaneous, 

chemical reaction between pyrite and ferric iron at 30°C, 45°C and 70°C in shake flasks 

at pH 1.5. The ferrous iron, total iron, elemental sulfur, and sulphate concentration 

profiles were monitored in time. They found that the sulfur moiety of pyrite was 

oxidized completely to sulphate. Elemental sulfur was not produced in detectable 
amounts. The iron moiety of pyrite was released as ferrous iron. All observed initial 

reaction rates could be fitted into an empirical equation. This equation included the 
concenn:ations of ferric iron and pyrite. They observed that ferrous iron, formed during 

the batch experiment, slowed down the oxidation rate. The extent of this effect decreased 

with increasing reaction temperature. 

In Table 2-xiv the kinetic equations for the chemical oxidation of pyrite as derived by 

different authors are given. In the third column of this table the kinetic parameters are 

listed. In Table 2-xv the effect of several process conditions on the chemical oxidation 

rate of pyrite in ferric sulphate or ferric chloride solutions are summarized. 
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Table 2-xiv 

Reference 

Garrels and 

Thompson 

(1960) 

Mathews and 

Robins 

(1972) 

King and 

Perlmutter 

(1977) 

Wiersma and 

Rimstidt 

(1984) 

Zheng et al. 

(1986) 

McKibben 

and Barnes 

(1986) 

Chapter 2 

Kinetic models on the chemical pyrite oxidation with ferric iron as proposed in the 

literature. 

Kinetic model Parameters 

k[Fe 3-] 

[Fe 3
·] +[Fe 2·] 

E," = 86 kJ/mol 
(Fe

3
·] .exp(- Eac,) assumption: FeS2 : Fe3·= 1:14 

[Fe 3·] +[Fe 2·] RT 

[FeS2l w [Fe l•] 
= K.( [FeS2]0

) · ([Fe 1·1 +K.[Fe 2·))2 

Units of r•.s2 and K are not given. 

Values of K and K depend on initial ferric 

concentration and temperature. 

[FeJ+] is concentration of uncomplexed ferric iron. 

r.,52: mmol FeS/J<g/h 
l/R. = [Fe2•]t[FeJ+]; [Fel+]: mol/l 

K values depend on pyrite source. 

k = ([Fel•J)1n 
A.BF.T K. (H •j 

0.1 Mfe3
• and 40°C: 

K = 3.1*10..s units, K=l2 I/mot 

0.1 MFe3
• and 60°C 

K = 6.4*10..s units, K=3.45 

t .OMFe3
• and 60°C 

K = 2.0* l O"' units, K=29 I/mot 

example at 30°C: 

K1 = 21.3, K2 = 7.1, K3 = 3.5, 

K 4 = 88.4 

At 3o•c: 

K = 3.0•10·1 mot FeS21m\ds 
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Reference 

Kawakami el 

al. 

( 1988) 

Boogerd et al. 

(1991) 

Kinetic model 

_ 6 [Fe 1· ] 

kl - Kl. dp,O . ([Fe )•] +Kl[Fe 2·n2 

d[FeS2L,,;, = K [FeS2] [Fe"] 

dt r· K
1 

+ [FeS
2

] K
2 

+[Fe 3" ] 

Initial oxidation rate (mol/l/s). 
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Parameters 

KL= 5.6 

Estimation with E,"=95 kJ/mol: 

KL (75°C) = 1.3* 10-10 mol.m/l.s 

KL (30°C) = 1.0* 10·12 mol.m/1.s 

K (30°c) = 1.85* 1 o·' 
K ( 45°C) = 1.9* I 0·1 

K (70°C) = 7.4*10·1 mol/ l/s 

K1 = 0.03 mol/l, K2 = 0.095mol/l 

Table 2-xv Summary of the influence of process conditions on the chemical ferric iron oxidation 

kinetics of pyrite reported in the literature. 

Influence on kinetics of 

Reference Medium 
[Fe)+] [Fe2•] [H'] stoichiometry 

[F eS2l: [F eH] 

Garrels and Thompson positive negative no effect 

( 1960) pH 0-2 

Mathews Ferric positive negative order 1:14 

(1972) sulphate -0.44 

King and Perlmutter Ferric positive negative at 40°C 

(1977) chloride 1:4.5 

Zeng el al. Ferric positive negative 

(1986) sulphate 

McKibben and Barnes Ferric order at mM no order 1:14 

(1986) chloride 0.5 influence -0.5 

Kawak~mi et al. Ferric positive negative negative 1:7.4 

(1988) chloride 

Boogerd et al. Ferric positive negative 1:14 

(1991) chloride 



92 Chapter 2 

2.5.2 Conclusions from the chemical FeS2 oxidation literature. 

Most authors found that pyrite is completely oxidized to ferrous iron and sulphate. No 
mass transfer limitation to the surface was observed, and it was concluded that the 

reaction rate at the mineral surface is chemically controlled. The pyrite oxidation rate 

increases with increasing active ferric iron concentration below a ferric concentration of 
0.1 M. An increase of the sulphate concentration causes a decrease of active ferric 

species and therefore inhibits the oxidation rate. Increasing concentrations of protons or 

ferrous iron also inhibit the oxidation rate. 

Several authors proposed kinetic models in which the decrease of the oxidation rate 
during batch experiments was described by using the actual ferrous iron concentration 

(see Table 2-xiv). According to these models a maximum oxidation rate will be observed 

if the ferrous iron concentration is negligible compared with the ferric concentration: 
([Fe3+] + [Fe2+]) ~ [Fe3+]. 

Very high oxidation rates at the start of batch experiments were observed by several 

authors. The occurrence of the initial high rates was regarded as anomalous behaviour, 
and was explained by several authors from the occurrence of highly reactive sites at the 

pyrite. A method to test this hypothesis would have been to show that in the repetition 
of the initial phase in a batch experiment, in which with fresh medium and the same 

pyrite is used (of which the reactive sites are already oxidized), the high initial rate did 

not occur. Unfortunately, none of the authors reported on such a test. In Chapter 7 it will 

be shown that these high initial rates are probably caused by the high ferric to ferrous 
iron concentration ratios at the start of the batch experiment. 

In Table 2-xvi the rate constants of pyrite oxidation with ferric iron at low or zero 

ferrous iron concentrations are summarized. It is concluded that the first order chemical 

pyrite oxidation rate constants, k1, of the different authors agree. A wider variation 

between authors was observed in the determined values of kA,spher' In our calculations k1 

that was derived from the reported kinetic data, and kA,spher was estimated from k1 using 
a mean particle diameter that was estimated from the reported diameter range. Relatively 

low values for kA.spher were achieved for small particles ( 40* l o·6 m), whereas high values 

of kA.spher were calculated if for the larger particle diameters (l 75* 10-6 m). Possibly the 
mean particle diameter in the larger size fractions is relatively smaller and cannot be 

estimated from the linear mean. For the comparison with the bacterial oxidation rate of 

pyrite it will be assumed that the first order chemical oxidation rates constants do not 

exceed k1 = 1O*l0·3 s·1
• Because in most of the bacterial oxidation experiments particle 
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diameters around 40* 10"6 m were used, kA,sphcr = 1 to 3*10"8 mol/m2/s will be used in the 

comparison with bacterial oxidation rates. 

Table 2-xvi Maximum values of the kinetic parameters of the chemical pyrite oxidation at 30°C and 

0.1 M Fe3• derived from literature data 

Reference kA,BET k, kA.spher 
*I 0-9 (mol/m2/s) *10-a s·' • 10-s mol/m2/s 

Mathews and Robins 1.0 7.7 

Zeng et al. 6.7 IO 12 

McKibben and Barnes 3.0 9.0 11 

Kawakami et al. 11 3.4 

Boogerd et al. 11 0.8 

2.5.3 A literature review of the bacterial FeS2 oxidation kinetics 

The experimental conditions at which several authors performed bacterial oxidation 

experiments with pyrite are summarized in Table 2-xviiA. The kinetic constants that 

were derived from these experiments are listed in Table 2-xviiB. The structure of these 

tables was discussed in Section 2.2.6. 

Atkins ( 1978) studied the oxidation of pyrite in the presence of T.ferrooxidans. They 

showed that pyrite samples from various geological origins could be leached to 

completion as long as the pH was maintained in the pH range of 1.0 to 2.0. According 

to Atkins this result refuted the speculation that the formation of a protective reaction 

layer on the surface of metal sulfide particles caused an incomplete oxidation of pyrite 

particles. 

Arkesteyn (1980) examined pyrite oxidation by T.ferrooxidans with special reference to 

the sulfur moiety of the mineral (see Section 1.4.6 for discussion of the results). 

Chang and Myerson ( 1982) studied the leaching of pyrite by T.ferrooxidans in a 

continuous stirred tank reactor at a variety of pyrite surface areas, dilution rates and inlet 

soluble substrate (Fe2+) concentrations. They found that the bacterial leaching rate of 

pyrite increased with increasing pyrite surface, dilution rate, and inlet Fe2+ concentration. 
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The concentrations of bacteria in the solution was related to the concentration of bacteria 
attached to the pyrite surface by a Langmuir-type adsorption-desorption relation. Fitting 

the experimental data to this relation yielded a value for the area occupied per bacterium 

of 86 µm2• The authors concluded that this result is consistent with the concept of 

preferential bacterial attachment to certain sites on the solid. They developed a bacterial 

growth model which included both the bacterial growth in solution and the growth of 
bacteria attached to the pyrite surface area. Their results are discussed in Chapter 7. 

Pinches et al. (1987) performed bacterial oxidation experiments on a gold-bearing 

flotation concentrate that predominantly contained pyrite, in single-stage and multi-stage 
continuous reactor systems. The results of experiments under steady state conditions 

were interpreted in terms of a logistic growth model. This model includes two rate

limited stages in which the bacterial pyrite oxidation is due to bacterial growth: (1) The 
initial stage in which exponential growth causes exponential pyrite oxidation, and (2) 

The second stage in which the bacterial growth rate is limited by the remaining fraction 

of pyrite which causes a decrease of the specific growth rate and of the pyrite oxidation 
rate (mol/l/h). They concluded that the proposed model provided a useful tool for the 

design and scale-up of bacterial leach reactors. They also indicated that the critical 

dissolved oxygen concentration in the pulp may be as low as 0.1 mg/I. 

Hansford and Drossou ( 1987) investigated the bioleaching kinetics of a refractory gold

bearing pyrite concentrate in batch cultures at pH 1.8 and 35°C, at 10% solids 

concentration. They assumed that the leaching was selective in the gold rich regions 

leading to more than 90% gold liberation for only 30% sulphide oxidation. SEM 

examination of the bioleach residues revealed the development of pores oriented along 
the crystallographic axes of the pyrite particles. The volumetric leach rate appeared to 

be linear with the surface area concentration. A mathematical model, based on a 

propagating pore mechanism was developed and shown to fit the data for all four size 

fractions used. In this model they assumed that pores develop along all the potential 

locations in the particle and that all pores propagate with equal velocity. According to 

the authors, when leach rates were based on the surface area concentrations the four 
sizes gave approximately the same values. 

Lawrence and Marchant (1987) examined the use of both T.ferrooxidans and Sulfolobus 

in pretreating refractory sulfide gold ores and concentrates. A comparison of the 

mesophilic process with the thermophilic system showed that better leaching kinetics 

were derived for the oxidation with T.ferrooxidans and that higher pulp densities could 

be applied. 
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Basaran and Tuovinen (1987) examined parameters of growth of T.ferrooxidans on 

pyrite. The concentrations of end products deviated from the stoichiometric 1Fe/2S ratio, 

reflecting the precipitation of Fe3+. Minor amounts of trithionate accumulated transiently 

during growth, tetrathionate was not detected, and thiosulphate was present at trace 

concentrations. Bacterial growth was monitored by measurement of cell protein. 17-34% 

of the bacterial cells were associated with the solids. A molar growth yield of 1.92 gram 

dry weight per mole FeS2 was determined from batch culture data. Growth was 

estimated to couple with pyrite oxidation at 10-12% thermodynamic efficiency. 

Norris et al. (1987) performed bacterial pyrite leaching experiments in batch cultures 

with two different strains: Leptospiril/umferrooxidans and T.ferrooxidans, both at 30°C. 

Norris and Barr ( 1987) examined the influence of two different reactor types on the 

dissolution of pyrite by Su/folobus: a stirred tank and an air-lift reactor. It was shown 

that larger oxidation rates were derived in the latter. 

Norris (1989) examined the influence of carbon dioxide supply for bacterial pyrite 

oxidation in an air-lift reactor at temperatures at 30°C (T.ferrooxidans), 48°C (moderate 

thermophile strain BCl) and 68°C (Sulfo/obus). The C02 concentration did not limit the 

bacterial activity. The highest rate of mineral oxidation resulted from the activity of 

Sulfolobus. Different pathways of C02 assimilation in the bacteria were discussed. 

Cwalina et al. (1988) also studied bacterial pyrite leaching (see Section 2.3.4 for more 

information). 

Boogerd et al. (1989) examined the role of growth and maintenance in the oxidation in 

batch cultures by a moderately thermophilic bacteria. This bacterium has a temperature 

optimum of 45°C and a pH optimum of 1.5. Boogerd et al. (1991) compared the pyrite 

oxidation rate in sterile chemical and bacterial pyrite oxidation experiments and 

concluded that the chemical reaction is relatively slow (see also section 2.7). From this 

result they concluded that FeS2 oxidation is probably controlled by the direct 

mechanism. 

Elzeky e,t al. (1989) studied the effect of bacterial adaptation on the bioleaching of pyrite 

and other iron-bearing sulfide minerals (see Section 2.4.4 for more information). 

Guay et al. (1989) studied the bacterial pyrite oxidation in the presence of T. 

ferrooxidans in batch culture experiments. 



Table 2-xviiA Reaction circumstances in the bacterial ferric iron oxidation kinetics of pyrite 
reported in the literature. 

FeS, Bacterial Process Conditions 

Reference Experiment Variations Medium Mineral Pulp density 
g/l dP (* 1 0~ m) 

Atkins (1978) Batch Pulp density 9K dp < 45 20-200 
T = 35°C Inoculum size different 
pH= 2.0 Pyrite source samples 

80-90% FeS2 

Pinches et al. Continuous Continuous culture 80% dp <38 150 
(1987) T = 35°C l tank: 0 =6-17* l 0·3 54% FeS2 

pH = l.5- l.8 3 tank series 
pH control D=0.09-0.02 
0 2 control 

Hansford and Batch Particle size dp 25-106 100 
Drossou T = 35°C 
(1987) pH= l.8 

Lawrence Batch Pulp density K2HPO, 0.25 g/l 80% ~ < 75 100 
and Marchant T = 33, 64°C Strain (NH,)2SO, 3.0 80% FeS2 

(1987) pH= l.6-3.0 Temperature MgS0,.7H20 0.25 
lnoculum size KC! 0.05 

Ca(N03) 0.005 

Basaran Batch K2HPO, 0.5 g/l ~ = 45-75 10 
(1987) T =room (NH,)2SO, 3.0 46% Fe 

pH= 3.0 MgS0,.7H,0 0.5 53 % Fe 
KC! 0.1 

Norris et al. Batch K2HPO, 0.1 dp < 75 5 g/l 
(1987) T = 30°c (NH,)2SO, 0.2 86% FeS2 

pH= 2.0 MgS0,.7H20 0.4 
KCI 0.1 

Norris and Batch Pulp density K2 HPO, 0.5 dp < 75 100 
Barr T = 10°c Reactor type (NH4) 2SO, 3.0 86% FeS2 

(1987) pH= 2.0 MgS0 .. 7H,0 0.5 
1%C02 

Cwalina et Batch 9K (+ 9.0gFe2•11) dp < 300 100 
al. T = 30°c 90% FeS2 

(1988) pH = 2.0 

Norris Batch Addition C02 K2HP04 0.2 dp < 75 10 
(1989) T = 30, 48, 68°C Strain (NH,)2SO, 0.4 86% FeS2 20 

pH= 2.0 Pulp density MgS0,.7H20 0.5 
1%C02 



Table 2-xviiB Kinetic parameters of the bacterial oxidation of pyrite as derived from 
literature data 

FeS2 Kinetic and energetic parameters 

Reference k, c• 10·1 s·') kA.sphcr (* l 0.8) rnol/rn2/S k1 calculation 

Atkins [FeS2] k, kA.>ph" ln(l-~)/At 

(1978) at d.=20 no lag phase 

20 g/I 140 19 

60 g/I 80 

IOOg/I 40 

Pinches et al. Batch: k1 = 240 4 at dp,mun = 20 4 kA,sphe< = 33 ln( l -~)/At 

( 1987) D (h'') k, In batch: no lag 

0.006 240 phase 

0.008 270 In continuous: 

0.009 290 At=residence t 

0.017 280 

Series of 3 reactors 

0.009 500 

Hansford and dp k, kA.sphcr ln( J -~)/At 

Drossou no lag phase 

( 1987) 25-38 30 6.2 

38-53 22 6.1 

53-75 18 8.1 

75- 106 14 8.7 

Lawrence and k, k, k, 4 kA.spha- ln(I -~)/At 

Marchant [FeS2] 4 200 g/l 100 g/I 50 g/l at dP=40 in exp. phase 

(1987) 

33°C 28 120 4 33 

64°C 9 II 

Norris et al. k, = 120 4 at dp,mun = 40 In( I -~)/ At 

(1987) kA.sphe< = 33 in exp. phase 

no lag phase 

Norris and Barr k, k, kA,sph" ln(l-~)/At 

( 1987) [FeS2] 4 90g/l 30g/l 4 at d.=40 in exp. phase 

Stirred tank 20 1604 44 
Air-lift 100 

Cwalina et al. k, = 20 4 at dp ........ = 150 From given rate 

(1988) kA,sphtt = 20 

Norris k, k, k, k, From given 

(1989) Air Air C02 C02 maximum rate 
[FeS2] 4 !Og/l 20g/l !Og/I 20g/l 

30°C 95 78 95 78 
48°C 47 38 280 200 

68°C 420 280 490 330 



Table 2-xviiA Reaction circumstances in the bacterial ferric iron oxidation kinetics of pyrite 
reported in the literature. 

FeS, Bacterial Process Conditions 

Reference Experiment Variations Medium Mineral Pulp density 
g/I dp c• 10~ m) 

Boogerd et Batch Addition of C02 or K2HP04 0.35 mean dP = 10 2.4, 4.8, 
al. T = 45°C Yeast Extract (NH,)2so. 0.2 90% FeS2 9.6, 14.4, 
(1989) pH = 1.5 MgS04.7H20 0.25 19.2 

5% C02 or YE cac12 0.05 

Elzeky and Batch Adaptation effect 9K dp < 45 100 
Attai T = 30°C pure 
(1989) pH = 2.0 crystaline 

Guay (1989) Batch Pulp density 9K iron free dp < 25 17 - 263 
T = 35°C 95% pyrite 
pH = 2.3 

Olson Batch Particle size 9K dp 74-149 20 
(1989) T = 28±2°C dp 58-91 

pH = 1.8-2.3 96% FeS2 

Olson Batch 9K 95% FeS2 20 
(1991) T = 28±2°C 

pH = 1.8-3.4 

Konishi et al. Batch Pulp density 9K <4 = 25-44 5 
(1990) T = 30°C 95% FeS2 10 

pH = 2.0 20 

Baldi et al. Batch Pyrite source I /I 0-strength 9K dp 75- 100 4 
( 1992) T = 30°C washed 20 

pH = 1.9-2.2 pyrite 
Mineral: 
39%Fe, 
48%S 



Table 2-xviiB Kinetic parameters of the bacterial oxidation of pyrite as derived from 
literature data 

FeS, Kinetic and energetic parameters 

Reference k, (*Io·• s·') kA.>phu (*I 0·1) mol/m2/s k, calculation 

Boogerd et al. k1(45°C) = 180 at 10 g/I FeS2 + 5% C02; tn(t-s)/~t 

(1989) k1(45°C) = 280 at 10 g/I FeS2 + 0.01% YE 
Otherwise decrease of oxidation rate because C limitation: 
[FeS2] ~ 2.4 4.8 9.6 14.4 19.2 g/I 
k, (45°C) ~ 230 170 100 78 67 

Elzeky and adaptation k, .... kA,sphcr ln(l-s)/~t 

Attai 
(1989) 0 weeks 14 

2 27 
4 42 
6 50 ~ 7 

Guay (1989) k, = 190~ at dp.mcon = 20 From given average 

kA,rhcr = 26 rate 

Olson [FeS2] ~ 2g/100ml lg/50ml estimated from 
(1989) dp k, k, ~ kA,sphcr given average 

ox.rate 
58-91 18 39 ~ 20 
74-149 9 

Olson k, = 4 estimated from 
(1991) average ox. rate 

Konishi et al. k, kA.spher In( l-s)/~t 

(1990) [FeS2] at dP=30 no lag phase 
5 g/I 160 33 
10 g/I 100 
20 g/I 40 

Basaran (1991) k, = 37 ~ at dp,mc>o = 60 ln(l-s)/M in exp. 
kA,ph« = 15 phase. Lag phase 3 

days. 

Baldi et al. k I k, ~ kA.sphcr From given rate 
(1992) [FeS2] ~ 20 g/I 4 g/1--+ at dp=90 

Mineral II 20 ~ 13 
Queensland 44 84 ~ 52 
Pittsburgh-A 125 235 .... 147 
Pittsburgh-B 32 400 ~ 250 
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Olson (1989) performed bioleaching experiments with pyrite in order to provide 
standards that could facilitate intercomparison of bioleaching rates and assist in the 

identification of superior strains and ores for bioleaching processes. Olson concluded that 
using a defined procedure, reproducible iron bioleaching rates from a pyrite research 

material could be determined. In order to test this conclusion Olson (1991) performed 

an interlaboratory comparison on the rate of bioleaching of pyrite. A mean rate of 

bioleaching of the pyrite reference material was determined with a coefficient of 

variation (percent relative standard deviation) of 32% from data of eight laboratories. 

These results showed the precision of the determination of rates of pyrite bioleaching 

among laboratories when reference material and a specific standard test procedure was 

used. 

Konishi et al. ( 1990) studied the kinetics of dissolution of pure pyrite particles by 
T.ferrooxidans. Adsorption and dissolution experiments were carried out at 30°C and 

pH=2, using a batch reactor. The adsorption process of Tferrooxidans at the pyrite 

surface was rapid in comparison with the bacterial dissolution process. The experimental 

results for the adsorption equilibrium were well described by the Langmuir-type 

isotherm. The growth rate of adsorbed bacteria was found to be proportional to the 

product of the number of adsorbed cells and the fraction of solid surface unoccupied by 

cells. A new kinetic model for the bacterial dissolution was presented, and shown to 
correlate well with the experimental data for the rate of bacterial dissolution and for the 

time variation in the number of cells in the liquid phase. 

Baldi et al. ( 1992) found a wide variation between the bacterial oxidation rates of pyritic 
materials from various sources. Experiments were carried out in shake flasks with 

suspensions at loadings of 0.4% and 2% (w/v) pulp density. They concluded that 

Tferrooxidans accelerated leaching of pyritic materials. The most chemically reactive 

pyrites exhibited the fastest bioleaching rates. These experiments also indicated that the 
leachates from the material were not inhibitory to oxidation by Tferrooxidans. 

Discussion 

Factors that are reported to influence the bacterial oxidation rate of pyrite are: 

I) The particle diameter. Hansford and Drossou (1987) and Olson (1989) 

determined that the bacterial oxidation rate of pyrite decreased at larger particle 
diameters (see Table 2-xviiB) 
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2) The bacterial strain. Norris et al. ( 1987) found that Leptospirillum ferrooxidans 

dissolved pyrite more extensively. The cell yield of Lferrooxidans on pyrite was 
less than that of Tferrooxidans. They concluded that Lferrooxidans only utilized 

ferrous iron whereas Tferrooxidans utilized both ferrous iron and the sulphur 

moiety of pyrite. L.ferrooxidans showed a much greater tendency for attachment 

to pyrite. L. ferrooxidans also showed a higher affinity for ferrous iron and 

different sensitivities to inhibition by nitrate, copper and arsenate. 

Table 2-xviii Specific oxygen consumption rates of T. ferrooxidans on ferrous iron and pyrite, as 

measured Guay et al. ( 1989). The relative rates are the measured rates divided by the 

3) 

measured maximum rates. 

Temperature Fei+ relative FeS2 relative to 

·c molO,lmg to maximum molO/ mg maximum 

prot/s rate prot/s rate 

20 1.3*] 0·10 0.31 1.6* IO'IO 0.27 

25 1.9* 10'10 0.45 2.1• 10·10 0.36 

30 3.0* J o·IO 0.71 4.3* ! o·IO 0.73 

35 4.2• 10·10 1.0 5.9• 10·10 1.0 

40 1.5* lO'IO 0.36 1.6*10'10 0.27 

45 0.6* 10'10 0.14 0.3*] o·IO 0.05 

The temperature. Guay et al. (1989) measured the specific bacterial oxygen 

uptake rate with pyrite and ferrous iron as substrates between 20-45°C, using a 
respirometer (Warburg manometry). From these experiments they concluded that 

the specific oxygen uptake rate on pyrite and ferrous iron increased by a factor 

of three between 20-35°C. Further increase of temperature caused a strong 

decline of the oxidation rate. The data are summarized in Table 2-xviii. We 
determined an activation energy of 74 kJ/mol from their data between 20-30°C. 

Activation energies between 50 to 125 kJ/mol were reported for the chemical 

oxidation of pyrite with ferric iron (see Table 2-x). Therefore, the increased 

bacterial oxidation rate is possibly caused by the increased chemical oxidation 

rate of pyrite. 

4) The application of thermophilic bacteria. Several authors performed bacterial 

oxidation experiments of pyrite with thermophilic bacteria. Results reported by 

Norris (1989) show that leaching with Sulfolubus (68°C) is 4-5 times faster than 
leaching with T .ferrooxidans. The increase of the bacterial oxidation rate when 

using Sulfolobus might be caused by an increased chemical oxidation rate of the 

pyrite (indicating an indirect mechanism). 
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5) 

Chapter 2 

The occurrence of carbon dioxide limitation. In Chapter 3 it will be discussed 

that limitation in the C02 and 0 2 transfer in pyrite oxidation experiments as 

described in the literature might very well have determined the pyrite oxidation 

rates of several kinetic experiments reported in the literature. 

6) The pulp density. Several authors observed that the pyrite oxidation rate 

(mol/mol/s) decreased with increasing pulp densities. Several explanations can 

be given, like the increase of bacterial shear, a pH effect due to the increased 

production rate of protons, etc. Another possible explanation is the occurrence 

of C02 or 0 2 gas-liquid transfer limitation. This will be discussed in Chapter 3. 

7) The formation of jarosites. Neither the formation of jarosites nor rate limitation 

due to precipitate formation in bacterial pyrite leaching is reported in the 

literature. An explanation for the fact that jarosite formation seems to be an 

important factor in the chalcopyrite oxidation and not in the pyrite oxidation, is 

that bacterial chalcopyrite oxidation is acid consuming, whereas protons are 

produced in the bacterial pyrite oxidation: 

CuFeS2 + 4.2502 + H+ 

FeS2 + 15/402 + 0.5H20 

-> Cu2+ +2SO/' +Fe3++0.5H20 

-> Fe3+ + 2SO/' + H+ 

8) The pyrite source. Baldi et al. (1992) performed bacterial leaching experiments 

with both mineral pyrite and 'coal' pyrite. Their results showed that the bacterial 

leaching rate of 'coal' pyrite is 4 to 20 times larger then the mineral pyrite 

leaching rate. King and Perlmutter (1977) measured that the rate constant of 

chemical 'coal' pyrite (or marcasite) oxidation with ferric iron is at least l 0 times 

larger than the rate constants of other pyrite sources. These observations indicate 

that 'coal' pyrite is more reactive to oxidation than mineral pyrite. 

2.5.4 Bacterial versus chemical oxidation rates of FeS2 

The measured first order rate constants at optimal conditions (e.g. low pulp densities) 

of bacterial pyrite oxidation with Tferrooxidans in batch experiments are summarized 

in Table 2-xix . 
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Table 2-xix: First order reaction rate constants of the pyrite oxidation with Thiobacil/usferrooxidans 

at 30°C, as derived from the literature data. 

Reference k, 

*10" s·• 

Atkins (1978) 140 

Pinches et al. (1987) 240 

Hansford and Drossou 22 

(1987) 

Lawrence and Marchant 120 

( 1987) 

Basaran (1987) 37 

Norris and Barr ( 1987) 160 

Norris et al. ( 1987) 120 

Cwalina et al. (1988) 20 

Norris ( 1989) 95 

Elzeky and Attai ( 1989) 50 

Guay (1989) 190 

Konishi et al. (1990) 160 

Olson (1991) 39 

Baldi et al. (1992) 20 

kA.Jpher 

• 10·• mol/m2/s 

19 

33 

8 

33 

15 

44 

33 

20 

7 

26 

33 

20 

13 

Remarks 

PD is pulp density 

Decrease with PD 

In batch exp. 

Decrease with PD 

Decrease with PD 

Decrease with PD 

A ft er 6 weeks adaptation 

Decrease with PD 

Decrease with PD 

Mineral pyrite 

Decrease with PD 

In summary, it is concluded that no rate limitation due to the formation of protective 

sulphur- or jarosite layers occurs for both the chemical and bacterial oxidation of pyrite. 

However, in bacterial oxidation experiments oxygen and carbon dioxide transfer might 

limit the bacterial oxidation rate, and more so at increasing pulp densities (see Chapter 

3). Possibly, also the increasing shear stress of the bacteria causes a decrease of the 

oxidation rate at increasing slurry densities. The highest pyrite oxidation rates derived 

with Thiobacillus ferrooxidans range between k1 = 120* 10·8 and 200* 10·8 s·1 

(Table 2-xix). The values of kA.spher are between 20* 10-8 and 35* 10-8 mol/m2/s. Values 

of both the chemical and bacterial pyrite oxidation are summarized in Table 2-xx. From 

the comparison of these data it appears that the bacterial rate constants are about a factor 
of I 0 larger than the chemical rate constants at the same process conditions. Therefore, 
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it is concluded that special capacities must be attributed to the bacteria in the bacterial 
oxidation of pyrite. A direct bacterial oxidation reaction of attached bacteria might occur 

at the mineral surface. Another explanation of the improved pyrite oxidation rate in the 

presence of bacteria is possibly related with the extremely high initial oxidation rates that 
were observed in the chemical pyrite oxidation. This will be discussed in Chapter 7. 

Table 2-xx Average rate constants of the (sterile) chemical and bacterial oxidation of pyrite. The 

chemical rate constants at 30°C, 0.1 M FeH and OM Fe2•. The first order rate constants 

at particle diameters close to 40 micrometers. 

k, kA,sphcr 

(* 104 s·1) *I O"'moVm2/s 

Chemical 8 to IO I to 3 

Bacterial 120 to 200 20 to 35 

2.6 Indirect mechanism 

The objective of the literature study was to compare the bacterial and chemical oxidation 

rate of a metal sulphide, at equal process conditions with respect to relevant variables 
(e.g. temperature, particle diameter, ferric and ferrous iron concentration), and without 

mass transfer limitation due to elemental sulphur or jarosites at the mineral surface or 

insufficient gas-liquid oxygen and carbon dioxide transfer in the bacterial oxidation. It 

was assumed that an indirect mechanism is the rate dominating mechanism in the 

bacterial oxidation of a mineral sulphide ifthe bacterial and chemical oxidation rates (at 

equal process conditions) are in the same range. Special capabilities, like direct bacterial 

oxidation of the mineral sulphide, or the capacity to achieve very favourable conditions 
for the chemical oxidation reaction, need to be assumed if the bacterial oxidation rate 

is significantly larger than the chemical oxidation rate. In Section 2.6. l the conclusions 
will be summarized. 

In Section 2.6.2 it will be examined whether in the case of an indirect mechanism the 
bacterial oxidation of elemental sulphur is fast enough to oxidize the chemically 

produced elemental sulphur. In Section 2.7 it will be examined whether the high 

bacterial oxidation rates can be achieved when a direct mechanism is assumed. 
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2.6.1 Conclusions about the indirect mechanism as rate determining 

Table 2·xxi Maximum average chemical and bacterial oxidation rate constants as calculated from the 

literature at 0.1 M Fel+, 30°C and particle size 38-45 µm 

Chemical oxidation with 0.1 M Fel+ Bacterial oxidation 

Mineral k, kA,1phtr k, kA,sphcr 

• 10·3 • 10·3 •10-8 • 10·3 

s·' mol/m2/s s·' mol/m2/s 

ZnS 200 I} kA.eET= 1 o• 10·9 1) 10 to 80 3) k =1•10·9 
A.BET 3) 

700 2) kA.BET=37* l 0·9 2) 120 to 700 4) kA.BET= 10-45* 10"9 4) 

CuFeS2 4 to 23 6) 

5 to 8 5) 1.4±0.4 40 to 110 7) 4 to 22 

FeS2 20 to 50 8) 

8 to 10 3 to 10 120 to 200 9) 20 to 35 

Notes: 

I} At 0.0 I M Fel+ 2) At 0.1 M Fe1• 

3) Synthetic ZnS, iron free medium; 4) Iron containing concentrates, iron free medium 

5) Ferric sulphate medium (O. l M Fel+) 

6) No pH control 7) pH control 

8) No 0 2 and/or CO, control 9) 0 2 control and/or C02 addition 

The method of comparing between chemical and bacterial oxidation rates to examine the 

rate determining mechanism in the bacterial oxidation of sulphide minerals is only useful 

if the rate constants of the chemical oxidation on the one hand, and the bacterial 
oxidation on the other hand, are within relatively small ranges. Therefore, in the 

examination of the kinetic data in the literature it was aimed at finding sufficient 

agreement between the rate constants that were derived from the data of different 
authors, in other words, at finding a sufficiently narrow range of rate constants at similar 

process conditions. Despite of the different conditions in the experiments of different 

authors, it appeared to be possible to find narrow ranges for both the sterile ferric iron 

and the bacterial oxidation rate constants at similar process conditions, and to find 

explanations for the occurrence of deviant values. Those explanations, and the relevant 

factors that determine or limit the the chemical and bacterial oxidation rate are 

summarized below for the three different minerals. Table 2-xxi summarizes the first 
order kinetic constants at optimum conditions derived from chemical and bacterial 

oxidation kinetics. 
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Sphalerite 

With respect to the chemical and bacterial sphalerite oxidation several conclusions were 
obtained from studying the literature. In the chemical oxidation of sphalerite with ferric 
iron, mainly elemental sulfur and no sulphate is produced. However, no diffusion 

limitation occurred in the chemical sphalerite oxidation because the sulphur layer is 

porous. 

The chemical oxidation kinetics of sphalerite was dependent on the ferric iron 

concentration with a reaction order of about 0.5, and inversely proportional to the 

particle diameter. Therefore, it was assumed that a kinetic model according to the 

electrochemical mechanism of leaching was applicable, and that electron transfer at the 

surface was rate limiting. 

Also the bacterial oxidation rate of sphalerite is dependent on the ferric iron 

concentration, and very low rates were observed in the bacterial oxidation of natural 

sphalerite (which contains iron) at iron free conditions, while extremely low rates were 
observed in the bacterial oxidation of synthetic zinc sulphide at iron free conditions. It 

was calculated that only very small concentrations of ferric iron would be sufficient to 

achieve chemical oxidation rates that were equal to the observed bacterial oxidation rates 
at iron free conditions. 

It was concluded that at equal process conditions the bacterial oxidation and chemical 

oxidation rates are in the same range (see Table 2-xxi). Therefore, no special capacities 

(e.g. direct mechanism) have to be attributed to the bacteria. The bacterial sphalerite 

oxidation probably occurs according to an indirect mechanism in which the spalerite is 

incompletely oxidized by ferric iron, and bacteria oxidize the chemically produced 

elemental sulphur to sulphate and regenerate ferric from ferrous iron. 

Although the observed bacterial oxidation rates of sphalerite at iron free conditions are 
extremely low, no definite conclusion can be drawn with respect to the principal 

(im)possibility of a direct bacterial attack of the mineral. However, from the process 

optimization point of view a direct bacterial oxidation reaction has only a minor role. 

Chalcopyrite 

From a study of the literature of the chemical and bacterial chalcopyrite oxidation 
kinetics several conclusion were drawn. In the chemical leaching of chalcopyrite with 
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ferric iron, mainly elemental sulfur and no sulphate is produced. In the literature it was 

reported that diffusion limitation due to the formation of a protective sulfur layer caused 

a decrease in the chemical oxidation rate of chalcopyrite, which explained the occurrence 
of the observed parabolic kinetics. This conclusion was questioned in this chapter. It was 

proposed that rather, either the formation of jarosites, or inhibition due to the 

accumulation of Fe2+ ions, caused a decrease of the chemical oxidation rate during the 

course of batch experiments. 

It was proposed that in the bacterial oxidation of chalcopyrite the formation of jarosite 

layers occurred due to an increase of the pH during the course of batch culture 
experiments. It was shown that relatively low bacterial oxidation rates were observed in 

batch culture experiments in which no pH control was applied, whereas significantly 

higher rates were observed if pH control was applied, and jarosite is absent. Therefore, 

it was concluded that the formation ofjarosites (which is formed at elevated pH) can 

cause a significant decrease of the bacterial oxidation rate of chalcopyrite, and that the 

application of pH control can prevent the formation of jarosites. 

Several authors reported that the addition of silver ions improved the bacterial oxidation 

rate of chalcopyrite. The authors assumed that the only role of bacteria in the silver 

catalyzed bacterial chalcopyrite oxidation is to regenerate ferric iron (i.e. an indirect 

mechanism). Most probably, Ag+ is a catalyst in the chemical reaction of chalcopyrite 

with ferric iron. According to the authors Ag+ prevents the formation of jarosites. We 

suggested that, due to the fact that Ag+ inhibits the bacterial oxidation of elemental 

sulphur, also the chemically produced (porous) sulphur layers might protect the 
formation of jarosites at the mineral surface. 

From the comparison of the observed (non-catalyzed) oxidation rates it was concluded 

that at comparable optimal process conditions the bacterial oxidation rate of chalcopyrite 

is significantly larger than the chemical oxidation rate (see Table 2-xxi). Therefore, 
special capacities might be attributed to the bacteria in the case of the bacterial 

chalcopyrite oxidation. Possibly, a direct bacterial attack of the mineral surface occurs, 

or bacteria create more optimal process conditions for the chemical oxidation reaction 

to occur. 

Several conclusions were derived from studying the chemical and bacterial pyrite 

oxidation kinetics in the literature. Complete oxidation of pyrite was observed in the 
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chemical pyrite oxidation with ferric iron. Only a few authors reported the formation of 
elemental S0

• In both the chemical and bacterial pyrite oxidation no rate limitation due 

to the formation of protective sulphur or jarosite layers was reported. 

From the comparison of the chemical and bacterial oxidation rates of pyrite it was 

concluded that the oxidation rate with T ferrooxidans at optimum pH and sufficient 

oxygen- and carbon dioxide transfer, is significantly larger than the chemical leaching 

rate at comparable conditions (see Table 2-xxi). 

These results indicated that in the bacterial pyrite oxidation, the bacteria have special 

capacities. This might be the direct bacterial oxidation of the mineral surface, or 
changing the process conditions in a manner that high chemical oxidation rates are 

obtained. 

In the chemical oxidation literature high pyrite oxidation rates were observed at the start 

of batch experiments, which, according to the authors, was anomalous behaviour. Several 
authors expained these high rates by the occurrence of low concentrations of highly 

reactive pyrite. However, this explanation was not examined by the authors, for example 

by showing that in a repetition of the experiment with fresh medium and the same pyrite 
(of which the reactive sites and fines were already oxidized) the high initial oxidation 

rates did not occur. In most of the kinetic models in the literature the (sterile) chemical 

oxidation rate was proportional to the ferric iron concentration and inversely proportional 

to the sum of the ferric and ferrous iron concentration. However, these models did not 
account for the high oxidation rates in the initial phase: very low ferrous iron 

concentrations (that occur in the initial phase of the sterile batch experiment) are 

negligible in the reported kinetic models (see Table 2-xiv). In Chapter 7 we will show 

that the steep decrease of the rate during the initial phase of the sterile chemical batch 

experiments is probably due to the relatively large decrease of the ferric to ferrous 

concentration ratio in that stage. 

Summary 

From the comparison of the chemical and bacterial oxidation rates at similar conditions, 

different conclusions were drawn for the three minerals: The bacterial oxidation rate of 
sphalerite is very close to the chemical oxidation rate at the same conditions. Therefore, 

in the bacterial zinc sulphide oxidation no special capacities need to be attributed to the 

bacteria, and it is assumed that the indirect mechanism is the rate dominating 

mechanism. The bacterial oxidation rate of chalcopyrite, and more so, that of pyrite, is 

significantly larger than the maximum chemical oxidation rate at similar conditions (i.e. 
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equal temperature and total iron concentration, and negligible inhibition by ferrous iron). 

This implies that bacteria play a specific role in the oxidation of chalcopyrite and pyrite. 

In Section 2. 7 it will be examined whether this special capacity is possibly a direct 

bacterial attack of the mineral. 

2.6.2 Bacterial oxidation of elemental sulphur 

In this section it will be estimated whether the bacterial oxidation of chemically 

produced elemental sulphur is fast enough to prevent the accumulation of a sulphur layer 

in the bacterial oxidation of sulphide minerals. 

Espejo et al. ( 1989) measured the bacterial oxidation rate by T. ferrooxidans of sulphur 

prills with a diameter of 1.5 to I. 7 mm at iron free conditions in batch experiments. The 

observed sulphur oxidation rate was I. 7* I 0·12 molS0/prill/s. Thus, kA.sphcr = 21*I0·3 

molS0/m2/s. 

Herrera et al. ( 1989) performed bacterial oxidation experiments with T. ferrooxidans in 

a packed bed of sulfur grains with a continuous medium flow through the bed. The size 

of the sulphur prills was between 2.85 and 3.33 mm. The medium contained only 

0.1 mM of ferrous iron. It was observed that the total amount of sulphate produced was 

independent of the flow-rate at the dilution rates of the liquid phase between 0.5 and 3 

min·•. From their data it was determined that the sulphur oxidation rate was 3.5*10·9 

molS°!s at a total surface of the sulphur prills in the packed bed of0.014m2
• Thus, kA,sphcr 

= 25* 10·3 molS0/m2/s. 

Urbanek et al. (1989) determined the bacterial oxidation in a packed bed of sulphur 

grains with a continous medium flow through the bed at iron free conditions. The 

sulphur grains were 10 mm in height and diameter. The bacteria used were Thiobacillus 

thioxidans and Thiobacillus thioparus. From the reported oxidation rates it was 

calculatated that kA.spher = 36* 10·3 molS0/m2/s. 

From these results it was concluded that the values of kA,sphcr for the bacterial elemental 

sulphur oxidation in good agreement for the different authors. 

The values of kA.spher of sphalerite and chalcopyrite at 0.1 M of ferric iron and low 

ferrous iron concentrations range from 250 to 500* 10·3 molZnS/m2/s and 4 to 22* 10·3 

molCuFeS/ m2/s respectively. The average value of kA.spher for the bacterial sulphur 

oxidation 25* 10·3 molS0/m2/s, which is less than the values observed for the chemical 
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and bacterial sphalerite oxidation and in the same range as the bacterial chalcopyrite 

oxidation. Therefore, in the bacterial sphalerite oxidation accumulation of elemental 

sulphur might occur. However, sulpur prills have a smooth surface, whereas the 

chemically produced sulphur is very porous. Also the effect of ferric iron on the sulphur 

oxidation rate in bacterial oxidation of sulphide minerals is neglected in this comparison. 

2. 7 Direct mechanism 

2.7.1 The maximum mineral oxidations rates in direct bacterial oxidation 

In the direct mechanism it is assumed that attachment of bacteria is required to achieve 

interaction between bacteria and the surface. In modelling the kinetics according to a 

direct mechanism the nature of the attachment needs to be known: are bacteria reversibly 

or irreversibly attached? Authors who assumed that a direct mechanism takes place are 

not very explicit on this point. Authors who use the occurrence of the pit formation 

shown in SEM micrographs of bacterially oxidized mineral surfaces as an argument in 

order to prove a direct bacterial action, seem to assume the irreversible attachment. 

Authors who use a Langmuir adsorption isotherm in order to describe bacterial 

attachment imply reversible attachment. 

Is it possible to achieve the observed bacterial oxidation rates if it is assumed that the 

dominant mechanism in the oxidation of the sulphide mineral is direct oxidation by 

irreversibly attached bacteria? In a direct mechanism with irrevesibly attached cells the 

oxidation of the mineral occurs due to growth of the attached bacteria that use the 

energy from the mineral oxidation (see also Chapter 4). Therefore, if the yield of 

bacteria on the sulphide mineral, Y5., (cells/molMeS or C-mol/molMeS), and the specific 

growth rate of the attached bacteria, µ, (i.e. the reciprocal doubling time of attached 

bacteria), and the maximum concentration of bacteria attached to the surface, C.5, 

(cells/m2,pher or C-mol/m2,phcr) are known, the maximum oxidation rate per mineral 

surface area, kA,sphcr> (molMeS/m2,phc/h) due to a direct bacterial attack can be estimated 

from: 

~ 
c~ .µ, (2. 17) 
YMeS.x 

If the bacteria attach irreversibly, after a certain time of mixing (a sufficient amount of) 

bacteria and the mineral particles, the mineral surface will be fully covered with bacteria. 
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The amount of attached cells is independent of the concentration of cells in the solution 

(if sufficient bacteria were in the solution). Oxidation of the mineral surface is only due 

to the growth of the relatively small fraction of attached bacteria, and the released cells 
will starve during the course of an experiment. 

Several authors observed however that the coverage of the mineral surface with cells 

increased linearly with increasing concentrations of cells in the solution, and approached 

a saturation or maximum concentration at high concentrations of cells. This behaviour 
is often described with a Langmuir adsorption isotherm: 

(2.18) 

in which Cx s and Cx max s are the concentration and the maximum concentration of cells 

at the surface (cells/kg or C-mol/m2
Mes etc.), C/ is the concentration of bacteria in the 

solution (cells/m3 etc.). KLM is the Langmuir equilibrium constant for cell adsorption 

(m3/cells etc.). 

Bacterial attachment according to a Langmuir isotherm implies the reversible attachment 
of bacteria. Reversible attachment would imply however, that all bacteria are 

occassionally attached to the surface. How can this be imagined? Do. bacteria only 

occasionally have access to substrate when are attached to the mineral surface, or do 

they partially oxidize the surface when they are attached to produce soluble substrate 

also?. The difference between the two images would be that in the former the substrate 

is oxidized at the mineral surface, and therefore, all oxygen consumption occurs at the 

mineral surface, whereas in the latter substrate oxidation and oxygen consumption occurs 
mainly in the solution and only a part of the oxygen is consumed at the surface. 

In order to quantify Equation (2.17) and Equation (2.18) information is needed on the 

bacterial attachment, the bacterial yield and specific growth rate of attached cells. 

2.7.2 Bacterial adhesion 

Espejo et al. (1987) used labelled bacteria in order to determine the attachment of 
bacteria to sulphur prills and measured 32P incorporation in adsorbed cells. After removal 

of the cell suspension the sulphur prills were washed with medium and the 32P 

concentration of the prills was determined. They reported that one square metre of 

sulphur prills was covered with l.25*10 11 cells, from which it was estimated that 6% of 
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the surface was covered with bacteria. Because the sulphur prills were washed before 

determination only the concentration of irreversibly attached cells were determined. 

Considerable research on bacterial adhesion has been done in other fields. Many factors 
like hydrophobic and electrostatic interactions determine the bacterial adhesion. The 

adhesion of bacteria to surfaces is usually determined from the decrease of cells in a cell 

suspension, by means of cell counts, after the addition of the solids. Most authors found 

that the equilibrium concentration was achieved within a few minutes after the addition 

of the solids. (Loosdrecht et al. 1989 and 1990). 

Ohmura et al. (1993) studied the adhesion of Tferrooxidans and E.coli to quartz, pyrite, 

chalcopyrite and galena. They found that at a mean particle diameter of 60 µm the 

maximum coverage of the pyrite surface with Tferrooxidans was 42% and 120% with 

E.coli, when spherical or cubic particles were assumed and the surface occupied per 

Tferrooxidans cell is 0.5*10-12 m2
, that of E.coli is 2.5*10-12 m2

• The high degree of 

coverage by E.coli was attributed to the hydrophobicity of the cells that, in a solution 
of salts in water (hydrophilic solution), tend to adhere to the hydrophobic surfaces. It 

was determined that Tferrooxidans cells had hydrophilic and negatively charged 
surfaces, whereas the pyrite surface is hydrophobic and also negatively charged. 

Therefore, repulsion between the pyrite surface and Tferrooxidans cells will occur. 

Tferrooxidans tended to adhere to iron containing minerals and to less hydrophobic 

minerals (decreasing hydrophobicity: chalcopyrite, galena, pyrite, quartz). The adhesion 
to pyrite decreased at increasing ferrous iron concentrations, but was not affected by the 

ferric iron concentration. They concluded that selective adhesion of Tferrooxidans to 

pyrite and chalcopyrite was due to a stronger interaction than the hydrophobic and 
electrostatic repulsion. They also found that the coverage of the surface by 

Tferrooxidans bacteria increased at increasing concentrations of cells in the solution, but 

that the adsorption curve could be described only approximately with a Langmuir 

adsorption isotherm. 

Konishi et al. (1990, 1991, 1994) postulated a direct bacterial action at mineral surfaces 

and elemental sulphur and described the bacterial adhesion to the mineral surface by 

means of a Langmuir adsorption isotherm. For pyrite particles of 25-44 µm Konishi et 

al. ( 1990) determined a maximum adsorption capacity of 6.61*1013 cells per kg pyrite. 

If it is assumed that the surface that occupied per cell is 0.5* 10-12 m2 we estimated that 

l 00% of the spherical partical surface was covered with bacteria. Konishi et al. ( 1991) 

determined a maximum adsorption capacity of l.65* 1013 cells per kg of sphalerite 
particles (37-53 µm), from which we estimated that maximum 30% of spherical 

sphalerite particle surface was covered with bacteria. The maximum adsorption capacity 
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of elemental sulphur particle (25 to 63 µm) was 4.9* l 013 cells per kg of sulphur 

(Konishi et al. 1994), and we estimated that maximum 50% of the spherical particle area 
is covered with bacteria. 

It is concluded that the concentration of irreversibly attached cells is probably only a few 

percent, whereas the concentration of reversibly adhered cells is between 50 and l 00%. 
Visialization of attached bacteria using staining techniques will only show the 

irreversibly attached cells. 

2. 7.3 Bacterial yield and growth rate of attached cells on solid substrate 

The maximum specific growth rate of bacteria on ferrous iron is µ = 0.1 h"1 (see also 

Chapter 5). 

The amount of cells is often determined from cell counts, or analyses of the nitrogen or 

protein content in the cell suspension. The bacterial yield can be expressed in several 

units: in cells per mole substrate oxidized, in grams of dry weight per mole of substrate, 

gDW/mol, in grams of proteins per mole, or in moles organic carbon (Cmol) per mole. 

To convert numbers of cells to grams of dry weight it is assumed that the rod shaped 
bacteria are 0.5*10-6m thick and l.0*10-6m Jong and that the dry weight content ofa wet 

cell is 20%. Then l Cmol of bacteria is equal to 25 gram dry weight, and 0.6 gram 
protein is equal to l gram dry weight. 

The bacterial yield on ferrous iron is Y,x = 0.01 Cmol/mo1Fe2
+ which is equal to 0.25 

gDW/molFe2
+ (Chap. 5). The average yield of bacteria on sulphide minerals is in the 

range of 0.18 to 0.20 molCO/molMeS (Arkesteyn, 1980; Hazeu et al., 1986; Chapter 

7). Arkesteyn (1980) used a 14C incorporation method to determine the cell yield on 

sulphur from which it is calculated that Y,x = 0.17 Cmol/molS (which is a factor of 17 
larger than the yield on ferrous iron). 

Both Espejo et al. ( 1987) and Herrera et al. ( 1989) determined a specific growth rate 

of 0.02 h-1 in growth of T.ferrooxidans on elemental sulphur. From the data of Herrera 

et al. (1989) a yield of 4*1012 bacteria per mol of sulphur oxidized was determined, 

from which a cell yield of0.2 gDW/molS which is equal to Y,x = 0.008 Cmol/molS (cp. 
Arlesteyn, 1980, who found that Y,x = 0.17 Cmol/molS). This bacterial yield is very low 

compared with data that were observed by others, and the observed yield is more in the 
range of values that were determined for bacterial growth on ferrous iron: MacDonald 

and Clark ( 1970) and Shrihari et al. ( 1990) determined a yield of 2. 7* 1012 cells per mo! 
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ferrous iron oxidized, and Konishi et al. (1990 and 1992) and Espejo and Ruiz (1987) 

reported that 2*1012 cells were produced per mole of ferrous iron oxidized. 

Konishi et al. (1994) determined that the yield on elemental sulphur was 6.25*1014 

cells/kgS from which it is calculated that Y •• = 1.0 gDW/molS = 0.04 Cmol/molS. This 

value is considerably lower than the value reported by Arkesteyn (1980). The specific 

growth rate of attached cells, µ., was fitted from the model and found to be 0.065 h-1
• 

Konishi et al. (1990) determined a bacterial yield on pyrite of3.3*1014 cells/kgFeS2. It 
is calculated that Y., = 0.08 Cmol/molFeS2, which is a factor of 2-2.5 less than the 
values measured by other authors. The specific growth rate of attached cells, µ., was 

fitted from the model and found to be 0.10 h-1
, which is equal to the maximum specific 

growth rate on ferrous iron. 

Konishi et al. (1991) determined a bacterial yield on sphalerite of2.8*1014 cells/kgZnS 
from which it is calculated that Ysx = 1.4 gDW/molZnS which is 0.054 Cmol/molZnS. 

The specific growth rate of attached cells, µ., was fitted from the model and found to 

be 0.075 h·1
• 

Espejo et al. (1987), Herrera et al. (1989) and Konishi et al. (1990) modelled the 

bacterial oxidation kinetics assuming a direct mechanism. The bacterial growth yields 

used by these authors are low compared with growth yields determined by other authors, 
and the growth yield on pyrite determined in our experimental work (Chap. 7). 

2. 7.4 Estimation of direct bacterial oxidation rates on solids 

Elemental sulphur 

Firstly, the bacterial oxidation of elemental sulphur will be analyzed. Several authors 

measured the bacterial oxidation rate of elemental sulphur prills at iron free conditions. 

Espejo et al. (1987) and Herrera et al. (1989) claimed that oxidation of elemental 

sulphur by T. ferrooxidans must be attributed to a direct action. Using the data that were 

reported by Espejo et al. (1987) or calculated from their data for the bacterial oxidation 

of elemental sulphur prills (i.e. Ysx = 0.008 Cmol/molS, µ5 = 0.02 h·1
, Cx,maxs = 

0.06*4* 10·3 Cmol/m2
) it is calculated (Eqn. (2.17)) that the maximum oxidation rate of 

the sulphur surface kA.spher = 17*10·8 molS0/m2/s. This is only slightly less than the values 
of kA.spher that are determined from the reported measurements (Section 2.6.2). 
However, as was discussed, the reported yield is a factor of 20 less than would be 

expected based on the data of others. If the bacterial yield in the calculations is taken 

a factor of 20 larger the maximum value of kA,sphcr that can possibly be achieved by the 
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exclusive growth of attached bacteria would be a factor of 20 less, which is significantly 

less than the measured first order rate constants, kA,sphc" In that case the observed rates 
cannot be attributed to the exclusive growth of attached bacteria. 

To sustain their claim for a direct mechanism Espejo et al. (1987) used the argument 

that the bacteria that were released from the sulphur prills were unable to multiply. 
However, this was tested by removing the sulphur prills from the bacteria in the liquid 

culture. Next it was observed that the bacteria did not increase but lost viability with a 

half-life time of 3.5 days. From this experiment it was not demonstrated that, in the 

presense of elemental sulphur, the free bacteria do not grow on dissolved sulphur 

products. Also, Herrera et al. (1989), from the observation that the total amount of 
sulphate produced was independent of the flow-rate, assumed that only the attached 

bacteria were active. However, they applied dilution rates that were many times larger 

than the specific growth rate. Therefore, the released cells wash out, and if dissolved 

sulphur products are produced from the sulphur prills, these cannot be bacterially 
oxidized. 

Indications that reduced sulphur compounds are released from the sulphur surface were 
given by Shrihari et al. (1993). They concluded that cells in the liquid phase, which are 

not attached to the sulphur particles, also grow. Using a two compartment membrane 

reactor for the bacterial oxidation of elemental sulphur by T. ferrooxidans, they showed 

that the attached bacteria oxidize sulphur to its partially oxidized states. The partially 
oxidized sulphur is mainly in the form ofthiosulphate, which is water-soluble and forms 
the substrate for the bacterial activity in the liquid phase. Accordingly, only a part of the 

oxidation energy is available to the attached bacteria, which explains the low growth 

yields and the constant sulphate production that were observed by Herrera et al. (1989). 

It is concluded that the measured oxidation rates of elemental sulphur was possibly 

achieved by direct bacterial oxidation of the elemental sulphur if the only bacterial 

action of the attached cells is to produce oxidized dissolved sulphur species like 
thiosulphate. 

Mineral sulphides 

Secondly, the oxidation of sulphide minerals by direct bacterial attack of irreversibly 

attached cells is analyzed. A different approach is taken. It is assumed in these 
calculations that the maximum specific growth rate of bacteria on sulphide mineral is 

equal to that on ferrous iron: µ = 0.1 h·1
, and that the yield of bacteria on sulphide 
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minerals is 0.18 molCO/molMeS. It is also assumed that the mineral surface is 

completely covered with a mono-layer of bacteria. Then a biomass layer of 0.5 µm 
thickness covers the mineral surface. It is stressed that such a 100% coverage by 

irreversibly attached cells has never been observed. Actual coverage is maximal around 

10%. Assuming that the dry weight percentage of this film is 20%, the maximum surface 

concentration of bacteria is 0.004 C-mol/m2MeS. Using Equation (2.17) the maximum 

oxidation rate of the mineral that can be derived by direct bacterial action of irreversibly 

attached cells is kA.sphcr = 60* 1 o·8 molMeS/m2/s, which is a factor of two larger than the 
observed bacterial oxidation rates of pyrite and chalcopyrite. 

It is concluded that only in the unlikely case of a very high coverage of cells on the 

mineral surface and a very high specific growth rate, µ, of the attached cells, the 

measured bacterial oxidation rates of chalcopyrite and pyrite can be attributed to a direct 
bacterial attack of irreversibly attached cells at the mineral surface. Accordingly, these 

calculations indicate a minor role of direct bacterial action by irreversibly attached cells. 

2.8 Conclusions 

First order rate constant, k1 and kA,spher• were estimated from literature data on the 
kinetics of the chemical and bacterial oxidation of three pure sulphide minerals. In these 

estimations many assumptions were needed with respect to the effect of temperature, 

ferric iron concentration, particle surface areas, and explanations for anomalous 
behaviour (e.g. rate decrease due to precipitate formation or mass transfer limitation, 

acceleration due to electrochemical interactions, etc.). Differences caused by different 

mineral characteristics were neglected. This yielded a range of kinetic constants that 

appeared to be narrow enough to be able to distinguish between chemical oxidation rates 

on the one hand and bacterial oxidation rates on the other. It was concluded that the 

bacterial and chemical oxidation rate of zinc sulphide were in the same range, whereas 
the bacterial oxidation rate of chalcopyrite was a factor of 5 to 10, that of pyrite 10 to 

20 times larger than the sterile chemical oxidation rate with ferric iron. Accordingly, the 

observed rates in the bacterial oxidation of zinc sulphide can be achieved if an indirect 

mechanism is assumed as the rate dominating mechanism. In the case of chalcopyrite 

and pyrite the rate that can be achieved by means of an indirect mechanism is 

insufficient, and special capacities need to be attributed to the bacteria. Possibly a direct 
bacterial action at the mineral surface occurs. 

However, from calculations of the oxidation rates of the sulphides by means of 

irreversibly attached bacteria to elemental sulphur prills or sulphide mineral surfaces it 
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was concluded that the observed rates can only be achieved in the unlikely situation of 

high coverage (over 50% of the spherical particle surface) and high specific growth 

rates. Much lower bacterial coverage of the surface is observed when the attached 

bacteria are determined by means of labelling or staining techniques. Therefore, a direct 

mechanism with irreversibly attached bacteria appears not very probable. 

Anomalous behaviour that was conspicuous in both the sterile chemical oxidation of 

chalcopyrite and pyrite with ferric iron was the reported occurrence of extremely high 

initial oxidation rates. These high rates are regarded as anomalous by many authors, and 

are therefore not kinetically modelled. Explanations like the occurrence of fines or 
reactive sites at the surfaces given by the authors were questioned in this work. It is 

suggested that in the initial stage of batch experiments reaction circumstances occur that 

cause a high chemical reaction rate. Possibly the bacteria are capable of maintaining 

these circumstances. 

From the observations four mechanism can be proposed: 

Direct bacterial oxidation of the sulphide mineral by irreversibly attached 
bacteria. 

II (Partial) chemical oxidation of the sulphide mineral with ferric iro~ in series with 

the bacterial oxidation of the ferrous iron and elemental sulphur produced. 
Possibly bacteria are capable to maintain extremely favourable process conditions 

for the chemical reaction to occur. 

III Partial bacterial oxidation of the surface, producing soluble reduced compounds 

(e.g. Fe2
• and S20/-) that are further oxidized by non-attached bacteria. This 

mechanism was seen to be likely for the bacterial sulphur oxidation. 

IV Direct bacterial oxidation of the mineral surface by reversibly adhered bacteria. 

Bacteria shuttle to and fro the surface and graze and store their substrate, or have 

only access to the solid substrate when adhered to the surface. 

Based on these mechanisms several hypotheses can be drawn on the behaviour that is 

predicted at several process conditions, which might distinguish between the different 
mechanisms. These kind of hypotheses will be used in this study (Chap. 7). 



118 

2.9 

Chapter 2 

List of symbols 

AMeS 
a 

c 
c.s 
cx.max

5 

C,L 

dp 

R 

Y,. 

K 

[MeS] 
[FeJ+] 

[02] 
[C02] 

Surface area concentration of metal sulphide, (m2MeS/m3,1urry). 

Specific surface area, (m2 Mcsfm3 Mes). 

Stoichiometric constant. 

Surface concentration of attached bacteria (cells/m2Mcs or C-mol/m2Mcs)· 

Maximum surface concentration of attached bacteria (cells/m2Mcs or C-mol/m2Mcs). 

Concentration of bacteria in liquid phase (cells/m2Mcs or C-mol/m2MeS). 

Particle diameter, (m). 

Solid hold-up in unaerated slurry, (m3
, 01;/m

3
, 1urry)· 

Activation energy, (kJ/mol). 

Solution potential (V). 

Reaction rate constant. 

First order in concentration reaction rate coefficient, (s"1). 

First order in surface reaction rate coefficient, (mol/m2/s"1
). 

First order in surface reaction rate coefficient calculated on spherical particle 

assumption (mol/m2 Mcs/s-1
). 

First order in surface reaction rate coefficient calculated on BET surface. (mol/m2Mcs/s· 

1). 

Equilibrium constant for cell adsorption (m3/cells) 

Molar weight of MS (kg/mol). 

Reaction order. 

Gas constant, (J/mol/K). 

Oxidation rate of MeS (kmol/m3
,1.rryls). 

Time (s). 

Temperature, (K). 

Reactor volume, (m3
). 

Bacterial growth yield (cells/molMeS or C-mol/molMeS). 

Specific growth rate of attached bacteria (h"1
). 

MeS density, (kg/m3
). 

Conversion of mineral sulfide (-). 

Rate constant in several equations. 

Concentration of sulfide mineral (mol/l,1urry). 

Total Fe(lll) ions concentration (mol/l,1urry). 

Dissolved oxygen cone. in liquid phase, (mol/m3
). 

Dissolved carbon dioxide cone. in liquid phase (mol/m3
). 
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3 

Chapter 3 

Mass transfer phenomena in the bacterial oxidation 
of sulphide minerals 

It was examined whether gas-liquid transfer of carbon dioxide or oxygen has determined 

the bacterial oxidation rate of sulphide minerals in kinetic experiments reported in the 

literature. Correlations, available in the literature, were used to estimate the gas-liquid 

mass transfer coefficient of oxygen and carbon-dioxide, kLa (s-1
), in the experimental 

equipment (e.g. shake flasks or aerated stirred tanks). The maximum oxygen and carbon 

dioxide transfer rates, OTR and CTR (mo/Ills), were estimated for the reported kinetic 

experiments, and compared with the maximum oxygen and carbon dioxide consumption 

rates, r02 and rc02 (mo/Ills). It was concluded that gas-liquid carbon dioxide transfer 

limitation, and exhaustion of carbon dioxide in the gas-phase, often occurred in the 

kinetic experiments that were reported in Chapter 2. Therefore, the decrease of the 

bacterial oxidation rate constant, k1 or kA, at increasing slurry densities, that was 

reported by several authors, was probably caused by carbon dioxide limitation. 

It was also examined whether the mass transfer rates between the liquid-phase and the 

reaction surface determines the reaction rate. Fick's law and a correlation for the 

Sherwood number to determine the thickness of the boundary layer, were used to 

estimate the liquid-solid mass transfer coefficients of oxygen, carbon-dioxide and ferrous 

iron at the pyrite surface, k1,,.•phor.• (mollm2/s), and the swface of the bacteria, kl.bacr.• 

(mollm2ls). Kinetic data for the bacterial ferrous iron oxidation (Chapter 5), and for the 

bacterial pyrite oxidation (Chapter 7), were used to estimate the consumption and 

production rates per unit of surface area of pyrite, kA.F.si .• (mollm2!s), and bacteria, kA,bact.• 
(mollm2!s). The oxygen and carbon dioxide transfer to the pyrite swface (in the case of 

a direct mechanism), and to the bacteria (in the bacterial ferrous iron oxidation), are 

sufficient. Also the transport rate of ferrous iron to the bacteria is sufficient, even at very 

low ferrous iron concentrations in the bulk-phase. At increasing redox potentials (= high 

ferric to ferrous iron concentration ratio) in the solution, the transport rate of ferrous 

iron from the reaction surface to the bulk-phase decreases, whereas the chemical pyrite 

oxidation rate increases. It was shown that the observed maximum chemical pyrite 

oxidation rate (vF.sJ.max mollm21s) is probably determined by the transfer rate of ferrous 

iron from the pyrite surface to the bulk phase. 
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3.1 Introduction 

Gas-liquid mass transfer 

Gas-liquid mass transfer considerations are very important in the choice of experimental 

equipment to perform kinetic experiments. In an industrial leaching process gas-liquid 

mass transfer requirements play an important role in the development of an optimal 

leaching reactor. 

In performing experiments to determine the bio-oxidation kinetics it must be ensured that 

the overall oxidation rate is not mass transfer limited. In the bacterial oxidation reaction 

of mineral sulphides oxygen and carbon dioxide are consumed. Therefore, the oxygen 

and carbon dioxide transport from the gas-phase, which is usually air, to the liquid-phase 

has to be sufficient. In order to prevent mass transfer limitation the maximum oxygen 

transfer rate, OTRg.1 (molO/l/s), and the maximum carbon dioxide transfer rate, CT~.1 
(molC0/1/h), in the slurry, has to exceed the oxygen consumption rate, r02 (molO/l/s), 

and the carbon dioxide consumption rate, rc02 (molCO/J/s), respectively. The gas-liquid 

mass transfer rate depends on factors like the reactor type, geometry and size, the gas

flow rate, the stirring speed, and the pulp density (Boon et al., 1992). 

In this chapter the maximum oxygen and carbon dioxide consumption rates in the bio

oxidation of pyrite and sphalerite will be estimated in relation to the pulp density 

(Section 3.2). In Section 3.3 mass transfer coefficients in stirred aerated reactors (Section 

3.3.5) and shake flasks (Section 3.3.7), and the maximum oxygen and carbon dioxide 

transfer rates in such equipment, will be estimated (Section 3.3.8). It will be shown at 

which circumstances mass transfer limitation possibly determines the rate of the 

oxidation reaction. The possible occurrence of mass transfer limitation in the kinetic 

oxidation experiments that were reported in the literature will be examined in Section 

3.4. 

Liquid-solid mass transfer 

In heterogeneous reactions mass transfer of the reacting species to the reaction surface 

takes place. This phenomenon is usually understood as a diffusion process through a 

stationary liquid layer around the particle or bacterium. If precipitates like elemental 

sulphur or jarosites are formed, diffusion through pores or through the solid material will 

significantly decelerate the mass transfer to the mineral surface. Therefore, in kinetic 
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experiments mass transfer limitation due to the prec1p1tate formation needs to be 

prevented (see Figure 1.1). This effect was discussed in Chapter 2. 

In Section 3.5 mass transfer coefficients ofreacting species to the reaction interface will 

be calculated, and it will be examined whether mass transfer limitation through the liquid 

film possibly determines the reaction rates. 

3.2 0 2 and C02 consumption rates in bacterial oxidation reactions 

The maximum oxygen and carbon dioxide consumption rates, r0 2 (molO/lfs) and rc02 

(molCO/l/s), are estimated for the bacterial pyrite and sphalerite oxidation. As was 

discussed in Chapter 2 the pyrite oxidation rate can be described as a first order reaction 

rate with respect to the concentration of the sulphide mineral, [MeS] (Eqn. 2.5). From 

the stoichiometry of the chemical oxidation of pyrite it follows that 1 mole of pyrite 

requires 15/4 moles of 0 2• In Chapter 4 it will be shown that in the bacterial oxidation 

reaction this stoichiometry coefficient is slightly different due to the amount of oxygen 

involved in the autotrophic biomass production. Neglecting this amount, the oxygen 

consumption rate is estimated from: 

(3.1) 

The carbon dioxide consumption rate can be estimated in two ways. Firstly, from 

multiplying the specific growth rate, µ, and the biomass concentration (see Chapter 4). 

Because of the lack of data for µ and c. in the reported literature, this method will not 

be used in this chapter. Secondly, using the pyrite oxidation rate and the yield of 

biomass on pyrite, Y,. (C-mol/molFeS2), assuming that 1 mole of carbon dioxide 

produces I mole of organic carbon (see also Chapter 4): 

(3.2) 

The bacterial oxygen consumption rates also depends on the bacterial affinity for 

oxygen: 

r~ax. [02]L 

[02]L +Ko . (3.3) 
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In this equation K02 is affinity coefficient for oxygen. The value of Ko2 for Thiobacillus 

ferrooxidans is about 10% of the oxygen concentration in air saturated water (Chapter 

5). Similarly the bacterial carbon dioxide consumption rates depends on the affinity for 

carbon dioxide. Kc02 is the affinity coefficient of carbon dioxide. This value was not 

determined but is also estimated to be 10% of the saturation concentration with air. 

Using the first order reaction rate constants, k1, that were derived in Chapter 2, and 

estimating the bacterial yield, Y,., the maximum oxygen and carbon dioxide consumption 

rates, r02max and rcotax as a function of the pulp density (or mineral concentration 

according to Eqns. (3.1) and (3.2)) were calculated and listed in Table 3-i, and plotted 

in Figure 3.1 to 3.4 (see Section 3.3.8). 

Table 3-i 

Mineral 

ZnS 

FeS2 

Maximum oxygen and carbon dioxide consumption rates as a function of the pulp 

density in the bacterial oxidation of sphalerite, [ZnS] (mol/ I), and pyrite [FeS2] in 

(mol/I). 

Y,. k, r mu rc02 mu Remarks 0 2 

C-mol/molMeS • 10·• s·• molO/l/s molCO/ l/s 
*10-6 • 10-1 

0.2 400 8.0*[ZnS] 8.0*[ZnS] d• 38-45 µm 
0.2M Fei+ 

0.2 200 7.5*[FeS2] 4.0*[FeS2] d• 38-45 µm 
[Fei+] > O.IM 

In a steady state r02 is equal to the gas-liquid oxygen transfer rate OTR; the same holds 

for C02: rc02 =CTR 

3.3 Volumetric 0 2 and C02 gas-liquid transfer rates 

3.3.1 The volumetric mass transfer coefficient, kLa 

The oxygen and carbon dioxide gas-liquid transfer rate per unit of slurry volume V, 

OTR
6
-+1 (mol0/1/s) and CT~-+1 molC0/1/s) respectively, are calculated from: 

(3.4) 

and: 
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(3.5) 

In these equations kLa(02) and kLa(C02) are the volumetric mass transfer rate 

coefficients of oxygen and carbon dioxide respectively, having the units s-1
• [02]L and 

[C02]L are the dissolved oxygen and carbon dioxide concentration respectively. [02f L 

and [COif L are the dissolved oxygen and carbon dioxide concentration of the liquid 

phase in equilibrium with the gas phase. If oxygen and carbon dioxide are consumed 

from the aeration air, the actual oxygen and carbon dioxide concentrations in the gas 

phase that aerates the slurry, are used to calculate the equilibrium concentrations, [02f L 

and [COXL· In other words, [02f L and [COi]'L are not equal to the saturation 

concentration of air in equilibrium with water. 

The difference between the equilibrium concentration and the actual dissolved 

concentration of oxygen or carbon dioxide is often referred to as the driving force of the 

mass transfer process. E, is the solid hold-up in the non-aerated slurry, having the units 

m3 McS/m3
, 1urry if pure minerals are used. 

Different methods are available for the measurement of kLa (van't Riet, 1979). The 

dynamic-adsorption method is often applied, and is a convenient method to test the 

equipment for its applicability in measuring the bacterial oxidation kinetics. In this 

method the oxygen transfer rate is derived from measuring the dissolved oxygen 

concentration (e.g. by means of a Clark cell) during a dynamic change. A given volume 

of liquid is deoxygenated by passing for example nitrogen gas through it, and the 

dissolved oxygen concentration profile is monitored from the start of the aeration. The 

value of kLa(02) of the equipment can be determined at different stirring speeds and 

aeration rates. 

The mass transfer coefficients of carbon dioxide, kLa(C02), in the slurry can be 

estimated from kLa(02) values (Boogerd et al., 1990): 

3.3.2 Dissolved oxygen and carbon dioxide concentrations in water 

The dissolved oxygen and carbon dioxide concentration in water that is in equilibrium 

with the gas phase, can be calculated from using Henry's law: 
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(3.7) 

In this equation Pi is the partial pressure of the solute gas (e.g. P 02 of oxygen in air is 

0.2095 *I 05 N/m2
), Hi is the Henry coefficient of the gas (N/m2

), and xi the mole fraction 

of the gas in water (e.g. molO/molHp). Bacterial oxidation experiments are usually 

performed at pH values below 3. At these pH values the concentrations of HC03• or 

CO/- can be neglected. Therefore, only the solubility of C02 is considered. In Table 3-ii 

some data on the solubility of oxygen and carbon dioxide in water are listed: Hi is the 

Henry coefficients of compound i. hi is the partition coefficient of compound i of a gas

phase in equilibrium with water. Also, the concentration of 0 2 or C02 in water that is 

saturated with pure 0 2 or C02 gas, and with air, respectively, are listed. The mole 

fraction of oxygen in air is constant, the carbon dioxide concentration varies. 

Table 3-ii Data to calculate the oxygen and carbon dioxide concentration in water that is in 

equil ibrium with a gas-phase at 30°C and I atm. (Data are derived from tables given by 

Jansen and Warmoeskerken, 1991 ). 

Compound i ~ 

H;: Henry coefficient at 30°C (N/m2) 

h; = [i]./[i]L'·"' (mol i/mol i) 

Water saturated with pure gas (mol i/m3
) 

Air (mol i/mol air) 

Water saturated with air (mol ii m3
) 

Oxygen 

4.81*109 

36 

1.16 

0.2095 

0.24 

3.3.3 Dissolved oxygen concentration in salt solutions 

Carbon dioxide 

19.5* 107 

1.46 

28 

example: 3.3* 10 ... 

9.4°10·3 

In medium that contains ions the oxygen concentration in air saturated samples decreases 

with increasing salt concentration, whereas the oxygen activity remains constant. Let 

(02]\ and (02]'. represent the concentration of oxygen in air saturated pure water and 

in an air saturated iron ions solution, respectively, and let the corresponding activity 

coefficients be a and a •. Since both solutions are in equilibrium with air, the oxygen 

activities in the saturated solutions will be equal: 

(3.8) 

In pure water a=I. The activity coefficient, a., can be calculated from (Jansen and 

Warmoeskerken, 1991): 
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log(a,) = h.J (3.9) 

with: 

(3.10) 

In this formula h+ is a constant for the positive ion. No values were found for ferrous 

and ferric iron. The value of for example Zn2+ is 0.048. h- is a constant for the negative 

ion, being 0.022 for sulphate ions. hg is a constant that depends on the gas and the 

temperature. For oxygen at l 5°C hg is 0.034, at 25°C hg is 0.022. I is the ionic strength: 

1 ~ 2 I= 2 L.J (z1 .c;) (3.11) 

In this formula z1 is the charge of ion i and c, is the concentration of ion i (mo!/!). 

3.3.4 Oxygen concentration measurement with a Clark cell 

The activity of the dissolved oxygen in a sample can be measured by means of a Clark 

ce!l. A Clark cell responds to the difference in oxygen activity across the membrane 
rather than to a concentration difference (Hitchman, 1978). So, in air saturated samples 

containing ions, while the oxygen concentration decreases with increasing salt 

concentration, the current in the cell remains constant because the solution is in 
equilibrium with air and therefore the oxygen activity remains constant. If the activity 

coefficient, ac, is known in a medium that for example contains iron ions, the oxygen 

concentration, [02]., in the solution can be calculated from the activity of oxygen, 

(02)ac1ivi<y• in the solution that is measured by the Clark cell, (in other words, (02)activity 

is the value on the display): 

(3.12) 

In the literature, data on the solubility of oxygen in ferrous and ferric iron solution are 

not very common. The 0 2 activity coefficient for ferrous-ferric iron solutions is 
estimated using data given for sulphate solutions and tables for the solubility of oxygen 

in sodium chloride solutions (Hitchman, 1978). It appeared that the values of h+ for 

positive ions like Zn2+, Ca2+, Mg2+, Na• and K+, did not vary much per mole of charge 

(International Critical Tables, 1933), and also that the decrease of the solubility of 
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oxygen in sodium chloride solution per mole of NaCl was about equal to that in zinc 

sulphate solutions per 0.5 mole of ZnS04 . Therefore, it is assumed the solubility in ferric 

sulphate solutions can be estimated from that of sodium chloride solutions. It is 

calculated that at 30°C and atmospheric pressure, the solubility of oxygen decreases with 

0.07% per mM Fe3
+. Thus, the oxygen concentrations in iron solutions can be calculated 

from the measured activities using: (02] 0 = 0.85*(02)activity for a ferrous sulphate solutions 

of 0.21 mo!Fe/l, and [02]c = 0.81 *(02)activity at 0.27 molFe/l. 

3.3.5 kLa in aerated stirred reactors 

Typical values for kLa of oxygen in a stirred fermenter are listed in Table 3-iii. 

Table 3-iii Mass transfer coefficients, kLa, of oxygen in a stirred fermenter (standard geometry) 

with 2 litres of water at 30°C (Boogerd et al., 1990). 

stirring speed aeration rate kLa 
rpm vvm s·' 

(= rounds per minute) (= m3
8,/m

3
, 1u,,/minute) 

600 0.33 0.020 

700 0.33 0.030 

800 0.66 0.045 

0 0.83 0.0037 

200 0.083 0.0014 

700 0.083 0.022 

In literature a relation for kLa of oxygen in a stirred aerated vessel for water with ions 
at room temperature has been given (van't Riet 1979): 

(3.13) 

where 500<PN<IO*I03W/m3 and 2<V<4400 litre. In this equation PN is the power 
input per unit of slurry volume (W/m3

), v, is the superficial gas velocity in the reactor, 

which is equal to the volumetric air flow rate, $0 (m3/s) divided by the area of bottom 
plate of the reactor, AR (m2

). 
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3.3.6 0 2 and C02 equilibrium concentrations in a stirred vessel 

In an aerated stirred vessel oxygen and carbon dioxide for oxidation reactions and 

bacterial growth are consumed from the gas flow. Therefore, the dissolved oxygen and 

the carbon dioxide concentrations of the liquid in equilibrium with the gas phase 

decrease. From the gas-phase balance: 

(3.14) 

and applying Henry's law: 

[02Jl (3.15) 
( 02]; ,air 

the equilibrium concentration of dissolved oxygen, (02]L·· can be estimated ($0;~0°"~ 
using: 

(3.16) 

In these equations (02)L•,air is the dissolved oxygen concentration of the liquid in 

equilibrium with air. Analogous the equilibrium concentration of carbon dioxide, 

[C02]L°, can be estimated. 

3.3. 7 kLa in shake flasks 

Many bacterial oxidation experiments have been performed in shake flasks. In this 

section the work of van Suydam et al. (1978) is used to estimate the mass transfer rate 

in bacterial oxidation experiments in shake flasks. 

In a shake flask two mass transfer processes occur. Firstly, the transfer of oxygen and 

carbon dioxide gas across the cotton or silicon plug that closes the shake flask. The 

oxygen flow rate through the plug, $02,a (molls), is expressed by: 

(3.17) 

In this equation K. is the mass transfer coefficient through the plug (m3/s). The 
difference between the oxygen concentrations in air, (02] 0 air, and the oxygen 

concentration in the gas phase in the flask, (02Ja Oa.sk, is the driving force of the oxygen 

transfer through the plug. Similarly, the carbon dioxide flow rate through the plug, $coi.a 
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(molls), can be calculated as a function of the carbon dioxide concentration in air and 

in the gas phase in the flask. Typical values for Kw are given in Table 3-iv. 

It is estimated that the amount of carbon dioxide available in the shake flask is 

consumed within a few hours of an experiment (e.g. In a shake flask of 250 ml with I 00 

ml of slurry that contains l gram of pyrite per litre, the available C02 in the gas phase 
is consumed within l hour). Therefore, carbon dioxide transfer through the plug is 

necessary during the experiment. 

Table 3-iv: Mass transfer coefficients through plug material of a shake flask. 

Plug material 

Cotton wool 3•10·1 
- 4*10"7 

Silicon cap 

Silicon stopper 1.5* 10-s - 3.0* 10-s 

Allu-foil 2* 10·9 
- 1.5* I o.s 

Secondly, the mass transfer from the gas phase in the shake flask to the liquid phase, can 

be calculated from Equations (3.4) and (3.5). In these equations the equilibrium 

dissolved oxygen and carbon dioxide concentrations, [02]L' and [C02]L', are calculated 

from the oxygen and carbon dioxide concentration in the gas phase in the shake flask, 
[02] 0 flask and [C02] 0 flask. In steady state the oxygen transfer rate through the plug per unit 

of slurry volume, ~02.JVL (molO/l/s), is equal to the gas-liquid transfer rate, OTRg_.1 

(molO/l/s), and also to the oxygen consumption rate in the slurry, r02 (molO/l/s). This 
set of equations determines the actual oxygen concentration in the gas phase, [02] 0 flas\ 

and in the liquid phase, [02]v The same holds for the carbon dioxide transfer and 

consumption. 

This set of equations is simplified by eliminating the intermediate oxygen concentrations 
in the gas phase, [02] 0 flas\ and the steay state dissolved oxygen concentration, [02]L', of 

the slurry with the gas phase in the shake flask. In that case the driving force for the 

gas-liquid oxygen transfer is expressed as the difference between dissolved oxygen 
concentration of slurry at equilibrium with air, [02]L',air, and the actual oxygen 

concentration in the liquid, [02k. Then, the oxygen transfer rate to the slurry in the 

shake flask, OTRg_.1, is defined by: 
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(3.18) 

In this equation ko2 is the overall mass transfer coefficient, which is a combination of 

a resistance term for oxygen transfer over the stopper and a resistance term for gas

liquid oxygen transfer. Solving ko2 yields: 

(3.19) 

In this equation ho2 (-) is the partition coefficient of the oxygen concentration in the gas 

phase at equilibrium with the dissolved oxygen concentration in the slurry phase, which 

can be derived from the Henry coefficient, H02 (see Table 3-ii). 

Using Equation (3.6) an equation for C02 can be achieved: 

(3.20) 

The gas-liquid transfer coefficient, kLa, increases at decreasing slurry volumes in a shake 

flask. Therefore, it is assumed that the actual value of kLa can be estimated from 

measured kL<lo values at a given liquid volume, V L,O• with the correlation: 

(3.21) 

In Table 3-v typical values for kL<lo of oxygen in shake flasks are given. From this table 

it can be concluded that the mass transfer coefficient in non-baffled shake flasks is very 

low compared with that of aerated stirred reactors and baffled shake flasks. 

In equilibrium OT~vcrall = r0 2, and CT~vcrall = rc02, which determines [02]L and [C02]v 
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Table 3-v 

131 

Examples of values for kLa,, of oxygen in shake flasks of 250 ml and V L.o of I 00 ml at 

varying orbiting speeds in non-baffled and baffled shake flasks. 

Orbiting speed kt3o non-baffled kL 3o baffled 

N (s·' ) (s-') (s-') 

90 0.003 

140 0.006 0.040 

180 0.007 0.076 

220 0.010 0.134 

260 0.015 

3.3.8 Mass transfer limitation in bacterial oxidation experiments 

In Figure 3.1 a simulation for oxygen transfer effects in bacterial pyrite oxidation in an 
aerated stirred reactor (0.33 vvm and 600 rpm~ kLa = 0.02 s·1

), is plotted as a function 

of the pyrite concentration. In a steady state the actual oxygen consumption rate, r02, and 

the actual oxygen transfer rate, OTR, are equal. The actual value of [02]L is fitted from 

Equation (3.3), (3.4) and (3.16) and plotted in figure A; the value OTR;=r02 is plotted 

in B. In this calculation the affinity coefficient for oxygen, Ko2, is 10% of the saturation 

concentration with air. 

In figure A also the equilibrium concentration of dissolved oxygen, [02]L' (for the actual 
gas phase in equilibrium with the liquid) is plotted. This value slightly decreases at 

increasing slurry densities because oxygen is consumed from the gas phase, causing a 

slight decrease of [OJ0 . From this curve it can be seen that still sufficient oxygen is 

available in the gas phase. 
The maximum oxygen transfer rate, OTR,,,.,. (which is calculated from Eqn. (3.4) using 

the actual value of [02]L' and [02k = 0), is also plotted in B. The value of OTR,,, .. 
slightly decreases because [02]L' decreases. The oxygen consumption rate that would 

occur at sufficient dissolved oxygen concentration, r0 2max (Eqn. (3.1 )) is plotted in B. The 

deviation between r0 t"" and the actual r02 is due to mass transfer limitation: the decrease 

of r0 2 compared with r02 max is caused by the decrease of the actual dissolved oxygen 

concentration, [02k. The dissolved oxygen concentration that would occur at a 

maximum oxygen consumption rate, r0 t"X. is plotted in Figure A (minimum [02k). 
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A similar plot is shown for the carbon dioxide consumption, mass transfer and 

concentration (Figure 3.2). The value of [C02l°L becomes zero at about 20 grams of 

pyrite per litre, and the maximum carbon dioxide transfer rate, CTR,,,ax, becomes less 

than the maximum carbon dioxide consumption rate, rc02 max. This indicates that the 

amount of carbon dioxide that is available in the gas phase is less than the amount that 

can be consumed by the bacteria at optimal conditions: rcot ax exceeds $0 *[C02] 0 . The 

actual carbon dioxide consumption rate, rc02, decreases because the dissolved carbon 

dioxide concentration decreases. In these calculations the affinity coefficient for carbon 

dioxide, Kc02, is 10% of the saturation concentration with air. Above 20 grams of pyrite 

per litre rc0 2 becomes constant and is limited by the gas transfer rate. Therefore, at 

increasing pyrite concentration the gas flow rate needs to be increased, or carbon dioxide 

has to be added to the gas flow. 

In Figure 3.3 the oxygen consumption and transfer rates, and the steady state dissolved 

oxygen concentration, [02k, for bacterial pyrite oxidation in an non-baffled shake flask, 

is plotted as a function of the pyrite concentration. This figure is constructed in the same 

way as Figure 3 .1. From this plot it is concluded that a significant deviation between the 

maximum oxygen consumption rate, r02max and the actual oxygen transfer rate, OTR, 

already occurs at about 20 grams of pyrite per litre. 

In Figure 3.4 a similar plot is shown for the carbon dioxide consumption, mass transfer 

and concentration. Serious deviation between the carbon dioxide consumption rate, rc02, 

and the maximum consumption rate, rc0 2max, already occurs at about 5 grams of pyrite 

per litre. At about 8 grams of pyrite per litre rcot3X exceeds CTR,,,3X(overall). The 

amount of carbon dioxide that is at most transported from air (through the stopper) to 

the slurry is less than the amount that can be consumed by the bacteria at optimal 

conditions. 

From these plots it is concluded that the carbon dioxide supply and transfer to the liquid 

can cause a significant limitation of the bacterial growth rate on pyrite, and that mass 

transfer limitation occurs more easily in shake flasks than in aerated stirred reactors. It 

should be noted that because the bacterial oxidation of pyrite is a result of bacterial 

growth (see section 2.9.2 and Chapter 4), this also causes a decrease of the bacterial 

pyrite oxidation rate. The same holds for bacterial oxidation experiments with 

chalcopyrite and sphalerite. 

In the next section the possible occurrence of gas-liquid mass transfer limitation in 

bacterial oxidation experiments presented in the literature is discussed. 
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3.4 0 2 and C02 gas-liquid transfer limitation in the literature 

Mass transfer limitation reported in the literature 

As was discussed in Chapter 2 several authors observed a decrease of the bacterial 
oxidation rate at increasing slurry densities. Several authors also observed that applying 

different reactor types, and the addition of carbon dioxide to the aeration gas, can 

improve the bacterial oxidation rate. These observations are in accordance with the 

findings in this section. 

Torma et al. ( 1970 and 1972) observed that the oxidation rates of the bacterial extraction 
of zinc from a high-grade zinc sulphide concentrate were proportional to the pulp density 

and to the initial specific surface area. At higher pulp densities however, the transfer of 

carbon dioxide became rate limiting. 

Acevedo et al. (1987) compared a Pachuca tank and an aerated stirred reactor for their 

use in the bioleaching of chalcopyrite concentrate. Kinetic parameters were compared 

on the basis of equal total energy consumption. The stirred reactor was superior to the 

Pachuca tank in terms of amount of copper solubilized per unit of energy consumed and 

maximum percentage of extraction per unit energy. This indicates that the mass transfer 
coefficient of the laboratory scale stirred reactor at equal energy input is larger than that 

in the Pachuca tank. It cannot be concluded that this also holds at a industrial scale. 

Lawrence and Marchant (1987) examined the use of both Tferrooxidans and Sulfolobus 

in pretreating refractory sulphide gold ores and concentrates. A comparison of the 

mesophyllic process with the thermophilic system showed that better leaching kinetics 

were derived for the leaching with Tferrooxidans and that higher pulp densities could 

be applied. Possibly this difference is caused by increasing mass transfer limitation at 

increasing temperature. It should be noted that the dissolved equilibrium concentrations 

of oxygen and carbon dioxide decrease at increasing temperatures. Moreover, the oxygen 

and carbon dioxide concentration in the gas phase decrease due to the increasing amount 
of water in the gas phase at increasing temperature (Boogerd et al. 1990). On the other 

hand, the oxygen and carbon dioxide consumption rates of thermophilic bacteria are 

significantly larger as compared with that of T ferrooxidans. Therefore, in using 
thermophi lic bacteria even more precaution has to be taken to prevent carbon dioxide 

limitation. 

Norris and Barr (1987) examined dissolution of pyrite by Sulfolobus in a stirred tank 

and an air-lift reactor. They concluded that larger oxidation rates were derived in the 
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latter. This implies that better mass transfer is achieved in an laboratory scale air-lift 
reactor under the conditions of these experiments, presumably due to the higher air flow 

rate, which prevents the exhaustion of the gas phase. 

Boogerd et al. (1989) examined the role of growth and maintenance in the oxidation in 

batch cultures by a moderately thermophilic bacteria at 45°C. They also observed that 

the bacterial oxidation rate of pyrite decreased at increasing slurry densities, and that the 

oxidation rate increased again if carbon dioxide or yeast extract was added. Accordingly, 

at high slurry densities carbon dioxide transfer probably determined the oxidation rate. 

Estimation of mass transfer rates in the literature 

It is examined whether gas-liquid mass transfer limitation possibly occurred in bacterial 

oxidation experiments reported in the literature. Mass transfer coefficients, kLa(02) and 

kLa(C02), in these experiments were estimated, using the equations that were given in 

this chapter. Next the maximum oxygen and carbon dioxide transfer rates, OTR(max) 

and CTR( max) were calculated, using 10% of the air saturation concentrations as values 

of the actual dissolved oxygen and carbon dioxide concentrations, [02)L and [C02)L. The 

saturation concentrations, [02]L' and [C02]L', were determined for a water-phase in 
equilibrium with the gas-phase, according to Equation (3.16). The oxygen and carbon 

dioxide consumption rates, r02 and rc02, were calculated using the first order rate 

constants, k1, that were determined in Chapter 2, and Equation (3.1) and (3.2), 

respectively. Finally, the consumption rates were compared with the transfer rates. 

The estimations that were derived for the bacterial pyrite oxidation are listed in 

Table 3-vi. The order of authors in the first column correspond with that in Table 2-xvii. 

The second column gives the reactor type. The orbiting or stirring speeds and aeration 

rates are given in the third, and the reactor and slurry volume in the fourth column. If 

no data were reported by the authors, estimations were made based on other experiments 

by the same authors, and on the fact that the mass transfer rates are necessarily larger 
than the consumption rates. Estimated values are marked with est. In the fifth column it 

is given whether the aeration air was enriched with carbon dioxide. The estimated kLa 

values of oxygen and carbon dioxide, and the maximum gas-liquid transfer rates of 

oxygen and carbon dioxide are given in the next four columns. The twelfth and the 

thirteenth column give the oxygen and carbon dioxide consumption rates, which were 

calculated using the value of k1 in the tenth, and the pyrite concentration in the eleventh 
column. Finally, the last two columns report on the ratios of the oxygen transfer and 

consumption rates, and the carbon dioxide transfer and consumption rate. 
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If the ratios of the maximum mass transfer to the maximum consumption rates largely 

exceeds the value of one, the mass transfer rate in the experiment was sufficient. If 
however, one of these ratios is close to one, probably the mass transfer limited the 
bacterial oxidation rate. At those conditions the measured fust order rate constant, k1, 

is less than its maximum value. If the ratio is less than one, this is due to incorrect 

estimations. 

Discussion and conclusions 

Estimations on the oxygen and carbon dioxide consumption rates and transfer rates in 

bacterial oxidation experiments of pyrite reported in the literature, are listed in 

Table 3-vi. 

Both OTR/r02 and CTR/rc02 ratios were larger than one in the experiments of Norris et 

al. (1987), which agree with the high value that was found for k1• Norris (1989) found 

that at increasing pulp densities between 10 and 20 g/l the rate constant decreased, which 

agrees with the fact that the CTR/rc02 ratio decreases from 4 to below one. Due to the 
use of carbon dioxide enriched air and a higher gas-flow rates, the CTR/rc02 ratio 

increased to 33, at a slurry density of 100 g/l, and the reaction rate constant has 

increased to a higher value again (Norris and Barr, 1987). However, now the oxygen 

transfer rate starts to become limiting because the OTR/r02 ratio has dropped below one. 
In an aerated stirred reactor a high reaction rate constant was observed at 30 g/l pyrite. 

However, the OTR/r02 ratio was about one, which implies that a decrease of k1 is 

expected at increasing slurry densities. At 90 g/l pyrite a decrease of a factor of 8 was 

observed, which is more than is expected from mass transfer considerations. Possibly 

other factors, like bacterial shear, or nutrient limitation become inhibiting. 

Relatively low k1 values were determined for Olson's (1989 and 1991) oxidation 

experiments. The mass transfer rates appear to be sufficiently high. Therefore, other 

factors might have limited the oxidation rate. 



Table 3-vi Estimated mass transfer coefficients and maximum mass transfer rates, OTR and CTR, and maximum consumption rates, r02 and rc02, in bacterial oxidation 

experiments of pyrite as derived from literature data 

Reference Equipment •> Mass transfer rates Consumption rates Limitation 

Reactor Stirring (V) Vwork C02 kLa(02) kLa(C02) OTR CTR k, PD2> ro2 rco2 Ratio Ratio 

Aeration addition • 10-) • 10-) * 10-7 •10-• *IO-I •10-7 •10-• OTR/r02 CTR/rc02 

ml s·• s·' mol/l/s mol/l/s s·' g/I mol/l/s mol/l/s (-) (-) 

Norris SF 180 rpm'" ( IOO) 30 8.8 4.1 18 3.2 120 5 1.9 1.0 10 3.1 

el al. 

(1987) 

Norris ALR 0.5 vvm 500 5 2.5 IO 6.4 95 10 3.0 1.6 3_5 4 

(1989) 10 1.4 78 20 4.9 2.7 2. 1 0.5 

Norris and ALR I vvm 400 1% IO 5 20 500 100 90 28 15 0.7 33 

Barr ASR 400 rpm'" 750 1% 6.4 5.8 I3 140 160 30 15 8.2 0.9 I7 

( 1987) 0.33 vvm 13 150 20 90 5.6 3.I 2.4 47 

Olson SF 200 rpm (250) 50 15 6.6 3 I 5 39 20 2.4 1.3 I3 4 

( I989) SF 
" " 

I5 6.6 3I 5 8.9 20 0.6 0.3 55 I7 

SF 
" 

(250) 100 7.5 3.3 15 2.5 18 20 I.I 0.6 I4 4 

Olson SF 200 rpm (250) 50 15 6.6 3I 5 40 20 2.5 1.4 12 4 

( 199 I) 

Boogerd SF 130 rpm (250) IOO 5.7 2.8 I2 2.2 230 2.4 1.7 0.9 7 2.3 

et al. I70 4.8 2.6 1.4 5 1.6 

( 1989) 100 9.6 3.0 1.6 4 1.3 

78 14.4 3.5 1.9 3.4 1.2 

67 19.2 4.0 2.2 2.9 1.0 

ASR 400 rpm"' l I OO 5% 6.7 6.0 14 550 180 10 5.6 3. 1 2.4 180 

0. I5 vvm 



Reference Equipment 1> Mass transfer rates Consumption rates Limitation 

Reactor Stirring (V) v wort C02 kLa(Q2) kLa(C02) OTR CTR kl PD 2> ro2 rc02 Ratio Ratio 

Aeration addition •10·' * 10·' •10·1 •10-1 • 10-1 • 10·1 • 10·• OTR/ro2 CTRfrc02 
ml s·l s·l mol/l/s mol/l/s s·l g/I mol/1/s mol/1/s (-) (-) 

Pinches ASR 600 rpm'" 45000 CaCO, 126 113 200 0.6 240 150 78 43 2.6 0.015 

el al. 0.25 vvm 4.5 % in 

{1987) mineral 

Hansford and ASR 400 rpm"' 5000 18 16 36 0.09 30 100 9.4 5.1 4 0.02 

Drossou 0.33 vvm" ' 5.3 22 6.9 3.7 5 1.4 

{1987) 6.5 18 5.6 3.1 6 2.1 

7.8 14 4.4 2.4 8 3.3 

Lawrence and BSF 180 rpm" ' (250) 50 90 11 180 8.5 120 50 19 10 10 0.8 

Marchant 28 200 18 10 11 0.9 

( 1987) 

Atkins SF 250 rpm (500) 100 26 8.3 55 6.4 140 20 8.8 5.8 6 1.4 

(1978) 80 60 15 8.2 3.6 0.8 

40 100 13 6.8 4.4 0.9 

Konishi ASR 500 rpm 14 12 28 9.2 160 5 2.5 1.4 11 7 

el al. (1990) 4 vvm 100 10 3.1 1.7 9 5 

40 20 2.5 1.4 11 7 

Cwalina SF 250 rpm"' {l I) 500 0.4 0.4 0.9 0.3 20 10 0.6 0.3 1.4 0.9 

el al. (1988) 

Guay (1989) SF 250 rpm (250) 50 4.0 3.6 8.3 2.8 190 5 est 3.0 1.6 2.8 1.7 

Basaran (1991) SF 140 rpm (250) 100'" 2 1.8 4.1 1.4 37 20 2.3 1.3 1.8 I.I 

I) SF = Shake flask, BSF = Baffied shake flask, ASR = Aerated stirred reactor, ALR =Air lift reactor. V = volume of reactor, V wort= slurry volume, Stirring = stirring speed 

of stirred tank or Orbiting speed of Shake flasks (rpm = rounds/min). Aeration = gas flow rate in stirred or air lift reactors (vvm = m1 
... 1m1

, 1,..,Jmin). C02 is addition of 

C02 in aeration gas. '" These values were estimated and not given by the authors. 
2) PD = Pulp density, grams of pyrite per litre. 
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Boogerd et al. ( 1989) performed bacterial oxidation experiments with moderate 

thermophiles in shake flasks. The rate constant, k1, decreased at increasing pulp 

densities. In all cases the CTR/rc02 ratio is close to one. Therefore the rate decrease was 

probably caused by carbon dioxide transfer limitation. In a stirred reactor that was 

aerated with carbon dioxide enriched air the mass transfer to consumption ratios are 
sufficiently large. The value of k1 at 10 g/l pyrite in the stirred reactor was about two 

times larger than the value in a shake flask at 10 g/l, but not as large as the highest 

value that was measured in the shake flask. 

Pinches et al. (1987) measured relatively high bacterial oxidation rate constants in a 

continuous culture. The gas flow rate was controlled to provide a dissolved oxygen 

concentration above 1 mg/I. However, the CTR/rc02 ratios are far below one. They 

reported that the mineral contained 4.5% carbonate, which possibly acts as a carbon 
source. In a continuous reactor fresh mineral is constantly added, which provides a 

constant carbon source. 

The same (carbonate rich) pyrite source was used by Hansford and Drossou (1987). 

However, they performed their experiments in batch cultures in which the carbonates 

will dissolve too fast. A relatively low value of k1 was observed. The CTR/rc02 ratio is 

close to one. Accordingly, these low rates are probably caused by carbon dioxide 

limitation. 

Lawrence and Marchant (1987) observed a decline in the bacterial oxidation rate by a 

factor of four for a four times larger pyrite concentration. The CTR/rc02 ratio is close 

to one and constant for the two circumstances. Therefore, the bacterial oxidation rate 
was probably limited due to exhaustion of carbon dioxide in the gas-phase. 

Atkins ( 1978) also reported that the bacterial oxidation rate decreases at increasing pyrite 

concentrations, which is probably caused by carbon dioxide limitation, because the 

CTR/rc02 ratio is close to one. 

Konishi (I 990) measured a decrease of the bacterial oxidation rate constant at increasing 

pyrite concentrations. However, this cannot be explained by mass transfer limitation 

because both the OTR/r02 and the CTR/rc02 ratio significantly exceed one. Therefore, 

another explanation is needed. 

Cwalina et al. (1988) observed a relatively low value of k1• Both the OTR/r02 and the 

CTR/rc02 ratio are close to one, therefore, probably the mass transfer rate determined the 

bacterial oxidation rate of pyrite. 
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The bacterial oxidation rate constant measured by Guay (1989) is relatively high, and 

the CTR/rc02 ratio slightly exceeds one. Therefore, the measured bacterial oxidation rate 

is probably close to being mass transfer limited. 

Basaran ( 1991) applied a high pyrite concentration in a shake flask and a relatively low 

rate constant was observed from their data. Because both the CTR/rc02 and the OTR/r02 

ratio are about one, the low bacterial oxidation rate constant is probably caused by mass 

transfer limitation. 

It is concluded that in most cases reported in the literature, low first order oxidation rate 

constants in the bacterial oxidation of pyrite are probably caused by C02 transfer 

limitation. In those cases the mass transfer rate determined the bacterial oxidation rates. 

Significantly larger rate constants were observed if sufficient mass transfer rates were 

provided and if sufficient carbon dioxide was available in the gas flow. 

3.5 Mass transfer from the bulk-phase to a reaction surface 

3.5.1 Introduction 

In heterogeneous reactions mass transfer from the liquid to the reaction surface occurs. 

In a direct mechanism oxygen and carbon dioxide are transferred from the liquid-phase 

to the minerals surface. In an indirect mechanism ferric iron is transported from the 

bulk-phase to the minerals surface, while ferrous ions travel in the opposite direction. 

Dissolved substrate (e.g. ferrous iron or reduced sulphur compounds), oxygen and carbon 

dioxide are transferred from the bulk-phase to the bacteria. Mass transfer limitation at 

the reaction surface occurs when the reaction rate at conditions in the liquid phase 

exceeds the mass transfer rate to the reaction surface. It will be examined whether the 

oxygen and carbon dioxide transfer rates to the reaction surface possibly determine the 
oxidation rate. In these mass transfer processes the driving force is due to the 

concentration difference between the bulk-phase and the reaction surface. Accordingly, 

at low concentrations (e.g. of ferrous iron) the bulk-phase concentration might 

significantly differ from that at the reaction surface. In Chapter 5 it will be shown that 

the bacterial ferrous iron oxidation rate decreases at increasing ferric to ferrous iron 
ratios. Due to the mass transfer phenomena the ferrous to ferric iron concentration at the 

surface of the bacteria is different from that in the bulk-phase. It will be examined at 

which ferrous iron concentrations the transport rate determines the bacterial oxidation 

rate. Also a threshold ferrous iron concentration is observed in the bacterial ferrous iron 

oxidation (Chapter 5). It will be examined whether this threshold concentration is 
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possibly due to transport limitation of ferrous iron to the bacteria. In Chapter 7 it is 

proposed that the chemical oxidation rate of pyrite increases with increasing ferric to 

ferrous iron ratios, up to a maximum pyrite oxidation rate. It will be examined whether 

the maximum oxidation rate is possibly determined by transport limitation of ferrous 

iron from the mineral surface to the bulk-phase. 

3.5.2 Film theory 

Mass transfer from the liquid-phase to a surface is usually described as a diffusion 

process through a stagnant liquid layer around the solid particle. According to the film 
theory the liquid-solid mass transfer rate of oxygen and carbon dioxide (OTR1-+s and 

CTR1-+.) depends on the thickness of the diffusion layer and on the concentration 

gradient over this layer. Fick's law gives the mass flux, ~" (mol/m2/s), caused by 

diffusion. If it is assumed that the concentration gradient across the stagnant liquid layer 

is linear, and if the liquid film around a particle is assumed to be a flat plane with a 

thickness of 8, the flux of compound i to a particle, ~'';, is expressed by: 

(3.22) 

In this formula, D; (m2/s) is the diffusion coefficient of compound i in water. The 

diffusion coefficients of oxygen, carbon dioxide and iron ions in water at 30°C are given 

in Table 3-vii. The concentration difference of compound i in the bulk of the slurry, 
[i]Lbulk (mol/m3), and at the surface, [i]Lsurf (mol/m3

) is the driving force of the diffusion 

process. 

In the film theory the mass transfer coefficient of compound i, kL,i (mis) is defined as 

the ratio of the diffusion coefficient, D;, and the thickness of the stagnant boundary 

layer, 8: 

(3.23) 

Therefore, the flux of compound i to the surface of a particle or bacteria, ~";, is also 

expressed by: 

(3.24) 

The thickness of the liquid boundary layer depends on the reactor and the hydrodynamic 

conditions. In general the thickness of the boundary layer is derived from the Sherwood 
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number, Sh, which represents the ratio of external mass transfer transport by convection 

and diffusion. For mass transfer to particles (or bacteria) the Sherwood number is 

calculated from the ratio between the diameter of the particle, dpar, and the thickness of 

the boundary layer, o, around the particle: 

Sh = dpa, 
0 

(3.25) 

Many empirical relations are proposed to calculate the Sherwood number. An example 

of a relation for the estimation of the Sherwood number for spherical particles in a 

liquid flow is given by: 

0 66 (Re.sc) l.7 

Sh = 2 + ----· ---- -----
(1 + (0.86.Sc 116) 3] 113 • 1 + (Re.Sc) 12 

(3.26) 

in which Sc is the Schmidt number and Re is the Reynolds number. The dimensionless 

numbers can be calculated using the following equations: 

(3.27) 

and 

Re (3.28) 

In these equations vis the kinematic viscosity, and vwater = 0. 78* 1 o·6 m2/s. The kinematic 

viscosity is related to the dynamic viscosity (which is used in Stokes'law, Eqn. (3.29)), 

11, according to: Tl = v.p1iquid' and 11.,,,,, = 0.78*10·3 kg/mis. The liquid velocity, vL 

(mis), around a particle or bacteria is estimated using Stokes' law for the settling velocity 

of a single particle in a stagnant liquid: 

(3.29) 

In Table 3-vii the values of the dimensionless numbers and kL,i for particles and bacteria 

are listed. For bacteria the Sherwood number is 2, which implies that the boundary layer 

thickness is equal to the radius of the bacteria. 
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In equilibrium the flux of compound i from the bulk phase to the reaction surface, or 

from the reaction surface to the bulk phase, $"; (mol/m2/s), is equal to the consumption 

or production rate of compound i, kA,spher,i (mol/m2/s): 

$" - k i - A,spher,i 
(3.30) 

Accordingly, the concentration of compound i at the reaction interface can be calculated 
from Equation (3.24) and (3.30). 

Table 3-vii: 

02 

C02 

Fe•• 

02 

C02 

Fe .. 

Calculation of the mass transfer coefficient, kL_;, using Eqns. (3.22) - (3.29) for pyrite 

particles and bacteria in water at 30°C and l atm. 

D; YL Sc Re Sh 8 kL.; 
m2/s mis m mis 
10·• •10-6 JO"' 

FeS2 particles with dpar = 60*10-6 m and PFeS = 5000 kg/m3 

' 
2.3 0.010 339 0.79 6.6 9.1 2.5 

1.6 488 7.2 8.3 1.9 

1.0 (estim) 780 8.2 7.4 1.4 

bacteria with a size of 0.5 x I* 10-6 m and p bacteria = I 013 kg/m3 

2.3 9.3*10'9 339 1.2•10·1 2.0 0.5 46 

1.6 488 2.0 0.5 32 

1.0 780 2.0 0.5 20 
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3.5.3 0 2 and C02 consumption and transfer rates at the reaction interface 

The maximum fluxes of oxygen and carbon dioxide to particles and bacteria, $";(max), 
are calculated (see Table 3-viii), using oxygen and carbon dioxide concentrations of 

water saturated with air in the bulk phase (30°C and 1 atm), and 10% of the saturation 

concentrations at the reaction surface (Eqn. (3.24)). 

Table 3-viii: 

02 

C02 

Fe'+ 

02 

C02 

The maximum flux, ~";(max), across the liquid film in water saturated with air is 

compared with the maximum bacterial consumption rate of 0 2 and C02 at the pyrite 

surface (direct mechanism), kA.sphcr,i• and in the bacterial oxidation of Fe2+, kA.bact.i· 

a.,52=2.4 m2/molFeS2, ~.01=960 m
2/C-mol (20% dry weight, Mb"1=24 g/mol) 

Maximum transport rates Maximum consumption rates 

gradient ~"; at FeS2 surface vi.max k A,sphtt,i 

mol/m3 mol i/m2 
.,5/s mo! i/mo!FeS/s mol i/m2FcS/s 

0.22 56*10 .. 6.9*10 .. 2.9* 10-<> 

0.0085 1.6* 10-<> 0.29* 10-6 0.12• 1 o-<> 

[FeJ+)b,1k [Fe3+]b,ik * 140* 10.o 26*10-6 10.8*10.o 

~"; at bacteria surface kinetic constant k A.bact.i 

mo! i/m\...fs mo! i/C-mol/s mol i/m2b...fs 

0.22 1000*10 .. q02.mox = 670* I 0-6 0.70*10-6 

0.0085 27*10-6 µmax= 28* 10-6 0.028* 10-6 

Direct mechanism 

If all the oxidation reactions and bacterial growth would occur at the mineral surface 
(i.e. direct mechanism), the oxygen and carbon dioxide consumption rates at the mineral 

surface can be calculated from kA,spher,i (mol/m2/s). In Table 3-viii the maximum oxygen 

and carbon dioxide consumption rates per square metre of pyrite are listed. In these 

calculations kinetic data measured in the pyrite oxidation with Leptospirillum-like 

bacteria are used (see Chapter 7). Comparing the maximum mass transfer rate of oxygen 

to the mineral surface, $"02 (mol/m2/s), with the maximum consumption rates of oxygen, 

kA,spher.02, shows that no mass transfer of oxygen to the mineral surface will occur. 
Carbon dioxide mass transfer limitation to the pyrite surface will occur if the dissolved 

carbon dioxide concentration in the bulk phase becomes less than about 20% of the 
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saturation concentration (assuming that C02 consumption is terminated at 10% of the 
saturation concentration). 

Indirect mechanism 

The maximum oxygen and carbon dioxide consumption rate per square meter of 

bacterium, kA,bact,i (mol/m2/s), were estimated from the maximum biomass specific 
oxygen consumption rate, q02,max> and the maximum carbon dioxide consumption rate, 

µmax' that were measured in the bacterial ferrous iron oxidation (see Chapter 5). To 

calculate the specific surface area of the bacteria per mole of carbon, aooc1 (m
2/C-mol), 

it is assumed that a bacterium sizes I µm in length and 0.5 µm in width, and that its dry 

weight percentage is 20%, yielding: a00c1 = 960 m2/C-mol. The data are listed in 
Table 3-viii. From a comparison of the maximum consumption rates of oxygen or 

carbon dioxide by the bacteria, kA,bact,i• with the maximum transfer rates, ~"i to the 
bacteria, it is concluded that mass transfer limitation of oxygen or carbon dioxide to the 

bacteria will not occur. 

3.5.4 Fe•+ consumption and transfer rates at the reaction interface 

Chemical oxidation of FeS2 with Fe3+ 

In Table 3-viii the transfer rate of ferric iron to the pyrite surface, and the maximum 
ferric iron consumption rate in the chemical oxidation reaction (see Chapter 7) are given. 

It is calculated that the ferric iron transfer to the reaction surface becomes limiting at 

concentrations in the bulk-phase below 7.7*10-2 mo!Fe3+/m3 (4 mg/I). Because those 

circumstances do not occur in the experiments or in industrial processes, ferric iron 

transfer limitation to the reaction surface is not relevant. 

Bacterial ferrous iron oxidation 

In Chapter 5 it will be shown that the bacterial ferrous iron oxidation rate is determined 

by the ferric to ferrous iron concentration ratio. The bacterial ferrous iron consumption 

rate per bacterial surface area, kA,bac~Fci+ (mol/m2/s) is estimated from the simplified 
kinetic equation: 
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kA,bact,Fe2• (3.31) 

in which qFei+,max is the maximum bacterial specific ferrous iron consumption rate which 
is 9.6 mo!Fe2+/C-mol/h for Thiobacillus ferrooxidans and 8.0 mo1Fe2+/C-mol/h for 

Leptospirillum-like bacteria (~ei+,max = 4.q02,m.J· The value of K/Ki is 0.05 for 
Tferrooxidans and 0.0005 for Leptospirillum-like bacteria. 

1E-01 

~ 
jg 1E-04 

"' .§. 
+ 
~ 
LL 1 E-07 
0 §_ 1E-08 

1E-09 

1E-10 

It is examined whether mass transfer of 

ferrous iron to the surface of the bacteria 

determines the bacterial oxidation rate of 
ferrous iron. In Figure 3.5 the ferrous iron 

consumption rates, kA,bact,Fci+ (mol/m2/s), by 
Tferrooxidans and Leptospirillum-like 

bacteria, at 0.21 mol/l total iron, are plotted 

as a function of the ferrous iron 

concentration. Also the maximum ferrous 

iron transfer rate (ferrous iron concentration 
1

E·%-01 1E-oo 1E-0s 1E-04 ,E-03 1E-02 1E-a1 1E+oo at the surface is 0) to the bacteria is plotted 
[Fe2+)bulk (mol/I) in this graph. From this plot it can be seen 

Figure 3.5 
(-) Maximum transfer rate of ferrous iron to 
the bacteria, ~"F.2• (a1"'' = 960 m2/C-mol). 
Consumption rate of ferrous iron, kA,baci,Fc2+, by 
(-----) T f errooxidans (qFc2+,max = 9.6 mol/C-mol/h, 
K/ K; = 0.05) and by ( ....... ) Leptospirillum-like 
bacteria (~c2+ mox = 8.0 mol/C-mol/h, K/ K; = 

0.0005) at 0.2'1 moll! total iron concentration. 

that both the transfer rate, $ "Fei+ and the 

consumption rate, kA,bact,Fei+ decrease at 
decreasing ferrous iron concentration. The 

maximum ferrous iron transfer rate is much 

larger than the consumption rate at all 

ferrous iron concentrations. From Equation 

(3.24) and (3.30) it is calculated that the 
ferrous iron concentration at the surface of the bacteria is at most 1 % less than the 

concentration in the bulk phase. Consequently, no mass transfer limitation occurs at the 

bacterial surface in the oxidation of ferrous Therefore, the threshold ferrous iron 

concentration that was observed in our measurements (Chapter 5) is not caused by mass 

transfer phenomena. 



148 Chapter 3 

Chemical oxidation of FeS2 with ferric iron 

In Chapter 7 it will be shown that the pyrite specific chemical oxidation rate of pyrite, 

vFes2 (mol/mol/h) is determined by the ferric to ferrous iron concentration ratio: the 
chemical oxidation rate increases at increasing redox potential (i.e. increasing 

[Fe3+]/[Fe2+]). However, at high ratios a maximum pyrite oxidation rate, vFes2,max• is 

observed. A kinetic equation is proposed to describe the chemical oxidation rate of 

Prieska pyrite: 

V FeS2 
V FeS2,max 

(3.32) 

The values of the kinetic parameters that are determined in the experiments are: vFes2,max 

= 4115*0.025 mol/mol/h and B = 2500 for Prieska pyrite. In the chemical oxidation of 

pyrite, ferrous iron is produced at the reaction interface and needs to be transported to 

the bulk phase. The ferrous iron production rate at the pyrite surface, kA,sphcr,Fe2+ 
(mol/m2/s) is calculated from: 

~ 
Q) 
.c a. 
f/) 

N 
E 
+ 
N 
Q) 
u. 
0 
.§. 

k a.,sphcr.,Fel+ 
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1 E-1 O+-r"""'r-rT,....-rrrm.-TTT1...--rrrmw-TTmnr-nTmli 
1E-07 1E-06 1E-05 1E·04 1E·03 1E-02 1E·01 1E+OO 

[Fe2+ ]bulk (mol/I) 

Figure 3.6 
( ....... ) Production rate of ferrous iron, kA.•pher,Fel+> 
calculated with vFeSl max = 4/15*0.025 mol/mol/h 
and B = 2500, at [F~] = 0.21 mol/1. 
( - ) Maximum transfer rate of ferrous iron 
from the pyrite surface to the bulk phase, ~"Fe2+ 
(aFes2 = 2.4 m2/mo!FeS2). 

(3.33) 
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(mo1Fe2+ /m2sphere/s) 

Figure 3.7 
(. ...... ) Ferrous iron concentration in the bulk 
phase and [Fe2+] ( - ) at the pyrite surface, 

calculated at ~"f,2+ = kA,spher.Fe2+· 
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In Figure 3.6 the ferrous iron production rate at the pyrite surface, kA,spher,Fc2+• is plotted 

as a function of the ferrous iron concentration in the bulk-phase. Also, the maximum 

transfer rate of ferrous iron from the reaction interface, ~"Fe2+> is calculated at a zero 

ferrous iron concentration in the bulk phase, and plotted in Figure 3.6. In Figure 3.7 the 

ferrous iron concentration at the pyrite surface and in the bulk-phase are calculated from 

~"Fe2+ = KA.spher.Fe2+, and plotted against this surface specific (production and transport) 
rate. From Figure 3.6 it can be seen that at low ferrous iron concentrations the ferrous 

iron production rate becomes equal to the maximum ferrous iron transfer rate, and in 

Figure 3.7 it is shown that the difference between the ferrous iron concentration at the 

pyrite surface and that in the bulk phase steeply decreases near the maximum pyrite 
oxidation rate that was observed in our measurements. Accordingly, the maximum 

chemical pyrite oxidation rate is probably determined by the transfer rate of ferrous iron 
from the reaction interface to the bulk-phase. 

3.6 Conclusions 

In the bacterial oxidation of sulphide minerals gas-liquid transfer of oxygen and carbon 

dioxide easily becomes reaction rate determining. It has been shown that carbon dioxide 

exhaustion of the aeration air, and carbon dioxide gas-liquid transfer limitation occurs 
rather than oxygen limitation. 

Mass transfer rate to consumption rate ratios of both oxygen, OTR/r02, and carbon 
dioxide, CTR/rc02, were estimated for bacterial oxidation experiments that were reported 

in the literature. For carbon dioxide this ratio appeared to be close to one in several of 

the experiments. It was also observed that in most cases the decrease of the reaction rate 

constant at increasing pyrite concentrations occurred at a constant mass transfer to 
consumption rate ratio, and that the value of this ratio was close to one. Also the 

occurrence of low rate constants, k1, correlated with mass transfer to consumption rate 

ratios that were close to one. Therefore, it was concluded that the gas-liquid mass 

transfer rate determined the bacterial oxidation rate in these cases. 

From these results it becomes clear that attention needs to be paid to prevent gas-liquid 

mass transfer limitation, especially with respect to carbon dioxide, in the measurement 

of bacterial oxidation kinetics. Possibly also other factors cause a decrease of the 

bacterial oxidation rate at higher pyrite concentrations, like the occurrence of nutrient 

limitation, low pH values, a relatively lower concentration of the bacteria due to the 

amount of inoculum, bacterial shear, or inhibition by substances that leach from the 
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mineral. However, those factors can only be examined if sufficient mass transfer is 

provided. 

Furthermore it was concluded that oxygen, carbon dioxide and ferric iron transfer 

processes from the liquid-phase to the mineral surface or to the surface of the bacteria 

does not become rate limiting. If all the carbon dioxide consumption occurs at the 

mineral surface, carbon dioxide transfer to the mineral surface becomes limiting at a 

dissolved C02 concentration of about 20% of air saturation. However, from Chapter 2 

it was concluded it is unlikely that all the bacterial oxidation reactions occur at the 

mineral surface. 

Another important conclusion that was drawn from the calculations in this chapter 

concerns the pyrite oxidation kinetics determined in Chapter 7. In the kinetic 

experiments it was observed that the pyrite oxidation rate increased with increasing ferric 

to ferrous iron ratios, up to a maximum value, vFest"" (mol/mol/s). It appeared that the 

maximum pyrite oxidation rate is probably determined by the transfer rate of ferrous 

iron that is produced at the pyrite surface, to the bulk phase. 

3.7 List of symbols 

a 

CTRg->I 

OTRs->I 
dp 

8 

D; 

e, 
[FeS2] 

H; 

h; 

h, h\ 11·, hg 

I 
k, 
kA 

Activity coefficient in water (-). 

Activity coefficient in electrolyte(-). 

Area of bottom plate of the reactor (m2
) 

specific surface area of bacteria (m2
cc11/C-mol). 

specific surface area of pyrite (m2pan;c1/molFeS2): 

specific particle surface area (m2
, 01;im

3
, 1.ny). 

Concentration of ion i (mol/m3
) 

carbon dioxide gas-liquid transfer rate (mol/m3
, 1.nyls). 

oxygen gas-liquid transfer rate (mol/m3
,1.nyls). 

particle diameter (m). 

Thickness of stagnant liquid film (m) 

Diffusion coefficient of compound i (m2/s). 

Solid hold-up in unaerated slurry (m3
,0i;/m

3
, 1.ny). 

Concentration of pyrite (mollm3,1.ny). 

Henry coefficient of compound i(N/m2
). 

Partition coefficient of compound i between gas and liquid phase(-). 

Constants in calculation of ionic strength. 

Ionic strength. 

First order in concentration reaction rate coefficient (s-1
). 

First order in surface reaction rate coefficient (mol/m2/s). 
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kA,sphcr,i 

kA,bac1,; 

kLa(02) 

kLa(C02) 

k L,; 

ko2 

kco2 

K. 
Ko2 
L 

µ 
v 

[02JL 

[02]0 

[02J'\ 

(02)acHvhy 

Po 
P; 
R 

Re 

rc02 

ro2 

rMcS 

PMcS 
Sc 

Sh 

T 

<Po 

<Po2.G 
X; 

y 

Ysx 

Z; 

First order rate coefficient of compound i at particle surface (mol/m2/s). 

First order rate coefficient of compound i at particle surface (mol/m2/s). 

Mass transfer rate coefficient of oxygen (s-1
). 

Mass transfer rate coefficient of carbon dioxide (s-1
) . 

Mass transfer rate coefficient of compound i (m/s) 

Overall mass transfer rate coefficient of oxygen in shake flasks (s-1
). 

Overall mass transfer rate coefficient of carbon dioxide (s-1
). 

Mass transfer coefficient through a plug (m3/s) 

Affinity coefficient for oxygen. 

Characteristic length in the Sherwood number (m) 

Molar weight of sulphide mineral (kg/mol). 

Specific growth rate (s-1
). 

kinematic viscosity (m2/s). 

dissolved oxygen concentration in liquid phase (mol/m3
). 

oxygen concentration in gas phase (mol/m3
). 

oxygen concentration liquid phase saturated with gas phase i (mol/m3
). 

oxygen activity that is measured by a Clark cell (mol/m3
) 

Atmospheric pressure (N/m2). 

Partial pressure of solute gas i (N/m2). 

gas constant (J/mol/K). 

Reynolds number (dimensionless) 

Carbon dioxide consumption rate (mol/m3
,1un/s). 

Oxygen consumption rate (mol/m3
,1un/s). 

Oxidation rate of MeS (mol/m3
, 1un)s. 

MeS density (kg/m3
). 

Schmidt number (dimensionless) 

Sherwood number (dimensionless) 

Temperature (K). 

Liquid velocity around a particle (m/s). (In formula V L was used). 

Superficial gas velocity with v,=<P
6
,/A,eactor (mis) 

Reactor volume (m3
). 

gas volume (m3
). 

liquid volume (m3
). 

solid volume (m3
). 

Mass flux of compound i to a surface (mol i/m2/s) 

Volumetric gas flow rate (m3/s) 

Gas flow rate of oxygen (mol/ms) 

Mole fraction of gas i in water (mol/molHzO). 

volumetric fraction of oxygen in air (m3/m3
). 

Yield of biomass on MeS (molb;oma..fmolM,5). 

Charge of ion i (-) 
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4 

Chapter 4 

Theoretical and experimental methods in determining 
rate-limiting sub-processes 

It is shown how general theory and experimental methods used in other fields of the 

biotechnology can be applied to kinetic experiments in biohydrometallurgy. The 
application of a stoichiometric equation to derive the mass balances for bacterial 

substrate oxidation and growth, and the application of the Pirt equation to relate the 

substrate oxidation and the bacterial growth and maintenance, are shown. Also, the 

application of biomass and mineral specific rates is shown. 
The theory of the use of on-line off gas analyses is explained in several examples of the 

bacterial ferrous iron and pyrite oxidation. It appears to be a reliable tool to determine 

the concentration of the biomass, the degree of substrate oxidation, and the specific 
rates. On-line off-gas analyses are also very usefal in examining the response to step 

changes in batch culture experiments because the specific rates can be continuously 

followed. 
Respiration measurements by means of a biological oxygen monitor are used as a tool 
to determine the maximum biomass specific oxygen consumption rate, q02""i.', and the 

kinetic behaviour of cell suspensions from batch or continuous cultures. A new technique 

is developed in which the bacterial oxidation rate of ferrous iron at very low 

concentrations is simultaneously monitored in respiration measurements and by 

measuring the redox potential. Its use is illustrated in examples. These dynamic BOM-Eh 

measurements are reliable, reproducible, and easy in application. 

Finally, the methods that were applied to examine the kinetics in bio-oxidation reactions 

of sulphide minerals were discussed. Two different methods were proposed to examine 

the rate limiting sub-processes, the one applied to zinc sulphide, the other to pyrite. 

4.1 Introduction 

In this research work experimental and theoretical tools are applied which are commonly 

used in the chemical- and bio-technology. From studying the literature, it appeared that 

these tools are not very often applied in examining the bacterial oxidation kinetics of 

ferrous iron and sulphide minerals. In this chapter the use and application are explained. 

Chemical and bacterial oxidation rates as presented in the literature were mostly 

determined from off-line concentration measurements in batch experiments (e.g. metal 

ion analyses in the sample, see Chapter 2). Although this is an accepted method, it is 

limited in the accurate determination of the oxidation rates as a function of the process 
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conditions, and consequently, in the determination of rate limiting sub-processes. In this 
work on-line oxygen and carbon dioxide analyses of the aeration gas and off-gas, will 

be applied to determine the oxygen and carbon dioxide consumption rates in batch and 

continuous culture experiments 1
• The continuous measurement of the oxygen and 

carbon dioxide consumption rates makes it possible to accurately determine the bacterial 

oxidation kinetics. 

Application of a stoichiometric equation for the concurrent bacterial growth and substrate 

oxidation, yields a relationship between substrate consumption (e.g. ferrous iron, zinc 

sulphide, pyrite), and the oxygen and carbon dioxide consumption (Roels, 1983). This 
equation between the bacterial substrate consumption, and the oxygen and carbon 

dioxide consumption, is often referred to as the degree of reduction balance. The degree 

of reduction balance is very useful in calculating the substrate oxidation rate, using the 
continuously measured oxygen and carbon dioxide consumption rates, and in calculating 

the total amount of substrate that has been consumed. 

In the literature, often cell counts, organic nitrogen or protein analyses were applied to 
determine the biomass concentration. However, these methods are time consuming, and 

suffer of limited accuracy when used to determine the bacterial growth rate. In this work 

the concentration of bacteria is expressed in moles of organic carbon per litre (C-mol/l). 
Autotrophic bacteria, like Thiobacillusferrooxidans and Leptospirillum-like bacteria, use 

carbon dioxide as their sole carbon source to produce organic matter. The continuous 

carbon dioxide analyses of the gas phases provides a tool to calculate the increase of 

bacteria (expressed in moles of organic carbon) in the fermenter. 

On-line measurements of the redox-potential in batch cultures on ferrous iron or pyrite 

will be used to determine (changes in) the ferric to ferrous iron ratios. From applying 
this analytical tool, low ferrous iron concentrations in the fermenter can be determined 

that cannot accurately be measured in off-line sample analyses. 

Accordingly, data on the oxygen, carbon dioxide and substrate consumption rates, and 

on the substrate and bacteria concentration are available any time of the experiment. 

To describe the bacterial oxidation kinetics, the production and consumption rates are 

expressed per unit of biomass (e.g. the biomass specific growth rate,µ, and the biomass 

specific oxygen consumption rate, q02). The production and consumption rates are also 

It should be noted however, that the application of off-gas analysis requires a more complicated 
equipment, because the aerated stirred fermenter needs to be closed air tight. 
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expressed per unit of mineral (e.g. the oxygen consumption rate per mole of pyrite, v02). 

The biomass and mineral specific rates can easily be determined from the available 

experimental data at any time of the experiment. 

The Pirt equation is applied to relate the substrate consumption and the bacterial growth 

and maintenance. In this equation it is assumed that the energy from the bacterial 

substrate oxidation is used for growth and maintenance processes of the bacteria, and 

that the amount of energy to produce the bacteria, Y,,max, and the amount required to 
maintain the bacteria, m., are energetic constants (Pirt, 1982). 

Another useful analytical tool is the respiration measurement. These measurements are 

carried out in a biological oxygen monitor (BOM) which makes use of a Clark type cell 
to measure the decrease of the dissolved oxygen concentration in a sample. BOM 

measurements will be applied to determine the maximum oxygen consumption rate, 

q02,max• and kinetic constants, in the bacterial ferrous iron oxidation, of cell suspensions 
from batch or continuous cultures on ferrous iron or pyrite. 

A new method has been developed in which the oxygen consumption rate and the redox 

potential of a cell suspension are simultaneously measured. These measurements provide 
accurate data of the bacterial oxidation kinetics at low ferrous iron concentrations. This 

method is referred to as "dynamic BOM-Eh measurement". 

The bacterial oxidation kinetics on ferrous iron will be measured in continuous and batch 

cultures under various conditions, and in respiration experiments. It will be examined 

whether these different methods yielded corresponding oxidation kinetics, or whether the 
history of the bacteria determines its oxidation kinetics. 

This chapter presents the theoretical tools that are used m studying the bacterial 

oxidation kinetics in section 4.2. The experimental tools are described in section 4.3, and 

the methods to derive accurate kinetic data from the on-line measurements in section 4.4. 

In section 4.5 the use of these theoretical and experimental tools is illustrated by 

examples from experiments that were carried out to measure the oxidation kinetics of 

ferrous iron and pyrite with T.ferrooxidans and Leptospirillum-1ike bacteria. Finally, the 

methods that are used to determine the rate limiting sub-processes in the bacterial 
oxidation of sphalerite and pyrite are discussed in section 4.6. 
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4.2 Theory 

4.2.1 Mass and charge balances 

A stoichiometric equation for bacterial growth on ferrous iron can be derived from the 

elemental balances on C, H, 0, N, Fe, and the charge balance (see appendix, section 

4.7.1). Introduction of Y .. as the biomass yield on ferrous iron, and assuming that the 

biomass composition is represented by CH1.s0o.5N0.2, results in the following 

stoichiometric equation for the bacterial oxidation of ferrous iron: 

(1-4.2f) 1 1 co2 + 0.2NH4+ + sx 0 + -Fe 2
• + (--0.2)H+--+ 

4f" 
2 

Ysx Ysx (4.1) 

CH1.
8
0

0
_
5
N

0
_
2 

+ _fl Fe 3
• + (-

1
- -0.6) Hp 

2Y 
.)X SX 

This stoichiometric equation provides the following relations between production and 

consumption rates of the compounds. In the equations production rates are positive, 

consumption rates are negative. 

According to the definition, llY •• is the amount of substrate to be oxidized to produce 

1 C-mole of biomass. Therefore, the production rate of biomass equals the substrate 

oxidation rate times the yield of biomass on that substrate: 

-r 
s 

1 
-r y x 

sx 

(4.2) 

Similarly IIY
0

• is defined as the amount of oxygen that is to be consumed to produce 

I C-mole of biomass that oxidizes a certain substrate. So, the production rate of biomass 

equals the oxygen consumption rate times the yield of biomass on oxygen, Y0 .: 

(4.3) 

If it is assumed that no jarosite precipitates are formed, the oxidation rate of ferrous 

iron, rFc2+, equals the production rate of ferric iron, rFeJ+: 

-r = r Fe2+ Fe3+ 
(4.4) 

The production rate of bacteria, r., equals the consumption rate of carbon dioxide, rc02: 



158 Chapter 4 

-r co2 = r, (4.5) 

This equation shows that the biomass production rate can be determined directly from 

the carbon dioxide consumption rate, and the total amount of biomass can be derived 

from the total amount of carbon dioxide consumed. 

The relation between the oxidation rate of ferrous iron and the oxygen and carbon 

dioxide consumption rates is called the degree of reduction balance and follows from the 

stoichiometry (see Appendix): 

-r Fe2+ = - 4r 0 - 4.2r coi 
' 

(4.6) 

This equation shows the effect of using an integrated stoichiometric equation for ferrous 

iron oxidation and biomass growth (Eqn. (4.1)) compared with using a separate 

stoichiometric equation for the oxidation of ferrous iron which would yield that rFci+ == 

4r0 2. However, the term 4.2rc02 in Equation (4.6) has only a minor effect with regard 

to oxygen consumption. Ignoring this term for the case of ferrous iron oxidation will 

only cause an error of about 5% in this mass balance. The degree of reduction balance 

is used to determine ferrous, sphalerite or pyrite oxidation rates and the degree of 

conversion of these substrates from the measured oxygen and carbon dioxide 

consumption. 

The degree of reduction balance for the bio-oxidation of pyrite, FeS2, and zinc sulphide, 

ZnS, can be derived in a similar manner: 

(4.7) 

and 

(4.8) 

Using the degree of reduction balance a relation between Y,x and Y0 x can be derived for 

the bacterial ferrous iron oxidation: 

1 -4.2Y,, 

4Y sx 

(4.9) 
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4.2.2 Specific rates 

For the description of the bacterial oxidation kinetics biomass specific rates (mol/C

mol/h) are commonly used. The biomass specific oxidation (or consumption) rate of 

compound i, qi, is defined as the rate per C-mole of biomass: 

( 4.10) 

The biomass specific oxygen consumption rate, q02, is defined as the oxygen 

consumption rate per C-mole of biomass: 

(4.11) 

The (biomass) specific growth rate, µ, is defined by: 

(4.12) 

These specific rates are measures of the activity of the bacteria (mol/C-mol/h). They are 

defined in the kinetic model in terms of the rate equations which describe their 

dependence on the process conditions such as ferrous and ferric iron concentration, pH, 

temperature etc .. 

In this work the pyrite specific rate, v, is introduced as a measure of the reactivity of 

the pyrite. These mineral specific rates are equivalent with the first order rate constants 

that were used in Chapter 2. The pyrite specific pyrite oxidation rate, vFes2, is equal to 

k1, v A.Fes2 to kA. Because it is assumed that the pyrite oxidation rate can be described 

according to a shrinking core model, the specific pyrite oxidation rate needs to be 

expressed in terms of moles consumed or oxidized per square metre of pyrite surface per 

hour. However, because in this work no techniques were developed to accurately 

determine the pyrite surface area, the specific pyrite oxidation rate is expressed per mole 

of pyrite (mol/molFeS/h). For pyrite conversions up to 50% this will only cause minor 

errors (see also Fig. 2.1 in section 2.2.3). The pyrite specific oxidation rate is defined 

by: 

VFeS2 = ( 4.13) 

and the pyrite specific oxygen consumption rate is defined by: 
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voz = (4.14) 

The pyrite specific oxidation and oxygen conswnption rates can be easily related using 

the degree of reduction balance (Eqn. (4.7)). It is aimed at the description of the pyrite 

specific rates in the kinetic models as a function of certain process conditions such as 

the ferrous and ferric iron concentration and the biomass concentration. 

4.2.3 Yield and maintenance 

The primary process in bacterial oxidation reactions is considered to be the oxidation of 

substrate (e.g. ferrous iron, sphalerite or pyrite). These oxidation reactions generate 

energy that is used by the bacteria for growth and maintenance. The maximum growth 

yield, Y,;"ax is defined as the maximum amount of biomass (C-mol) that can be 

produced per mole of substrate. The maintenance, m,, is defined as the amount of 

substrate that is required per unit of time to maintain one C-mole of bacteria. It is 

asswned that the maximwn growth yield and the maintenance coefficient are energetic 

parameters that are constants for a certain bacteria and its substrate. Then, according to 

the empirical Pirt relationship (Pirt 1982), the following equation predicts the substrate 

oxidation rate that is required for both the bacterial growth and the maintenance of 

bacteria: 

-r 
s (4.15) 

Using the definitions of the actual yield of biomass on substrate, Ysx (Eqn. (4.2)), and 

specific growth rate, µ (Eq. ( 4. I 2), this can be rewritten as: 

+ m. 
y;ax µ 

(4.16) 

Simillarly, introducing the maximum yield of biomass on oxygen, Y
0
. max, and the 

maintenance coefficient of biomass on oxygen, m0 , the oxygen conswnption rate required 

for growth and maintenance of the bacteria on a certain substrate according to the Pirt 

equation is: 
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( 4.17) 

Using the definition of the actual yield of biomass on oxygen, Y0 , (Eqn. ( 4.3), and that 

of the specific growth rate this equation is rewritten as: 

40 

N' 30 0 
'2 
N' 
<2 20 b 

.!.. Intercept: x 
0 1/Yox"" c 10 

y 
ox 

a 

Slope: 
a/bs mo 

( 4.18) 

Hence, the actual yield of biomass on 

substrate, Y,., and oxygen, Y0 x, depends on 

the specific growth rate, µ. The actual yield 

increases at increasing growth rate. 

In Figure 4.1. the reciprocal of the actual 

yield on oxygen as a function of the 

reciprocal specific growth rate is plotted. In 

a continuous culture at steady state the 
1 /Yox-1/Yoxmax+mo/D 

0 
....._ ____ ....._ _ _._ __ ..__ _ _.. specific growth rate is equal to the dilution 

0 20 40 60 80 

1/D (h) 
Figure 4.1 

100 rate, D. The slope of this curve is the 

maintenance coefficient on oxygen, m
0

, the 

intercept is the reciprocal of the maximum 
The actual yield of biomass on oxygen as a 
function of the dilution rate. 

yield on oxygen, yoxmax. 

By means of the degree of reduction balance the maximum yield of bacteria on ferrous 

iron, Y ,xmax, is related to its maximum yield on oxygen, Y 0 xmax, as: 

ymax = 
O.t 

(4.19) 

and the maintenance coefficient of bacteria that grow on ferrous iron, m,, is related to 

the amount of oxygen that is used for maintenance, m
0

, as: 

m 
0 

m, 

4 
(4.20) 

If the maintenance and maximum yield coefficients on a substrate are known, the Pirt 

equation (Eqn. ( 4.15) is useful in predicting the carbon dioxide consumption rate at a 
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particular oxidation rate. (Note that the estimation of the carbon dioxide consumption 

rate is important for determining whether carbon dioxide mass transfer is sufficient). 

4.3 Experimental Methods 

4.3.1 Batch and Continuous Cultures 
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Continuous and batch culture experiments were performed in baffled stirred and aerated 

fermenters that were thermostated at 30°C (see section 4.7.3 for more details). A servo 

motor and speed controller were used to agitate the process liquid. The ingoing gas flow 
(dry air) was controlled with a mass-flow controller. The oxygen and carbon dioxide 

concentration in the dry off-gas and reference air were measured and monitored on-line. 
The redox potential of the solution was measured on-line. No on-line pH control 

equipment was applied because of precipitate formation problems at the pH electrode. 

In batch experiments pH control was applied by the manual addition of acid or base. The 

pH in the continuous culture experiments with ferrous iron was controlled between 1.8 



Theoretical and Experimental Methods 163 

and 1.9 by setting the pH of the influent ferrous iron solution. In continuous cultures, 
influent medium was transported with a peristaltic pump, and the flow rate was 

calculated from the weight decrease of the medium vessel. Figure 4.2 shows the 
fermenter and off-gas equipment. The gas-liquid mass transfer coefficients in this 

fermenter were determined at several aeration and stirring rates, using a dynamic 

measurement (Chapter 3). Values of kLa are listed in Table 4-i. 

Table 4-i Mass transfer coefficients in fermenters used in the experiments 

Stirring speed Aeration rate k~a(02) 

rpm vvm s·I 

300 0.1 0.0031 

300 0.2 0.0064 

600 0.1 0.014 

600 0.2 0.027 

4.3.2 Respiration experiments 

A biological oxygen monitor, BOM, was used to perform respiration measurements. 

The BOM consists of a thermostated vessel, a Clark cell and a monitor. The vessel that 

contains the sample is closed air tight by removing all the air in the head space with a 
stopper that holds the Clark cell and a mechanical stirrer (Figure 4.3). See section 4.7.3 

for further details on the materials and methods. This experimental tool provides the 

opportunity to measure the specific oxygen consumption rate of the bacteria as a 

function of different process conditions such as ferrous and ferric iron concentrations, 

pH, inhibitors, etc .. In this work BOM measurements are performed with cells from 

batch and continuous cultures at known oxygen and carbon dioxide consumption rates, 

which makes it possible to measure the effects of varying concentrations of reactants or 
inhibitory effects on the cells. Because off-gas analysis is applied, and using the C

balance, the cell suspension contains known concentrations of biomass, which enables 
the determination of q02 and q02 max from the oxygen consumption rate, r02, measured in 

the biological oxygen monitor (Figure 4.4). 
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For accurate measurements, the oxygen 

consumption rate m the respiration 

measurement needs to be between 0.15 and 

0.35 mg 0 2 per litre per minute. Therefore, 

samples were made by diluting the cell 

suspensions with iron free medium, ferrous 

or ferric iron solutions at the same pH, or 

with a sample from the same continuous or 

batch culture that was sterile filtered to 
remove all cells (See section 4. 7 .3 for details 

on sterile filtered sample). 

The influence of the dissolved oxygen 

concentration on the oxygen consumption 
rate was negligible down to a dissolved 
oxygen activity of about 2 mg per litre (see 

Figure 4.4). 
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Respiration measurements are used to determine the maximum specific oxygen 

consumption rate, q0 t"", of ferrous iron or pyrite grown bacteria on ferrous iron. In 

these measurements samples were taken from batch or continuous cultures on ferrous 
iron, or batch cultures on pyrite. Pyrite was removed from the pyrite cultures samples 

by settling. Ferrous iron solution was added to the cell suspensions to create a high ratio 

of ferrous to ferric iron concentration. The ferrous iron concentration of the added 
solution is the same as the total iron concentration in the culture. Also the pH of added 

solutions is equal to that in the cell suspension. The value of q02 max is found if no further 
increase of q02 occurred at increasing ferrous and decreasing ferric iron concentrations. 

A measurement takes I 0 to 15 minutes and the measurements were reproducible. 

Measurements in the biological oxygen monitor are also used to determine the specific 

oxygen consumption rate, q02, of ferrous iron or pyrite grown cells on ferrous iron at 

varying ferrous to ferric iron ratios. Two q02 measurement methods were applied: 

Cycles of stationary BOM measurements 

In stationary BOM measurements the change of the ferrous and ferric iron concentrations 

was negligible during the measurement. This is the case at ferrous iron concentrations 

larger than about 6mM. In these measurements the oxygen consumption rate, and 

therefore q02, was constant during the measurement (Figure 4.4). To determine the 
specific oxygen consumption rate as a function of the ferrous iron concentration, several 

measurements at different ferrous iron concentrations are needed. Usually, a series of 14 

BOM measurements at different ferrous and ferric iron concentrations was performed 
with Tferrooxidans cell suspension from steady state continuous cultures on ferrous iron 

to determine the kinetic parameters (see Figure 4.18 and Figure 4.19). This procedure 

will be referred to as "a cycle ofBOM measurements". Each BOM measurement in this 

cycle took about I 0 to 15 minutes. At the end of a cycle the first two measurements 

were repeated to check the reproducibility of the measurements. 

Dynamic BOM-Eh measurements 

In dynamic BOM-Eh measurements all the ferrous iron is consumed during the 

measurement. Accordingly, the oxygen consumption ratio decreases during the 
measurement (see Chapter 5). The aim of these measurements is to measure the ferrous 

iron oxidation rate at very low ferrous iron concentrations and as a function of the 

ferrous to ferric iron ratio. The change of the ferrous iron concentration during the 



166 Chapter 4 

measurement can be calculated from the oxygen consumption (using the degree of 

reduction balance). However, at very low ferrous to ferric iron ratios little errors in the 

calibration of the Clark cell or in the (estimated) activity coefficient, can cause relatively 

large errors in the value of the ratio. It is assumed that the ferrous iron concentration in 

the initial phase of the experiment is more accurately calculated from the oxygen 

consumption, whereas in the end phase the redox potential is more accurate. Therefore, 

a new experimental method has been developed. In dynamic BOM-Eh measurements the 

redox potential in the sample is measured simultaneously by means of a redox meter (see 

Figure 4.5). The ferrous to ferric iron ratio is derived from using a calibration curve. 

Calibration curves of the ferrous to ferric ratio as a function of the measured redox 

potential were made with sterile filtered cell suspension (see section 4.7.3). An example 

of a calibration curve is plotted in Figure 4.6. 
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(•) Oxygen activity in a BOM measurement: a 
small amount of Fe2
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time zero; (+) simultaneously measured redox 
potential (Ag/AgCI, Pt electrode). Refills with 
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(a ) and (+) Calibration curves for the ferrous to 
ferric iron ratio in a sterile filtered sample as a 
function of the redox potential (Ag/AgCl-Pt}; 
(-) ~ = 421 - 26.3 ln([Fe2+]/ [Fel+]). 

At the start of the dynamic BOM-Eh experiment a small amount of ferrous iron was 

added to a cell suspension with a very low ferrous iron concentration (e.g. a pyrite free 

cell suspension). All the ferrous iron added to the sample was consumed during the 
dynamic BOM-Eh measurement. The duration of these measurements was determined 
by the time that was needed to consume all the ferrous iron added to the sample. To 

provide a measurement over a larger range of ferrous iron concentrations, part of the 
sample was kept aerated at 30°C. At the time the oxygen concentration in the BOM has 

been dropped to about 3 mg oxygen per litre, the sample was replace by aerated sample, 
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and the procedure was repeated (see Figure 4.5). A part of the (ferrous iron containing) 

sample was kept at 30°C to measure the increase of the redox potential simultaneous 

with the oxygen consumption rate. This sample was also replaced by aerated sample any 
time the sample in the BOM was replaced. Because in these experiments the time 

measurement started at the time ferrous iron was added to the sample, and the 

measurement stopped at negligible residual ferrous iron concentrations, an oxygen to 

ferrous iron mass balance could be applied. The activity coefficient, ae, is calculated 
from this mass balance, This value of ae is used to convert the oxygen activity measured 

by the Clark cell, (02)activity• to the dissolved oxygen concentrations in the medium, [02ke 

(see section 3.3.3 and 3.3.4). 

4.4 Calculations and chemical analyses 

4.4.1 r02 and rc02 in continuous and batch cultures 

The following equations are applicable to batch or continuous culture experiments 

performed in an ideal stirred tank reactor in both the gas and the liquid phase (CSTR). 

Using the oxygen and carbon dioxide concentrations as measured in the off-gas and in 

the reference air, the oxygen consumption rate in a CSTR are calculated from: 

(4.21) 

and the carbon dioxide consumption rate from: 

(4.22) 

It should be noted that the amount of oxygen consumed from the gas phase needs to be 

taken into account. Assuming that <I>8as.out equals <I>8as,in (because the difference between 

those flows rates is only less than 0.5 %), will cause a systematic error of about 20% 

in the calculation of the oxygen consumption rates. The flow rate of the off-gas, <I> sas,out• 

can be calculated from a nitrogen balance in the gas phase: 

<I> 
gus,ouf 

(4.23) 

In this formula the dimensions of the oxygen and carbon dioxide concentration in the 
gas phase are volume/volume. 
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4.4.2 r, in continuous and batch cultures 

In batch cultures on ferrous iron (or pyrite) the ferrous iron (or pyrite) oxidation rate is 

calculated from the degree of reduction balance, using the on-line measured oxygen and 

carbon dioxide consumption rate (Eqn. (4.6) and Eqn. (4.7) respectively). This method 
was not appropriate in the bacterial ZnS oxidation because no steady state was achieved 

in the chemical and bacterial production and consumption rates of both ferrous iron and 

elemental sulphur (Chapter 6). 

In continuous cultures the ferrous iron oxidation rate, rFci+• is calculated from the degree 
of reduction balance and from the concentration difference in the influent and effluent: 

(4.24) 

4.4.3 C, in continuous and batch cultures 

The biomass concentration is calculated from the carbon dioxide off-gas analyses. In a 

continuous culture at steady state the specific growth rate of the cells, µ, is equal to the 

dilution rate, D: 

µ=D (4.25) 

Because r. = -rc02 the biomass concentration, Cx (C-mole/l), in a continuous culture can 

be calculated from the carbon dioxide consumption rate, rc02: 

- r co, (4.26) 
D 

The biomass concentration in a batch culture at time t is derived from integrating the 

measured carbon dioxide consumption rate over time and applying the equation r. = -

rc02: 

r (t.) +r (t. ) 
C(t) = C(O) -~t,., •t C02 I C02 ,.1 . (t -t.) 

X X .L...Jt,•0 2 1+ 1 I 

(4.27) 

In this equation t;+1-t; is the time interval between two successive carbon dioxide 

analyses, over which the average carbon dioxide consumption rate of rc02(t;) and rc0 2(t;+1) 

is taken. 
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The total organic carbon in samples from batch and continuous culture are also measured 

with TOC analysis. 

The initial biomass concentration in a batch experiment on ferrous iron needs to be 
accurately known to calculate the biomass specific rates, q02 and µ. Therefore, cell 

suspensions from a continuous culture on ferrous iron in steady state were used to 

inoculate batch cultures on ferrous iron. Batch experiments on zinc sulphide and pyrite 

were inoculated with cell suspensions from former batches in which the biomass 

concentration is known from the total amount of carbon dioxide consumed. The biomass 

concentrations in the inocula were also measured in a TOC analyses. 

4.4.4 Ferrous and ferric iron concentrations 

The ferrous and ferric iron concentrations m ferrous iron and pyrite batch culture 

experiments are calculated from the degree of reduction balances, using the total amount 

of 0 2 and C02 consumption (determined in the off-gas analyses) at time t. 

The effluent ferrous iron concentrations in continuous cultures needs to be chemically 

analyzed because the degree of reduction balance is not accurate enough. Ferrous and 

total iron concentrations were chemically analyzed with a colorimetric method, and low 

ferrous iron concentrations were determined by means of redox potential measurements. 

Low ferrous iron concentrations were also determined by means of redox potential 

measurements. The relation between the redox potential, E, the standard redox potential, 
E0

, and the ratio of [Fe3.]/[Fe2
•] in the solution is given by the Nernst equation: 

E = Eo + nF .ln aFeJ• 

RT are]• 
(4.28) 

The redox couple of the half reaction Fe2
• ~ Fe3

• + e has a standard redox potential, 
E0

, of 770 mV. This potential is derived from thermodynamic data, E0 = t..G0!nF. The 

value of E0 refers to the situation of equal activities of ferrous and ferric iron, aFe2+ and 

aFcJ+• measured with a standard hydrogen electrode. The activity of compound i, a;, only 
equals the concentration, c;, at an ionic strength of zero, with I = 0.5 I: (z;2.c;2). At an 

ionic strength larger than zero a; = Y; . ci, with Yi is the activity coefficient. Therefore, 

the actual value ofE changes at equal ferric and ferrous iron concentrations at increasing 

ionic strength. Furthermore, the presence of complexing agents (e.g. SO/, H. and Off) 

causes a decrease of free ferrous and ferric ions. Stronger complexes are formed with 
ferric than with ferrous ions (e.g. Nagpal et al., 1994). In this study the ferric to ferrous 



170 Chapter 4 

iron ratio always refers to the ratio of the total ferric and ferrous iron concentrations. E0
r 

was introduced, and defined as the potential that is measured at equal total ferric and 

ferrous iron concentrations, which accounts for activity coefficient, formation of 

complexes, the electrode type, and fouling of the electrode: 

. o nF [Fe3+],01a1 
E (Ag!AgC/llL1Cl/PI) = EJ.meas + -.ln---

11/<tJ.f ' RT [Fe2+]10101 
(4.29) 

Calibration curves to derive the ferric to ferrous iron concentration ratio from the 

measured redox potential are measured in cell free culture supernatant. E0r values 

between 410 and 450 mV has been determined with a Ag/AgCl//LiCl/Pt cell. Using a 

Ag/AgCl//KCl/Pt cell, the value of E0r is in the same range. 

Nagpal et al. (1994) used a different method to relate the measured redox potential to 

the ferric to ferrous iron concentration. For their modelling they used the concentration 

of free ferric and free ferrous ions (see also section 7.2). These were calculated from the 
total Fe3+ and Fe2• concentrations using the equilibria of Fe3+, Fe2+, SO/- complexes. In 

their case E0 was defined as the measured redox potential at equal concentrations of free 

ferric and ferric iron. Using an Ag/AgCl//Pt/KC13 redox electrode they found: 

F [Fe3+] 
E (Ag!AgC///KC/

3
/Pt) = 571 + ~.In 'Im 

meas RT [Fe2+] 
!free 

(4.30) 

From the comparison of E0r in our measurements and E0 ofNagpal it is estimated that 

the ratio of the total ferric to ferrous iron concentration is about a factor of 100 larger 

than [F e3+] rrc/[F e2+] f=· 

To determine the ferric to ferrous iron ratio from the measured redox potential, 

calibration curves are made with cell free samples from the batch or continuous culture 

(see also section 4.7.3). 

4.4.5 q02 in BOM experiments 

A Clark cell measures the oxygen activity in a salt solution, (02).0,iviiy· Section 3.3.3 
discusses how to calculate the oxygen concentration in the solution, [021L_

0
, from the 

measured oxygen activity. The oxygen consumption rate in a BOM measurements is 

calculated from the decrease of the oxygen concentration in the sample over a time 

interval between t1 and ti: 
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( 4.31) 

The biomass concentration m the (diluted) sample is calculated from the biomass 

concentration, C., in the cell suspension from the continuous or batch culture and the 

dilution factor. Because the specific growth rate is relatively low, the concentration of 

bacteria does not change significantly during a BOM measurement. Accordingly, the 

specific oxygen consumption rate can be calculated using Equation ( 4.11 ). 

4.4.6 Ferrous iron concentrations in BOM experiments 

The initial ferrous iron concentration in a sample is calculated from the volume of stock 

ferrous iron solution that is added to the sample volume. If the ferrous iron is completely 

consumed during the experiment, the ferrous iron concentration in the sample can be 
calculated in two ways. Firstly, by means of the amount of oxygen that is consumed 

after the addition of ferrous iron, using a mass balance on ferrous iron and oxygen. 

Secondly, by means of the simultaneously measured redox potential. 

4.5 Examples of experimental results 

4.5.1 Continuous culture experiments on ferrous iron 

As an example the data processing of continuous culture experiments with Thiobacillus 

ferrooxidans on ferrous iron is illustrated. The total iron concentration in these 

experiments was 0.21 moll! and the dilution rates varied between 0.01 and 0.09 h-1
• 

Figure 4. 7 shows the ferrous iron concentration as was analyzed with an ortho

phenantroline analysis in samples taken from the continuous culture. At high dilution 

rates a significant part of the substrate is not oxidized and the ferrous iron concentration 

increases steeply due to biomass wash-out. This is in agreement with the observed 
decrease of the biomass concentration (Figure 4.8) and the decrease of the oxygen and 

carbon dioxide consumption rates (Figure 4.9) at high dilution rates. This effect is often 
referred to as wash-out behaviour. 

In Figure 4.8 the biomass concentration calculated from the carbon dioxide consumption 
rate, and as measured with TOC (total organic carbon) analyses, is plotted as a function 

of the dilution rate. The biomass concentration calculated from the carbon dioxide 
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consumption rate agrees with the measured TOC, and therefore the mass balance on 

carbon is met. The deviation in the biomass concentration as calculated from the carbon 

dioxide consumption rate is less than that of the TOC measurements. The biomass 
concentration decreases at low dilution rate because at increasing residence times more 

substrate is used for maintenance requirements of the cells. This is in accordance with 

Equation (4.16). 
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The measured oxygen and carbon dioxide consumption rates as calculated from the off

gas analyses are plotted against the dilution rate in Figure 4.9. Each data point shows 

the average oxygen and carbon dioxide consumption rate that is measured during a 
steady state. The plot shows the typical behaviour of a continuous culture experiment: 

The oxygen and carbon dioxide consumption rates increase with the dilution rate because 

more substrate is available per unit of time. Above a dilution rate of about 0.07 h"1 

wash-out behaviour starts to occur. Then, the oxygen and carbon dioxide consumption 

rate becomes constant or decreases because the substrate is only partly oxidized. 

The biomass specific oxygen consumption rate, q02, is plotted against the dilution rate 

in Figure 4.10. The specific oxygen consumption rate is derived from the measured 

oxygen consumption rates (Figure 4.9) divided by the biomass concentration 

(Figure 4.8), see Equation (4.11). The specific oxygen consumption rate increases 
linearly with the specific growth rate, which is in accordance with the Pirt equation 

written as: q02 = D/Y0 ,max + m0 • The slope of this line is equal to the reciprocal 
maximum yield, l/Y0 ,max, and the intercept on the Y-axis is equal to the maintenance 
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coefficient, m0 • In Figure 4.10. also the maximum specific oxygen consumption rate, 

q02m"", as was measured in the BOM, is plotted. At dilution rates near wash-out q02 in 

the continuous culture and q02 max become equal. 
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In a continuous culture at steady state the dilution rate is equal to the specific growth 

rate (Eqn. (4.25)). Accordingly, the Pirt equation (Eqn. (4.16) and (4.18)) can be applied 

to derive the maximum specific yield coefficients, Y •• max and Y
0
.max, and maintenance 

coefficients, m, and m0 • In Figure 4.11 and Figure 4.12 the reciprocal yield on ferrous 

iron, rF02) rc02, and on oxygen, r0/rc02, are plotted against the reciprocal dilution rate. 

From these figures it can be seen that the actual yield is not a constant but depends on 

the specific growth rate (dilution rate), which is in accordance with the Pirt equation. 

According to the Pirt equation these plots should yield a straight line with a slope equal 

to the maintenance coefficient (m, and m0 , respectively), and with an intercept equal to 

the reciprocal value of the maximum yield (1/Ysxmax and l/Y0 .m"", respectively). 

The maximum yield on oxygen, Y
0
.max can be calculated from the maximum yield on 

ferrous iron (Eqn. (4.19)); then, ifYsxmax = 0.012, Y
0
.max = 0.051, which is in accordance 

with the fitted value. Also the maintenance coefficient on oxygen can be calculated from 

that on ferrous iron (Eqn. (4.20)). If m, = 0.5, m
0 

= 0.12, which is in accordance with 

the fitted value. Consequently, the Pirt equation and the degree of reduction balance 

apply in continuous cultures on ferrous iron. 
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4.5.2 Batch culture experiments on ferrous iron 
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with Eqn. (4.18) and Y

0
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and m0 is 0.10 moIO/C-mol/h. 

The second example concerns a batch culture experiment with Thiobacillus ferrooxidans 

at a total iron concentration of0.21 mol/l. At the start of the batch experiment 10% (v/v) 

cell suspension was taken as an inoculum from a continuous ferrous iron culture in 

steady state at a dilution rate of 0.033 h·' and a total iron concentration of 0.21 mol/l. 

The measured oxygen and carbon dioxide consumption rates as calculated from the off

gas analyses are plotted in Figure 4.13. Over the course of a batch culture experiment 

about 100 data points are measured by means of the off-gas analyses. The plot shows 

the typical behaviour of a batch culture experiment: An exponential increase of the 

oxygen and carbon dioxide conswnption rates in the initial phase and a steep drop in the 

end phase. The surface area under the rc02 curve between t=O and t=t, is the total amount 

of C02 conswnption per litre between t=O and t=t, and therefore the total amount of 

biomass, C.(t)-C.(O), that is produced at time t. The surface area under the r02 curve 

between t=O and t=t, is the total amount of oxygen conswned per litre at time t. Note 

that in the very last phase of the experiment the carbon dioxide conswnption rate drops 

faster to zero than the oxygen conswnption rate. This effect is caused by the 

maintenance requirement of the bacteria: In the last phase the concentration of bacteria 
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is high, therefore relatively more substrate and oxygen are required for maintenance of 

the bacteria (m
0
.C.) and less energy is available for growth of the bacteria. 

In Figure 4.14 the biomass concentration calculated from the carbon dioxide 

consumption is plotted. The amount of sample that was needed to measure the biomass 

concentration (TOC) was too large. Therefore, TOC was only measured when the 

experiment was terminated. In all experiments the measured TOC was equal to the total 

amount of consumed carbon dioxide. 
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(•)Oxygen and(+) carbon dioxide consumption 
rates in batch culture with T ferrooxidans (0.21 
molfe/l) calculated from on-line off-gas analyses. 

0.2 2.0E-03 

0.16 1.6E-03 

-=::. ~ -=::. 0 0.12 1.2E·03 0 .s E 

+ 
g_ 

C\I 0.06 6.0E·04 x Q) 

Q. !::. 

0.04 4.0E-04 

10 20 30 
t (t) 

Figure 4.14 
( ....... )Biomass concentration calculated from the 
total carbon dioxide consumption in a batch 

culture of Tferrooxidans (0.21 molfe/l). (•) 
measured [Fe21; ( - ) [Fe21 calculated from 
the degree of reduction balance. 

The ferrous iron concentration analyzed with an ortho-phenantroline analysis, and the 

ferrous iron concentration calculated from the total carbon dioxide and oxygen 

consumption at time t (i.e. the integrated degree of reduction balance, see also 

Figure 4.13) are plotted in Figure 4.14. This plot shows that the measured and calculated 

ferrous iron concentrations coincide, and the degree of reduction balance applies. 

Therefore, the ferrous iron concentration in a batch culture at time t can be accurately 

calculated from the oxygen and carbon dioxide consumption at time t. 

In Figure 4.15 both the specific oxygen consumption rate, q02, and the specific growth 

rate, µ, are plotted against time. These specific rates are derived from the measured 

oxygen and carbon dioxide consumption rates, r0 i(t) and rc02(t) (Figure 4.13) and the 

biomass concentration CxCt) (Figure 4.14). Based on Monod kinetics and the Pirt 



176 Chapter 4 

equation it is expected that in the initial phase of the experiment maximum specific 

rates, q0 tax and µma.', occur because the ferrous iron concentration is high and ferric iron 

is low. It appeared however that (up to 12 hours) the specific growth rate, µ , and the 

specific oxygen consumption rate, q02, are uncoupled. The specific oxygen consumption 

rate is high from the start (3 to 4 times higher than the value of q02 in the continuous 

culture). The initial specific growth rate is equal to the value ofµ of the inoculum that 

was derived from a continuous culture at a dilution rate of D=0.033 h·1
• In the batch 

culture it slowly, and not immediately like the specific oxygen consumption rate, 
increases to a maximum specific growth rate of about 0.1 h-1 (This will be discussed in 

Chapter 5). The biomass specific rates decrease at the end of the experiments. This is 

the kinetic behaviour that will be discussed in Chapter 5. Note that the point were the 

decrease of the biomass specific rates, q;, starts (after about 15 hours) does not coincide 

with the point were the oxygen and carbon dioxide consumption rate, r;, start to decrease 

(after about 27 hours): The increase of the oxygen and carbon dioxide consumption 

rates, r02 and rc02, is mainly caused by the increase of the biomass concentration whereas 
changes in the specific rates are caused by the kinetic behaviour of the cells in a 

changing environment (e.g. increasing ferric and decreasing ferrous iron concentration). 
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During the course of the experiment the maximum specific oxygen consumption rate 

( q0 2 max) of the cells in the batch culture was measured in the BOM (Figure 4.16). After 

about 20 hours the specific oxygen consumption rate, q0 2, in the batch culture decreased, 

whereas the q02 max remained equal. 
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In Figure 4.17 the reciprocal yield of T 

ferrooxidans on oxygen in the batch culture 

on ferrous iron, l/Y0 x, is plotted against the 

reciprocal specific growth rate, 11µ. 
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coefficient of Tferrooxidans on ferrous iron 

in batch cultures is about 6% less than the 

values that were found in the continuous 

culture on ferrous iron. The maintenance 

coefficient is about two times larger. 

However, the determined values of Y0,max and m0 are not very reliable because they 
largely depend on which data points that are used in the linear regression. 

4.5.3 BOM experiments with ferrous iron 

In this section the use of the two types of respiration measurements, discussed in section 

4.3.2, are illustrated. 

Cycles of stationary measurements 

Respiration experiments with samples from the continuous culture on ferrous iron were 
performed in several steady states. In Figure 4.18 and Figure 4.19 results of a series of 

15 BOM measurements are plotted. In this example a cell suspension was taken from 

a continuous culture of T ferrooxidans at 0.21 mole total iron in steady state at a 
dilution rate of 0.069 h·1

• Several dilutions of the cell suspension with iron free medium, 

and ferrous and ferric iron solution were made to obtain a range of ferric to ferrous iron 

ratios (see Chapter 5 for more details). The ferrous iron concentration in the samples was 

large enough to neglect the change in this ratio during a BOM measurement. Therefore, 

the oxygen consumption rate during a measurement is constant. The biomass specific 

oxygen consumption rate, q02, measured in a cycle of BOM measurements is plotted 
against the ferrous to ferric iron ratio (Figure 4.18). At high ferrous to ferric iron ratios 
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no further increase of q02 occurs. This is defined as the maximum specific oxygen 

consumption rate, q0 tax. Figure 4.19 shows the same cycle with q02 plotted against the 

ferric to ferrous iron ratio in the sample. The specific oxygen consumption rate decreases 

at increasing ferric to ferrous iron ratio, which is due to the kinetic behaviour of the 

cells. This will be discussed in Chapter 5. 
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Figure 4.18 
Cycle of BOM measurements at varying ferric to 
ferrous iron ratios with Tferrooxidans grown in 
a continuous culture at steady state (0.21 molfe/l, 
D = 0.069 h-1 ). (•) q0 2 as a function of the 
ferrous to ferric iron ratio in the measurement. 

Dynamic BOM-Eh measurements 
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Same cycle; (•) q02 as a function of the ferric to 
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Also the specific oxygen consumption rate on ferrous iron of pyrite grown 

Leptospirillum-Iike bacteria was measured in respiration experiments. The procedure for 

these experiments was discussed in section 4.3.2. At the start of the experiment a small 

amount of ferrous iron was added to a pyrite free cell suspension. In Figure 4.5 the 

oxygen activity and the redox potential that were measured in the sample are plotted. 
Both the ratio of ferrous to ferric iron and the ferrous iron concentration in the BOM 

experiment were calculated (see Figure 4.20), using the measured redox potential and 

the calibration curve (Figure 4.6). The ferrous iron concentration was also calculated 

from the total amount of oxygen that was consumed during the BOM measurement 

(degree of reduction balance), and plotted in Figure 4.20. In the initial phase of the 
experiment the ferrous iron concentration is more accurately calculated from the degree 

of reduction balance, whereas in the end phase calculation from the redox potential is 
more accurate. In Figure 4.21 the biomass specific oxygen consumption rate, q02, is 
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plotted against the ferric to ferrous iron ratio. The value of q02 max is measured at a ferric 
to ferrous iron ratio of about 100 to 200. The specific oxygen consumption rate 

decreases due to the increasing ferric to ferrous iron ratio. This kinetic behaviour will 

be discussed in Chapter 5. 
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(•) Specific oxygen consumption rate of pyrite 
grown Leptospiri/lum-like bacteria on ferrous iron 
in a dynamic BOM-Eh measurement. [FeH]/[Fe21 
is calculated from redox potential measurements. 

4.5.4 Batch culture experiments with staged addition of pyrite 

On-line off-gas analyses appeared to be useful in the measurement of step changes in 
batch experiments. This is illustrated by batch culture experiments with pyrite. Pyrite 

was bacterially oxidized with Leptospirillum-like bacteria. In these experiments pyrite 

was added step wise to the batch culture. Starting with two litre of a pyrite grown cell 

suspension and no pyrite, 4 grams of pyrite were added at t = 23.5 h, subsequently 6 

gran1s at t = 26.6 h, 10 grams at t = 28.5 h, 20 grams at 46.4 h, and 20 grams at 54.3 

h. The amount of pyrite oxidized and the amount of iron produced in the pyrite batch 

is calculated from the degree of reduction balance, using the amount of oxygen and 

carbon dioxide consumed (Eqns. ( 4. 7)). In Figure 4.22 the pyrite additions and the pyrite 
concentration are plotted. 
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Figure 4.23 
Same batch culture (Figure 4.22) on pyrite with 
Leptospiri/lum-like bacteria. (•) Total dissolved 
iron ions from o-phenantroline analysis and 
( - ) calculated from degree of reduction 

balance. ( •) C, from TOC analyses; (······.) C, 
from on-line off-gas C02 analyses. 

In Figure 4.23 the calculated (degree of reduction balance) and measured (ortho

phenantroline method) total iron concentration, and the calculated (carbon balance) and 

measured (TOC analyses) biomass concentration, are plotted. The step decrease in the 

total Fe and C, concentration at 22 h was due to removing pyrite free sample from the 

batch culture (for BOM measurements). The removed sample was replaced by fresh 

medium. No significant difference has been detected between the TOC concentration in 

samples with and without pyrite. Therefore, the fraction of attached bacteria is negligible 

in these experiments. Also no significant difference was observed between the calculated 

total biomass concentration in the fermenter (from C02 measurements) and the measured 

TOC in samples, which implies that the biomass concentration are accurately determined 

from the carbon dioxide consumption. The values of the calculated and the measured 
total iron concentration coincided in all the measurements that were performed (see also 

Figure 4.23). This implies that the degree of reduction balance applies for the pyrite 

system, and, because the degree of reduction balance was derived from the assumption 

that pyrite is completely oxidized to ferric iron and sulphate it is also concluded that this 
stoichiometry is correct. Therefore, a very important advantage of the on-line 

measurement of the oxygen and carbon dioxide concentration in the gas flows is that the 

concentrations of biomass, pyrite, and total iron in batch cultures are accurately and 

continuously known from the application of the carbon and degree of reduction balances. 
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The redox potential in the batch culture on pyrite was measured on-line with an 
Ag! AgCl//LiC!/Pt redox meter (Figure 4.24). Using a calibration curve the ferric to 

ferrous iron ratio in the batch culture is calculated. In the initial 22 hours this batch 

culture consisted of a pyrite free cell suspension. In this phase the redox potential is high 

and the calculated ferrous iron concentration is extremely low ([Fe2+] = 15* 10·6 M, 

which is below 1 mg/I). After each pyrite addition the redox potential immediately 
dropped (implying and increase of the ferrous iron concentration) and then slowly 

increased again. The lowest redox potential was achieved after the last pyrite addition 
(highest [Fe2+] = 150*10.6 Mor 10 mg/I). For comparison: with a standard H2 redox 

electrode redox potentials between 950 and 1020 mV would have been measured in this 
batch culture. The continuous redox potential measurements in pyrite cultures are of 

major importance in the determination of the bacterial oxidation kinetics (Chapter 7). 
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Figure 4.25 
( - ) Oxygen and (. ...... ) carbon dioxide 
consumption rates in a staged addition batch 
culture on pyrite with Leptospiri//um-like 
bacteria. 

In Figure 4.25 the oxygen and carbon dioxide consumption rates, r02 and rc02, and their 

response to pyrite additions are plotted. In the initial 22 hours these rates were close to 

zero because no substrate was available. It was observed that the consumption rates 
immediately increased after each addition of pyrite, after which the rates slowly 

increased further. The oxygen and carbon dioxide consumption are coupled. This is in 
contrast with the bacterial ferrous iron oxidation were the oxygen and carbon dioxide 

consumption are uncoupled at the start of a batch culture experiment. 
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Pyrite specific oxygen(-), and carbon dioxide 
( ....... ) consumption rates in a staged addition 
batch culture on pyrite with Leptospiri//um-like 
bacteria. 

In Figure 4.26 the biomass specific oxygen 

consumption rate and growth rate, q0 2 and µ, 

and their response to pyrite additions, are 
plotted. q02 and µ were calculated from the 

continuously measured oxygen and carbon 

dioxide consumption rate, respectively, using 

the biomass concentration that was 
calculated from the total carbon dioxide 

consumption at time t. The biomass specific 
rates immediately increased after each pyrite 

0 
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1/mu (h) 
400 500 addition, and then slowly decreased. The 

highest biomass specific rate was achieved at 
Figure 4.28 
(•) llY

0
• of leplospiri//um-like bacteria in staged 

addition pyrite batch cultures against I/µ. (-) 
I/Y ox calculated (Eqn. (4.18)) with Y0 ,max = 0.050 
molO/C-mol, m0 = 0.06 molO/C-mol/h. 

the largest pyrite concentration (and pyrite to 

biomass ratio).ln Figure 4.27 the pyrite 

specific oxygen and carbon dioxide 

consumption rates, v02 and Vc02, and their 
response to pyrite additions, are plotted. 

Opposite to the biomass specific rates, the pyrite specific rates decreased after each 

pyrite addition, and then slowly increased again. The kinetics of the bacterial pyrite 

oxidation will be discussed in Chapter 7. 
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In Figure 4.28 the ratio of the oxygen and carbon dioxide consumption rate, l/Y0., in 

the batch culture on pyrite is plotted against the reciprocal growth rate, 11µ and Equation 

(4.18) is applied to derive the maximum yield and maintenance coefficients, Y0xmax and 

m0 • It could be concluded that the maximum yield of bacteria on pyrite per mole of 
oxygen consumed, Y

0
, max is equal to that on ferrous iron. The maintenance coefficient, 

m
0

, is a factor of two lower. These findings will be discussed in Chapter 7. 

4.5.5 Conclusions 

The presented theoretical and experimental tools are useful in the continuous analyses 
of bacterial oxidation behaviour. The mass balance on carbon was met in batch culture 

experiments with ferrous iron and with pyrite. Therefore, the biomass concentration can 

be calculated from the continuously measured carbon dioxide consumption. The degree 

of reduction balances for both ferrous iron and pyrite were applicable. Therefore, the 

proposed stoichiometric equations are correct, and both ferrous iron and pyrite are 

completely oxidized in the bacterial oxidation reactions. Hence, the degree of ferrous or 

pyrite oxidation in batch culture experiments with ferrous iron or pyrite respectively, can 
be calculated from the oxygen and carbon dioxide consumption. The redox meter is a 

useful and reliable tool in measuring very low ferrous iron concentrations. The on-line 

off-gas analyses are accurate and convenient in the measurement of step changes in the 

experiment. Respiration measurements of cell suspensions from batch or continuous 
cultures in the biological oxygen monitor are accurate, reproducible and convenient to 

use. 

4.6 Methods to determine rate limiting sub-processes 

In this study ferrous iron (Chapter 5), synthetic zinc sulphide (Chapter 6) and mineral 

pyrite (Chapter 7) are used as model substrates to examine the bacterial oxidation 

kinetics. This section gives an outline of the experimental methods that were applied to 

discriminate the rate determining sub-processes, and arguments for the use of these 
methods. 

Two different methods are applied to determine the rate limiting sub-processes in the 

bacterial oxidation of the minerals. To examine the bacterial zinc sulphide oxidation 
kinetics, simultaneous zinc sulphide oxidation experiments are performed in the presence 

and absence of bacteria, at equal ferrous to ferric iron ratios and pH (section 4.6.2). The 

bacterial pyrite oxidation kinetics are examined by the measurement of the biomass 
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specific oxygen consumption rate of pyrite grown cells in the presence and absence of 

pyrite, at equal ferrous to ferric iron ratios (section 4.6.3). 

4.6.1 Bacterial ferrous iron oxidation kinetics 

The bacterial ferrous iron oxidation kinetics have been extensively examined. An 

important reason for this study was testing the experimental methods and developing 

experimental skills. 

It is also examined whether the kinetics offerrous oxidation with T.ferrooxidans derived 

from batch culture, continuous culture and respiration experiments correspond. In other 

words, can the conditions at which the bacteria are grown be neglected or do they have 

a significant influence on the kinetic behaviour. 

Both the bacterial ferrous iron oxidation kinetics by T jerrooxidans and by 

Leptospirillwn-like bacteria, are examined. T.ferrooxidans is used in studying the 

bacterial oxidation kinetics ofzinc sulphide, Leptospirillum-like bacteria in studying that 
of pyrite. In Chapter 2 it was shown that an indirect mechanism most probably 

dominates the bacterial oxidation rate of sulphide minerals like zinc sulphide. In this 

mechanism the bacterial ferrous iron oxidation is an important sub-process, and a kinetic 

model and its kinetic parameters is needed to describe the bacterial oxidation of ferrous 
iron as a function of the process conditions. If the bacterial oxidation of sulphide 

minerals occurs by the complete chemical oxidation of the sulphide mineral with ferric 

iron (producing sulphate and ferrous iron) and the bacterial regeneration of ferric iron, 

it is assumed that the overall oxidation kinetics can be described by the kinetics of the 
two sub-processes: the chemical oxidation of the sulphide mineral and the bacterial 

ferrous iron oxidation. If incomplete chemical oxidation occurs (producing elemental 

sulphur and ferrous iron) it is assumed that the overall kinetics are determined by the 

kinetics of the chemical oxidation, and the bacterial oxidation of ferrous iron and 

elemental sulphur. However, the description of the bacterial oxidation kinetics of the 
mixed substrate (Fe2

+ and S0
) are complicated and will not be examined in this work. 

According to the conclusions in Chapter 2 the chemical oxidation with ferric iron plays 

a minor role in the bacterial oxidation of pyrite and chalcopyrite. In this mechanism the 

bacterial ferrous iron kinetics are unimportant in the description of the overall kinetics. 
However, in Chapter 7 the opposite conclusion will be defended. 
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4.6.2 Bacterial zinc sulphide oxidation kinetics 

From the study of kinetic data reported in the literature it is expected that sterile 

chemical and bacterial oxidation rates of zinc sulphides are equal at equal process 

conditions, which indicated the occurrence of an indirect mechanism (Chapter 2). The 
hypothesis that an indirect mechanism dominates the bacterial oxidation rate will be 

experimentally tested by the comparison of the zinc sulphide oxidation rates in parallel 

sterile and inoculated zinc sulphide oxidation experiments. It is assumed the ferric and 
ferrous iron concentrations (or the redox potential and the concentration of ferric iron) 

and the pH are the relevant process conditions for the comparison of the sterile and 

bacterial oxidation rates (at equal conditions). Therefore, the redox potential and the pH 
in the sterile batch experiment are kept equal to that in the inoculated batch culture. 

In the inoculated batch culture the ferric iron consumed in the chemical reaction with 

zinc sulphide is regenerated by the bacteria. In the bacterial ferrous iron oxidation 

protons are consumed, whereas protons are produced in the bacterial oxidation of the 

chemically produced elemental sulphur. In the sterile batch experiment the ferric iron 

consumed in the chemical reaction is regenerated by means of titration with hydrogen 

peroxide; the redox potential is used as a measure to keep the ferrous to ferric iron ratios 
in the sterile batch experiment equal to that in the inoculated culture. In the oxidation 

of ferrous iron with hydrogen peroxide protons are consumed. Because the chemical 

oxidation of the produced elemental sulphur with hydrogen peroxide or ferric iron is 

relatively slow, the pH was kept equal to that in the bacterial oxidation experiment by 
the addition of sulphuric acid. Based on the results in Chapter 2, it is assumed that the 

presence of larger concentrations of elemental sulphur in the sterile batch experiment do 

not cause mass transfer limitation in the chemical oxidation. 

It is assumed that if the measured bacterial and sterile zinc sulphide oxidation rates are 

equal, the only role of the bacteria in the bacterial oxidation process of zinc sulphide is 

the oxidation of ferrous iron to regenerate ferric iron, and the oxidation of elemental 
sulphur to produce protons; ifthe measured bacterial oxidation rates significantly exceed 

the sterile zinc sulphide oxidation rates at equal process conditions, special capacities 
need to be attributed to the bacteria. 

4.6.3 Bacterial pyrite oxidation kinetics 

The method discussed above is not applicable in our experiments with pyrite, because 

the high redox potentials that occur in pyrite oxidation with Leptospirillum-like bacteria 
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cannot be achieved by means of the addition of hydrogen peroxide to the sterile pyrite 

oxidation media. 

In Chapter 1 it was concluded that, according to most findings in the literature, in the 

chemical oxidation with ferric iron pyrite is completely oxidized to ferrous iron and 

sulphate. Accordingly, in the case of an indirect mechanism, all oxygen consumption in 

the bacterial pyrite oxidation is due to the bacterial ferrous iron oxidation. If, on the 

other hand, other bacterial oxidation processes occur (e.g. bacterial oxidation of 

intermediate sulphur compounds, or the direct bacterial oxidation of the pyrite), only part 

of the oxygen consumption is due to the bacterial ferrous iron oxidation. In Chapter 5 
it will be shown that the biomass specific oxygen consumption rate in the bacterial 

ferrous iron oxidation, q02, is determined by the ferric to ferrous iron ratio. Hence, if the 

specific oxygen consumption rate of the bacteria, q02, in the presence and in the absence 

of pyrite are equal at equal ferrous to ferric iron ratios, it can be concluded that the 

bacterial ferrous oxidation is the only significant oxygen consuming sub-process and no 

other bacterial oxidation reactions occur in the presence of pyrite. If, on the other hand, 

the specific oxygen consumption rate is significantly larger in the presence of pyrite, 

other bacterial oxidation processes must be assumed (e.g. direct bacterial FeS2 

oxidation). 

The specific oxygen consumption rate, q02, in a batch cultures on pyrite is determined 

by means of the off-gas analyses; the ferrous to ferric iron ratio in the slurry is 

determined from the measured redox potential and a calibration curve. The specific 

oxygen consumption rate, q02, on ferrous iron of the cell suspension is determined as a 
function of the ferrous to ferric iron ratio in dynamic BOM-Eh measurements (see 

section 4.3.2). At the start of this measurement stock solution of ferrous iron is added 

to a sample of pyrite free cell suspension that was taken from the batch culture on 

pyrite. If needed, the cell suspension is diluted with sterile filtered samples from the 

same batch culture. The oxygen consumption rate and the redox potential in the sample 
are measured simultaneously. Finally, a comparison is made between the specific oxygen 

consumption rates at an equal ferrous to ferric iron ratio (i.e. redox potential) 

respectively measured in the batch culture on pyrite and in the BOM at pyrite free 

conditions. 

This method of comparing q0 2 in the presence and absence of mineral sulphide at equal 

red ox potentials can only be applied if in the chemical oxidation of the sulphide mineral 

no elemental sulphur production occurs, or if no bacterial oxidation of chemically 

produced elemental sulphur occurs (which is the case for Leptospirillum-like bacteria). 
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4. 7 Appendices 

4.7.1 The stoichiometric equation 

The stoichiometric equation as expressed in Equation ( 4.1) is derived as follows. Assume 

the following stoichiometric equation for aerobic bacterial growth on ferrous iron. 

aC0
2 

+ bNH4• + d0
2 

+ -
1-Fe 2• + eH• + 

y 
.'i:r: 

(4.i) 

In the following matrix elemental and charge balances on the compounds are expressed. 

As an example reading the second column: 1 mole of biomass (with the chemical 

formula CH1.s0o.5N0.2) contains 1 mole C, 1.8 mole H, 0.5 mole 0, and 0 mole net 

charge. 

Table 4-ii Stoichiometry matrix for the bacterial ferrous iron oxidation 

Stoichiometric a b llY., c d e f 

vector-+ 

Compound-+ Biomass C02 NH; Fe2• Fe3• 02 H+ H20 

Element -1- CH 1sOosN02 

c 0 0 0 0 0 0 

H 1.8 0 4 0 0 0 2 

0 0.5 2 0 0 0 2 0 

N 0.2 0 0 0 0 0 0 

Fe 0 0 0 0 0 0 

charge 0 0 +I +2 +3 0 +l 0 

Because conservation of elements and charge must be provided, the product of the given 

matrix and the stoichiometric vector must be equal to the vector Q. Thus, multiplying 

each row of the matrix with the stoichiometric constants give the balance equations. 
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As an example, the charge balance is derived as follows: 

Compound Net charge 

CH, s002Hos I • 0 =O 

C02 a* 0 =0 

NH; b •+I =b 

Fe2• I/Y., * +2 = 2/Y,. 

Fei+ c. +3 = 3c 

o, d. 0 =O 

H• e • +l =e 

H20 f. 0 =O 

Charge Balance: b + 2/Y., + 3c + e =0 

The balance equations of the elements and charge are listed below: 

Balance Equations 

C-balance l+a=O 

H-balance l .8 + 4b + e + 2f = 0 

0-balance 0.5 + 2a + 2d + f = 0 

N-balance 0.2 + b = 0 

Fe-balance llY., + c = 0 

charge balance b + 2/Y., + 3c + e = 0 

Because the 6 balance equation contain 7 unknown stoichiometric parameters, the values 

of these parameters can be expressed in terms of Ysx. Solving these equations yield the 
following values of the stoichiometric parameters: 

a= -1 
b = -0.2 

c = 1/Y,, 

d = -(1 - 4.2Y,J/4Y,, 
e = -(llY .. - 0.2) 

f = (1/2Ysx - 0.6) 
Substituting the coefficients in Equation ( 4.i) yields Equation ( 4.1 ). 
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4. 7.2 The degree of reduction balance 

Using the stoichiometric parameters, the rates of the compounds can be expressed in 

terms of the biomass production rate, rx: 

Relative rate Stoichiometric Value 

constant 

rJ rx =I =I (I ) 

rco/rx =a = -1 (2) 

rNH/r, =b = -0.2 (3) 

rfc2Jr, = llY., = -1/Y., (4) 

rfcJJr, =c = llY., (5) 

r0 / r, = d = -(J-4.2Y.,)/4 Y., (6) 

rH)r, =e = -(llY., - 0.2) (7) 

rH2Jr, = f = (J/2Y., - 0.6) (8) 

Eliminating Ysx from the equations (4) and (6) yields the degree of reduction balance for 

ferrous iron oxidation Equation ( 4.6). 

Another way to derive the degree of reduction balance makes use of the concept degree 

of reduction, which is a stoichiometric parameter (Roels, 1987). The degree ofreduction 

of a compound, Y;, that contains C, H, 0 , N is the number of electrons which are 

deliberated in a redox-half reaction if I C-mole of an organic or 1 mole of an inorganic 
compound is converted into H+, C02, H20 and N-source that is defined in the growth 

system. As a consequence of the chosen definition the value of y for the chosen 
reference compounds, H+, C02, H20 and N-source, is 0 

Now, the balance of degree of reduction expresses that electrons (like elements) are 
conserved. Therefore: 

~ y .r. = 0 .L...,,,,I f I 
( 4.ii) 

The degree of reduction of compounds that are involved in the bacterial growth on 

ferrous iron are given by: 
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Compound Conversion reaction into reference compounds 

CH1 80 0 ,N0 2 + l.5H20 ~CO,+ 0.2NH; + 4H• + 4.2 e 

co, 

NH; 

Fe,. Fe,. ~ Fe'• + e 

Fe'• 

FeS, FeS, + 8H,O ~ Fe]+ + 2so.z· + 16H+ + !Se 

o, 0 2 + 4H• + 4e ~ 2H,0 

H20 

SO/ 

Chapter 4 

degree of 

reduction 

Y; 

4.2 

0 

0 

0 

15 

-4 

0 

0 

Application of Equation ( 4.ii) yields the balance of degree of reduction for bacterial 
growth on ferrous iron (Equation (4.6)) and on pyrite (Equation (4.7)). 

4.7.3 Materials and Methods 

Fermenter and equipment 

The baffled stirred double walled fermenters with a working volume of 2 litre and a 

geometry of HID= 1, the servo stirring motor and speed controller were manufactured by 

Applikon, ADI Holland. The lid, stirrers and baffles of the fermenter were modified and 

manufactured out of PVC to resist the corrosive process conditions of process liquid. 

The aeration gas flow (dry air) was controlled with a Brooks mass-flow controller 

(model 5850TR and model 5878). The off-gas was dried in a reflux condenser and a 

Permapure filter. The oxygen concentration in the gas was measured with a Servomex, 

paramagnetic, oxygen analyzer (Series 110). The carbon dioxide concentration in the gas 
phase was measured with a Beckman infrared analyzer (model 864). The oxygen and 

carbon dioxide concentrations in the off-gas and reference air were monitored on-line 
using a data acquisition program BIOW ATCH (Hellinga). This program also monitored 

the measurement of the redox potential, and it controlled the valves that lead the gas
flows to the analyzing apparatus. The data of the off-gas analysis were processed by a 

HP86 micro-computer and a data acquisition unit. 
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Respirometer 

An Orbisphere Clark cell and monitor (Model 2715) were applied in the biological 
oxygen monitor. This tip is in a stopper that also holds a stirrer. The stirrer provides that 

the diffusion layer at the membrane of the Clark cell is fairly constant. The stopper 

provides that air in the vessel can be easily removed. The stopper contains a temperature 

sensor, and the temperature signal is used by the Orbisphere monitor to apply a 

correction factor for the oxygen diffusivity in the Clark cell membrane. However, the 
temperature sensor is located to high in the stopper causing too long a lag-phase. 

Therefore the temperature correction in this equipment was bypassed. 

In use, the Clark cell was calibrated every 4 to 6 hours. The calibration was performed 

in air saturated water at 30°C. 

Redox-stat equipment 

A Metrom pH stat was used in redox stat experiments (Chapter 6). This equipment 

consists of two Metrohm 691 Eh meters, and a Metrohm 614 Impulsomat and 665 

Dosimat to add hydrogen peroxide to the sterile slurry. The parallel sterile and bacterial 
batch experiments were carried out in the aerated, stirred fermenters. 

In the redox-stat experiments the measured redox potentials in the parallel sterile and 

bacterial zinc sulphide oxidation batch were only used to control the hydrogen peroxide 
addition between two off-line ferrous iron analyses. After each ferrous iron analysis the 

set-point in the sterile fermenter was corrected, because deviations between the redox 

potentials occurred at equal ferrous iron concentration in the parallel batches. 

Analvtical procedures 

The total organic carbon in samples from batch and continuous culture are measured 

with TOC analysis, using a Maihak MST2 carbon analyzing units. Bacteria attached to 

pyrite were dissolved by using a sonifier (Branson Sonifier Bl2). Because sulphuric acid 

damages the TOC analyzer, cell suspension with a pH of less than 1.8 were centrifuged 
at 9000 rpm (Runne Mod.Rs- I 08 EKTI), and after removing the supernatant the pellet 
was resuspended in the same weight of water. 
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Total iron and ferrous iron concentrations were determined with the colorimetric ortho
phenanthroline method, according to ASTM D 1068. At low ferrous iron concentrations 

the background colour of the ferric iron in the sample causes an error in the colorimetric 

measurement. Therefore, these measurements needed to be corrected with the extinction 

of a blank of the sample to which no ortho-phenanthroline was added. Measurements of 

the ferrous iron concentrations below 40 mg per litre at total iron concentrations above 
3 grams per litre are not very accurate because bacteria consume ferrous iron in the 

sample. 

Table 4-vii Adapted [Fez+] analyses (ASTM 01068) in the presence of Zn2
+ ions. The required o

phenantroline addition depends on [Zn2+] in the sample and the dilution factor of the 

sample (which depends on the ferrous iron concentration in the sample). Without zinc 

ions 0.5 ml o-phenantroline is added per IO ml diluted sample ([Fe]= 0.2 mol/l). 

dilution factor o-phenantroline 

of sample ml/!Oml 

5 I (at (Fe2+] < 300 mg/I) 1.5 

2 (at [Fe2+] < 600 mg/I) 0.8 

5 (at (Fe2+] < 1.5 g/l) 0.7 

I 0 (at [Fe2+] < 3 g/l) 0.6 

25 I 5.5 

2 3 

5 1.5 

IO 1.0 

20 0.8 

50 0.6 

The ortho-phenanthroline method also needed to be adapted ifthe sample contained zinc 
ions, because these ions also consume the ortho-phenanthroline by the formation of 

complexes. These complexes do not cause coloration, therefore, only extra addition of 

ortho-phenantroline medium to the sample was required to perform accurate analyses. 

Per 1 mg of Zn2
+ in 10 ml diluted sample 2 ml o-phenatroline is consumed (see 

Table 4-vii for examples). Because the formation of complexes is slow the diluted 
samples were heated for 5 minutes at 60°C. The extinction measurements were 

performed at room temperature. 

To check the method in different media some AAS analyses of total iron were 

performed. The total iron concentration in media and stock solutions was also 

determined by weighing the added amount of ferrous or ferric sulphate. 
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To measure the solution redox potential an Ingold combination redox electrode with a 
Metrohm monitor was used. The electrode consisted of an Ag/ AgCl electrode and a 

platinum reference electrode (type 465). The electrolyte was replaced with 3N lithium 

chloride to achieve less precipitate formation at the membrane. In order to determine the 

ferric to ferrous iron ratio from the measured redox potential, calibration curves were 

made with samples from the batch or continuous culture. These samples were sterile 
filtered to remove the cells, and the calibration curve was made at 30°C. The redox 

potential in these sterile samples is measured as a function of the amount of stock 

solution of ferrous iron that is added with Finn pipets. The initial ferric to ferrous iron 

ratio of the sterile filtered sample, which is very low, is estimated from extrapolating the 

curve. 

The pH in media was measured with a Knick Digital pH meter (type 646). The pH 
meter was calibrated at pH 2 before every measurement. 

The zinc concentration was determined by atomic absorbtion (AAS), with a Perkin 

Elmer 1100 B. Before analyzing zinc, ferric and ferrous ions, ZnS slurry samples 

were filtered through a Schleicher&Schuell 597 S&S folded filter (125 mm), and 

subsequently through a 0.2 µm Acrodisc filter (Gelman Science). 

Bacteria 

A single cell isolate of Thiobacillus ferrooxidans LMD 81.68 (ATCC 19859) was used. 

The kinetic experiments were performed aseptic but not sterile. Therefore an 
immunofluorescence-DNA-fluorescence staining technique (Muyzer, 1987) was regularly 

used to check whether Tferrooxidans was still dominant in the cultures. 

Before performing the bacterial oxidation experiments of ZnS Tferrooxidans bacteria 

were adapted to zinc sulphide for six month. Tferrooxidans bacteria were also adapted 

to the German pyrite. Without being successful, it was attempted to adapt Tferrooxidans 

on the Prieska pyrite for more than nine month. 

A wild strain harvested from Gamsberg mine in South Africa was adapted on Prieska 
pyrite. Leptospirillum-1ike bacteria appeared to be dominant in this culture. With the 

immunofluorescence method it has been shown that Thiobacilli species were 

insignificant. The Leptospiri/lum culture was regularly checked for the occurrence of 

Thiobacillus species. Besides microscopic examination no further techniques were 
applied to specify the organisms. 
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In the initial phase of the project solely experiments with Tferrooxidans were performed 

and the Leptospirillum-like bacteria were not available. When using Leptospirillum-like 

bacteria in the later phase of the project Tferrooxidans was spontaneously replaced in 

all fermenters. Therefore, Leptospiril/um-like bacteria are dominant, and because of the 

risk of contamination the experiments with Tferrooxidans were terminated. 

Media and chemicals 

Ferrous and ferric iron solutions were prepared with iron(II) sulphate hepta hydrate, 

FeS04.7HP > 99.0% (J.T. Baker, Holland) and ferric sulphate penta hydrate, 

Fe(S04)u .5H20 > 98.0% (Fluka Chemicika) respectively. 

The iron free medium for the bacterial ferrous iron oxidation experiments contained 

(NH4) 2S04 I g/l, KC! 0.1 g/l, K2HP04 0.5 g/l, MgS04.7Hp 0.2 g/l. Medium 

concentrations in experiments with zinc sulphide were a factor of two, in experiments 

with pyrite a factor of ten times larger. A solution of trace elements (Vistniac) was 

added: I ml/I in ferrous iron medium, 2 ml/ in zinc sulphide medium, and 10 ml/l in 

pyrite medium. 

To prepare a solution of trace elements 15 g/l EDTA (CIOH12FeN2Nao3.3H20, m = 421.10 

g/mol) is dissolved in demineralized water. Next 1 g/l ZnS04.2HP is added and the pH 

is set to 6.0. Then, successively 1.0 g/l CoCl2.6Hp, 1.0 g/l MnCl2.4H20, 0.5 g/l 

CuS04.5H20, 5.0 g/l FeS04.7Hp, 0.5 g/l N~Mo04.2H20, and CaCl2.2Hp are added. 

Each component needs to be completely dissolved before adding the next. When all 

components are dissolved the pH is set to 4.0. Note that the solution of trace elements 

contains carbon, for which it needs to be corrected in TOC analyses. 

The pH of the medium and ferrous iron solutions was set with 2N H2S04, that of ferric 

sulphate solutions with 2N NaOH. Because no pH control was applied in the continuous 

culture on ferrous iron, the amount of H2S04 in the influent ferrous iron solution needed 

to provide a pH of about 1.8-1 .9 in continuous cultures with Tferrooxidans, and 1.5-1 .6 

in continuous cultures with Leptospirillum-like bacteria. In batch cultures on ferrous iron 

and steri le batch experiments on zinc sulphide 2N H2S04 was used for (manual) pH 

control. In batch cultures on pyrite 4N NaOH was used for pH control. 

Oxalic acid solutions (2N) were used to clean the fermenters and remove jarosites. 
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Synthetic ZnS (ZnS > 98%, Fluka Chemika) with a BET surface area of 7.2 m2/g was 

used in chemical and bacterial experiments on zinc sulphide (Chapter 6). Before use the 

zinc sulphide needed to be washed with medium solution to remove organic carbon. Zinc 

sulphate hepta hydrate (J.T. Baker Holland) was used in Zn2
+ inhibition experiments. 

A pyrite (90% FeS2 from Mineralien Kontor Dr. Kranz, Bonn, BRD, referred to as 

German pyrite was used. A sieve fractions of 57-75 µm was used in the experiments. 

In an attempt to remove fines it appeared however that the mineral consisted of very fine 

particles with a diameter of less than dP = 1 Oµm. Therefore, it is concluded that the 

particles have a "framboidal" structure. 

A sieve fraction of 57-75 µm Prieska pyrite (Gamsberg mine, South Africa) that 

consisted of 90% FeS2 was used in bacterial oxidation experiments. Leptospirillum-like 

bacteria were adapted to this mineral. Before use, the pyrite was thoroughly washed with 

successively, aceton, 2N hydrochloric- acid, and distilled water to remove flotation 

agents. (Chapter 7). The difference in surface structure of the German pyrite and Prieska 

pyrite was also shown in SEM micrographs (Chapter 7). 

Sterile filtered sample 

Sterile filtered samples were prepared from cell suspensions in batch or continuous 

cultures to use as dilution medium for BOM measurements or as medium to measure 

calibration lines of the redox meter. Cell suspensions were centrifuged at 5000 rpm for 

30 minutes. Then the supernatant was filtered over a 0.2 µm membrane filter (Gelman 

Science) that was protected with a microfibre filter (Whatman Glass). The sterile media 

were checked for their zero activity by measurement of the oxygen consumption in the 

BOM after the addition of ferrous iron solution. 
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Chapter 4 

List of symbols 

a Fc2+ 

c. 
[C02JG,;n 

[C02JG.out 

Y; 
D 

Eh0 

Ero 

[FeS2) 

[Fe2
· ) 

[Fe3
• ) 

k, 
kA 
m, 

m. 
µ 

µmax 

VFcS2 

Vo2 

[02kc 

(02)ae1;v;1y 

[02J.,r 

[02JG.ou1 
<IJG 

q02.max 

rFc2+ 

r, 

R 

T 

Yi;q 

Y,. 

Y •• 
Y,,max 

y ox max 

Activity of ferrous iron (mol/ l). 

Biomass concentration (C-mol/I) 

Carbon dioxide concentration in reference air (I/ I) 

Carbon dioxide concentration in off-gas (I/ I) 

Degree of reduction of compound i 

Dilution rate (1/1/h) 

Standard redox potential measured with a hydrogen redox meter (mV) 

Redox potential measured at equal [Fe2
• ) and [Fe3

• ) (m V) 

Concentration of pyrite (mol/1,1.ny). 

Ferrous iron concentration (mot/I) 

Ferric iron concentration (mot/ I) 

First order in concentration reaction rate coefficient (s.1
) . 

First order in surface reaction rate coefficient (mol/m2Mcs/s). 

Maintenance coefficient on substrate (mol/C-mol/s) 

Maintenance coefficient on 0 2 (molO/ C-mol/s) 

Bacterial specific growth rate (h'1) . 

Maximum specific growth rate (h°1
) 

Mineral specific pyrite oxidation rate (molFeS/ molFeS/ s) 

Pyrite specific oxygen consumption rate (molO/ molFeS/ s) 

Oxygen concentration in ferrous iron solution (mg0/ 1) 

Oxygen activity in liquid phase as read from display (mgO/ l) 

Oxygen concentration in reference air (I/I) 

Oxygen concentration in off-gas (I/I) 

Volumetric gas flow rate (m3/s) 

Bacterial specific ferrous oxidation rate (mo1Fe2+/C-mol/s) 

Bacterial specific oxygen consumption rate (molO/ C-mol/s) 

Maximum specific 0 2 ~onsumption rate (molO/ C-mol/s) 

Ferrous oxidation rate (molFe2•111s) 

Growth rate on Fe2
• (C-mol/l/s) 

Carbon dioxide consumption rate (molC0/ 1/s). 

Oxygen consumption rate (molO/l/s). 

Oxidation rate of MeS (molMeS/l/s. 

Gas constant, (J/mol/K) 

Time (h) 

Temperature, (K) 

Liquid volume, (m3
) 

Yield of biomass on substrate (e.g. ferrous iron) (C-mol/molFei+) 

Yield of biomass per mole of oxygen consumed (C-mol/mol02) 

Maximum yield coefficient on substrate (C-mol/molfez+) 

Maximum yield coefficient per mole of oxygen (C-mol/mol02) 
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5 The kinetic modelling of ferrous oxidation with 
Thiobacillus ferrooxidans or Leptospirillum-like 
bacteria 

Chapter 5 

A mathematical model based on standard elemental and charge balances, the empirical 

Pirt equation, and competitive product inhibition kinetics, for the description of the 

steady state kinetics and energetics of the ferrous oxidation by Thiobacillus ferrooxidans 

and Leptospirillum-like bacteria has been developed. Compared with the general theo1y 

several anomalies occurred: (i) The maximum :,pecific oxygen consumption rate is not 

a constant value but depends on the dilution rate or composition of the bacteria. (ii) A 

minimal ferrous iron concentration was found. (iii) Dynamic behaviour of the bacteria 

was observed when cell suspension was transferred from low ferrous iron (continuous 

culture) to high ferrous iron concentrations (in batch cultures). 

Experiments to determine the energetic and kinetic parameters, were performed: (1) 

Continuous culture experiments at varying dilution rates and varying total iron 

concentrations. (2) Batch culture experiments with cell suspensions from the continuous 

culture at varying dilution rates. (3) Stationary and dynamic respiration experiments 

with a biological oxygen monitor (BOM) at varying ferrous and ferric iron 

concentrations, with ferrous iron or pyrite grown cell suspensions from batch and 

continuous cultures. 

The ratio of the ferrous to ferric iron concentration appeared to be the most relevant 

process parameter in the oxidation kinetics. The maximum specific oxygen consumption 

rate, q02.max and the ratio of K/K; were the determining parameters in this model 

(competitive product inhibition kinetics. The value of K, is of minor importance. The 

maximum specific oxygen consumption rates of cell suspensions in batch or continuous 

cultures could be determined indepe.ndently in respiration measurements. 

The value of K/K, for Tferrooxidans is a factor of 100 larger than that of 

Leptospirillum-like bacteria, and also the minimal ferrous iron concentration of 

Tferrooxidans is higher than that of Leptospirillum-like bacteria. 

5.1 Introduction 

The bacterial oxidation of ferrous iron is recognized as an important sub-process in bio

oxidation processes. The rate of bacterial ferrous oxidation is 500,000 times as fast as 
the rate of oxidation in the absence of bacteria (Lacey and Lawson, 1970). This agrees 
with estimations of the sterile oxidation rate of aqueous ferrous iron sulphate solutions 

by molecular oxygen based on the kinetics measured by Matthews and Robins (1972). 
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Several groups of workers have examined the bacterial oxidation kinetics of ferrous iron 
and it has been shown that ferric iron has an inhibitory effect. In spite of the extensive 

amount of work published all of the kinetic models proposed so far are incomplete (see 

Section 5.2). 

The work presented here is an attempt to provide a more complete kinetic model which 

includes bioenergetics of cell production, maintenance energy requirements, inhibition 

of the rates of ferrous iron oxidation and cell growth by ferric iron. Another objective 
is to determine whether results from batch and continuous cultures and respiration 

experiments can be fitted with the same kinetic model and with the same values of the 

kinetic and energetic parameters. 

The experimental techniques used to study the kinetics include both batch and 

continuous cultures with on-line off-gas analysis to determine oxygen and carbon dioxide 

consumption rates. The oxygen consumption rate is also measured by off-line 
respirometry, using a biological oxygen monitor. A general explanation of the theoretical 

and experimental methods used in the examination of the bacterial ferrous iron oxidation 

kinetics were discussed in Chapter 4. 

In Section 5.2 kinetic data on ferrous iron oxidation by Thiobacillus ferrooxidans and 

Leptospirillum-like bacteria as were reported in the literature are summarized and 

discussed. Section 5.3 presents the kinetic model and the experimental methods that are 

applied to test the model and to derive the kinetic parameters. In Section 5.4 the 

experiments are explained, and in Section 5.5 the experimental results are presented and 

discussed. 

5.2 Review of the literature 

5.2.1 The bacteria 

Thiobacillus ferrooxidans, Leptospirillum ferrooxidans and Thiobacillus thiooxidans are 

obligate chemolithoautotrophic bacteria, meaning that they can only obtain energy for 
their growth from the oxidation of inorganic substrate, and use carbon dioxide as their 

sole or major source of carbon for cell biosynthesis. These bacteria have their 

temperature optimum near 30°C. T ferrooxidans can obtain energy from the oxidation 

of ferrous iron, numerous mineral sulphides, sulphur, thiosulphate and polythionates; L. 

ferrooxidans can oxidize ferrous iron and pyrite, but not sulphur or its inorganic 
compounds; T thioooxidans is unable to oxidize ferrous iron or pyrite and can only use 
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sulphur and its inorganic compounds (Kelly, 1987; Helle and Onken 1987; Hallma1m et 

al., 1992). The pH optimum of L.ferrooxidans is about 1.6, whereas that of 

Tferrooxidans is about 2.2 (Hallmann et al., 1987; Helle and Onken, 1987; Norris et al., 

1987). 

Norris et al. ( 198 7) examined the differences in kinetics behaviour of T ferrooxidans and 

L.ferrooxidans. Respiration experiments with ferrous iron grown cells were performed 

at ferrous iron concentrations between 0.6 and 50 mM and ferric iron concentrations 

between 0 and 50 mM. They found that the affinity of L.ferrooxidans for ferrous iron 

was higher, and less inhibition due to ferric iron occurred. 

Several authors also found that L.ferrooxidans is less tolerant to several toxic metals 

(Norris et al., 1987; Hallmann et al., 1992). Hallmann et al. (1992) found an optimum 

iron concentrations for L.ferrooxidans between 0.11 to 0.14 M, and for Tferrooxidans 

0.18 M. The generation time of L. ferrooxidans was 10 hours. Helle and Onken ( 1987) 

measured that the generation time of Tferrooxidans is 7 hours, whereas that of 

L.ferrooxidans is 18 hours at the same conditions. 

Summarizing, agreement on the different behaviour of Tferrooxidans and L.ferrooxidans 

exists. L.ferrooxidans is not capable to oxidize sulphur compounds, has a higher affinity 

for ferrous iron, is less sensitive to ferric iron inhibition, and has a lower pH optimum. 

5.2.2 Kinetic models for ferrous iron oxidation by Thiobaci/Lus ferrooxidans 

Continuous and batch culture experiments and initial rate experiments, with 

Tferrooxidans at 30°C were performed by several authors. The process conditions and 
the kinetic and energetic parameters that were derived from the reported results are 

summarized in Table V-1 (continuous cultures), Table V-2 (batch cultures) and 

Table V-3 (initial rate experiments like respirometer measurements) in the Appendix 

(Section 5. 7. I). Results and conclusions given by the authors are reported in this section. 

Lacey and Lawson (1970) measured the bacterial ferrous iron oxidation in batch cultures 

at varying total iron concentrations and applied Monod kinetics to describe the specific 

bacterial growth rate (Table V-2). They observed that the specific growth rate decreased 
at increasing iron concentrations. Also the effect of the temperature was examined, and 

they concluded that the optimal specific growth rate occurred at 31°C. 
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MacDonald and Clark (1970) also found that Monod kinetics were applicable to describe 

the specific bacterial growth rate in batch and continuous culture experiments. They 

concluded that the continuous culture could not be used to measure the specific growth 

rate unless wall growth of the bacteria was prevented (Table V-1 ). In continuous cultures 
the value of K, was slightly lower whereas the maximum specific growth rate was 

slightly larger than in batch cultures. This implies that bacteria are slightly more active 

in continuous cultures. 

Guay et al. (1977) performed continuous culture experiments at different total iron 

concentrations. They observed that wash-out occurred at lower dilution rate with the 

increase of the total iron concentration. The Monod equation was applied. However, the 

kinetic parameters were dependent on the total iron concentration (Table V-1 ). 

Kelly and Jones ( 1978) performed batch culture experiments and also applied Monod 

kinetics (Table V-2). Respiration experiments were performed and were described with 

Michaelis-Menten kinetics (Table V-3). The authors assumed that the cells in respiration 

experiments were non-growing. The kinetic data derived from the respiration 
measurements were not related to those found in batch experiments. Different kinetic 

constants were found at different ranges of ferrous iron concentrations. They concluded 

that the different kinetic parameters were caused by ferrous and ferric iron inhibition in 

batch and continuous cultures. In a subsequent paper evidence of competitive inhibition 

was presented (Jones and Kelly 1983). However, anomalous results were explained with 
the occurrence of non-competitive inhibition by the authors. Although the maximum 

growth rate in batch cultures was about 10 times less than in continuous cultures they 

claimed that the anomalous effects could not be due to wall growth. Growth yields were 
also lower in batch than in continuous cultures (Table V-1). They proposed a complex 

relationship between steady-state substrate, product and biomass concentrations. 

Braddock et al. (1984) also applied Monod kinetics to describe the bacterial growth in 

batch and continuous cultures (Table V-1 and Table V-2). From the batch culture 

experiment a maximum specific growth yield was determined, from the continuous 

culture both a maximum specific growth rate and a saturation constant. The kinetic 
model was adapted because a threshold ferrous iron concentration of 0.25 mM was 

observed. They also proposed the occurrence of inhibition of the bacterial ferrous iron 

oxidation by ferric iron. 

Smith et al. ( 1988) adapted the Monod kinetics with a bacterial decay rate to describe 

batch and continuous culture experiments. This resulted in an equation that described the 
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substrate consumption rate as a function of the growth rate, yield coefficient and decay 

rate (Table V-1). They concluded however, that bacterial decay had only a minor effect. 

Kumar and Gandhi (1990) measured the effect of product inhibition in batch 

experiments. Monod growth was applied, and a model that accounted for the oxidation 

of ferrous iron, death of the bacteria due to ferric iron poisoning, and pH effect was 

proposed (Table V-2). They concluded that the model fitted the results. 

Norris et al. ( 1987) determined ferrous oxidation kinetics of Tferrooxidans and 

L.ferrooxidans in respiration and batch culture experiments. They concluded that 

competitive inhibition kinetics were applicable (Table V-3). 

Liu et al. ( 1988) also found that competitive inhibition kinetics were applicable to 

describe the ferrous iron oxidation kinetics of Tferrooxidans measured in batch and 

continuous culture experiments (see Table V-1 and Table V-2). 

Schnaitman et al. (1969), Steiner and Lazaroff (1974), and Okereke and Stevens (1991), 

applied a colorimetric method to examine the bacterial ferrous iron oxidation kinetics. 

These authors assumed that the cells in this experimental set-up were non-growing, and 

applied Michaelis Menten kinetics to describe the bacterial ferrous oxidation rate 

(Table V-3). 

Pesic et al. (1988) applied an electrochemical method to measure the oxidation rate of 

ferrous iron in the presence of Thiobacillus ferrooxidans. They described the ferrous iron 

oxidation kinetics at millimolar level as a function of the pH, the dissolved oxygen 
concentration and the temperature (Table V-3). In the proposed kinetic model the 

oxidation rate was linear with the ferrous iron concentration at low ferrous iron levels. 

Suzuki et al. ( 1989) measured the bacterial ferrous oxidation kinetics in respiration 

measurements, using a Clark electrode. They concluded that for several bacterial strains, 

in applying Michaelis Menten kinetics the apparent value of Km increased at increasing 

cell concentrations. Therefore, competitive inhibition kinetics by increasing cell 

concentrations was proposed (Table V-3). Lizama et al. ( 1989) observed in respiration 

experiments that the bacterial ferrous iron oxidation was inhibited by increasing 
concentrations of ferric iron or cells (see Table V-3). 

In our opinion the observed inhibition by cells is an apparent effect, caused by the 

formation of ferric iron during the experiment, because at higher concentrations of cells 

relatively more ferric iron is produced at a constant duration of the experiment. 
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Discussion and conclusions 

Early attempts to describe the kinetics of bacterial ferrous iron oxidation in batch and 
continuous cultures made use of the Monod equation to describe the growth rate of 

Tferrooxidans. Subsequently several workers have shown that competitive product 

inhibition occurs in batch and continuous cultures; a modified Monod equation was 
applied. The occurrence of competitive inhibition kinetics was also shown in initial rate 

measurements with non-growing cells, and some authors applied a modified Michaelis

Menten equation to describe the kinetics at varying conditions (e.g. ferric and ferrous 

iron concentrations). However, comparison of the values of the kinetic parameters of 

different authors as presented in Table V-1, Table V-2 and Table V-3 shows a wide 

variation. 

Moreover, it is not clear whether kinetic data derived from the different experimental 

methods (continuous culture, batch cultures and initial rate experiments) are mutually 

comparable. Note that the Michaelis-Menten equation was originally derived to describe 

the kinetic behaviour of enzymes; when this equation is applied to growing cells it is 

called Monod kinetics. Authors who performed initial rate experiments (e.g. respiration 

experiments) to measure the bacterial ferrous iron oxidation, applied the Michaelis 

Menten equation because they assumed that the cells in are non-growing. It is unclear 
whether initial rate experiments are of use in the derivation of a kinetic model that 

predicts batch and continuous cultures. It was not shown by the authors whether kinetic 

parameters derived from initial rate experiments are inherent constants that are also 

applicable to bacterial ferrous oxidation in batch and continuous cultures. Kelly and 

Jones (1978) obtained different values for kinetic parameters derived from batch culture 
experiments and initial rate respiration measurements, respectively (see Table V-2 and 

Table V-3). 

Moreover, the mass balances have not been checked in any of the kinetic studies; nor 

have the relationships between carbon dioxide uptake, oxygen utilization, ferrous iron 

oxidation and biomass production been reported. 

As can be seen from the above there is no complete kinetic model which has been 
thoroughly tested for the bacterial oxidation of ferrous iron. Generally, previous workers 

have measured ferrous iron concentration in batch and continuous cultures and calculated 

the specific growth rate from the iron oxidation rate, assuming a constant stoichiometry 

between the ferrous iron oxidation and bacterial growth. However, the calculation of 

rates from concentrations is not very accurate. With the exception of the work of Jones 

and Kelly (1983) and Lui et al. (1988) simultaneous measurements of iron oxidation 
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rates, oxygen consumption rates and growth rates have not been reported. This survey 

of the literature highlighted the need for a generally applicable model with parameters 

that are inherent constants. 

In other fields of bacterial kinetics it is common use to apply elemental and charge 

balances on consumption and production rates of substrates, biomass and products, to 

derive relations between these rates. This approach will be applied in this work (Roels 

1983). As was explained in Chapter 4 the on-line measurements of oxygen and carbon 
dioxide consumption in cultures provide the opportunity to check mass balances, and 

subsequently, to determine the ferrous iron and the biomass concentration, and the 
oxygen and carbon dioxide consumption rates at any stage of the experiment. From these 

data the biomass specific oxygen consumption and growth rates can be determined, 

which are needed for the evaluation of kinetic models and the kinetic parameters. 

The on-line measurement of oxygen and carbon dioxide consumption are also important 

to test whether substrate utilization and oxygen consumption are related to growth 

according to the Pirt equation (Eqns. 4.15 and 4.17). Jones and Kelly (1983) applied the 

Pirt equation to determine the relation between ferrous iron oxidation and bacterial 
growth, but derived two significantly different values for both the yield and the 

maintenance coefficient from batch and continuous cultures and also from two different 

sets of continuous culture data. If the Pirt equation holds, a relation between the ferrous 

iron oxidation kinetics, the oxygen consumption kinetics and the growth kinetics exists. 
Therefore, a more thorough study is needed to determine whether the Pirt equation is 

applicable. 

Furthermore, kinetic data from continuous cultures, batch cultures and respiration 

measurements will be compared. Respiration experiments are performed with fresh cell 

suspensions that are taken from batch or continuous cultures. In contrast with other 

authors we will assume that cells in the respiration experiments are growing cells. 

Accordingly, in comparing kinetic data that are derived from the various experimental 

methods it is examined whether the kinetics under stationary conditions differ from that 

under dynamic conditions. 
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5.3 The kinetic model 

In Section 4.2 the general theory applied to examine the bacterial oxidation kinetics was 

explained (e.g. the use of mass and charge balances, the application of biomass specific 

rates, the Pirt equation). In this section the kinetic model that is used to describe the 

bacterial ferrous iron oxidation is discussed. 

In the literature it is assumed that ferric iron inhibits the bacterial oxygen uptake 
according to competitive inhibition kinetics (Lacey and Lawson, 1970; Kelly and Jones, 

1978, and Jones and Kelly, 1983). From batch culture and BOM experiments it appears 

that the bacteria need a minimum ferrous iron level below which no oxidation activity 

occurs. Therefore, the kinetic model for competitive inhibition is adapted for the 

occurrence of a threshold ferrous iron concentration, [Fe2•Ji. This can be written in terms 
of the biomass specific oxygen consumption rate: 

-q 
0 2 

= _______ q_o_ 2_,m_a:_x -------

K, K, [Fe 3• ] 
I+ + -.-----~ 

(5.1) 

[Fe 2
•] -[Fe 2'L K; [Fe 2

' ] - [Fe 2
' ], 

In this equation q02.max is the maximum specific oxygen consumption rate, indicating the 

specific oxygen consumption rate at an excess of ferrous iron and no inhibition effects 

from ferric iron. K, is the saturation constant for ferrous iron, K; is the inhibition 
constant of ferric iron. From the measurements it appears that the ratio of K/K; is the 

dominant kinetic constant in the description of the kinetics. 

As was discussed in Chapter 4 the energy generated from the bacterial oxidation of 

ferrous iron is used by the bacteria for both growth and maintenance. This is described 

in the Pirt equation, which can be rewritten as a relationship between the biomass 
specific oxygen consumption rate and the specific growth rate: 

q - µ 
02 - -

ymax 
ox 

+ m,, 

and, therefore, the following relation between µ max and q02,max holds: 

µmax 
q 02,max = r:.;ax 

+ m 
0 

From Eqns. (5.1)-(5.3) an equation for the specific growth rate is achieved: 

(5.2) 

(5.3) 
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µ 
K, K. [Fe 3• ] 

1+ +-.-------
(5.4) 

[Fe2•]-[Fe2·1, K, [Fe 2•]-[Fe 2•], 

The bacterial oxidation kinetics also depends on the dissolved oxygen and carbon 

dioxide concentrations. The effect of carbon dioxide was not examined. A Monod term 

is used to describe the effect of the dissolved oxygen concentration on the maximum 

specific oxygen consumption rate, which yields q02,ma,(0 2): 

(5.5) 

In dynamic BOM-Eh measurements the measured oxygen consumption rate is corrected 

for the effect of a decrease of the oxygen concentration, to achieve the kinetics only as 

a function of the ferric and ferrous iron concentrations: 

Table 5-i 
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Parameters to be determined in the different experimental equipments 
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As was shown in Section 5.2 energetic and kinetic parameters can be determined in 

different experimental systems. However, to date no attempt has been made to examine 

whether the parameters measured with these different systems and methods agree. In this 

research the parameters in the kinetic model are determined in three experimental 

systems. Table 5-i shows which parameters can be obtained from each method. 

5.4 Experiments 

Procedures in continuous culture, batch culture and BOM experiments, were discussed 

in Section 4.3. Analytical procedures and calculations were explained in Section 4.4. 

Technical aspects of the equipment, the chemicals and bacteria used, and the 

composition of media were given in Section 4.7.3. Data on the equipment and 

procedures, and on the experiments performed, are listed in Tables in the Appendix 

(Section 5.7.2). 

The kinetic experiments on ferrous iron oxidation were performed with Thiobacillus 

ferrooxidans and with pyrite adapted Leptospirillum-like bacteria. 

5.4.1 Thiobaci/lus ferrooxidans 

Continuous culture experiments 

Continuous culture experiments with T.ferrooxidans were performed at different dilution 

rates and total iron concentrations. In Table V-4 data on the fermenter system and 

experimental procedures are listed. Table V-6 lists the chemical analyses that were 

applied in the continuous culture experiments and the different conditions at which the 

experiments were performed. The values of the maximum specific oxygen consumption 

rate, q02.max' and the K/K; ratio in the continuous culture are determined from 

measurements at varying steady states. To examine the effect of the total iron 

concentrations experiments were performed at varying iron concentrations of the 

influent. Continuous cultures at an influent ferrous iron concentration of 0.21 mol/l were 

exan1ined most extensively. The stability and reliability of the system was examined by 

repeating a series of successive dilution rates at least 5 times. The effect of wall growth 

was checked by regularly cleaning the fermenter system and measuring whether r02, rc02 

and the ferrous iron concentrations in the effluent before and after cleaning were the 

same at equal steady states. The minimal dilution rate at which wash-out of the system 

occurred was measured to estimate the maximum specific growth rate, µmax· 
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Sampels of cell suspension from the continuous culture at steady state were diluted with 

ferrous iron solution, and off- line BOM measurements were performed to also determine 

q02,max· Series of stationary BOM measurements were performed with cell suspensions 

from the continuous culture that were diluted to varying ferric to ferrous iron ratios to 

determine the K/Ki ratio (see Section 4.3.2). 

An alternative method to determine the value of K/ Ki of continuous culture grown cells 

was applied. In this experiment the feed of the continuous culture in steady state was 

terminated, and the oxygen and carbon dioxide consumption rates and the ferrous iron 

concentrations in this culture were measured as a function of the time. Also off-line 

BOM measurements with undiluted samples from the culture were used to measure r02 

in parallel with the off-gas analyses. 

Batch culture experiments 

To determine q02,max and µmw and to examine whether the bacteria show a different 

behaviour under dynamic conditions, batch culture experiments were performed, which 

were inoculated with cell suspension from the continuous culture at different dilution 

rates in the steady state. The inoculum (10 % v/v) was diluted with a ferrous iron 

solution at the same pH and iron concentration as the continuous culture. Table V-6 also 

gives the cross references of continuous cultures to batch culture and BOM experiments. 

Batch culture experiments with cell suspensions from the continuous cultures were also 

performed to examine the effect of the total iron concentration, zinc ions at different 

concentrations, the temperature, and the oxidation of pyrite. Off-line BOM measurements 

with cell suspensions from the batch. culture that were diluted with ferrous iron solution 

were used to determine q02,max during the course of the batch culture experiment. In the 

final stage of the batch experiments off-line BOM measurements with undiluted samples 

from the batch culture were used to measure r02 in parallel with the on-line off-gas 

analyses. Table V-7 lists the chemical analyses that were used in batch culture 

experiments, and the different conditions at which batch culture experiments were 

performed. 

BOM measurements were also used to determine the value of K 5 . Cells were washed and 

centrifuged to remove iron solution, and diluted with iron free medium. After the 

addition of a small amount of ferrous iron a dynamic BOM measurement was performed. 

In the determination of the value of K, both the changing ferrous and ferric iron 

concentrations during the experiment need to be taken into account. 
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The Monod constant for dissolved oxygen was examined at several conditions. In these 

experiments the oxygen consumption rate was measured at an excess of ferrous Iron 

down to 0.5 mgO/l. BOM measurements were also used to examine the effect of the 

pH. In Table V-5 data on the BOM equipment, the procedures in the BOM 

measurements, and the preparation of the samples, are listed. In Table V-8 the analytical 

procedures used to determine the conditions in BOM measurements, and the 

circumstances at which the experiments were performed, are listed. 

5.4.2 Leptospirillum-like bacteria 

Continuous culture experiments 

Continuous culture experiments with pyrite adapted Leptospirillum-like bacteria were 

performed at different dilution rates and 0.21 mol/l ferrous iron in the influent. The 

oxygen and carbon dioxide concentration in the off-gas, and the redox potential in the 

solution were measured on-line. Except of the higher dilution rates the ferrous iron 

concentration was too low for determination by o-phenantroline analysis. Table V-6 lists 

the analyses that were used and the conditions at which the experiments were performed. 

The value of the K/ K; ratio was derived from measurements of the ferrous iron 

concentration in the fermenter by means of on-line redox potential measurements and 

the oxygen and carbon dioxide consumptions rates and biomass concentrations, at 

varying steady states. The minimal dilution rate at which wash-out of the system 

occurred was measured to estimate the maximum specific growth rate, µmax· 

Stationary BOM measurements with ferrous iron diluted cell suspensions from the 

continuous culture at steady states were performed to determine the maximum specific 

oxygen consumption rate, q02,max-

Dynamic BOM-Eh measurements with continuous culture grown cell were performed 

to also determine K/K;. The cell suspensions were diluted with sterile filtered cell 

suspensions from the continuous culture to provide the same conditions in both the 

continuous culture and the BOM measurement, except of the ferrous iron concentration 

(see Section 4. 7.3). In Table V-8 the analytical procedures used to determine the 

conditions in BOM-Eh measurements are given, and the circumstances at which the 

experiments were performed. 

No batch culture experiments with cell suspensions from the continuous cultures with 

Leptospirillum-like bacteria were performed. 
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5.5 Results and discussion 

5.5.1 Yield and maintenance coefficients 

As was discussed in Chapter 4, within the accuracy of the analytical procedures the 

measurements properly fitted the carbon, the iron, and the degree of reduction balances. 

Therefore, the maximum yield coefficients for iron, Y,xmax, and oxygen, Y
0
,m"-', are 

related according to the degree of reduction balance (Eqn. 4.19), and only one of these 

two parameters needs to be determined. The same holds for the maintenance coefficients, 

m
0 

and m, (Eqn. 4.20). Because the biomass production rate, r., is equal to the carbon 

dioxide consumption rate, -rc02, the actual yield on oxygen, Y0,, is calculated from the 

ratio of the oxygen and carbon dioxide consumption rates: r0 /rc02. 

Continuous culture experiments 
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In Figure 5.1 and Figure 5.2 the reciprocal yield on oxygen of Tferrooxidans and 

Leptospirillum-like bacteria, respectively, in continuous cultures at 0.21 molFe/l, are 

plotted against the reciprocal dilution rate (Eqn. 4.16). The Pirt equation yields a good 

description for continuous culture growth of T ferrooxidans, with the energetic 

parameters Y
0
,m•x = 0.051±0.1 C-mol/mol02 and m0 = 0.1±0.02 molO/C-mol/h. The Pirt 
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equation does not give a good description for the Leptospirillum-like bacteria. At low 

dilution rates the maximum yield and maintenance coefficients are less than at high 

dilution rate. The maximum yield and maintenance coefficient of the two bacteria are 

in agreement only at dilution rates exceeding 0.03 h- 1
• Not enough data on the ferrous 

iron oxidation by Leptospirillum are available to draw conclusions on anomalous 

behaviour with respect to the Pirt equation. 

Batch culture experiments 
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Figure 4.17 gave a typical graph for the 

reciprocal yield of Tferrooxidans on oxygen 

in a batch culture at 0.21 M ferrous iron 

against the reciprocal specific growth rate. 

The ferrous iron oxidation (derived from the 

chemical analyses) and oxygen consumption 

were coupled according to the degree of 

reduction balance during the whole batch 

experiment. Accordingly, the actual yield of 

biomass on ferrous iron shows the same 

14 18 22 26 30 behaviour as the yield on oxygen. 
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Figure 5.3 
Comparison of reciprocal yield of T ferrooxidans 
(=r0 /rc02) in the initial phase of batch cultures 

(0.21 molFe/l). ( *) D'"0,.1,m = 0.014 h-1
; 

( .ol) Dmoculum = 0.033 h"; (+) D<noculum = 0.033 h'1; 

(o) Dmocul"m = 0.040 h". (-) Y0 ,m"" = 0.15 C
mol/mol02 and m0 = 2 molO/C-mol/h. 

In Figure 4.15 (=Figure 5.15) it was shown 

that, in the initial 15 hours of the batch 

culture experiment, the specific growth rate 

increases to its maximum value, µmax• while 

the biomass specific oxygen consumption 

rate immediately responds to the high 

ferrous iron concentration in the batch culture. The biomass yield in this initial phase 

was very low in all batch culture experiments, and the Pirt equation only applied once 

the maximum specific growth rate was achieved (see Figure 5.3). The average maximum 

yield and maintenance coefficients for the latter phase of the batch cultures were Y ox max 

= 0.052±0.002 C-mol/mol02 and m0 = 0.2±0.05 molO/C-mol/h (see Figure 4.17). 

In Figure 5.3 the reciprocal yields in the initial phase of several batch culture 

experiments, that were inoculated with cell suspensions from steady state cultures at 

different dilution rates, are plotted. It appeared that the actual yield as a function of the 

specific growth rate in this initial phase, was independent of the initial growth rate (= 
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dilution rate). Apparently, more energy is required for the bacterial growth when bacteria 

adapt to the high ferrous iron concentration. 

S.S.2 Kinetics in continuous culture experiments with T.ferrooxidans and Leptospirillum 

The ferrous iron concentrations and the ferric to ferrous iron ratios in continuous cultures 

of Tferrooxidans at various total iron concentrations are plotted as a function of the 

dilution rate in Figure 5.4 and Figure 5.5 respectively. The ferrous iron concentration 

increased at increasing dilution rates and total iron concentrations. The ferric to ferrous 

iron ratio as a function of the dilution rate appeared to be independent of the total iron 

concentration. This behaviour implies a Monod type kinetics with the ferric to ferrous 

iron ratio as a dependent parameter. This agrees with competitive inhibition kinetics 

because the apparent Monod constant, K,, increases at increasing ferric iron 

concentrations, rather then the maximum specific rates, µm,. or qm,max· 
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Figure 5.5 
Ferric to ferrous ratios in continuous cultures of 

T ferrooxidans at 0.10 ("'), 0.16 ( * ), 0.21 (•) 
and 0.27 (a ) mol/I total iron. 

In Figure 5.6 and Figure 5.7 the ferrous iron concentration and ferric to ferrous iron 

ratio in continuous cultures of T.ferrooxidans and Leptospiril/um-like bacteria 

respectively, at a total iron concentration of 0.21 mol/l are plotted against the dilution 

rate. The ferrous iron concentrations in the Leptospiril/um culture are much smaller than 

that in the T ferrooxidans culture, and the ferric to ferrous iron ratio in the latter is 

about a factor of I 00 smaller at the same dilution rates (Note the different Y-axis in the 
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graphs). Therefore, at the same total iron concentrations the affinity for ferrous iron of 

Leptospirillum-like bacteria is much higher than that of Tferrooxidans. 
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Figure 5.6 
(•) [Fe2•1 and ( * ) [FeJ+]/(Fe2

'] in continuous 
cultures of T ferrooxidans at 0.21 total iron. 
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In Figure 5.8 and Figure 5.9 the biomass specific oxygen consumption rate, q0 2, in 

continuous cultures at 0.21 M total iron, and the maximum specific oxygen consumption 

rate that was measured in the BOM, q0 2.max• is plotted as a function of the dilution rate 
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for T.ferrooxidans and Leptospirillum-like bacteria respectively. The values of q0 2_ma.x at 

0.21 M total iron that were measured in the BOM are also listed in Table 5-ii for 

T.ferrooxidans and in Table 5-v for Leptospirillum. At the same dilution rates, the value 

of q02.max of Leptospirillum is about 80% of q02.max of T.ferrooxidans. 

The observed variations in the measured value of q0 2,max at varying dilution rates cannot 

be explained by measurement errors in the BOM measurements. An optimum q0 2.max 

occurred at a dilution rate between 0.04 and 0.05 h-1 for both strains. Above this dilution 

rate the value of q02,max decreased, and wash-out of the culture occurred when the value 

of q0 2.m•x measured in the BOM and the value of q02 measured in the fermenter (from 

off-gas analyses) became equal. The same behaviour was observed in the continuous 

cultures of T.ferrooxidans at other total iron concentrations between 0. I I and 0.27 M. 

In this range of total iron concentrations the measured values of q0 2,max agreed with the 

values measured at 0.2 I M total iron. It is concluded that the value of q0 2.max in 

continuous cultures is not a constant and possibly depends on the composition and the 

specific growth rate of the cells, and no dependency on the total iron concentration was 

observed within this range. 

While the pH in the fermenter was controlled by setting the influent pH, the pH in the 

culture drops if less ferrous iron is oxidized (at increasing dilution rates). Therefore, pH 

control in the T.ferrooxidans culture becomes sensitive near wash-out. If the pH of the 

culture was successfully controlled wash-out occurred at Dwa.sh-out = 0.096 h-1
• Using 

Equation (5.3) and the determined maximum yield and maintenance coefficients, a value 

of q0 2.max = 1.9 molO/C-mol/h is predicted, which agree with the value that was 

measured in BOM measurements near wash-out (see Table 5-ii). It should be noted that 

using the value of q02.m .. , measured at D = 0.04 and Equation (5-3) would predict a 

maximum growth rate, µmax• of 0.14 h-1
, and therefore Dwa.sh-out = 0.14 h-t, which is 

significantly larger than the measured value. Wash-out already occurred at D = 0.075 

if the influent pH was not raised. At this dilution rate the value of q02.max measured in 

the BOM had dropped to about 1.2 molO/ C-mol/h as the pH in the T.ferrooxidans 

culture had dropped to 1.5. The same behaviour was observed in cultures at 0.27 and 

0.36 molFe/L It is concluded that the activity of T.ferrooxidans in a continuous culture 

at high dilution rates decreases at decreasing pH. 

In continuous cultures of Leptospirillum pH control near wash-out is less sens1t1ve 

because the pH and the ferrous iron concentration in the culture are relatively low. 

Wash-out occurred at D = 0.078 h"1
, which is about 80% of Dwa.sh-out of T.ferrooxidans. 

This agrees with the lower value of q0 2,max which is also 80% of the value of q02,ma.x of 

T.ferrooxidans. 
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At 0.21 M total iron, the minimum ferrous iron concentration, [Fe2+), (threshold 

concentration), of Tferrooxidans at which no further ferrous iron oxidation occurred was 

0.5 mM, whereas that of Leptospirillum-1ike bacteria was only 5* 10-3 mM. The affinity 

coefficient for ferrous iron of Tferrooxidans determined in a dynamic BOM 

measurement with filtered and washed cells, was K, = 0.25mM. The affinity coefficient, 

K,, of Leptospirillum-1ike bacteria was not determined. 

In Figure 5.10 and Figure 5.11 the reciprocal values of q02, and in Figure 5.12 and 

Figure 5.13 the values of q02, of Tferrooxidans and Leptospirillum-like bacteria, 

respectively, are plotted as a function of the ferric to ferrous iron ratio, in which the 

ferrous iron concentration was subtracted with the minimum concentration, [Fe2+),. 

Fitting (e.g. least square method) the values of q02,ma.• and K,/K; from these 

measurements does not yield reliable results because these kinetic parameters are coupled 

at the high ferric to ferrous iron ratios in the continuous culture measurements. 

Therefore, the value of K/K; was fitted using the values of q02.ma.x that were measured 

in the BOM. The curves show the specific oxygen consumption rates calculated with 

Equation (5.1) using a constant average value of q02,max· A better kinetic description was 

achieved when q02 was calculated with the variable q02,max (as a function of the dilution 

rate) values that were measured in the BOM. 

Summary 

It is concluded that competitive inhibition kinetics with threshold ferrous iron 

concentration (Eqn. (5.1 )) were applicable in the description of kinetic behaviour in 

continuous cultures for both Tferrooxidans and Leptospirillum-1ike bacteria. The ferric 

to ferrous iron concentration ratio is the rate determining variable. The K/K; ratio and 

q02,ma.x are the rate determining kinetic constants. The affinity for [Fe2+)/[Fe3+) is much 

higher for Leptospirillum-like bacteria compared with Tferrooxidans, which is expressed 

in a much higher K/K; value for the latter. The value of q02,max of T Jerrooxidans is 

slightly larger. 

The measured values of q02,max depended on the dilution rate (with a variation of about 

20%), and a slightly more accurate description of the kinetics was achieved if dilution 

rate dependent q02.max values were used. Accordingly, the BOM measurement of q02,max 

is an accurate method to determine the actual value of q02,ma.x· A possible explanation for 

the decrease of q02,max at higher dilution rates (= growth rate) is that the concentration 

of oxidizing enzymes in the cells decreases causing a decrease of the maximum oxygen 

consumption capacity per cell. 
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5.5.3 Kinetics in batch culture experiments with T .ferrooxida11s 

Continuous to batch culture 
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Figure 5.14 
Continuous culture with T j errooxidans (0.2 I M total iron) at D = 0.042 h·'. Feed was terminated at 

t = 4h. ( •) q0 2 from off-gas analyses. ( * ) q02 from BOM measurement with undiluted samples. 
(- ) q02 calculated with q02 ..... =2.9, K/ K;=0.04, [Fei.],=0.3 mM. 

At a dilution rate of0.042 h-1 the feed of the continuous culture with T.ferrooxidans was 

terminated and the ferrous iron concentration, the oxygen concentration in the off-gas, 

and the r02 of undiluted samples in the BOM, were measured as a function of the time. 

In Figure 5.14 both q0 2 determined from the off-gas analyses and from BOM 

measurements are plotted against time and against the measured ferric to ferrous iron 

ratio. The oxygen consumption rate from on-line off-gas analyses and from the BOM 

measurements with undiluted samples agree well. In this experiment the minimal ferrous 

iron concentration was 0.3 mM, which was somewhat lower than the other minimal 

ferrous iron concentrations determined. The maximum specific oxygen consumption rate 

that was measured in the BOM was q02,max = 2.9 molO/C-mol/h. The measured data in 
the batch culture were well described with Equation (5.1) using a constant q02.max = 2.9 

molO/ C-mol/h, K/ K; = 0.04, and [Fe2+], = 0.3 mM. This finding agrees with the 

assumption that the value of q0 2,max is determined by the composition of the bacteria. 

Because the duration of this batch culture experiment is a factor of 4 to 5 less than the 
doubling time of the bacteria it can be assumed that the composition of the bacteria does 

not change much, and therefore, according to the hypothesis, the actual value of q02.max 

is a constant. Consequently, using a constant value of q02_max in Equation (5.1), which 

is equal to the value of q02.max measured in the BOM, yields a good description over the 

whole range of ferric to ferrous iron ratios (compare Figure 5.14B with Figure 5.12). 
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It is concluded that this method is a convenient and an appropriate means to determine 

kinetic parameters of continuous culture growing cells (i.e. cells in their steady state). 

Batch cultures at 0.21 M iron: dynamic phase 
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Figure 5.15 

Batch culture experiments at 0.21 M iron 

were performed with T.ferrooxidans inocula 

grown in continuous cultures at 0.21 Miron. 

An aim of these experiments was to measure 

the maximum specific growth rate of the 
E 
::::. bacteria, µmax• according to the same 
::J 

E principle as the measurement of q02,max in 
BOM measurements, being the measurement 

of the carbon dioxide consumption rate at a 

high ferrous to ferric iron ratio. However, 
contrary to response of the specific bacterial 

oxygen consumption rate, q02, to a high 

( +) µ and ( •) q02 in batch culture of 
T ferrooxidans (0.2 l molfe/l). D;nocui,m=0.033 h'1

• 

ferrous iron concentration, dynamic 

behaviour was observed in the response of 

the bacterial growth rate, µ. Figure 5 .15 

shows a typical plot of the specific oxygen consumption and growth rates in a batch 

culture. From Figure 5.15 it can be seen that the biomass specific oxygen consumption 
rate responded immediately to the high ferrous iron concentration in the medium, 

yielding the maximum oxygen consumption rate, q02,max, whereas the initial specific 

growth rate, µ, was smaller than µmax and increased to a maximum within about 16 hours 
in all experiments. Apparently, the bacteria need to adapt themselves when transferred 

from low to high ferrous iron concentration. 

In Table 5-ii the average values of q02,max measured in the BOM and off-gas analyses at 
the initial stage of the batch experiment are given as a function of the dilution rate of 
the inoculum. The error in the off-gas analyses in this phase of the experiment is a 

factor of 5 to 10 larger than in continuous culture measurements because the biomass 

concentrations is only 10%. This might cause small differences between q02,max measured 
in the batch culture and in the BOM with undiluted samples that were taken from the 

batch culture. In the fourth column of Table 5-ii the specific growth rate that was 

measured at the start of the experiments, is listed. It appeared that in all batch culture 

experiments the initial growth rate (t=O) is very close to the growth rate of the inoculum 
(= D inoculum). No correlation was observed between the time needed to achieve the 
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maximum specific growth rate and the initial growth rate. In all cases 16±2 hours were 
needed to achieve the maximum specific growth rate, µmax• and the acceleration of the 

specific growth rate was larger at lower growth rates of the inoculum. 

Table 5-ii Measured specific rates of continuous culture grown Thiobaci/lusferrooxidans 0.21 mol 

Fe/I measured in the BOM and in the initial (dynamic) phase of the batch culture 

experiments. 

Continuous BOM BOM Batch Batch Batch 

culture measured fitted measured measured measured 

D q02,mu: K/ K, q02,mu µ(t;O) µmax 

(h"I) mol/Cmol/h mol/Cmol/h h.J h-1 

SOM measurements 

0.011 2.3 0.10 

0.019 2.4 0.10 

0.027 2.7 0.10 

0.036 2.9 0.10 

0.045 2.9 0.10-0.12 

0.060 2.6 0.10 

0.069 2.3 0.10 

O.Q75 2.2 0.10 

0.085 2.05 0.10 

Batch experiments 

0.014 2.2 2.2 0.016 0.093 

0.033 2.5 2.4 0.035 0.102 

0.040 2.7 2.3 0.050 0.094 

0.085 2.2 2.2 0.070 0.085 

Continuous culture ~ Batch culture by terminating feed 

0.040 2.90 

It is concluded that the specific growth rate in the initial phase of a batch experiment 

shows dynamic behaviour that cannot be described by competitive inhibition kinetics. 
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Batch cultures at 0.21 M iron: steady state behaviour 

As soon as the maximum growth rate has been achieved in the batch culture, the Pirt 

equation applied, and the specific growth rate was in accordance with the competitive 

inhibition kinetics. In the fifth column of Table 5-ii the maximum specific growth rate, 

µmax• that was measured in the batch experiments is listed. These values agree with the 

value of µm•x in continuous cultures at dilution rates near wash-out. The measured µmax 

also agreed with the measured values of q02,max according to the Pirt equation. Within 

the exception of the batch cultures with Dinoculum of 0.085 h-1
, no significant difference 

occurred between the measured value of µmax at different initial growth rates. 

To test whether no further increase of the measured specific growth rate occurred, in one 

of the experiments an inoculum size of only 5% was used. In this experiment the 

measured maximum growth rate remained constant at µmax = 0.093±0.003 for about 4 

hours which implies that the maximum specific growth rate was achieved at this level. 

In all batch culture experiments the value of q0 2.max that was measured in the BOM 

significantly (20%) decreased as the maximum specific growth rate was achieved. This 

behaviour agrees with the decrease of q02,max in continuous cultures at high dilution rates. 

In Figure 5 .16 typical plots of the specific oxygen and carbon dioxide consumption rates 

in batch cultures at three different specific growth rates of the inoculum are plotted as 

a function of the ferric to ferrous iron ratio. The ferrous iron concentration in the batch 

culture is derived from the degree of reduction balance. Also the biomass specific 

oxygen consumption and growth rates calculated with the competitive inhibition kinetics, 

and using the fitted kinetic constants (listed in Table 5-iii), are plotted in these graphs. 

In the calculation ofµ (Equation (5.4)) the value ofY
0
,m"'.m

0 
was taken to be 0.006 h- 1

• 

It is concluded that competitive inhibition kinetics give a fairly good description of the 

measured specific growth rates. Apparently, if bacteria have achieved their maximum 

growth capacity, stationary behaviour is achieved, and the competitive inhibition kinetics 

applies for the description ofµ. Also, the fitted value of µmax was equal to the measured 

value of µm"'· 

Similar to the calculations of q02 in the continuous cultures, values of q02 in the batch 

cultures were calculated with a constant, average, value of %2,max• and with the values 

of q02.max that were measured in the BOM (Eqn. (5.1)). Again, using the measured values 

of q0 2_max in the calculations gives a significantly better description of the measured 

specific oxygen consumption rates (see Figure 5.16). 
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Specific oxygen consumption and growth rates in three batch cultures (B, C and E) of T ferrooxidans 
at 0.2 1 M total iron, I 0% inoculum, and B: D,ooculum=O.O 14h·1

, C: D,.°"'lum=0.033h·1
, E: D,ooculum=0.040h·1• 

(·······) q02 andµ from off-gas analyses; ( - - ) q02 and µ calculated with a constant q02.max and µm"'; (• ) 
q02 calculated with q02m.., measured in BOM. The values of K/ K, and [Fe2·1, as a function of the 
dilution rate are given in Table 5-iii. 
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Table 5-iii 

D 

inoculum 

(h"') 

0.014 

0.033 

0.040 

0.085 

0.042 

Chapter 5 

Kinetic parameters of Thiobacillus ferrooxidans in batch cultures at 0.2 l mo! Fe/ ! with 

inoculum from continuous cultures, fitted for the last 20 hours of the experiment. In 

continuous culture [Fe,.],= 0.5mM, Dwu ho"' = 0.096 h·'. The fitted kinetic parameters for 

continuous cultures were q0 2.mn = 2.2 mo!O/ mo!CO/ h and K/ K; = 0.05. 

BOM end Batch Batch Batch Batch 

phase fitted fitted fitted measured 

Qo2.max Qo2.max µmox K/ K; [Fe,.], 

mol/Cmol/h mol/Cmol/h h"' mmol/l 

Batch experiments 

1.8-2. l 2.4 0.095 0.10 0.45 

2.0-2.35 2.3 0.105 0.06 0.52 

1.8-2.2 2.2 0.100 0.06 0.55 

1.5-1.7 1.7 0.085 0.10 

Continuous culture -+ Batch culture by terminating feed. 

2.9 0.04 0.3 

Batch cultures at other conditions 

To examine the influence of the total iron concentration two batch culture experiments 

were performed with continuous culture grown Tferrooxidans (0.21 M total iron) in a 
0.27 M and a 0.36 M ferrous iron solution. In the initial 30 hours of the experiment the 

specific oxygen consumption rate decreased, whereas the specific growth rate firstly 

increased and then decreased. The last 20 hour of the experiment could be described 

with competitive inhibition kinetics, -using the kinetic parameters as given in Table 5-iv. 

It is concluded that higher iron concentrations caused a decrease of the maximum 

specific oxygen consumption and growth rates, whereas the kinetic parameter K/K; 

remained constant. 

For understanding the bacterial zinc sulphide oxidation it is examined whether zinc ions 

inhibit the bacterial ferrous iron oxidation. Two batch culture experiments were 

performed with continuous culture grown cells (0.21 M total iron) in a 0.21 M ferrous 

iron solution that contained 0.15 and 0.30 M of zinc sulphate. In the initial 30 hours of 

the experiment the specific oxygen consumption rate decreased and the specific growth 

rate increased. Again, the last 20 hours of the experiment could be described with the 
kinetic parameters given in Table 5-iv. The addition of zinc ions caused a decrease of 
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the maximum specific oxygen consumption and growth rates, whereas the kinetic 

parameter K/Ki remained constant. 
Addition of 0.8 M zinc sulphate to batch cultures at 0.21 M ferrous iron in which the 

maximum specific growth rate was achieved were completely deactivated within 5 hours. 

Table 5-iv 

Conditions 

0,27 M Fe 

0.36 M Fe 

Kinetic parameters of Thiobacillus f errooxidans in batch cultures with I 0% inoculum 

from a continuous culture in steady state (0.21 mol Fe/I) fitted for the last 20 hours of 

the experiment. In continuous culture [Fe2
•)1 = 0.5mM, D.,.,ho"' = 0,096 h·1

• The fitted 

kinetic parameters for continuous cultures were q 02.max = 2,2 molO/ moICO/ h and K/ K; 

= 0,05, 

fitted fitted fitted 

q 02,mu µ max K/ K; 

mol/Cmol/h h'' 

12±0.I 0.06±0.01 0.06±0.01 

L2±0.I 0.065±0.005 0,055±0.005 

021 M Fe, 0.15 M Zn2
• 

0.21 M Fe, 0.30 M Zn2+ 

1.2±0,I 

1.0±0, I 

0,06±0,01 0.06±0.01 

0,05±0.01 0.06±0.01 

Summary 

Competitive inhibition kinetics with a threshold ferrous iron concentration (Eqn. (5.1 )) 

describes both the kinetic behaviour in short term batch cultures (continuous culture of 

which the feed was terminated; low initial [Fe2
• ]) as the pseudo steady-state phase of 

batch cultures on ferrous iron (high initial [Fe2
• ]). In the description of the pseudo 

steady-state kinetics of batch cultures the maximum specific growth rate, µm•x' is a 
constant, whereas q02 is more accurately described with the changing value of q0 2.max that 

is determined in stationary BOM measurements. Bacteria need to adapt when transferred 

from a low (continuous culture) to a high (batch culture) growth rate: the specific 

growth rate, µ, only slowly increases, while the specific oxygen and ferrous iron 
consumption rates (q02 and qFc2. ) , immediately increase to their maximum values at the 

high ferrous iron concentration. The initial growth rate is equal to the steady state 

dilution rate of the cell suspension that is used as the inoculum. At sufficient ferrous iron 

concentration the maximum growth rate is achieved after about 16 hours in the batch 

culture (independent of Dinoculum). Hence, although the kinetic equation does not apply 
for the description of µ in the initial dynamic phase, batch culture experiments are 

appropriate to measure the maximum growth rate, µmax· 
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Both the use of higher total iron concentration and the addition of zinc ions to the batch 

culture cause dynamic behaviour. After the dynamic phase a stationary phase is 

achieved, in which the competitve inhibition equation is applicable. Compared with 

batch cultures at 0.21 M of iron, higher iron concentrations or addition of zinc ions 

cause a decrease of q02,max and µmax; the value of K/K; remains unchanged. 

5.5.4 Kinetics in BOM experiments 

Reproducibility of BOM measurements 

Tests on this experimental method showed that BOM measurements with cell 

suspensions from continuous or batch cultures were reproducible with an error between 

duplicates of 2 to 3%. An error of 10 to 15% occurred in experiments that were 

performed on different days, which was probably both caused by errors in the calibration 

of the electrode (3%), errors in the determination of the biomass concentration (5%), and 

real changes in q0 2.max (3%). The measurements were not sensitive to the age of the cells 

up to 4 hours, and no lag-phase occurred between the addition of ferrous iron and the 

response to a new concentration level. No further increase of the specific oxygen 

consumption rate occurred at a ferrous to ferric iron concentration ratio larger than I 0. 

Thus, the maximum biomass specific oxygen consumption rate, q02,max• of a cell 

suspension could be directly measured by diluting the sample to this ferrous iron level. 

Between the limits of r0 2 that can be accurately determined in BOM measurements (see 

Table V-5), the biomass specific oxygen consumption rate was insensitive to the 

concentration of cells in the sample. The oxygen consumption rate in sterile filtered 

samples to which ferrous iron solution was added, was negligible. The oxygen 

consumption rates, r02, of undiluted samples from batch or continuous cultures, measured 

in the BOM, agreed with the values derived from off-gas analyses in the fermenter 

(provided that the theory on the measurement of the oxygen activity is properly applied, 

Section 3.3.4). Ferrous iron concentrations in the sample determined from the 

simultaneous redox potential measurement and from the total oxygen consumption were 

in agreement. This implies that oxygen consumption and ferrous iron oxidation are 

coupled. Accordingly, one factor for both the activity coefficient of dissolved oxygen 

in the sample and a (relatively small) correction factor for the calibration of the electrode 

was determined from mass balances on oxygen and ferrous iron in a dynamic BOM-Eh 

measurement. This was the most reliable method to achieve the absolute value of the 

oxygen consumption rate in BOM measurements. The Monod constant with respect to 

the oxygen concentration was 3.5 (± 1.0) *I 0-6 molO/ l for both Thiobacillus 

ferrooxidans and Leptospirillum-like bacteria. 
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Cycles of stationary BOM measurements 

Cycles of stationary BOM measurements (see Section 4.5.3) with cell suspensions from 

the continuous Tferrooxidans culture were performed at each steady state. During a 

stationary BOM measurement the ferric to ferrous iron ratio was constant. From these 

experiments it appeared that the specific oxygen consumption rate was only determined 

by the ferric to ferrous iron concentration ratio and not by the total iron concentration 

in the samples. 
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Figure 5.17 
Stationary BOM measurements at varying [Fel+/[Fe2

• ] with cell suspensions from continuous cultures 
of Tferrooxidans at 0.21 M total iron at D = 0.06 h·'. (•) l/q02 (Fig I) and q02 (Fig II) in BOM 
measurement; ( - ) q02 calculated with q0 ,_max = 2.5 and K/ K; = 0.1. (······.) q02 calculated with 
q02.m,.= l.85, K/ K;=0.035. (FeH],=0.3 mM. 
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Figure 5.17 shows a typical plot of the measured q02 and its reciprocal value as a 

function of the ferric to ferrous iron ratio, in which the ferrous iron is subtracted with 

the minimum ferrous iron concentration, [Fe2+]" Two extremes of the calculated q02 

curves that fit a part of the measured data are plotted in this figure. The value of K/K; 

only agrees with the value of K/Ki measured in continuous cultures if the ferric to 
ferrous iron concentration does not largely differ from the circumstances in the 

continuous culture (high [Fe3.]/[Fe2+]). The same pattern and values of K/K; were found 
in every series ofBOM experiments. Therefore, competitive inhibition kinetics does only 

apply in BOM measurements performed at circumstances near the steady state conditions 

of the cells in the fermenter. 

It is concluded that series of stationary BOM measurements are only appropriate to 

determine the approximate value of the kinetic parameter K/K;, but not to accurately 
determine its value. 
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Stationary BOM measurements were also used to examine the pH effect on 

T ferrooxidans grown in a continuous culture at 0.21 Miron and pH 1.8. No significant 

effect on the maximum oxygen consumption rate of the cells was observed between pH 

1.5 and 2.2. However, from continuous culture experiments it appeared that, at high 

dilution rate, wash-out and a decrease of q02_m:ix occurred with a decrease of the pH. 

Stationary BOM measurements did not show a significant decrease of the maximum 

oxygen consumption rate due to the addition of zinc sulphate up to 0.5M Zn2+, while 

significant inhibition was observed in batch cultures. In batch cultures, however, the 

value of q0 2 only responded slowly to the addition of inhibitors. Therefore, it is 

concluded that BOM measurements are not appropriate to determine inhibition effects. 

Dynamic BOM-Eh measurements 

Dynamic BOM-Eh measurements (see Section 4.5.3) with cell suspensions from the 

continuous Leptospirillum culture on ferrous iron were performed. Figure 5.18 shows 

a plot of the measured q02 and its reciprocal value as a function of the ferric to ferrous 

iron ratio. In this measurement the oxygen concentrations were measured with a data 

acquisition program. The curve in these plots shows q02 calculated with competitive 

inhibition kinetics. In Table 5-v the kinetic parameters that were determined from 

dynamic BOM-Eh measurements at different dilution rates, are listed. The kinetic 

parameters determined in the dynamic BOM-Eh measurement agree with that determined 

in the continuous culture. 

In Figure 5.19 the specific oxygen consumption rate of pyrite grown Leptospirillum, as 

was measured in a dynamic BOM-Eh experiment, is plotted. The measurement was 

performed manually. The specific oxygen consumption rate was accurately described 

with the competitive inhibition kinetics. Comparison of the kinetic constants of pyrite 

grown and ferrous iron grown Leptospirillum shows that the values of K,IK; agree. The 

maximum specific oxygen consumption rate of pyrite grown cells is a factor of 2.2 less 

than that of ferrous iron grown cells. This difference will be discussed in Chapter 7. 

It is concluded that q02 measured in the dynamic BOM-Eh measurements can accurately 

be described with competitive inhibition kinetics, and that dynamic BOM-Eh 

measurements are an appropriate method to determine kinetic parameters of continuous 

culture grown Leptospirillum-like bacteria, because only minor changes compared with 

the conditions in the continuous culture are needed. 
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Table 5-v 

Chapter 5 

Kinetic parameters of continuous culture grown leptospiri//11m-like bacteria at 0.21 mo! 

Fe/I measured in BOM experiments. In continuous culture K/ K; = 0.0005, [Fe2
· ) , = 

7* I 0·3 mM, Dwashou• = 0.078 h·'. 

D BOM BOM 

(h"') q02.max K/ K; 

mol/Cmol/h 

0.0093 2.4 7* 10 .. 

0.0257 2.2 7*10 .. 

0.0373 2.4 7*10 .. 

0.044 2.2 7* 10 .. 

0.050 1.9 7* 10 .. 

0.060 1.8 7*10 .. 

5.5.5 Comparison with the literature 

The different kinetic behaviour of Tferrooxidans and L.ferrooxidans was examined by 

Norris et al. ( 1987). In respiration experiments with ferrous iron grown cells at ferrous 

iron concentrations between 0.6 and 50 mM and ferric iron concentrations between 0 and 

50 mM the affinity and inhibition coefficients were determined. From their 

measurements we estimated the maximum specific oxygen consumption rates. The results 

are listed in Table 5-vi. Clearly, the observed K/K; of Leptospirillumferrooxidans is a 

factor of 75 less than that of Thiobacillus ferrooxidans, which agrees with the 

observations in our work. The absolute values of K/K; in their experiments are a factor 

of I 0 higher than the values found in our study. Also their values of q02.max are about a 

factor of two smaller. 

Table 5-vi Kinetic constants for T ferrooxidans and Lferrooxidans on Fe2+, reported by Norris et 

al. (1987) 

Bacteria q02.mu Km K; K/ K; 

mol02/Cmol/h mM mM 

T.f 1.2 1.34±().16 3. 1±0.2 0.400 

L.f. 0.43 0.25±().08 43 0.006 
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5.6 Discussion and Conclusions 

For description of bio-oxidation processes the (pseudo) steady-state behaviour of the 

bacteria needs to be known. The kinetic experiments performed in this study have given 

insight in the reliability, reproducibility and applicability of the experimental methods 

for examining the bio-oxidation kinetics, and in the possible dynamic behaviour of the 

bacteria. 

The application of on-line off-gas analyses in batch and continuous cultures was reliable 

because the mass balances were met in all the experiments performed. Therefore, the 

biomass and substrate concentrations, and the specific growth and oxidation rates were 

accurately determined in these cultures, and the oxidation kinetics were easily 

determined in a wide range of well defined process conditions in batch and continuous 

cultures. BOM measurements were reproducible and reliable. The measurement of the 

oxygen consumption rates, r02, in the BOM, of undiluted san1ples that contained 

sufficient ferrous iron, agreed with the values determined from off-gas analyses. In 

dynamic BOM-Eh measurements the ferrous iron concentration in the sample calculated 

from the mass balance on oxygen and from the redox potential agreed. Accordingly, 

with respect to the mass balances the measurement methods used are accurate and 

reliable in kinetic measurements. 

In the description of the (pseudo) steady state behaviour of ferrous iron grown 

Tferrooxidans the Pirt equation was applicable to describe the relation between carbon 

dioxide and oxygen or ferrous consumption. The maximum yield and maintenance 

coefficient of Leptospirillum-like bacteria on ferrous iron were not accurately 

determined. The maximum yield coefficient, Y
0
xmu, of Tferrooxidans in batch cultures 

agrees with the value determined in continuous cultures; the maintenance coefficients in 

batch and continuous cultures are within a similar range. The energetic parameters that 

were determined in the different experiments are summarized in Table 5-vii. 

The equation for competititive inhibition kinetics adapted with a threshold ferrous iron 

concentration was aplicable to describe the ferrous iron oxidation kinetics for both 

Tferrooxidans and Leptospiri/lum-like bacteria. The ferric to ferrous iron ratio appeared 

to be the determining variable in the rate equations for q02 and µ. Therefore, only the 

ratio of K/K;, and not their separate values determines the ferrous iron oxidizing 

kinetics. Slight variations (±15%) were observed in the maximum specific oxygen 

consumption rate, q02.mu• of batch or continuous culture grown T ferrooxidans, that was 

measured in the BOM (at high ferrous iron concentration). A better description of the 

ferrous iron oxidizing kinetics is achieved when the (pseudo) steady-state behaviour in 
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batch or continuous cultures is described with this BOM measured value of q02.ma.x 

instead of using a constant value fitted from the batch or continuous culture 

measurement. The average value of K/K; determined in batch culture experiments is 

20% larger than that determined in continuous cultures (i.e. a lower affinity for 

[Fe2+]/[Fe3+] in batch cultures). The maximum specific growth rate, µ=, in the batch 

culture is close to Dwash-out· The values of (BOM measured) q02.max at low ferric to ferrous 

iron concentrations in the batch culture are within the same range as q02.max in a 

continuous culture at high dilution rates. From the comparison of the specific ferrous 

iron oxidation rates in batch and continuous cultures it appeared that up to I 00% higher 

values of qFci+ can be achieved in continuous cultures at equal (low) ferric to ferrous iron 

ratios. 

From the comparison of the ferrous iron kinetics of T ferrooxidans with that of 

Leptospirillum-like bacteria it is concluded that the K/ K; ratio of the latter is about a 

factor of I 00 smaller, whereas the maximum oxygen consumption rate is only slightly 

smaller. Also the threshold ferrous iron concentration is about a factor of I 00 smaller. 

This implies that at high ferric to ferrous iron ratios Leptospirillum can achieve much 

higer oxidation rates than Tferrooxidans 

The kinetic constants K,IK; and q02.max that are determined in short term batch culture 

experiments (continuous culture to which the feed was terminated) with Tferrooxidans 

agreed with those determined in the continuous culture. Therefore, these short term batch 

culture experiments are a convenient and reliable method to determine steady state 

kinetic constants of Tferrooxidans. Cycles of stationary BOM experiments were not 

appropriate to determine K,IK; of Tferrooxidans in batch or continuous cultures because 

K,IK; was not a constant: At relatively high [Fe2+]/[Fe3+] the value of K,IK; was two or 

three times larger than the value in the continuous culture; only at [Fe2+]/[Fe3+] close to 

the (pseudo) steady-state concentration K,IK; was accurately determined. Therefore, 

cycles of stationary BOM measurements are only appropriate to roughly estimate the 

value of K/K;. Dynamic BOM-Eh experiments (in which the cell suspension is diluted 

with sterile filtered cell suspension from the same culture) experiments were a 

convenient and reliable method to determine steady state kinetic constants ( q02.max and 

K/ K;) of Leptospirillum-like bacteria. 

It is concluded that for the accurate use of the kinetic constants of the ferrous iron 

oxidation kinetics by Tferrooxidans (in process design or optimization) it needs to be 

known how the constants were determined. The kinetic constants that were determined 

in the different experiments are summarized in Table 5-viii. 

Also the dynamic behaviour and adaptation of the cells limits the applicability of the 

different methods for determination of the kinetic behaviour: 
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Dynamic behaviour was observed in the initial 16 hours of batch culture 

experiments with inocula from the continuous culture (with the same total iron 

concentration). In this phase the Pirt equation and the competitive inhibition kinetics 

were not applicable. Apparently, the oxidation capacity of the bacteria is sufficient to 
instantaneously react to new circumstances, whereas the carbon dioxide consumption 

capacity (growth rate) needs to adapt if a higher capacity is needed. 
BOM experiments were inappropriate to determine the effect of pH and Zn2

+ on 

ferrous iron oxidizing T.ferrooxidans: In continuous cultures it was observed that 

decreasing pH caused wash-out of the culture, whereas no significant pH effect was 

observed in BOM experiments at varying pH in the cell suspension. Also inhibition by 
zinc ions could not be observed in BOM measurements, while inhibition was observed 

in the pseudo steady-state phase of batch culture experiments. The q02 response of 

(continuous culture grown cells) in batch cultures to zinc ions only became obvious after 

several hours of bacterial growth. This explains why inhibition effects are not observed 

in BOM measurements. Therefore, BOM measurements are not appropriate to measure 

inhibition effects. 
On the other hand, also batch culture experiments seem to be inappropriate to 

measure inhibition effects because (in pseudo steady-state) q02,max and µmax decreased 
when using higher total iron concentration in the batch culture, whereas no effect of the 

total iron concentration was observed in continuous cultures (up to 0.27 M). 

It is concluded that T.ferrooxidans adapts to changing conditions. Therefore, BOM 
measurements and batch culture experiments are only appropriate to determine the steady 

state kinetics of ferrous iron oxidizing T.ferrooxidans at conditions close to that in the 

continuous culture. 
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Table 5-vii 
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Fitted energetic parameters detennined in batch and continuous cultures from off gas 

analyses. Energetic parameters in batch culture experiments fitted for last 20 hours of 

the experiments. 

y m"' I) mo I) 
OX Comments 

Cmol/mol02 molOifCmol/h 

Continuous culture 0.05 1 ± 0.003 0. 1 ± 0.05 Pirt applicable. 

T ferrooxidans 

Continuous culture 0.050 ± 0.005 

Leptospirillum 

Batch culture 0.054 ± 0.003 

T ferrooxidans 

0.02 ± 0.2 

0.24 ± 0.05 

Pirt is not applicable; more 

experiments are needed. 

Pirt is applicable in last phase. 

Low yield at acceleration of specific 

growth rate. 

I) Because mass balances apply, Y,,m"' and m, can be calculated from Eqs. 4.19 and 4.20, 

respectively. 
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Table 5-viii Kinetic parameters determined in the different experimental equipments. The kinetic 

parameters in batch culture experiments were fitted for last 20 hours of the experiment. 

Continuous culture 

Continuous to batch 

culture 

Batch culture 

Stationary BOM 

Dynamic BOM-Eh 

Continuous culture 

Dynamic BOM-Eh 

on Fe,. 

Dynamic BOM-Eh 

on Fe2
• with FeS2 

grown cells 

µm,. 
h"' 

wash-out 

0.096 

measured 

0.10 ± 0.005 

fitted: 

0.10 ± 0.005 

wash-out 

O.o78 

fitted fitted 

q02,max K/K; 'l K, 

mol02/Cmol/ mM 

h 

Thiobacillus ferrooxidans 

BOM 

2.0-2.9 

fitted: 

2.2 

fitted: 

2.9 

measured: 

2.3 ± 0.1 

BOM: 

1.8-2.4 

fitted: 

2.3 ± 0-1 

0.05 ± 0.01 

0.04 ± 0.01 

0.08 ± O.Q2 

O.o35-0.1 

method not 

appropriate. 

used 0.25 

used 0.25 

used 0.25 

fitted 0.25 

Leptospirillum-like bacteria 

BOM: neglected 

1.8-2.4 --+ 7*10-4 

fitted: 

1.7--+ 5*10-4 

7*10-4 neglected 

measured: neglected 

0.8-1.2 5*10-4 

measured 

[Fe2
• ], 

mM 

used 

0.5 

measured 

0.3 

measured 

0.5 

measured 

0.5 

used 

7• 10-3 

measured 

7* 10-3 

measured 

7• 10·1 

2) Same K,, K/K; and [Fe2
• ], in competitive inhibition equation for q0 2 (Equation (5.1) and µ 

(Equation (5.4). 
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5.7 Appendices 

5.7.1 Data on kinetic experiments in the literature 

Table V-1 

Table V-2 

Table V-3 

Table V-4 

Table V-5 

Table V-6: 

Table V-7 

Table V-8 

Literature data on the ferrous iron oxidation with T ferrooxidans in 

continuous cultures. 

Literature data on the ferrous iron oxidation with T ferrooxidans in batch 

cultures. 

Literature data on the ferrous iron oxidation with T ferrooxidans in 

measurements of the initial rates. 

Reactor system and procedures for batch and continuous culture 

experiments. 

Equipment and procedures for BOM measurements and sample 

preparation. 
Measurements performed in continuous cultures on ferrous iron, and 

respiration and batch culture experiments that were perfom1ed with cell 

suspensions from the continuous cultures. 

Measurements in batch cultures on ferrous iron with cell suspensions 

from continuous culture of Thiobacillus ferrooxidans at 0.21 M Fe at 

different steady states. 

Respiration measurements in BOM on ferrous iron with cell suspensions 

from batch and continuous culture. 



Table V- 1 Literature data on the ferrous iron oxidation with Thiobacillus ferrooxidans in continuous cultures 

Kinetic model Process conditions Kinetic and energetic parameters 

Reference Modelling and Qualitative observations Dilution rates (h"1) µmax K, K, Y,. and m, 
Total iron (mM) (h"I) mMFe2+ mMFe3+ gDW/molFe2+ 

molFe2+/gDW/h 

MacDonald and Monod growth, if wall growth is prevented, model gives a good D = 0.04-0.14 0.16 from 3.8 
Clark 1970 description. [Fe]= 0-54 Wash-out curve Batch: 

Also Batch culture experiments Batch: 0.145 7.2 

Guay et al. Monod growth. D = 0.01-0.15 0.14 (Fe=89) 0.526 (Fe=89) 
1977 Different kinetic parameters at different total iron concentrations. [Fe]= 89,125,161 0.12 (Fe=125) 0.417 (Fe=125) 

0 .1 1 (Fe=16 1) 0.283 (Fe=l61 ) 

Jones and Kelly Monod growth + Comp. and Non-comp. inh. Fel+. D = 0.05-0.99 Comp: 1.25-1.78 Comp. 0.8-0.9 C. 1-2 Comp. Y,.=0.37 
1983 Competitive inhibition at D=0.05-0.27. [Fe] = 80 N.C. 1.33 N.C 0.7-2.4 N.C. 2.6 m, = 0-0.04 

Non-comp inhibition at D=0.07- 1.0. Curve fitting None . Y,.=1.33 
r,=llY,.r,+m,C, m, = 0.43 

Braddock et al. Monod growth modified with threshold Fe2+ D = 0.01-0.06 0.o?O 0.78 
1984 No evidence for inhibition at [Fe)+] 9-23 mM [Fe) = 9-23 Lineweaver- [Fe2+Jm;n=0.25 

r,=1/Y,.r, Burke plot 

Liu et al. 1988 Monod growth + Competitive inhibition Fel+. D = 0.02-0. l 0.12 1.6 4 1 0.25 from r/r, 
r,= 1/Y,,r, [Fe] = 9,22,59 Lineweaver-

Burke plot 

Smith et al. Monod growth modified with decay rate. D = O.o4-0. 14 25-30°c: 0.12 2.0 0.18 
1988 No rate effect between 25°C<f<30°C. At 20°C rate decrease [Fe]= 50 20°c: 0.06 from TOC 



Table V-2 Literature data on the ferrous iron oxidation with Thiobacillus ferrooxidans in batch cultures 

Kinetic model Process conditions Kinetic and energetic parameters 

Reference Modelling and Qualitative observations Total iron (mM) µm.,. K, K, Y,. 
(h"') mMFe2' mMFe3' gDW/molF 

ei. 

Lacey and Monod growth. 108 20°c: 0.15 20°c: 20 

Lawson 1970 r,=1/Y,.r,. 25°C: 0.20 25°C: 16 
µmax decreased with increasing [Fe2

')... 30°c: 0.25 30°c: 18 
µm ax has optimal temperature. Curve fitting 
Only small increase pl-I: large amounts K+ causes formation of jarosites 
which keeps pl-I low 

Kelly and Jones Monod growth modified with competitive inhib. by Fe". 77- 165 0.143 36 (5-8 mMFe) 0.33-0.39 
1978 r,=1/Y,.r,. Lineweaver 67 (57 mM Fe) 

C02 limitation can occur. Burke plot 
µmax and Y., independent [C02]. 

Braddock el al. Monod growth modified with threshold Fe2
'. 18- 108 at 108 mM: 0.78 0.24-0.4 

1984 r,= l/Y,.r, . 0.089 
from log cell 
counts 

Liu el al. 1988 Monod growth modified with comp. inhib. Fe3
'. 11-175 0.11 0.86 7.87 0.25 from 

r,= 1/Y.,r .. Lineweaver r/r, 
Burke plot 

Shrihari and Monod growth modified with pH dependence ofµ and decay rate. 160 0.183 (at pl-12.2) 96 
Kumar 1990 jarosite format ion occurred Curve fitting 

r,=1/Y,.r,. 



Table V-3 Literature data on the ferrous iron oxidation with Thiobacillus ferrooxidans in measurements of the initial rates 

Kinetic Model Process Kinetic parameters 
condit ions 

Reference Modelling and Qualitative observations Equipment Fe,. and FeJ+ q 02.mu Km K, 
mM mM Fe,. mM Felt 

Schnaitman et Michaelis Menten kinetics Colorimetric Fe2
• 3 .5-36 5.4 

al. 1969 

Steiner and Michaelis Menten kinetics Colorimetric Fe2
• 3.2 0.57 

Lazaroff 1974 

Kelly and Jones Michaelis Menten modified with competit ive inhib. FeH 0 2 consumption Fe2+: ( 1) 7.6* I0"9 I) 0.74 2.5-28 
1978 Reaction rate li near w ith Cx with C lark cell I ) 0.4-43 (2) 23* 10"9 2) 123 

and Warburg 2) 100-400 mol/mgprot/s 
manometer FeJ+ 0 or 100 

Norris 1987 Competitive inhibit ion kinetics by Fei+. 0 2 consumption Fe,. 1-100 T.f. 8.3• J0·1 T.f. 1.34 T.f 3.1 
with Clark cell Fe3

• 0 or 10 L.f. 2.1•10·• L.f. 0.25 L.f. 42.8 
mol/mgprot/s 

Pesic and First order kin. in [Fe2
• ], pH, p0 2 and T infl uence. Redox potential Fe2

• 0.3-300 0.34-0.44 
O liver 1988 At pH<2.2: rF,2.=k.C,.[Fe2•].p02.exp(-E,. / RT) with Pt e lectrode Fe'• I 

k= l.62* 1011 at [Fe2. ]< lmM and T<25°C 
Eact=58. 77kJ/mo l 

Suzuki et al. Michaelis Menten modified with competitive inhib. 0 2 consumption Fe2
• 0.1- 10 nmo lO/ mg wettcells/s Comp.inhib.cells 

1989 cells with Clark cell ATCC(l) = 1.5 ATCC(l) = 0.28 ATCC(l) = (-) 
q02=k' .Fe2·/(Fe2•+Km( I +C/ K,' )) A TCC(2) = 2 .4 A TCC(2) = 0.80 ATCC(2) = (-) 
k'=88-1 43 nmolO/ min/mgwetcells SM-4 = 125 SM-4 = 0. 11 SM-4 = 0.33 
K,'=0.1 0-0.33 g wet cells/I SM-5 = 100 SM-5 = 0.30 SM-5 = 0.10 

Lizama et al. Michaelis Menten mod ified with synergetic competitive 0 2 consumption Fe2
• 0.42 0.o7 0.64 

1989 inhib. of Fe3
• and cells with Clark cell Fe3

• 0-16 
q02=k' .Fe2•/(Fe2•+Km( I +C) K,' +Fe,./K,+ .. )) 
k'=200 nmo lO/ m in/mgwetcells 
K,'=0.135 g wetcells/ I 

Okereke and Zero order kinetics Colorimetric Fe2• 38- 113 

Stevens 199 1 
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5.7.2 Data on equipment and experiments 

Table V-4 Reactor system and procedures for batch and continuous culture experiments. 

Working volume of fermenter 

Stirring speed 

Aeration rate 

ll.H 
T jerrooxidans: 

leptospirillum-l ike: 

pH control 

Continuous cultures: 

Batch cultures: 

Temperature control with water bath at: 

Control gas flow rate during experiment 

maximum: 

[O,]G off gas 

minimum: 

[02Jt in solution: 

[C021G off gas: 

Duration and termination of experiments 

Continuous cultures: 

Batch cultures: 

21 

400 or 500 rpm 

0.100, 0.150, 0.200 or 0.250 vvm 

1.8-1.9 

1.5-1.6 

pH of feed solution. 

Addition 2N H,so,. 

30°C 

< 20.90 % 

> 4 mgO/l 

> JOO ppm 

Three times residence time and check on constant 

ferrous iron concentration. 

30 to 45 hours and constant (low) ferrous iron 

concentration 



Ferrous iron kinetics 239 

Table V-5 Equipment and procedures for BOM measurements and sample preparation. 

Working volume. 

Temperature. 

Calibration electrode: 

Determination of activity 

coefficient, a,, in samples: 

r 02 for proper measurements. 

Preparation of sample 

C, in sample: 

pH 

Measurement q02max: 

Stationary experiment: 

Dynamic BOM-Eh experiment: 

Aeration of sample. 

Lag phase in measurement for 

adaptation electrode to sample. 

Duration of a measurement 

Stationary experiments: 

Dynamic BOM-Eh experiments: 

8 or 25 ml. 

30.0°c. 

In air saturated water (30.0°C). Before measurement, or every 

four hours. 

(I) From correlations. 

(2) From mass balance on oxygen and ferrous iron (degree of 

reduction balance) in dynamic BOM-Eh measurements. 

Between 0.1 and 0.4 mg/I/min. 

(0. I 9 to 0.75 mmol0,11/h). 

Depends on proper r 02 range. 

Identical to cell suspension. 

Addition of excess ferrous iron solution. 

16 samples diluted with stock Fe2+ and Fe3+ solutions at 

different ratios. 

Dilution of cell suspension with sterile filtered cell 

suspension, and addition of stock Fe2
' solution at start 

experiment. 

5 to 10 minutes before measurement at 30°C with air. 

2 to 5 minutes. 

I 0-25 minutes. 

30-60 minutes. 
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Table V-6: 

[Fe2+](D) 

C,(D) 

r0 2(D) and 

rc02(D) 

Dilution rates 

[Fe2
"'] influent 

BOM 

measurements 

Batch culture 

experiments 

Chapter 5 

Measurements performed in continuous cultures on ferrous iron, and respiration and 

batch culture experiments that were performed with cell suspensions from the continuous 

cultures. 

Continuous culture experiments on ferrous iron 

Thiobaci//us ferrooxidans Leptospiril/um-like bacteria 

Analyses 

Off-line with o-phenantroline. On-line with redox meter. 

TOC analyses. TOC analyses. 

C02 consumption off-gas. C02 consumption off-gas. 

Average from on-line off gas Average from on-line off gas 

analyses. analyses. 

Experiments and experimental conditions 

0.009 to 0.0954 h·' 

0.05, 0.11, 0.16, 0.26, 0.36 mol/I: 

Two cycles. 

No proper wash-out measurements. 

0.21 moll!: 

Five cycles. 

Measurement of wash-out. 

q02.m., at steady states. 

Series of 16 stationary measurements at 

steady states. 

µm., and q02.m., measurements using cell 

suspension at steady states (0.21 M Fe) 

diluted with Fe'"' solution. 

K/K; determination by discontinuation 

of the feed. 

0.009 to 0.0765 h· ' 

0.21 mol/I: 

Two cycles. 

Measurement of wash-out. 

q02.m., at steady states. 

Dynamic BOM-Eh measurements at 

each steady state. 
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Table V-7 Measurements in batch cultures on ferrous iron with cell suspensions from continuous 

culture of Thiobacillus ferrooxidans at 0.21 M Fe at different steady states. 

[Fe2•)(t): 

C,(t): 

r0 i(t) and rc02(t) 

r0 i(end phase) 

pH control: 

Dilution rate 

inoculum (h"1
) 

0.014 

0.033 

0.040 

0.085 

0.042 

0.042 

0.042 

0.042 

0.042 

0.042 

0.042 

Batch culture experiments on ferrous iron 

Analyses 

Off-line with o-phenantroline analyses. Sampling in initial stage every 30 

minutes. In last phase every 5 or I 0 minutes. 

One TOC analyses at the end of the experiment. 

Total C02 consumption off-gas at time t. 

On-line off-gas analyses. Sampling every 20 minutes. 

Off gas analyses and SOM measurement of undiluted samples in last 

phase. Sampling every five or I 0 minutes. 

SOM measurement. Sampling every hour. 

Every hour. 

Inoculum size 

% (v/v) 

10% 

10% 

5 and 10% 

10% 

10% 

10% 

10% 

10% 

10% 

10% 

10% 

Experimental conditions 

total [Fe] 

mol/I 

0.21 

0.21 

0.21 

0.21 

0.27 

0.36 

0.21 

0.2 1 

0.21 

0.21 

0.21 

Other Number of 

experiments 

in duplicate 

in duplicate 

one each 

in duplicate 

one 

one 

0.15 M ZnSO, one 

0.31 M ZnSO, one 

0.76 M ZnSO, one 

40°C one 

20 g/I Prieska pyrite one 
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Table V-8 Respiration measurements in BOM on ferrous iron with cell suspensions from batch and 

continuous culture. 

[Fe3•]t[Fe2•](t) in dynamic 

BOM-Eh measurements: 

ex in cell suspension: 

ro2 
Stationary measurements: 

Dynamic BOM-Eh 

measurements: 

T ferrooxidans 

q02,max: 

Stationary experiments: 

leptospirillum-like 

q02,max: 

Dynamic BOM-Eh 

measurements: 

BOM experiments on ferrous iron 

Analyses 

Measurement of ferrous iron and total iron concentration in stock 

solutions with ortho-phenantroline method. 

(I) From oxygen consumption using degree of reduction balance. 

This method is most reliable in initial phase. 

(2) From measurement of redox potential and using calibration curve. 

This method is most reliable in end phase. 

Calculated from CO, off-gas analyses in batch or continuous 

cultures. 

Reading display. Sampling every IO, 20, 30 or 60 seconds. 

Data acquisition program. Sampling every 3 seconds. 

Experimental conditions (example: at 0.2 l M Fe in cultures) 

C, (sample) [Fe2•Jo [Fe3
• ] 0 [Fe3•]t[Fe2+]0 

mMC mM mM (-) 

0.1-0.2 180 20-40 0.1-0.2 

0.1-2 9-21 1-160 0.2-30 

0.1-0.8 8 206 25 

0.1-0.8 1.5 208 140 
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5.8 List of symbols 

c. 
D 
Ei. 0 

[Fe2• ] 

[Fei+] 

[Fe2•], 

K, 
K, 

Ko2 

µ 

q 02,mox 

r Fe2+ 

r. 

rc02 

ro2 
t 

T 

VL 
Y,. 

YOX 
y

5
.xmax 

Y oxma.x 

Biomass concentration (C-mol/I) 

Dilution rate (1/1/h) 

Standard redox potential (mV) 

Ferrous iron concentration (kmol/m3
) 

Ferric iron concentration (kmol/m3
) 

Threshold ferrous iron concentration (kmol/m3 or mg/I) 

Monod constant for ferrous iron (molFe2•t1) 

Inhibition constant (mo1Fe3•tl) 

Monod constant for oxygen (mol0/ 1) 

Maintenance coefficient on substrate (mol/C-mol/s) 

Maintenance coefficient on 0 2 (molO/C-mol/s) 

Specific growth rate (s"'). 

Maximum specific growth rate on Fe2
• (If') 

Oxygen concentration in solution (mgO/ I) 

Specific oxygen consumption rate (molO/C-mol/s) 

Maximum specific 0 2 consumption rate (molO/ C-mol/s) 

Ferrous oxidation rate (kmo1Fe2•tm3/s) 

Growth rate on Fe2+ (C-kmol/m3/s) 

Carbon dioxide consumption rate (kmolCO/ m3
,1.,Js). 

Oxygen consumption rate (kmo10/ m3,1.,Js). 

Time (h) 

Temperature, (K) 

Liquid volume, (m3
) 

Yield of biomass on substrate (e.g. ferrous iron) (C-mol/mo1Fe2» 
Yield of biomass on oxygen (C-mol/mol02) 

Maximum yield coefficient on substrate (C-mol/mo1Fe2
') 

Maximum yield coefficient (C-mol/mol02) 
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6 

Chapter 6 

Mechanism and kinetic modelling of zinc sulphide 
oxidation with Thiobacillus ferrooxidans 

The aim of this study was to determine the rate limiting sub-processes in the bacterial 

oxidation of zinc sulphide with Thiobacillusferrooxidans, and to model the kinetics. The 

occurrence of a direct mechanism is assumed if the bacterial oxidation rate of zinc 

sulphide significantly exceeds the sterile chemical oxidation rate at equal conditions. To 

examine the rate determining mechanism parallel batch experiments were performed to 

measure the oxidation rate of synthetic zinc sulphide in the presence and absence of 

bacteria at equal ferrous and ferric iron concentration, and pH Hydrogen peroxide 

(H20i} was added to the sterile fermenter to regenerate ferric iron and maintain the 

ferrous iron concentration equal to that in the inoculated fermenter. No significant 

differences in the oxidation rates of zinc sulphide were found between the sterile and 

inoculated slurry. Therefore, the indirect mechanism determines the rate in the bacterial 

oxidation of zinc sulphide. 

The obtained experimental data were not sufficient to model the kinetics of the rate 

determining sub-processes, which are the chemical oxidation of zinc sulphide with ferric 

iron to elemental sulphur and ferrous iron, and the bacterial oxidation of this mixed 

substrate, S' and Fe1
+. From the experimental data several conclusions and suggestions 

for improved process design and experimental research were given. 
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6.1 Introduction 

The aim of studying the bacterial oxidation of zinc sulphide is to determine the rate 
limiting sub-processes. In Chapter 1 two mechanisms that are competing in the literature 

were discussed: In the direct mechanism it is assumed that attached bacteria directly 

oxidize the mineral surface. According to the indirect mechanism zinc sulphide is 
chemically oxidized with ferric iron and bacteria oxidize ferrous iron and reduced 

sulphur species. 

In Section 1.3 several methods applied in the literature to distinguish between the direct 

and indirect mechanism were discussed. It was concluded that little agreement exists on 

whether a direct mechanism is possible in principle, and, secondly, whether this is a 

relevant sub-process with respect to the overall bio-oxidation rate. 

In Chapter 2 kinetic data of bacterial and sterile ferric iron oxidation presented in the 
literature were studied and standardized. It was shown that bacterial and sterile chemical 

zinc sulphide oxidation rates at equal process conditions (e.g. ferric iron concentration, 
iron content in the mineral, particle diameter, temperature) are similar. It was also shown 

(Section 2.10.5) that the hypothetical maximum bacterial oxidation rate, kA.sphcr• of 

sphalerite particles by the direct action of attached bacteria is a factor of 4 to 10 less 
than reported bacterial oxidation rates. Furthermore it was shown that, at 30°C, 

elemental sulphur produced in the chemical oxidation with ferric iron does not cause 

mass transfer limitation at the zinc sulphide surface (Section 2.3.2). Therefore, the 

bacterial oxidation of elemental sulphur will not improve the chemical oxidation rate of 

the mineral. However, in the case of an indirect mechanism the bacterial oxidation of 

elemental sulphur is required to produce protons that are consumed in the bacterial 

oxidation of ferrous iron. From this study of kinetic data in the literature it was 

concluded that most likely an indirect mechanism determines the bacterial oxidation 

process of zinc sulphide, and no special capacities need to be attributed to the bacteria. 

However, the data were achieved from the interpretation of the data of many different 

research groups who worked at different conditions with different minerals, size 
fractions, temperatures, etc., and several data transformations were needed to make these 

kinetic data mutually comparable. Therefore, the aim of this research was to also 
measure the bacterial and sterile oxidation rate of zinc sulphide at equal conditions (pH, 

ferric and ferrous iron concentration and temperature). In these measurements the redox

stat method (see also Section 4.6.2) as applied by Verbaan and Crundwell (1986) and 
Verbaan and Huberts ( 1988) was used: While bacteria oxidize chemically produced 

ferrous iron and elemental sulphur in the inoculated batch culture, hydrogen peroxide 
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is added to the sterile fermenter to oxidize ferrous iron that is produced in the chemical 

reaction of zinc sulphide with ferric iron. This method provides equal ferric and ferrous 

iron concentrations in the inoculated and sterile batch. Redox potential measurements in 

both fermenters are used as a means to keep equal ferrous to ferric iron ratios in the two 

fermenters, and to control the addition of hydrogen peroxide. (Note that the designation 

'redox-stat experiment' is somewhat confusing because it suggests the the redox potential 

is kept constant during the course of an experiments, whereas the redox potential in the 

sterile fermenter is kept equal to the changing redox potential in the inoculated 

fermenter. For reasons of convenience the designation 'redox-stat experiment' was used 

in this work.) Sulphuric acid is added to the sterile batch to keep the same pH. Thus, the 

only difference in process conditions in the inoculated and sterile batch is the 

accumulation of elemental sulphur in the sterile batch. Only if the oxidation rate of zinc 

sulphide in the inoculated batch culture is significantly larger than that in the sterile 

batch, special capacities need to be attributed to the bacteria (e.g. the direct mechanism). 

A possible disadvantage of this method is that H20 2 might also oxidize zinc sulphide and 

elemental sulphur. 

Besides examining whether the direct mechanism is a relevant sub-process, it is intended 

to model the kinetics of the bacterial oxidation of zinc sulphide. It is assumed that in the 

case of an indirect mechanism the overall kinetics are determined by the kinetics of the 

two or three sub-processes: (1) the chemical oxidation of zinc sulphide with ferric iron, 

and, (2) the bacterial oxidation of ferrous iron and elemental sulphur. The chemical 

oxidation kinetics of zinc sulphide in ferric iron solution is measured in sterile batch 

experiments. A kinetic model from the literature (Verbaan and Crundwell, 1986) is used 

to describe the data. This model accounts for the inhibition of the chemical oxidation 

rate by ferrous iron. Thus, the chemical oxidation rate is determined by the ferrous and 

ferric iron concentration. Therefore, the bacterial oxidation kinetics of ferrous iron is 

needed. The bacterial oxidation kinetics of ferrous iron by Thiobacillus ferrooxidans 

were discussed in Chapter 5. However, T.ferrooxidans can also oxidize elemental 

sulphur, and little is known on the kinetics of T .ferrooxidans on the mixed substrate, 

ferrous iron and elemental sulphur. In this chapter attention will be given to the effect 

of s0 on the ferrous iron oxidation by Tferrooxidans. The kinetics of Tferrooxidans on 

the mixed substrate were not studied thoroughly (see also Section 6.5). 

In this research T.ferrooxidans and synthetic zinc sulphide are used as a model system. 

T.ferrooxidans was used in most studies in the literature by authors who claim that this 

bacteria is capable to directly oxidize mineral sulphides. Synthetic zinc sulphide was 

used because iron, which is present in mineral sphalerite influences, the kinetics. (see 

also Chapter 2). 
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6.2 Theory 

6.2.1 Balances and specific rates 

Stoichiometry of the bacterial ZnS oxidation 

General theory was discussed in Section 4.2. If no accumulation of intermediates occurs 

the stoichiometric equation for the bacterial oxidation of ZnS is given by (see Section 

4.7.1): 

C0
2 

+ 0.2NH
4
° + _I_znS + (S -

4
·
2

Yz,.s) 0
2 

+ 0.6H,O ~ 
Y 4Y -ZnS,x ZnS,x (6.1) 

CH1.80 05N02 + -
1
-Zn 2

• + -
1-sot + o.2H· 

Yzns,x Yz,,s.x 

according to the definition: 

-r z,.s (6.2) 

In the bacterial oxidation of zinc sulphide with Thiobacillus ferrooxidans the zinc ion 

production rate is equal to the zinc sulphide oxidation rate: 

(6.3) 

If zinc sulphide is oxidized to zinc and sulphate ions the degree of reduction balance for 

bacterial growth on zinc sulphide is given by (see Section 4.7.2): 

(6.4) 

Accordingly, the zinc sulphide oxidation rate can only be calculated from the oxygen 

and carbon dioxide consumption rates if no accumulation of intermediate products (e.g. 

ferrous iron or the elemental sulphur) occurs. If accumulation does occur the zinc 

sulphide, ferrous iron and elemental sulphur oxidation rates can only be calculated from 

the changes in concentrations over the time interval between two off-line zinc and 

ferrous ion analyses. 
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Bacterial specific rates 

In Section 4.2.2 biomass specific rates, q and µ were introduced. The biomass specific 

zinc sulphide consumption rate, qzns' is defined as: 

(6.5) 

If no accumulation of intermediate products occurs, the biomass specific zinc sulphide 

oxidation rate is related to the biomass specific oxygen and carbon dioxide consumption 

rate by means of the degree of reduction balance for zinc sulphide: 

(6.6) 

Mineral specific rates 

Also, in Section 4.2.2 mineral specific rates, v, were introduced. The zinc sulphide 

specific oxidation rate, Vzns' is defined as: 

-r z,.s 
v =--

Z11S [ZnS] 
(6.7) 

and if no accumulation of intermediate products occurs, Vzns is also related to the 

mineral specific oxygen and carbon dioxide consumption rate by means of the degree 

of reduction balance for zinc sulphide: 

(6.8) 

These equations describe the overall zinc sulphide specific oxidation rates and are 

independent of the proposed mechanism unless accumulation of intermediate products 

occurs. 

Stoichiometrv of the chemical ZnS oxidation 

Dutrizac and MacDonald (1974) in their review of leaching with ferric iron, claim that 

from thermodynamic data one would expect the production of sulphate if a metal 

sulphide is immersed in an acidified ferric ion solution. However, according to them it 

is known that in acidic ferric solution the dissolution reaction often produces elemental 
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sulphur and very little sulphate. From measurements of the stoichiometry Rath et al. 

(1988) confirmed this for ZnS. Therefore, it is assumed that in ferric iron media zinc 

sulphide is incompletely oxidized producing two moles of ferrous iron and one mole of 

elemental sulphur per mole ZnS oxidized: 

ZnS + 2Fe 3
• ~ Zn 2

• + 2Fe 2
• + s 0 (6.9) 

Indirect mechanism 

According to the indirect mechanism the role of bacteria is to oxidize chemically 

produced substrate, and to regenerate ferric iron. Tferrooxidans is capable to 

simultaneously oxidize ferrous iron and elemental sulphur. Equations (6.10) and (6.11) 

give simplified stoichiometric equations in which the growth of bacteria is neglected (see 

Chapter 4 and Eqn. 4.1 for incorporation of bacterial growth). 

(6.10) 

(6.11) 

In the case of an indirect mechanism the integrated degree of reduction balance for the 

bacterial oxidation of elemental sulphur and ferrous iron is given by: 

(6.12) 

If no accumulation of Fe2+, S0
, or partially oxidized sulphur compounds occurs, the 

ferrous iron and elemental sulphur oxidation rates can be determined from the oxygen 

and carbon dioxide consumption, using the degree of reduction balance. Under those 

constraints the bacterial oxidation rates of ferrous iron and elemental sulphur are 

stoichiometrically related (see Equation (6.9)): 

hio 2 hm 
-r1,.,,. = - rs• (6.13) 

and the degree of reduction balance for the simultaneous bacterial oxidation of ferrous 

iron and elemental sulphur is given by: 
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(6.14) 

Otherwise the bacterial oxidation rates cannot be calculated from only the on-line 

measured oxygen and carbon dioxide consumption rates. 

In our experiments the integrated degree of reduction balance is used to determine the 

concentration of (accumulated) elemental sulphur. Ferrous iron and zinc ion 

concentrations are measured off-line; the elemental sulphur concentration has not been 

analyzed. The chemically produced ferrous iron is stoichiometrically determined: 

(6.15) 

and for chemically produced elemental sulphur there holds: 

(6.16) 

The bacterially oxidized ferrous iron within a time interval is calculated from: 

(6.17) 

Using the integrated degree of reduction balance (Equation (6.12)) the concentration of 

elemental sulphur is equal to: 

[S 0
] = Ll [S 0](chem) - Ll [S 0](bio) (6. 18) 

The biomass specific ferrous iron and elemental sulphur oxidation rates within a time 

(t2-t1) interval were calculated from: 

and 

-1'.l [Fe 2•](bio) 

(12- 11).C .. 
(6.19) 

(6.20) 

The specific zinc sulphide oxidation rate within that time interval is calculated from 

(using Eqns. (6.15)-(6.18)): 

vz,.s (6.21) 
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6.2.2 Kinetics 

It is assumed that in the case of an indirect mechanism the overall bacterial oxidation 

kinetics of zinc sulphide are determined by the kinetics of the two or three sub

processes: the chemical oxidation of zinc sulphide with ferric iron (Eqn. (6.9)), and the 

bacterial oxidation offerrous iron and elemental sulphur. Two regimes are distinguished: 

the biomass limited regime in which the chemical production rate of Fe2+ and S0 

is much larger than the microbial capacity to oxidize Fe2+ and s0
, and where 

therefore, the concentrations of ferrous iron and/or elemental sulphur increase, 

and 

11 the regime that is limited by the chemical reaction rate in which the microbial 

capacity to oxidize Fe2+ and S0 is much larger than the chemical production rate 

of Fe2+ and S0
, and where therefore, the concentrations of ferrous iron and 

elemental sulphur decrease or are constant. 

Chemical oxidation kinetics of ZnS with ferric iron 

In Chapter 2 the chemical oxidation kinetics of zinc sulphide with ferric iron as reported 

in the literature were discussed. Essentially three different kinetic models were proposed 

in the literature: Firstly, the electrochemical mechanism in which the chemical oxidation 

rate of ZnS, rzns (mol/l/s), is proportional to square root of the ferric iron concentration, 

and proportional to the mineral surface (Section 2.2.4). In our calculations the mineral 

specific ZnS oxidation rate, Vzns (mol/mol/s), is estimated by: 

V ZnS = k/. [Fe 3•]0.5 (6.22) 

Secondly, the electrochemical charge-transfer model with shrinking particle model 

proposed by Verbaan and Crundwell (1986) in which the observed inhibition by ferrous 

iron is accounted for. In this model the oxidation rate of ZnS is related to the ferric to 

ferrous iron ratio (Section 2.3. I): 

- k' ( -Eacl) A ( [ZnS] )213 (KE) -r2,.5 - .exp -- . 0 --- .exp . ,, 
RT [ZnS0] 

(6.23) 

in which A0 = initial BET surface of the mineral (m2
6 crfl), and Eh= redox potential of 

the Fe2+/Fe3
+ couple (Volts), which are related according to the Nernst equation: 
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E,, 
RT [Fe 3•] 

E,,0 
+ - . ln---

nF [Fe 2•] 

(6.24) 

Thirdly, the corrected model by Crundwell (1987) in which the mineral specific 

oxidation rate is related to the concentration of active ferric ions. Crundwell shows that 

inhibition by ferrous iron is only an apparent effect caused by the decrease of active 

ferric ions at increasing ferrous iron concentration. 

Both the electrochemical mechanism and the model of Verbaan and Crundwell (1986) 

are used to describe our data. The more complex model of Crundwell (1987) is not used 

in the remainder of this Chapter, although it is probably the most appropriate. The less 

complicated electrochemical equation and the model ofVerbaan and Crundwell are used 

for reasons of convenience. 
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Figure 6.1 
Simulations of the specific ZnS oxidation rate, vz.s• in a sterile chemical batch experiment with initial 
concentration of 0.21 M ZnS (with BET surface is 7 .2 m2/g ~ A0 = I 44m2/I), 0.16 M Fe1

• and 0.03 
Fe2

• at 30°C. (-) Verbaan-Crundwell model with k' = 40 mol/m2/s, E" ' = 79 kJ/mol, Eh0 = 0.45V, 
and K = 17.3. C--····.) Electrochemical mechanism with k1' = 6.1*10 .. (mol/1)"0 s.s·'. 

80 

The electrochemical mechanism and the model of Verbaan and Crundwell ( 1986) are 

compared in their description of a simulated batch experiment of the chemical oxidation 

of zinc sulphide. The specific ZnS oxidation rate, Vz05, in the simulated batch, is plotted 

as a function of the ferric to ferrous iron concentration ratio (Figure 6. lA), and against 

the time (Figure 6. lB). From these graphs it is concluded that, for the kinetic parameters 

used, the difference of the two models is significant at ferric to ferrous iron 

concentration ratios larger than 4. These circumstances only occur in the initial phase 

(< Sh) of this chemical batch experiment. Consequently, determining whether the 
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chemical oxidation rate depends either on the ferric iron concentration (electrochemical 

mechanism), or on the ferric to ferrous iron concentration ratio (Verbaan-Crundwell 

model), is only possible when the specific ZnS oxidation rate is measured over a ferric 

to ferrous iron concentration ratio range between I 0 and I 00. Within this range the 

electrochemical mechanism predicts a constant mineral specific rate, whereas the 

Verbaan-Crundwell model predicts at a decreasing ratio a steep decrease of the rate. 

Bacterial oxidation kinetics of the mixed substrate, S0 and Fe2
• 

Only limited research has been carried out to study the behaviour of Thiobacillus 

ferrooxidans on the mixed substrate. Espejo et al. ( 1988) measured bacterial oxidation 

rates on ferrous iron and on the mixed substrate in colorimetric experiments. They found 

that the ferrous iron oxidation rate is significantly less in the presence than in the 

absence of elemental sulphur. Wiertz (1993) came to the same results in respiration 

experiments. 

The kinetics of the oxidation of the mixed substrate by Tferrooxidans cannot be 

constructed from the kinetics of two independent sub-processes, the bacterial oxidation 

of ferrous iron and elemental sulphur. Arkeststeyn (1980) and Hazeu et al. ( 1986 and 

1987) determined the yield of Tferrooxidans on both ferrous iron and reduced sulphur 

compounds and concluded that the yield of bacteria per mole electron transferred to 

oxygen through the electron transport chain (C-mol/mol electron) is significantly less for 

ferrous iron than for sulphur electrons (see also Section 1.4.4). Apparently, elemental 

sulphur electrons enter the electron transport at a higher energy level than ferrous iron 

electrons, which explains the higher yield per mole of sulphur electrons (Kuenen et al., 

1993). More details on these mechanism are given by Corstjens (1993), Yamanaka el al. 

(1993), Meulenberg (1993), Suzuki et al. (1993). Consequently, the bacterial oxidation 

kinetics of ferrous iron will be different in the presence and absence of elemental 

sulphur, and vice versa. 

6.2.3 Redox-stat experiments 

In redox-stat experiments the redox potential in a sterile oxidation experiment on zinc 

sulphide is kept equal to that in a parallel inoculated batch culture. The chemically 

produced ferrous iron in the sterile batch experiment is regenerated with hydrogen 

peroxide: 



256 Chapter 6 

(6.25) 

In this reaction protons are consumed. Therefore, the addition of sulphuric acid is 

required to keep pH in the sterile slurry equal to that in the parallel batch culture. 

In acid ferric iron solutions part of the added hydrogen peroxide decomposes: 

(6.26) 

Therefore, it is not possible to use the amount of hydrogen peroxide in a mass balance, 

to calculate the accumulation of zinc ions. 

6.3 Materials and Methods 

Section 4.7.3 reports on the equipment, the analytical procedures, and the chemicals that 

are used in these experiments. 

6.3.1 Chemical oxidation experiments 

Chemical oxidation experiments were performed m shake flasks of one litre and a 

working volume of 500 ml. The shake flasks were covered with parafilm to prevent 

evaporation. A magnetic stirrer (Rotamix 571 MM) and magnetic bar were used to mix 

the slurry. A waterbath (Lauda) was used to control the temperature in the flasks at 25, 

30 and 35°C. Samples were taken to analyze ferrous iron, total iron and zinc ions. Batch 

experiments were performed with initial ZnS concentrations of 1.03, 0.205 and 0.055 

M ( 100, 20 and 5 g/l ZnS respectively), and 0.16 and 0.25 M ferric iron solution at 

initial pH 1.8. 

6.3.2 Redox-stat experiments 

In section 4.6.2 the method to examine the occurrence of an indirect mechanism in the 

bacterial oxidation of zinc sulphide by means of redox-stat experiments was discussed. 

In this redox-stat experiment a bacterial and sterile batch are run in parallel under 

identical conditions (ferric and ferrous iron concentration and pH). Verbaan and 

Crundwell kept equal redox potentials in the two fermenters to provide identical 

conditions. In our experiments the redox potential measurement was not reliable. 

Therefore, the ferrous iron concentration in the two batches was measured every thirty 
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minutes, and used to correct the difference between the two redox measurement. The 

hydrogen peroxide addition was only controlled by the redox measurement between the 

ferrous iron analyses. 

In bacterial batch ZnS grown Tferrooxidans with a well known concentration of bacteria 

was used as an inoculum. The initial ZnS concentration in the parallel sterile and 

bacterial oxidation experiment was 0.205 M, the initial ferric and ferrous iron 

concentrations were 0.16 M Fe3+ and 0.03 M Fe2
+ . 

The slurry in the sterile batch was gassed with nitrogen gas. The aeration gas of the 

bacterial batch culture was enriched with carbon dioxide to provide a carbon dioxide 
concentration in the off-gas between 100 and 500 ppm. 

Table 6-i Reactor system and conditions of the redox-stat experiments. 

Duration of redox-stat experiments: 

Working volume of fermenter 

maximum [02]G off-gas: 

minimum [02Jc in solution: 

[C02]G in off-gas: 

Stirring speed 

Aeration rate 

lnoculum 

Initial [ZnS] 

Initial [Fe,.] and [Fe2+] 

T 

pH 

15 to 40 hours. 

2 I 

< 20.90 % 

> 4 mgO/I 

I 00 < [C02]G < 500 ppm by addition of C02 to 

aeration gas. 

500 or 600 rpm 

0.100, 0.150, 0.200 or 0.250 vvm 

Tferrooxidans from active batch culture on zinc 

sulphide (see Section 6.3.3). 

0.205 M: Synthetic zinc sulphide (powder), BET 

surface= 7.2 m2/g ~ A0 = 144m2/1. 

0. I 6 M Fe,. and 0.03 M Fe2' 

With water bath at T = 30°C 

Initial pH = I .8 

pHstenlc = pHb"'"''I by addition of H2S04 (2N) to 
sterile batch. 

Eh .. ..,1• = Ehb"''"'1 by addition of H20 2 (30%) to 

sterile batch. 

In Table 6-i the operating conditions of these redox-stat experiments on zinc sulphide 

are listed. The experimental equipment used in this study was discussed in Section 4.3. 
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In the Appendix of Chapter 4 (Section 4.7.3) technical details on the equipment, 

chemicals, bacteria, and analytical methods were given. In Table 6-ii the analyses and 

sampling performed are listed. In Section 4.4 it was discussed how parameters are 

derived from the measured data. 

Table 6-ii 

[Fe2' ](t): 

[Fe3'](t): 

[Zn,.](t): 

C, inoculum 

c . (t) 

pH: 

6.3.3 Inoculum 

Measurements and chemical analyses in the redox-stat experiments. 

On-line. Set-point of Eh meter in sterile batch experiment was corrected 

from the comparison of ferrous iron concentrations in the parallel 

fermenters. 

On-line from redox potential and calibration curve. Off-line with adapted 

o-phenantroline analyses. Sampling every 30 minutes. 

Off-line with o-phenantroline analyses. Sampling every 30 minutes. 

Off-line with AAS analyses. Sampling every 30 minutes. 

TOC analyses, and total C02 consumption in inoculum batch from off

gas. 

TOC analyses in slurry, and total C02 consumption off-gas at time t. 

On-line. 

On-line off-gas analyses. Sampling every 20 minutes. 

Ferrous iron grown T.ferrooxidans was adapted to synthetic zinc sulphide for about three 

month in an aerated batch culture. Fresh medium and zinc sulphide was added every two 

or three weeks. Accordingly, the bacteria that were used in the experiments were in a 

steady state in the substrate limited regime. At the start of batch culture experiments (in 

the Eh-stat experiments) 1 1 of slurry was centrifuged to remove the ferric iron medium. 

The pellet was resuspended in 2 1 ferric iron medium, and at the start of the batch 

culture experiment ZnS was added. Six redox-stat experiments were performed within 

a time period of 270 hours. To inoculate each subsequent experiment, 1 litre of slurry 

of the last experiment was used. However, during the course of the experiments I to IV, 

the bacteria lost their ability to oxidize ferrous iron. Therefore, after experiment IV the 

cells were grown for 24 hours in a batch culture on ferrous iron. 

The concentration of bacteria at the start of the experiments was determined by TOC 

measurements. 
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6.4 Results and Discussion 

6.4.1 General observations 

Both the chemical and bacterial oxidation of synthetic zinc sulphide appear to be 

complicated processes, and the experimental results are too limited to draw conclusions 

on the kinetics. The chemical oxidation experiments were not reproducible, and 

contradictory phenomena with respect to the effect of the ferric to ferrous iron 

concentration ratio on the mineral specific oxidation rate, v205, is observed (Section 

6.4.3). The bacterial specific rates of T .ferrooxidans, q0 2 and µ, in the initial phase of 
the batch culture oxidation of zinc sulphide, show dynamic behaviour, which is due to 

the non-steady state in this phase (this behaviour was also observed in the initial phase 

of batch cultures on ferrous iron, Chapter 5). Moreover, the ferrous iron oxidizing 

capacity of Tferrooxidans decreased, and even disappeared in the third and fourth 

experiment in the course of the six redox-stat experiments (Section 6.4.4). This 

phenomenon is probably due to the complex behaviour of T.ferrooxidans on the mixed 

substrate, ferrous iron and elemental sulphur. The ferrous iron oxidizing capacity was 

recovered in batch culture growth of the cells on ferrous iron in the absence of S0
. 

The results of redox-stat experiment III and V are the two extremes that are used in the 

discussion of the results. In experiment III the ferrous iron oxidizing capacity of 

Tferrooxidans was absent in the batch culture, and, therefore, no hydrogen peroxide was 

added to the sterile batch. The ferric to ferrous iron ratio decreased in this experiment. 

The ferrous iron oxidizing capacity of Tferrooxidans was largest in experiment V, and 

high ferric to ferrous iron ratios were achieved. 

In Section 6.4.2 the redox-stat experiments are discussed. The chemical and bacterial 

oxidation rates at equal conditions are compared to examine whether the occurrence of 

a direct mechanism needs to be assumed. The chemical oxidation kinetics are discussed 

in Section 6.4.3. Both the results from chemical batch experiments in shake flask, and 

the results of the sterile batches in the redox-stat experiments (in which much more 

samples were taken), are used to examine whether the chemical zinc oxidation rate is 
either determined by the ferric iron concentration (electrochemical mechanism), or by 

the ferric to ferrous iron ratio (Verbaan-Crundwell model). The bacterial batches of the 

redox-stat experiments are discussed in Section 6.4.4. 
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6.4.2 Redox-stat experiments 

Sterility 

Six redox-stat experiments (I-VI) were performed. The organic carbon concentration 

(TOC) in the sterile batches did not increase during the course of each experiment. 

Therefore, no bacterial growth occurred in the sterile batches. 

Reliability of redox meters 

In the redox-stat experiments simultaneous redox potential measurements were only used 

to control the hydrogen peroxide addition between two off-line ferrous iron analyses, 

because at equal ferrous iron concentration in the parallel (inoculated and sterile) batches 

deviations between the redox potentials occurred (see also Section 4. 7.3). It was not 

examined whether these deviations were due to real changes in the redox potential of the 

slurries, or to shifts and fouling of the electrodes. The correct interpretation of redox 

potentials and redox-stat experiments in these slurries is complicated and needs to be 

studied. 

Testing the hypothesis 

An argument against the hypothesis that a direct mechanism dominates the bacterial 

oxidation of zinc sulphide is the production of ferrous iron in the inoculated batch 

cultures: If the direct mechanism is the rate limiting mechanism only zinc ions and 

sulphate are produced (see Equation (6.1 )), and no ferrous ions. In the inoculated batch 

cultures I, II, III and IV significant amounts of ferrous iron were produced (see 

Figure 6.14). The accumulation of ferrous iron is only possible in the biomass limited 

regime (see Figure 6.19, Section 6.4.4) if the indirect mechanism occurs. 

Moreover, the oxygen and carbon dioxide consumption rates are not coupled with the 

zinc sulphide oxidation rate. In the case of a dominant direct mechanism the 

approximate ratio between the oxygen and zinc sulphide consumption is two, according 

to the stoichiometry: 

(6.27) 
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The ratios between the oxygen (and carbon dioxide) consumption rate and the zinc 

sulphide oxidation rate that were measured in the inoculated fermenters of redox-stat 

experiments III and V are shown in Figure 6.2 and Figure 6.3 (the oxygen, carbon 

dioxide and zinc sulphide consumption rates are shown in Figure 6.15 and Figure 6.16). 

The r0 /rzns and rc0 /rzns ratios are not a constant but increase in the initial 12 hours of 
the experiment from values below two, to values larger than two. 

At r0 /rzns ratios below two, zinc sulphide is oxidized without sufficient oxygen 

consumption for the direct mechanism to occur. When the ratio of r0/rzns is larger than 
two the extra oxygen must be consumed for the bacterial oxidation of the chemically 

produced elemental sulphur and ferrous iron. Consequently, the observed experimental 

data are contradictory with the direct mechanism and in accordance with the indirect 

mechanism. In this argument it is assumed that substrate and oxygen consumption are 

coupled. From the bacterial ferrous iron oxidation kinetics (Chapter 5) it is known that 

the oxygen consumption rate and the ferrous iron oxidation rate were strictly coupled 
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The two arguments show that the direct mechanism is not the rate dominating 

mechanism. However, these arguments do not exclude that part of the zinc sulphide 

oxidation is caused by a direct mechanism. In Figure 6.4 and Figure 6.5 typical plots of 

the zinc ion concentrations that were measured in the parallel batch culture and the 

sterile batch of a redox-stat experiment, are given. In the six redox-stat experiments the 
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zinc ion concentrations in the parallel sterile and bacterial batches were very close during 

the course of the sterile and bacterial batch experiment. Consequently, the amount of 

zinc ions produced by a direct bacterial oxidation mechanism of zinc sulphide is 

negligible as compared with the chemically produced zinc ions. 
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• ]0=8 mM, [Fe1
• ] 0= I 80 mM, 

C,,0=5.7* I0·1 C-mol/1. ( • ) [Zn2
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Redox-stat experiment V. [ZnS)0 = 210 mM, 
[Fe2

• ] 0 = 8 mM, [Fe1
• ] 0 = 180 mM, 

C, 0 = 8. I* I 0·1 C-mol/l. (•)[Zn" ] in sterile batch; 
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In all sterile batch experiments a factor of two was measured between the ferrous iron 

and zinc ion production. Therefore, incomplete oxidation of zinc sulphide occurred (Eqn. 

(6.9)), which is in accordance with the findings of other authors, and with the 

stoichiometry that was proposed in the balances and rate equations for the indirect 

mechanism. 
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Kinetics of sterile batch experiments in shake flasks 

In Figure 6.6 the measured zinc ion concentration in a sterile chemical batch experiment 

is plotted as a function of time. The zinc ion concentration in this batch experiment was 

also calculated with the electrochemical mechanism (oxidation rate is half order in the 

ferric iron concentration) and the Verbaan-Crundwell model (oxidation rate increases 
with the ferric to ferrous iron concentration ratio, see Figure 6. IA). Kinetic parameters 

that were used in the simulation with the Verbaan-Crundwell model are: Eact = 79 kJ/mol 

and K = 17.3 (these parameters were given by the authors), Eh0 = 0.45V (from the 

measurements), and k' = 40 mol/m2/s (fitted for the experimental results). A value of 
k1 '= 6.1 *I o-6 (mol/Iy0

·
5.s-1 was fitted for the electrochemical mechanism. The two models 

are applicable to describe the measured zinc ion concentration curve. However, no 

distinction between the two models is possible in this measurement (see Section 6.2.2). 
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The ferrous iron concentrations that was measured in the batch culture is plotted in 

Figure 6. 7. In this graph also the ferrous, ferric and ferric over ferrous iron 

concentrations, calculated with the Verbaan-Crundwell model are drawn. From this graph 

it can be seen that a steep decrease of the simulated ferric to ferrous iron concentration 
ratio occurs in the initial 5 hours of the batch experiment. 
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It is concluded that batch experiments in shake flasks are not appropriate to discriminate 

between the two kinetic models for the chemical oxidation kinetics of zinc sulphide. The 

two models do predict a significantly different behaviour of the mineral specific 

oxidation rate at ferric to ferrous iron ratios larger than 4 (Figure 6.1 ): the 

electrochemical mechanism predicts a constant maximum specific oxidation rate at 

increasing ratios because the change in the ferric iron concentration is negligible, 

whereas the Verbaan-Crundwell model predicts an increase of the specific oxidation rate 

at increasing ratios. (As was discussed in Chapter 3, it should be noted however, that 

ferrous iron transport from the reaction surface to the bulk phase will become rate 

limiting at very high [Fe3.)/[Fe2
• ].) Consequently, to model the chemical oxidation 

kinetics of zinc sulphide with ferric iron the zinc sulphide oxidation rate needs to be 

measured over a wide range of ferric to ferrous iron concentration ratios. An appropriate 

means would be to apply a redox-stat method in which the mineral specific rate, v205 is 

measured at a constant redox potential. Unfortunately, this method to systematically 

measure the specific ZnS oxidation rate, Vzns• over a range of ferric to ferrous iron ratios 

was not applied in this work. The redox-stat method was only applied to keep the ferric 

to ferrous iron ratio in the sterile batch equal to that in the inoculated batch. These 

results will be discussed in the next section. 

Kinetics of sterile batch experiments in redox-stat experiments 

The ferric to ferrous iron concentration ratio in the bacterial and sterile batch of redox

stat experiment III decreases (see Figure 6.8), because no bacterial oxidation of the 

chemically produced ferrous iron occurs, and, accordingly, no hydrogen peroxide is 

added to the sterile batch III. In experiment V the ferric to ferrous iron ratio increases 

(see Figure 6.9), because the bacteria oxidize the chemically produced ferrous iron, and, 

therefore, hydrogen peroxide is added to the sterile batch V, which oxidizes the 

chemically produced ferrous iron. The ferric to ferrous iron concentration in experiment 

III is Jess than 4, while that in experiment V is larger than 4. From Figure 6.1 A it is 

concluded that the difference of the two kinetic models for the chemical oxidation of 

ZnS is only significant at ferric to ferrous iron concentration ratios larger than 4 

(provided that the used kinetic parameters are correct). Accordingly, if the Verbaan

Crundwell model applies, the mineral specific ZnS oxidation rate, v205, in experiment 

V should be significantly larger than that in experiment III. 
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In Figure 6.10 and Figure 6.11 the mineral specific ZnS oxidation rate, Vzns' calculated 

from the increase of the zinc ions concentration between two analyses, is plotted as a 

function of the ferric to ferrous iron concentration ratio. In these figures also the 

Verbaan-Crundwell model and the electrochemical mechanism are plotted. From 

Figure 6.10 (no bacterial ferrous iron oxidation, and no HP2 addition) one would 

conclude that Vzns decreases at decreasing ferric to ferrous iron ratios, which would 

imply the Verbaan-Crundwell model. From Figure 6.11 one would come to the opposite 

conclusion. Moreover, the average values of vzns at ferric to ferrous iron ratios larger 

than 4 (Figure 6.11) do not exceed the values at ratios below 4 (Figure 6.10), as would 

be the case if the Verbaan-Crundwell model applies. Comparing experiment III and V 

in the last phase of the experiments (between t = 12 and 20 hours), Vzns in both 

experiments III and V were described with the same rate constant in the electrochemical 

mechanism: 

k'=l * 1 o-6 (mol/1)"05.s·1
, while [Fe3+]/[Fe2+] in this phase is between 0.6 and 1.5 in 

experiment III, and larger than 20 in experiment V. Apparently, the chemical oxidation 

kinetics of synthetic zinc sulphide is not strongly related to the ferric to ferrous iron ratio 

within this range. In both experiments III and V, vzns is highest at the start of the 

experiment. 
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In Figure 6.12 the mineral specific oxidation rate, vzns• in the six redox-stat experiments 

is plotted against the ferric to ferrous iron ratio in the batch cultures. Also the curves for 

the Verbaan-Crundwell model (calculated with a constant ZnS concentration) and the 
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electrochemical mechanism are plotted. From this graph it is concluded that 

contradictory behaviour occurs with respect to the dependency of Vzns on the ferric to 

ferrous iron ratio. In Figure 6.13 vzns in the six redox-stat experiments is plotted against 

the time. Also the Verbaan-Crundwell curves for the six experiments (which have 

different [Fe3. ]/[Fe2•]-time curves), are plotted. From this curve it can be seen that the 

specific ZnS oxidation rate, vzns, decreases during the course of each batch experiment. 

From these results it is concluded that the Verbaan-Crundwell model does not apply for 

these experiments, and that high ferric to ferrous iron concentration ratios are not 

profitable for the chemical oxidation rate. Apparently, other factors cause a decrease of 
the specific ZnS oxidation rate during the course of both the bacterial and sterile batches. 

Possible explanations are the occurrence of oxidized ZnS at the surface of the particles 
which causes an apparent high initial rate (however, ZnS was extensively washed before 

use), or the sticking together of the particles, causing mass transfer limitation, or the 

formation of precipitates at the surface, also causing mass transfer limitation (Chapter 
3). 

The chemical oxidation constants for sphalerite at 0.1 M Fe3
• and 30°C that were 

derived from literature data were within the range of k1 (0.1 M) = 200 to 700* 10·6 s·1 

(see Section 2.3. Note that k1 = v2"5). In our experimental work the mineral specific ZnS 

oxidation rate was measured at 0.18 M Fe3
• , and it is estimated that Vzns (0.18 M) = 

400* I o-6 s·1
• Assuming 0.5 order in the ferric iron concentration the value of Vzns (0.1 M) 

= 300* 10·6 s·1
• This value is within the range of the literature data. 

From the comparison of the zinc production in sterile batch experiments in which 

hydrogen peroxide was added (I, II, V, VI) with those in which no hydrogen peroxide 

was used (III and IV), it is concluded that the hydrogen peroxide added does not 
significantly react with zinc sulphide (see Figure 6.14). 

6.4.4 Bacterial oxidation experiments 

The ferrous iron oxidizing capacity of Tferrooxidans 

In the six redox-stat experiments it was found that the bacterial oxidation of zinc 

sulphide is not reproducible with respect to the iron oxidizing capacity of the bacteria. 

The batch culture of the first redox-stat experiment was inoculated with cells that were 

grown in a batch culture on ZnS. The batch culture in the second experiment was 
inoculated with cells from the first experiment, etc. 
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Figure 6.14 
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Zinc Sulphide Kinetics 

0.12...--------------------, 

""" 0 .s 
+ 0.08 
N c 
!:::!. 
0 
~ 0.04 

+ 
N 
Q) 

~ 

IV 

·.. ..,..,. . --• 

. • 
• 

205 215 
time (h) 

0.12,.--------------~ 

""" 0 .s 
+ 0.08 

§. 
0 
~ 0.04 

v 

244 248 252 
time(h) 

DD 

D D 

256 260 

0.12.------------- ---, 

""" 0 .s 
+ 0.08 
N c 
!:::!. 
0 
~ 0.04 

+ 
N 
Q) 

~ 

VI 

.............. 
0 0 o o a 

"'ljl !i! 
0.00 +"' ~ ~ ~ ~ + ++ 

l'I D 

266 268 270 272 
time (h) 

274 

Figure 6.14 

276 

~ 
0 
E 
Q 0.8 
0 .s 
0 
(/) 

CT 0.4 
+ 
N 
Q) 
u. 
CT 

.. 
+ • 

+++++ . ... .. 

269 

IV 

O.O-t---,-----,-"----.----.----1 

~ 
0 
E 

195 

Q 0.8 
0 .s 
0 
(/) 
CT 

0.4 
+ 
N 
Q) 
u. 
CT 

• 
• • .. 

• 
• 

205 
time (h) 

.. . .. . . 

215 

... 
++• ••••• ••• ++•+•• 

+++++ + 
+++++ 

+++ 

v 

.. 
++ 

0.0 '!----.-.--...,,---.--.---.-..---...-..--; 
240 244 248 252 

time(h) 
256 260 

1.2.----------------.., 

~ 
0 
E 
Q 0.8 
0 .s 
0 
(/) 
CT 

0.4 
+ 
N 
Q) 
u. 
CT 

• VI 

• • 
.. • 

• 

+ + + + + + + + 
+ 

o.o..--r-.----.-.--.--.- ,--.- ..---. 
266 268 270 272 

time(h) 
274 276 

(continue) Redox-stat experiments IV, V, VI. Bacterial oxidation of zinc sulphide in batch cultures of 
the redox-stat experiments I, II, III. Left graphs:(•) [Fe2

• ); (+) [S0
]; (o ) [Zn2

• ). Right graphs: (•) qr.2+; 
(+) q5. 



270 Chapter 6 

In the left side graphs of Figure 6.14 the measured ferrous iron concentrations in the six 

experiments are plotted (the ferrous iron concentrations in the batch cultures were equal 

to that in the sterile batches). The measured concentration of zinc ions in the batch 

culture, and the elemental sulphur concentration (which was calculated from the degree 

ofreduction balance, Eqn. (6.18)), are also plotted in these graphs. The bacterial specific 

ferrous iron oxidation rate, qFc2., and sulphur oxidation rate, q5, are plotted in the graphs 

at the right side. The time axes show the time from the start of the first experiment. The 

six experiments were performed within a time period of 275 hours. 

In the initial 10 hours of experiment I the ferrous iron concentration increases, whereas 

the biomass specific ferrous iron consumption rate, ~02., decreases to a constant level. 

This behaviour is contradictory with the bacterial kinetics on ferrous iron (Chapter 5), 

and probably due to the accumulation of chemically produced elemental sulphur, which 

is preferred by the bacteria as their substrate. After 8 hours the elemental sulphur 

concentration in the batch culture is zero. In other words, the bacterial oxidation of 

elemental sulphur is determined by the chemical production rate. Also the ferrous iron 

concentration decreases in this phase. 

The ferrous iron concentration steeply increases in experiment II, and only about one 

mole of ferrous iron is bacterially oxidized per mole of zinc sulphide oxidized. At the 
end of the experiment about 60% of the total iron is in the ferrous form. The bacteria 

specific ferrous oxidation rate, qF02. , decreases at the increasing ferrous iron 

concentration. This implies that the ferrous iron oxidizing capacity of the bacteria 

decreases. 

In experiments III and IV the bacteria specific ferrous oxidation rate, qFe2., is close to 
zero, and ferrous iron is produced according to the stoichiometry of the chemical 

reaction. No hydrogen peroxide was added to the sterile batches III and IV. After 

termination of experiment IV the bacteria were transferred to a ferrous iron solution 

(with no elemental sulphur present). The bacteria recovered their ferrous iron oxidizing 

capacity, and were grown in this batch culture for about 20 hours. 

The batch culture of redox-stat experiment V was inoculated with these (ZnS adapted) 

ferrous iron grown cells. A very high initial qFc2+ was observed, and the ferrous iron 

concentration decreased to a very low level. The value of qFc2+ in the initial phase of 

batch culture V (at ferric to ferrous iron ratios of 0.16/0.03) is between 1.2 and 0.5 
mo1Fe2•1c-mol/h. Based on the ferrous iron oxidation kinetics of Tferrooxidans the 

value of qF02• at a ferric to ferrous iron ratio of 0.16/0.03 is qre2+ = 7.5mo1Fe2•1c-mol/h 
(Chapter 5), which is significantly larger than the values in batch V. Apparently, the 
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specific bacterial ferrous oxidation rate significantly decreases in the presence of 

elemental sulphur. A decrease of qFe2+ was observed with decreasing ferrous iron 

concentrations in this experiment, which is in accordance with the ferrous iron kinetics. 

In experiment VI the ferrous iron concentration remains constant, while qFe2+ decreases. 

The length of this experiment is to short to draw conclusions. 

Based on these observations it is concluded that the ferrous iron oxidation kinetics of 

T.ferrooxidans in the presence of elemental sulphur shows complicated dynamic 

behaviour. It is unlikely that the loss of the ferrous iron oxidizing capacity (at an 
average of 0.04 M Zn2

+ in the experiments) is caused by Zn2+ inhibition of the ferrous 

iron oxidizing capacity. The ferrous iron oxidation kinetics by Tferrooxidans in the 

presence of zinc ions was measured with ferrous iron grown cells in batch culture 

experiments in which zinc sulphate was added (Section 5.5.3, Table 5-iv)). In those 

experiments dynamic behaviour was observed in the initial 30 hours. Next, the ferrous 
iron oxidation kinetics were described with competitive inhibition (in ferric iron) 

kinetics. At 0.15 M Zn2
+, the value of q02,max decreased with 50%: the value of K/K; 

remained unchanged. This inhibition behaviour by Zn2
+ ions does not explain the loss 

of the ferrous iron oxidation capacity in the present bacterial oxidation of ZnS. It is 
assumed that Tferrooxidans looses its ferrous iron oxidizing capacity at low ferrous iron 

concentrations if elemental sulphur is available. 

Bacterial oxidation kinetics 

In Figure 6.15 and Figure 6.16 the zinc sulphide oxidation rate and the oxygen and 

carbon dioxide consumption rates measured in the inoculated batch cultures ofredox-stat 

experiment III and V respectively, are plotted. In the initial 10 to 12 hours of the batch 

culture experiment the oxygen and carbon dioxide consumption rate steeply increased, 

whereas the zinc sulphide oxidation rate slightly decreased to a more or less constant 

value. As was discussed already the zinc sulphide oxidation rate and the oxygen 

consumption rate were not coupled because the two sub-processes of the indirect 

mechanism are independent processes: oxygen and carbon dioxide are consumed in the 

bacterial oxidation of elemental sulphur and ferrous iron, whereas the zinc ions are 

produced in the chemical oxidation reaction of zinc sulphide with ferric iron. 
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In Figure 6.17 and Figure 6.18 the biomass specific oxygen consumption rate, q02, and 

growth rate, µ, in the inoculated batch cultures of redox-stat experiment III and V 

respectively, are plotted. The biomass specific consumption rates increased in the initial 

12 hours of the batch culture experiments. In steady states higher biomass specific rates 
are usually due to higher substrate concentrations. However, in experiment III the 

chemically produced elemental sulphur concentration increased to a maximum within the 

first 6 hours and then decreased to zero in the next 6 hours (Figure 6.19 and 
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Figure 6.20). In this experiment no bacterial ferrous iron oxidation occurred. Apparently, 

adaptation of the bacteria is needed when excess of substrate is produced. This kind of 

dynamic behaviour was also observed in batch cultures of T.ferrooxidans on ferrous iron 

(Chapter 5). Consequently, no conclusions can be drawn with respect to the kinetic 

behaviour of Tferrooxidans on elemental sulphur. 
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Figure 6.19 and Figure 6.20 give the elemental sulphur concentration that was calculated 

from the degree ofreduction balance (Eqns. (6. 12) and (6.18)), and the measured ferrous 

iron concentration (note the different scaling of the ferrous iron concentration axes). 

Regimes 

In the initial few hours of the bacterial oxidation experiment the chemical reaction 

products, Fe2
+ and S0

, accumulate (Figure 6.19 and Figure 6.20) because the 

concentration of the biomass is limited (biomass limited regime), and because the the 

biomass specific activity needs to adapt. The overall zinc sulphide oxidation rate is not 

biomass limited because the chemical reaction rate appeared not to be very sensitive to 

the ferrous to ferric iron ratio. After about 12 hours the concentration of elemental 

sulphur and ferrous iron in experiment III was close to zero. Subsequently, the oxygen 

consumption rate, r0 2 (Figure 6.15 and Figure 6.16), and the specific oxygen 

consumption rate, q02 (Figure 6.17 and Figure 6.18), dropped steeply within the time 

interval between two oxygen off-gas measurements. In this phase, the chemically 

produced elemental sulphur and ferrous iron are instantaneously bacterially oxidized, and 
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the substrates, Fe2
+ and S0

, become limiting for the bacteria (substrate limited regime). 

The overall zinc sulphide oxidation rate is determined by the chemical reaction rate. 

6.5 Discussion and conclusions 

The mechanism 

The mechanism of(synthetic) zinc sulphide oxidation with Thiobacillusferrooxidans was 

studied in parallel batch experiments in the presence and absence of bacteria. The ferrous 

iron concentration in the sterile batch was kept equal to that in the inoculated batch 

culture by means of hydrogen peroxide addition. The overall conversion of zinc sulphide 

was monitored by the off-line measurement of the zinc ion concentration. It was found 

that in all experiments the production of zinc ions as a function of time in the sterile 

slurry was close to that in the inoculated slurry. It was also found that the kinetic 

constant for the zinc sulphide oxidation rate at equal process conditions in sterile batches 
with and without the addition of hydrogen peroxide was similar. Therefore, the oxidation 

of ZnS by hydrogen peroxide was negligible. These results imply that the direct 

mechanism is negligible. 

Another argument against the occurrence of a significant direct mechanism was the 

production of ferrous iron (with Fe2
• : Zn2

• = 2 : I in experiment III), while the oxygen 

and carbor dioxide consumption rates, and the production rate of zinc ions was close to 
that of experiments in which only little ferrous iron accumulation occurred. 

A third argument against the direct mechanism was that, in the biomass limited regime 
at the start of the batch experiment, the zinc ion production rate and the oxygen 

consumption rate were not coupled. 

From these results it was concluded that no special capacities need to be attributed to 

the bacteria: bacteria exclusively oxidize ferrous iron and elemental sulphur produced 

in the chemical reaction of zinc sulphide with ferric iron, and there is no need to assume 
a direct mechanism. 

The kinetics 

Because the overall zinc sulphide oxidation rate is determined by an indirect mechanism, 

it was assumed that the overall bacterial oxidation kinetics of zinc sulphide can be 

described by the modelling of the two sub-processes: the chemical oxidation of zinc 

sulphide with ferric iron to ferrous iron and elemental sulphur, and the bacterial 
oxidation of ferrous iron and elemental sulphur. However, the experimental data in this 
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research were not sufficient to fully develop these models, and only a limited amount 

of information on the process was obtained. 

The chemical oxidation rate of zinc sulphide with ferric iron at sterile conditions was 

measured both in batch experiments and in parallel with the bacterial oxidation 

experiment (H20 2 addition). A kinetic model from the literature in which the ferric to 

ferrous iron ratio was the variable (Verbaan-Crundwell model), was proposed to model 

the chemical oxidation rate of zinc sulphide with ferric iron. However, no clear influence 

of this ratio was observed in our measurements. 

The kinetic data were not reliable enough to distinguish between an electrochemical 

mechanism or the Verbaan-Crundwell model: The off-line measurement of the zinc ion 

concentration in samples was not accurate enough to determine the (changing) zinc 

sulphide oxidation rate at the changing conditions in the slurry. Also the use of a mass 

balance for the hydrogen peroxide addition to determine the zinc sulphide oxidation rate 

was not applicable because hydrogen peroxide decomposes in ferric iron solution. 

Moreover, from the shake flask experiments it appeared that the specific zinc sulphide 

oxidation rate decreased at increasing initial concentration of zinc sulphide (these results 

were not documented in this chapter). The use of synthetic zinc sulphide in these 

experiments was unfortunate because the stickiness of this slurry probably caused mass 

transfer limitation to the surface. 

To model the overall bacterial oxidation kinetics of zinc sulphide the bacterial ferrous 

iron oxidation rate needs to be modelled. The biomass specific ferrous iron oxidation 

rate, qFei+> depends on the ferrous and ferric iron concentration, for which a kinetic 

model (competitive inhibition) was derived in Chapter 5. However, this model was not 

applicable to describe the ferrous iron oxidation kinetics by T.ferrooxidans because the 

bacteria showed dynamic behaviour and the ferrous iron oxidation activity of the bacteria 

largely decreased in the presence of elemental sulphur. The obtained experimental data 

were not sufficient to model the kinetics of the bacterial oxidation of the mixed 

substrate, elemental sulphur and ferrous iron. 

Bacterial oxidation of ferrous iron in the presence of s0 

An important finding in this experimental work was that in the bacterial oxidation of 

zinc sulphide Tferrooxidans can loose its ferrous iron oxidizing capacity. This behaviour 

was not caused by Zn2
+ inhibition of the bacteria, and probably due to the presence of 

elemental sulphur. Only in the absence of elemental sulphur the bacteria regained their 

iron oxidizing capacity. This finding shows that Tferrooxidans seems not to be an 
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appropriate organism for the bacterial oxidation of metal sulphides: The bacteria prefer 

elemental sulphur as their substrate, and may fail to regenerate ferric iron. This will lead 

to a decreasing overall rate due to the accumulation of ferrous iron. 

Recommendations for further research 

It also appeared that the chosen model system (synthetic zinc sulphide and 

T.ferrooxidans) and the applied method (redox-stat experiments with the addition of 

Hi02) are not appropriate for research that aims at optimization of industrial bio

oxidation processes. The method presented in Chapter 7 is probably more suitable to 

examine and model the overall bacterial oxidation kinetics of zinc sulphide: In applying 

this method, Leptospirillum-like bacteria (which do not oxidize partially oxidized sulphur 

compounds) are used to measure the chemical oxidation kinetics of zinc sulphide at 

(low) steady state values of the ferrous to ferric iron ratio. This method has several 

advantages over the addition of hydrogen peroxide to regenerate ferric iron: (1) Much 

lower ferrous to ferric iron ratios can be achieved. (2) In these experiments the oxidation 

rate of zinc sulphide is determined more accurately using on-line measurements of the 

oxygen concentration in the off-gas. (3) The simultaneous BOM and redox-potential 

measurements with mineral free suspension can be used to model the ferrous iron 

oxidation kinetic of these bacteria in the slurry. 

Practical application 

There are also practical reasons to prefer Leptospirillum-like bacteria over (pure) 

T.ferrooxidans. Based on data in the literature (Chapter 2) and the results presented in 

Chapter 7 it is assumed that the chemical oxidation rate of zinc sulphide will increase 

at decreasing ferrous to ferric iron ratios, although this was not clearly observed in our 

experiments. Therefore, bacteria that can achieve low ferrous to ferric iron ratios are 

probably preferable. In the presence of elemental sulphur and low ferrous iron 

concentrations T.ferrooxidans can loose its ability to oxidize ferrous iron. Consequently, 

it is believed that better results with respect to the overall bacterial oxidation rate will 

be achieved with Leptospirillum-like bacteria. However, to maintain constant pH it is 

also required to oxidize the chemically produced elemental sulphur. Therefore, using a 

mixed culture of ferrous iron oxidizers and sulphur oxidizing bacteria will most probably 

give better results in industrial bacterial oxidation processes. 

Finally, it is suggested to examine the availability and applicability of thermophilic 

bacteria that are capable to oxidize ferrous iron at low ferrous to ferric iron ratios, and 
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thermophiles that oxidize sulphur compounds: Because the indirect mechanism is 

dominant, and because at high concentration of bacteria the chemical oxidation rate 

determines the overall zinc sulphide oxidation rate, elevation of the reaction temperature 

might be favourable. 

6.6 List of symbols 

c. 
Eh 

[Fei+] 

[Fei+] 

[Fe2+](t1) 

µ 

µmax 
Vzns 

Vc02 

Vo2 

q Fc2• 

q02.max 

rc02 

ro2 

r Fc2+ bio 

rs bio 

r, 

rzn2+ 

rzns 

Y ZnS.x 

[ZnS] 

Biomass concentration (C-mol/I) 

Redox potential (V) 

Ferrous iron concentration (mol/ I) 

Ferric iron concentration (mol/I) 

Ferrous iron concentration at t1 (mo1Fe2+/I) 

Specific growth rate (h-1
). 

Maximum specific growth rate (h"1
) 

Mineral specific zinc sulphide oxidation rate (molZnS/molZnS/s) 

Pyrite specific C02 consumption rate (molCO/molZnS/s) 

Pyrite specific oxygen consumption rate (molO/molZnS/s) 

Bacterial specific ferrous oxidation rate (mo1Fe2+/C-mol/s) 

Bacterial specific zinc sulphide oxidation rate (molZnS/C-mol/s) 

Bacterial specific oxygen consumption rate (molO/C-mol/s) 

Maximum specific 0 2 consumption rate (molO/C-mol/s) 

Carbon dioxide consumption rate (molCO/ l/s) 

Oxygen consumption rate (molO/l/s) 

Bacterial ferrous iron oxidation rate (mo1Fe2+/l/s) 

Bacterial oxidation rate of sulphur (moJS0/J/s) 

Bacterial growth rate (C-mol/l/s) 

Zinc ion production rate (mol/l/s) 

Zinc sulphide oxidation rate (mol/l/s) 

Yield of biomass on ZnS (C-mol/molZnS) 

Concentration zinc sulphide (molZnS/I) 
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Chapter 7 

The mechanism and kinetic model of pyrite oxidation 
with Leptospirillum-like bacteria 

The mechanism of pyrite oxidation with Leptospirillum-like bacteria was studied by 

means of the measurement of the kinetics of rate determining sub-processes. It was 

concluded that an indirect mechanism determines the bacterial pyrite oxidation rate: 

pyrite is chemically oxidized with ferric iron. Leptospirillum-like bacteria oxidize ferrous 

iron to ferric iron. 

A kinetic model was developed that describes two rate determining sub-processes in the 

pyrite oxidation with Leptospirillum-like bacteria: the chemical pyrite oxidation with 

ferric iron to ferrous iron and sulphate, and the bacterial oxidation of ferrous iron. At 

steady state the ferrous iron production rate (mo/Fe2•11ls) due to the chemical pyrite 

oxidation with ferric iron (sub-process 1) is equal to the bacteria/ferrous iron oxidation 

rate ((molFe2•/l/s, sub-process 2). The chemical pyrite oxidation rate was expressed in 

terms of the pyrite specific rate (mollmolFeS/s). The kinetics were measured in staged 

pyrite addition batch culture experiments, using redox potential measurement and 

measurement of the oxygen consumption rate. The bacterial ferrous iron oxidation rate 

was expressed in terms of the biomass specific consumption rate (mollCmolls). Dynamic 

BOM-Eh measurements with pyrite-free cell suspensions from the batch culture on pyrite 

to which ferrous iron is added, were used to determine the kinetic parameters. The pyrite 

specific rate (sub-process 1) and the biomass specific rate (sub-process 2) are both 

expressed in the specific oxygen consumption rates, 1102 and q02, respectively. In both 

rate equations the ferric to ferrous iron concentration ratio is the variable which is 

accurately determined by means of redox potential measurements. The rate equation for 

the chemical pyrite oxidation uses two kinetic constants, the maximum pyrite specific 

oxygen consumption rate, "oi.mw and B. The rate equation for the bacteria/ferrous iron 

oxidation also uses two kinetic constants, the maximum specific oxygen consumption 

rate, q02·"'"" and K/K; It appeared that the value of B was equal to K/K~ 
The special capacity of Leptospirillum-like bacteria in the bacterial oxidation of pyrite 

is the ability to achieve extremely high ferric to ferrous iron concentration ratios 

(expressed in a very low value of K/K;for these bacteria), which cannot be achieved in 

sterile batch experiments to measure the chemical oxidation rate of pyrite. It is proposed 

that the chemical oxidation rate of pyrite increases at increasing ferric to ferrous iron 

concentration ratios to values that are 10 to 20 time larger than the rates given in the 

literature. The maximum pyrite specific oxidation rate, "F•Sl.mw is probably determined 

by the maximum transfer rate of ferrous iron from the reaction surface to the bulk of the 
solution (molF e2

• lm2 Is). 
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7.1 Introduction 

7.1.1 Mechanisms in the bacterial oxidation of pyrite 

The aim of studying the bacterial pyrite oxidation is to determine and model the rate 

determining sub-processes. In the present work the determination of where the oxygen 

consumption is located in the bacterial oxidation of pyrite (e.g. at the pyrite surface or 

in the solution) is of major importance in distinguishing between the proposed 

mechanisms. 

In Chapter I two mechanisms that are competing in the literature were discussed. 

I. In the direct mechanism it is assumed that irreversibly attached bacteria directly 

oxidize the mineral surface. Hence, bacteria have special capacities, because they 

directly interact with the sulphur moiety of the mineral. SEM micrographs that 

show pits and "fingerprints" at the mineral surface after the bacterial oxidation 

were used by several authors to support this mechanism. In this mechanism only 

the attached bacteria have access to substrate, and all oxygen and carbon dioxide 

consumption occurs at the mineral surface. 

II. According to the indirect mechanism, pyrite is chemically oxidized with ferric 

iron to ferrous iron and elemental sulphur (e.g. ZnS, CuFeS2) or sulphate (FeS2), 

and the only role of bacteria is to regenerate ferric iron and to oxidize elemental 

sulphur to sulphate. In this mechanism all bacteria have access to substrate. In 

the case of pyrite 15 moles of ferrous iron and 2 moles of sulphate are produced 

per mole of FeS2, and the bacterial consumption of oxygen and carbon dioxide 

occurs in the solution. From theoretical studies Luther (1987) and Moses et al. 

(1987) concluded that the consumption of oxygen in the chemical oxidation of 

pyrite is negligible. These theoretical considerations are reported in the Appendix 

(Section 7 .6.1 ). 

In Chapter 2 it was shown that the maximum bacterial pyrite oxidation rates reported 

in the literature are a factor of I 0 to 20 larger than maximum sterile ferric iron oxidation 

rates that were calculated from the reported kinetic models at 30°C and equal total iron 

concentrations. Therefore, it was concluded that the observed bacterial oxidation rates 

could not be achieved by an indirect mechanism. Consequently, special capacities must 

be attributed to the bacteria. 

It was also shown that assuming a mechanism in which the pyrite is bacterially oxidized 

by irreversibly attached cells requires that 50% to I 00% of the pyrite surface is covered 
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with a mono-layer of irreversibly attached bacteria that have a specific growth rate of 

µ = 0.1 h" 1 to achieve the observed bacterial oxidation rates. In microscopic studies 

generally much lower concentrations of bacteria at the mineral surface are shown (see 

Section 2.7). 

Therefore, both the proposed direct and indirect mechanism do not fit the results 

reported in the literature. 

From studying bacterial attachment phenomena reported in the literature it was 

concluded that two images for the bacterial attachment to the mineral sulphides are used 

implicitly in biohydrometallurgy studies: the irreversible and the reversible attachment 

(see Section 2.7). This distinction possibly explains the difference between the low 

bacterial coverage that is observed in techniques that study the particle surfaces, and the 

high bacterial coverage that is calculated from the decrease of the bacteria in the cell 

suspensions after the addition of the mineral particles. Observing the mineral surface by 

means of staining or labelling the bacteria will only make visible the bacteria that are 

irreversibly attached to the surface and not the reversibly adhered bacteria. Reversibly 

attached bacteria are measured from the decrease of cells in the cell suspension. The 

difference between concentrations of cells in the suspension with and without mineral 

surface expresses an equilibrium between cells in the suspension and cells adhered to the 

surface. This equilibrium is often described by a Langmuir adsorption isotherm, which 

essentially expresses reversible attachment of compounds to surfaces (see also Section 

2.8). 

If it is assumed that a direct bacterial interaction between bacteria and the pyrite surface 

occurs and causes the relatively high bacterial oxidation rate, two refined mechanisms 

for the direct mechanism are proposed: Mechanism III is based on the assumption that 

irreversible attachment is required (which would explain the SEM micrographs). 

Mechanism IV is based on the assumption that reversible attachment of the bacteria is 

sufficient to oxidize the pyrite: 

III In a partially direct mechanism irreversibly attached bacteria partially oxidize the 

FeS2 surface and produce reduced sulphur compounds (e.g. S20/") and ferrous 

iron (with a much higher rate than in the chemical oxidation reaction) that are 

oxidized further by free bacteria. Accordingly, both attached and free bacteria 

have access to substrate. In this mechanism part of the oxygen and carbon 

dioxide consumption occurs at the pyrite surface, the other part in the solution. 

From studying the literature on the bacterial oxidation of elemental sulphur we 

proposed that the reported observations and contradictory data from different 

authors can possibly be explained if the surface is only partially oxidized by 

attached bacteria (see also Section 2.7.4). 
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In a shuttle mechanism bacteria shuttle up and down to the mineral surface and 

the adhered bacteria directly interact with the mineral surface. This mechanism 

is distinct from a simple direct mechanism (mechanism I) because it is assumed 

that bacteria are reversibly attached to the surface. Consequently, all bacteria are 

involved in the direct bacterial oxidation of the mineral, and have access to 

substrate. In this mechanism pyrite is completely oxidized to ferrous iron and 

sulphate by the reversibly attached bacteria, and therefore, all oxygen and carbon 

dioxide is consumed at the pyrite surface; no 0 2 and C02 consumption occurs in 

the solution. 

From theoretical studies in the literature on the chemical oxidation of pyrite, it appeared 

that intermediate reduced sulphur compounds might be produced (Section 7.6. I). 

Therefore, refined mechanisms are proposed for both the indirect and the shullle 

mechanism. These two mechanisms are only discussed in Section 7.5.2 (mechanism V) 

and Section 7.5.3 (mechanism VI). 

V In the adapted indirect mechanism both ferrous iron and thiosulphate are 

produced in the chemical oxidation of pyrite with ferric iron. Thiosulphate is 

both chemically oxidized by ferric iron and bacterially by organisms like 

Tferrooxidans. This mechanism (which is much more complicated to kinetically 

model) is neglected in the present study because Leptospirillum-like bacteria do 

not oxidize reduced sulphur species (see Figure 7.16). 

VI Mechanism III might also occur with reversibly attached bacteria yielding an 

adapted shullle mechanism: adhered bacteria only partially oxidize the pyrite 

producing dissolved substrate (e.g. ferrous iron and thiosulphate) that is further 

oxidized in the cell suspension. Accordingly, part of the oxygen consumption 

occurs in the solution. 

The aim of this study is to discriminate between the mechanisms and to derive a 

mechanistic model that describes the kinetics (Mechanisms V and VI are only dealt with 

in Sections 7.5.2 (V) and 7.5.3 (VI)). Mechanistic kinetic models predict what will 

happen to the sub-processes and consequently to the overall bio-oxidation rate if certain 

process conditions are changed. As was discussed in Chapter 1, only those sub-processes 

concerned with the oxidation reactions will be considered in this thesis. In the 

experiments it needs to be provided that other relevant sub-processes, like oxygen and 

carbon dioxide transfer from the gas to the liquid phase, and mass transfer through 

precipitates at the mineral surface, are sufficiently fast and do not determine the rate of 
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the oxidation reaction (see also Chapter 3). The sub-processes which are believed to be 

relevant in the bio-oxidation reaction kinetics are: 

a) The chemical oxidation of the sulphide mineral (in mechanism II). In this 

sub-process the sulphide mineral is oxidized by ferric iron to ferrous iron and 

elemental sulphur (e.g. in the case of most sulphide minerals like ZnS, CuFeS2 

etc.) or sulphate (in the case of pyrite, see also Sections 2.5. l and 2.5.2) . From 

Chapter 2 it was concluded that important process conditions in terms of which 

the kinetic model for the chemical oxidation rate of the sulphide mineral can be 

expressed are the particle diameter, the redox potential (ferric to ferrous iron 

concentration ratio), the ferric iron concentration, and the temperature. Kinetic 

constants that are often used in these models are the reaction order with respect 

to the ferric iron concentration, and the activation energy. 

b) The bacterial oxidation of ferrous iron (in mechanism II and III) and 
reduced sulphur species (in mechanism III). Process conditions that are 

relevant for the bacterial oxidation rate of these substrates are the biomass 

concentration, the concentration of the substrate, the concentration of inhibitors, 

the dissolved oxygen and carbon dioxide concentration. Relevant kinetic 

constants are the maximum biomass specific rates of those substrates, the affinity 

of the bacteria to the substrates, and the inhibition coefficients. The oxidation 

energy is used for growth and maintenance processes. According to the Pirt 

equation the bacterial oxidation rate of the dissolved substrate and the bacterial 

growth rate are directly related (see Chapter 4). In Chapter 5 it was shown 

however that dynamic conditions lead to uncoupling. The maintenance and 

maximum yield coefficient of bacteria on the substrate need to be known to 

apply the Pirt equation. 

c) The direct bacterial oxidation of the sulphide mineral (in mechanism I, III 
and IV). Process conditions that are supposed to be relevant to the direct 

bacterial oxidation rate of the mineral are the biomass concentration at the 

surface and the average particle diameter or mineral surface area. Kinetic 

constants that are used in the kinetic model for the bacterial oxidation rate of the 

metal sulphide are the maximum biomass specific oxidation rate of the sulphide 

mineral and the surface concentration of attached bacteria. The oxidation energy 

in the direct bacterial oxidation of the sulphide mineral is used for growth and 

maintenance processes. In order to relate the bacterial growth rate to the bacterial 

oxidation rate, the Pirt equation is applied, and the maximum bacterial growth 

yield and maintenance coefficient on the metal sulphide are relevant constants. 
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Bacterial attachment (in mechanism I, III and IV). In the mechanism I or III 

the irreversible bacterial attachment to the mineral surface might be a rate 

determining sub-process. The maximum surface concentration of irreversibly 

attached bacteria is an important parameter. 

In the shuttle mechanism (IV) reversible bacterial attachment occurs. Reversible 

attachment is often described with a Langmuir adsorption isotherm in which the 

maximum surface concentration of attached bacteria, and the affinity of the 

bacteria for the surface, are relevant constants, and the concentration of bacteria 

in the liquid phase and the mineral surface area concentration are relevant 

process conditions. 

It is expected that in staged pyrite addition experiments an immediate increase 

of the oxygen consumption rate will occur in the case of the shuttle mechanism 

(IV), whereas a delay will occur in the direct mechanism (I or III) because 

bacteria need to irreversibly attach to the fresh pyrite. 

7.1.2 Kinetic models of the bacterial pyrite oxidation in the literature 

In this section mechanistic kinetic models reported by other authors are examined. 

Reported experimental and fitted data in these studies are compared with kinetic 

constants and rates derived from other authors (Chapter 2) and data determined in this 

work (Chapter 5). Data on bacterial yield, maximum specific growth rate, bacterial 

coverage of the mineral surface (assuming spherical particles), and first order oxidation 

rate constants (k1 and ka,spher), will be discussed. If the authors did not report the required 

data, these are calculated or estimated from the reported experimental data, or the given 

reported data are converted to the units used in this study. For discussion of the direct 

mechanism one is also referred to Section 2. 7. 

Chang and Myerson (1982) proposed a kinetic model for the bacterial oxidation of pyrite 

by Thiobacillus ferrooxidans in a continuous culture. Experiments were performed with 

pyrite surface concentrations between 18 and 194 m2 
0dl and dilution rates between 

0.012 and 0.22 h·1
• No specific BET surface area or particle diameters were reported. It 

was assumed that a8ET = 1 m2/gram (based on the assumption that experiments were 

performed with pyrite loadings equal to that in other studies, between 20 and 200 g/l), 

and a mean particle diameter of 20µm (based on the specific BET surface areas for 

minerals reported by others) yielding asphcr = 0.06 m2/gram. 

In their kinetic model a direct mechanism was assumed: Cells, attached to the pyrite 

surface, grow with a specific growth rate, µ., on the pyrite surface, with a biomass yield, 

Y, •. They assumed that cells attached to the pyrite surface according to a Langmuir type 
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of adsorption. Accordingly reversible attachment occurs, which in our definition is 

described as the shuttle mechanism (III). 

From the measurement of the attached and non-attached cells the minimum area 

occupied per cell was determined by the authors, to be 86 µm2 
BET per cell. In this 

calculation they assumed that a cell contained 2* 10·3 µg protein and had a size of 1 x 
0.5 µm. Using the estimated ratio between the specific BET and spherical particle 

surface area, the minimum area occupied per cell is 5µm2 for spherical particles. In other 

words, the maximum area of spherical particles covered by the bacteria is 0.1 

m2
ce11/m

2,phcr• which is 10% of the surface. 
The measured yield was reported to be 0.16 grams of bacterial protein per gram of iron 

leached. Assuming that protein is 60% of the total bacterial dry weight it is estimated 

that Y,, = 0.60 Cmol/molFeS2, which is a factor of three larger than values reported in 

other studies, and the value that was found in our work. 

According to the authors, the value ofµ, was the only constant that was fitted from the 

model, yielding thatµ, = 0.4 h-1
• However, the value ofµ, can also be directly calculated 

from the proposed model and using the biomass concentration in the liquid, the dilution 

rate, and the concentration of attached cells. We calculated from their reported data a 

value of µ, which agrees with the reported (fitted) values of µ,. Thus, the value of the 

specific growth rate, µ,, in this model appears to be a factor of 4 larger than specific 

growth rates of Tferrooxidans on ferrous iron, which seems to be an unrealistically high 

value. 
At a dilution rate of 0.05 h"1 and a pyrite concentration of 30 m2

6dl in the influent it 

is determined from the reported data that kA,BET = 2* 10·9 molFeS/ m2 
6ds (the decrease 

of the pyrite concentration in the fermenter is negligible), from which it is estimated that 

kA.spher = 3.3* 10·3 mo1FeS/ m2/s. Thus, the value of kA,sphcr is a factor of ten less than the 
values that were determined from the data of other authors (see Chapter 2). 

Summarizing, the authors could fit the measurements with the proposed kinetic model. 

However, the maximum coverage of pyrite particles by reversibly attached cells is 

required (10% of the surface of spherical particles) to achieve the relatively low 
oxidation rate of pyrite. (Because both the reported bacterial yield and specific growth 

rate are a factor of 3 to 4 too high the use of these incorrect data does not cause 
erroneous values of the FeS2 oxidation rate, see Eqn. 2.17). However, the proposed 

kinetic model can only fit the results because the measured pyrite oxidation are low (10 
times lower than data reported by others). Consequently, to achieve rates that are a 

factor of I 0 larger requires that 100% of the surface area is covered with bacteria. 

Therefore, the occurrence of the underlying mechanism (the shuttle mechanism) is 

unlikely. 
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Konishi el al. (1990) also postulated a direct bacterial action at the mineral surface. 

They assumed that ferrous iron and sulphate are produced in a direct oxidation reaction 

of pyrite by attached T .ferrooxidans, and that the ferrous iron is oxidized by non

attached cells. They proposed a kinetic model in which the specific bacterial growth rate 

of attached bacteria is proportional to the number of adsorbed cells and to the fraction 

of solid surface area unoccupied by cells. The experimental results for the adsorption 

equilibrium of bacteria to the surface were described by a Langmuir type isotherm (Eqn. 

2.18), and they observed that the adsorption process was rapid in comparison with the 

oxidation process. Their experiments were performed with particles diameters between 

25 and 44 µm. The reported maximum concentration of cells was 6.61*1013 cells/kgFeS2. 

Using an estimated specific surface area of a,pher = 0.034 m2/g and a cell size of I x 0.5 

µm, the maximum area of spherical particles covered by the bacteria is I m2
cc11/m

2,phcr• 

which is an extremely high coverage (I 00%) of the surface by bacteria. 

They found growth yield of bacteria on pyrite of 3.3* 1014 cells/kgFeS2. Assuming that 

wet cells consist of 20% dry weight it is calculated that Y,x = 0.085 Cmol/molFeS2, 

which is a factor of 2-2.5 less than the values measured by other authors. 

They fitted specific growth rate of attached cells from the model and found µ, = 0.10 

h-1
, which is equal to the maximum specific growth rate on ferrous iron (Chapter 5). 

Again, we determined µ, from the increase of cells in the liquid phase and the 

concentration of attached cells, reported by the authors: their fitted and our the calculated 

value of µ, agrees. 

The specific rate constant derived from their data is kA,sphcr = 33* I o-s molFeS/m2/s which 

agrees with data found by other authors (Chapter 2). Their model fits the results. 

However, as was calculated, an extremely high coverage (100%) of the pyrite surface, 

a high specific growth rate of attached cells, and a growth yield that is a factor of 2-2.5 

to low, are needed to achieve the observed bacterial pyrite oxidation rates according to 

a direct mechanism (shuttle mechanism). Therefore, also in this case the direct 

mechanism is improbable. 

Nagpal et al. ( 1994) assumed an indirect mechanism in the bacterial oxidation of 

pyrite/arsenopyrite with T.ferrooxidans in which pyrite and arsenopyrite are oxidized to 

ferrous iron and sulphate. A modified Monad model with inhibition by arsenic was used 

to model the bacterial ferrous oxidation rate. In the kinetic model they assumed that 

pyrite and arsenopyrite oxidation exclusively occurs by ferric iron, and that the bacterial 

growth rate is proportional to the ferrous iron oxidation rate. The redox potential 

measured in the reactors increased with increasing residence time and decreased with 

increasing feeds solids concentrations. Based on the electrochemical mechanism which 

states that at low over-potential (0-20m V) oxidation rates are linearly dependent on the 

difference between the solution potential and the metal rest potential, they assumed that 
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the sulphide oxidation rate is proportional to the difference in the solution redox 

potential and the respective sulphide rest potentials. The pyrite oxidation rate, rF.si 

(mol/l/h), is given by: 

rF.si = kE.AF.sr(E,,,.as - Er-.si) (7.1) 

with kE (mol/m2/m V /h) is a rate constant, AFcsi is the surface area concentration in the 

slurry, Emcas (m V) is the redox potential in the electrolyte, EFesi is the rest potential of 

pyrite. If the solution potential is less than the rest potential of the mineral, the oxidation 

rate is zero. However, rest potentials of the minerals used in the experiments were not 

determined in their work. They assumed that rest potentials can vary substantially with 

different samples of minerals, from which they predicted that oxidation rates vary with 

the rest potentials of the mineral. (see also Doyle et al. (1989): they observed rest 

potentials between 563 and 671 mV SHE for pyrite crystals from different sources). 

They assumed that pyrite is only oxidized by free ferric iron. According to them, FeSO/ 

and Fe(S04) 2- ions are the main species, and only a small amount of the total iron is 

present as free ferric ions. The equilibria among ferrous, ferric, hydrogen and sulphate 

ions were determined and used to determine the concentration of free ferric ions, from 

which they calculated the solution redox potential, Emcas (see also section 4.4.3): 

E,,,ea,· 
= Eo + RT. In [Fe 

3
• ]1rce 

nF [Fe 2•] 
free 

(7.2) 

They reported for the ferrous-ferric couple that the standard midpoint potential E0 is 571 

mV (Pt-Ag/AgCI electrode saturated with KCL). 

They used continuous cultures at dilution rates between 0.008 and 0.05 h-1
, and solids 

concentrations in the feed of 6, 12 and 18% (w/v). The AsFeS and FeS2 concentrations 

in the mineral were estimated from the reported arsenic and iron content, to be 20 wt% 

and 45 wt% respectively. They found that 88 to 94% sulphate was produced, and also 

reported the formation of elemental sulphur as a product of the ferric leaching. 

Theis reported data are converted to the units used in this work. The fitted biomass yield 

on ferrous iron, Y .. = 0.034 Cmol/mo1Fe2+, which is a factor of 2.5 larger than the data 

reported in Chapter 5. Assuming that 15 mole of ferrous iron is produced and bacterially 

oxidized per mole of pyrite oxidized, the yield on pyrite, Y,x = 0.51 Cmol/mo!FeS2), 

which is also a factor of 2.5 larger than data reported by other authors. The fitted 

maximum specific ferrous iron consumption rate, qFci+.max = 6 mo1Fe2•1cm0Vh, and thus 

the maximum specific oxygen consumption rate q02.max = 1.5 molO/ Cmol/h, which is 

in the san1e range as values found in our work. From Y,x and qFci+.max it is calculated that 
the specific growth rate µ = 0.2 h-1, which is a factor of 2 larger than the value reported 
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in Chapter 5. However, wash-out of the culture occurred near D = 0.05 h-1
• The fitted 

Monod constant, K,, of ferrous iron (without arsenic inhibition) = 9* 10-s mol/I. From 

equilibrium constants and the reported redox potentials and total iron concentrations in 
the effluent it is estimated that the ratio of free ferric iron to ferrous iron in the 

continuous culture is 3 to 7, and that the ferrous iron concentration in the effluent is a 

factor of 2 to 10 smaller than K .. The fitted value of the rest potentials of pyrite and 

arsenopyrite reported by the authors are EFcsz = 550 mV and EFeAss = 350 mV. The rate 

constant for pyrite and arsenopyrite oxidation with ferric iron were fitted to be kE.Fcsz = 

8* 10-5 mol/m2/m V /h and kE,FeAss = 3.4* 10-s mol/m2/m V /h, in which the surface area is 

based on a spherical particle assumption. At a dilution rate of0.017 h-1 and 12% pyrite, 

a redox potential in the solution of 605 m V was reported, from which it is calculated 

that for pyrite kA,sphcr = 120* 10-s mol/m2/s. The first order rate constant k1 = 320 s·' is 
calculated from the reported data at the same dilution rate (50% conversion of the 

sulphides in 60 hours). These first order rate constants are a factor of 3 larger than that 

were derived from data of other authors (Chapter 2). 

Nagpal et al. did not measure the concentration of attached bacteria. Explaining the 

observed pyrite oxidation rate from growth of attached bacteria at a specific growth rate 

of µ=0.1 h-1 would require a bacterial layer on the pyrite surface of I µm (i.e. a layer 

of 2 bacteria thick) using Y,x = 0.2 Cmol/mo!FeS2• 

It was concluded by the authors that the presented model gives fairly satisfactory 

predictions for the steady state oxidation in a continuous culture. Discrepancy between 

the model and the experimental data were attributed to the electrochemical interaction 

between the pyrite and arsenopyrite particles, causing that pyrite is electrochemically 

protected by arsenopyrite, and to the formation of elemental sulphur. 

Summarizing, the kinetic models proposed by Chang and Myersong ( 1982) and by 

Konishi et al. (1990) for the oxidation of pyrite by Tferrooxidans are, in our definition, 

based on the shuttle mechanism. The models appropriately fitted their measured data. 

However, as was already concluded in Section 2.7.4, extremely high coverage (! 00%) 

of reversibly attached bacteria is required to achieve the observed bacterial oxidation 

rates of pyrite. Moreover, the bacterial growth yield used by Konishi et al. is low and 

does not agree with data reported by others. With this low yield coefficient a too high 

(factor 2-2.5) bacterial oxidation rate of pyrite is calculated, which fits however the 

measured data. 

The kinetic model proposed by Nagpal et al. ( 1994) is based on the indirect mechanism, 

and fitted their experimental results. In the reported studies it was not examined whether 

a kinetic model based on the alternative mechanism could possibly fit the results. Based 

on the presented results it is not possible to determine whether the shuttle or the indirect 

mechanism determines the bacterial oxidation rate of pyrite. 
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7.1.3 Determination of the rate-determining sub-processes 

Four mechanism were proposed to describe the bacterial oxidation of pyrite (Section 

7 .1.1 ). Mechanism I, III and IV are based on the assumption that a direct bacterial 

oxidation reaction of pyrite is involved, whereas mechanism II is based on the 

assumption that pyrite is chemically oxidized. The shuttle mechanism (mechanism IV) 

and the indirect mechanism (mechanism II) were applied in the literature to model the 

experimental results (Section 7.1.2). Both models appeared to be applicable. However, 

both mechanism seem to be contradictory with other data: Against the shuttle mechanism 

we argued that an extremely high concentration of reversible attached cell is required to 

achieve the rates that are reported in the literature. The extremely high chemical 

oxidation rates of pyrite that are required in the indirect mechanism disagree with the 

chemical oxidation rates reported in the literature. Therefore, none of the proposed 

mechanisms is strongly supported or can be rejected as yet. 

In the present research it is aimed at finding data that can distinquish between the 

proposed mechanisms by means of rate measurements of the proposed sub-processes. A 
few exploring batch culture experiments on pyrite allowed several observations which 

were important for developing the kinetic models and the experimental set-up: 

a) Two pyrite sources were available: German pyrite and Prieska pyrite (see also 

Section 4.7.3). In the stirred fermenter at sterile conditions the German pyrite fell 

apart into fines. Because the surface area is an important parameter in the kinetic 

modelling, the surface area concentration in the kinetic experiments needs to be 

well known. No analytical method was developed for the determination of the 

surface area concentration during the batch culture experiments, and changes in 
the specific surface area were either avoided (in short term staged pyrite 

experiments) or calculated assuming a shrinking (spherical) particle model. Both 

methods require that the pyrite particles don't break into pieces during the 

experiments. Therefore, German pyrite was inappropriate as a substrate in the 

experiments. Prieska pyrite particles have a smooth surface and this pyrite was 
used in the experiments (see also SEM micrographs, Section 7.5.6). 

b) German pyrite was oxidized by Tferrooxidans and by Leptospirillum-like 

bacteria. Leptospirillum-like bacteria were able to oxidize Prieska pyrite, 

Tferrooxidans was not. Therefore, experiments were performed with 

Leptospirillum-like bacteria. 

c) In an attempt to measure the concentration of irreversibly attached cells to the 

pyrite surface it was observed that a negligible amount of cells was attached. 

Therefore, kinetic models that are based on mechanism I and III are inapplicable. 
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The activity of the cell suspension in a batch culture on pyrite was determined 

in BOM measurements with pyrite free cell suspensions to which ferrous iron 

was added. It was observed that the cells lost the major part of their activity 

within 24 hours at pyrite free conditions, whereas no loss of the biomass specific 

activity of free cells was observed in the batch culture on pyrite. This implies 

that free cells in the pyrite batch have access to substrate. These results are in 

accordance with mechanism II, III and IV; mechanism I is incorrect. 

e) When pyrite was added to the batch culture the redox potential decreased 

instantaneously, which implies an increase of the ferrous iron concentration. This 

phenomenon is in accordance with mechanism II, III and IV. 

f) The concentration of partially oxidized sulphur compounds was not detectable in 

HPLC analyses. Therefore, a kinetic model that is based on mechanism III is 

inapplicable. 

g) When pyrite was added to a batch culture, the oxygen and carbon dioxide 

consumption rates increase instantaneously. This behaviour is in accordance with 

mechanism II and IV, and contradictory with a kinetic model that is based on the 

assumption of irreversible attaclunent of cells to the pyrite surface (mechanism 

I and III). 

From these observations it is concluded that mechanism I and III are contradictory with 

the observations, and therefore inapplicable. Accordingly, two kinetic models are 

proposed, which are related to mechanism II and IV respectively: 

Kinetic model for the indirect mechanism (mechanism II): Although contradictory with 

the conclusion from the literature study (Chapter 2), it is examined whether the bacterial 

pyrite oxidation can be described by a kinetic model that is based on an indirect 

mechanism. The overall kinetics is described by combination of the kinetics of two sub

processes: the chemical oxidation of pyrite to ferrous iron and sulphate, and the 

oxidation of ferrous iron by Leptospirillum-like bacteria. 

Kinetic model for the shuttle mechanism (mechanism IV): In the kinetic model that is 

based on the shuttle mechanism only one sub-process needs to be described: the direct 

bacterial oxidation of pyrite. Instead of using the concentration of reversibly attached 

bacteria described in a Langmuir isotherm, the biomass to pyrite concentration ratio, 

C/[FeS2], is used as the determining variable. 

Theoretical and experimental methods discussed in Chapter 4 are applied in studying the 

rate determining sub-processes in the Prieska pyrite oxidation with Leptospirillum-like 

bacteria. The kinetic experiments aim at discriminating between the proposed 

mechanisms (II and IV), and at developing a kinetic model. The determination of the 

location of the oxygen consumption will be used as an experimental tool to discriminate 
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between the two mechanisms: In the indirect mechanism all oxygen consumption occurs 

due to the bacterial ferrous iron oxidation in the cell suspension (assuming that the 

percentage of cells attached to the pyrite surface is negligible), whereas in the shuttle 

mechanism the oxygen consumption occurs due to the direct bacterial oxidation of pyrite 
at the reaction surface. 

In Section 7.2 the kinetic models used in this study are presented. In Section 7.3 the 
experiments are discussed, and in Section 7.4 the experimental results are reported. In 

Section 7.5 the results are discussed and examined using several extra experimental 

details and literature data. 

7.2 Theory 

7.2.1 Balances, Pirt equation and specific rates 

General theory was discussed in Section 4.2. The following equations are both applicable 

in the description of the indirect mechanism (mechanism II) and the shuttle mechanism 

(mechanism IV). Because (i) no accumulation of intermediates occurred and (ii) an 
immediate response of the oxygen and carbon dioxide consumption rates and of the 

redox potential was observed, it is assumed that the bacterial pyrite oxidation is in a 
pseudo steady-state during the batch culture experiments. 

In the bacterial oxidation of pyrite with Leptospirillum-like bacteria the ferric iron 

production rate is related to the pyrite oxidation rate by: 

(7.3) 

The biomass production rate, r., is equal to the carbon dioxide consumption rate: 

(7.4) 

In Chapter 4 it was shown from experimental results that the degree of reduction balance 
for bacterial growth on pyrite is given by: 

-15 r1-1.si = -4r 02 - 4.2r cm (7.5) 

Thus, the pyrite oxidation rate can be calculated from the oxygen and carbon dioxide 

consumption rates. 
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Using the degree of reduction balance the maximum yield of bacteria on pyrite, r,,:~>· 

is related to the maximum yield on oxygen, r;,;ax, as: 

(7.6) 
I -4.2 Y1~.~-' 

and the maintenance coefficient on oxygen and pyrite are related as: 

15 m = m 
<> 4 F.Sl 

(7.7) 

In Section 1.3 it was discussed that the yield per mole of ferrous iron electrons is about 

2 to 4 times less than the yield per mole of sulphur electrons (Arkesteyn 1980, Hazeu 

et al. 1986 and 1987). Therefore, in an indirect mechanism the yield on pyrite is only 

15 times larger than the yield on ferrous iron, whereas in the case of a direct mechanism 

a factor of 36 to 57 is expected. 

In Section 4.2.2 biomass specific rates, q and µ, and mineral specific rates, v, were 

introduced. The biomass specific pyrite consumption rate, qFcS2, is defined as: 

(7.8) 

The biomass specific oxygen consumption rate was defined as: 

(7.9) 

The biomass specific pyrite oxidation rate is related to the biomass specific oxygen and 

carbon dioxide consumption rate by means of the degree of reduction balance for pyrite: 

The pyrite specific oxidation rate, vFcs2, was defined as: 

-r Fe.\'1 

vp.s2 = [FeS2 ] 

The pyrite specific oxygen consumption rate is defined as: 

(7. 10) 

(7. 11) 

The pyrite specific rates are also related by means of the degree of reduction balance for 

pyrite: 
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(7.12) 

(7.13) 

These equations describe the overall pyrite specific oxidation rate and are both applicable 

in the case of the indirect mechanism and the shuttle mechanism. In the case of the 

indirect mechanism several additional equations are used. 

Indirect mechanism 

For the modelling of the indirect mechanism to describe the oxidation of pyrite with 

Leptospirillum-1ike bacteria, it is assumed that pyrite is exclusively and completely 

oxidized with ferric iron. Thus, it is assumed that accumulation of intermediate reduced 

sulphur compounds does not occur (see also Sections 7.5.2 and 7.6.1.). Accordingly, 15 

moles of ferrous iron are produced per mole of pyrite oxidized, and bacterially oxidized. 

It is also assumed that the chemical oxidation reaction rate and the bacterial ferrous 

oxidation are in steady state. Furthermore it is assumed that no iron precipitates are 

formed. Accordingly, two separate stoichiometric equations apply. The equation for 

bacterial growth on ferrous iron (Eqn. 4.1 ), and the equation for the complete chemical 

oxidation of pyrite: 

FeS2 + 14Fe J+ + 8H20 ~ 15Fe 2• + 2sot + 16H+ (7.14) 

These stoichiometric equations contain the following relations between production and 

consumption rates. 

The chemical ferrous iron production rate relates to the chemical pyrite oxidation rate 

as: 

(7.15) 

and the chemical ferric iron consumption rate relates to the chemical pyrite oxidation 

rate as: 

_. chem __ 14 chem 
f Ft:l• - r F<Sl 

(7.16) 

In steady state the bacterial ferric iron production rate is equal to the chemical ferric iron 

consumption rate: 
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(7.17) 

and equally the bacterial ferrous iron oxidation rate is equal to the chemical ferrous iron 

production rate: 

chem 
rFe2• 

(7 .18) 

The relation between the actual bacterial yield on ferrous iron and oxygen, Y Fc.x and Y 0., 

(Eqn. 4.9), and the Pirt equation for the bacterial ferrous iron oxidation, (Eqns. 4.15 -

4.20) remain unchanged. 

The biomass specific ferrous iron consumption rate, qFci+• is related to the bacterial ferric 

iron production rate, r :.~., as: 

q F<2• 
(7.19) 

and the pyrite specific ferric consumption rate, vFcJ+> is related to the chemical ferric iron 
· chem 

consumption rate, rFeJ• : 

v 1'<3. 

chem 
-rFeJ• 

Next, qFc2+ and vFcJ+ are related according to (Eqns. (7.17), (7.19), (7.20)): 

(7.20) 

(7.21) 

The biomass specific ferrous iron consumption rate is related to the biomass specific 

oxygen and carbon dioxide consumption rate by means of the degree of reduction 

balance for bacterial growth on ferrous iron: 

(7.22) 

The pyrite specific ferric iron consumption rate, vFeJ+• is related to the pyrite specific 

oxygen and carbon dioxide consumption rate, by means of the degree of reduction 

balance for pyrite, and applying Equation (7. 15): 
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(7.23) 

7.2.2 The kinetic model for the shuttle mechanism 

A kinetic model is proposed for the shuttle mechanism (mechanism IV) in which it is 

assumed that bacteria directly and completely oxidize the pyrite when in contact with 

the surface. All bacteria are equally involved in the oxidation of pyrite, and bacterial 

oxidation of dissolved substrate does not occur (because no dissolved substrate is 

produced in the process). 

A meaningful use of the concentration of adhered bacteria (Langmuir isotherm) in the 

modelling of the pyrite oxidation kinetics would require independent measurements of 

the bacterial oxidation behaviour of adhered cells. If only the average oxidation 

behaviour of the cells is measured, the ratio of the biomass concentration to the surface 

area of pyrite is more useful. In our experimental work no satisfying method was 

developed to measure the pyrite surface area in the batch culture (First of all, taking 

representative samples was problematic). The pyrite concentration is used instead, and 

at the low conversions that occur in the staged pyrite addition experiments this 

simplification will only cause minor errors. Example: For spherical particles with an 

average diameter of 60µm, it is calculated that at 80% of the initial pyrite concentration 

(20% conversion) the diameter is 93% of the initial particle diameter, and the surface 

area is 86% of the initial surface area. Thus, at low pyrite conversion, using 

concentration instead of surface area concentration will only cause an error of several 

percents. 

From our experiments it appeared that the specific pyrite oxidation rate, vFes2, increased 

at increasing ratios of the biomass to pyrite concentration, approaching a maximum 

pyrite oxidation rate at high ratios. Therefore, a model has been constructed in which 

the mineral specific pyrite oxidation rate is first order with respect to the ratio of the 

biomass to pyrite concentration at low ratios, and zero order at high ratios. 

Because in the experiments the oxygen consumption rate, r0 2, is measured in the 

comparison of the bacterial oxidation rate of cell suspensions in the presence and in the 

absence of pyrite, the mineral specific pyrite oxidation rate is expressed in terms of the 

mineral specific oxygen consumption rate, v02 (Eqn. (7 .12); note that the use of v02 is 

independent of whether the shuttle mechanism or the indirect mechanism is applied). 

The maximum pyrite specific oxygen consumption rate, v0 2.m:ix and Bx are introduced as 

kinetic constants in this model. The following equation is used to describe the pyrite 

specific oxygen consumption rate, v0 2, in the shuttle mechanism: 
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V 01,max 
(7.24) 

In this equation the biomass to pyrite concentration ratio is the rate determining variable. 

The biomass and pyrite specific oxygen consumption rate are related as (Eqns. (7.9) and 

(7.12)): 

(7.25) 

If q0 2,max is used as a kinetic constant the following equation is derived for the biomass 

specific oxygen consumption rate, in which q02 is defined as the average rate for the 

whole population of bacteria: 

q Ol ,max 

(7.26) 

in which the kinetic constant Bx is related to q02,max and v02,max as: 

(7.27) 
V 0 1,max 

It should be noted that Cj [FeS2] is not equal to v02,mjq0 2max because at v0 2,max the value 

of q0 2 in the culture will be low, and vice versa. 

7.2.3 The kinetic model for the indirect mechanism 

According to the indirect mechanism pyrite is chemically oxidized to ferrous iron and 

sulphate (thiosulphate might be formed as an intermediate, see Section 7.6.1). As was 

discussed in Section 5.2, according to the literature, Leptospirillumferrooxidans is able 

to oxidize ferrous iron and pyrite but not sulphur or reduced sulphur species. The 

Leptospirillum-Iike bacteria used in the present study were also only able to oxidize 

ferrous iron. 
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The kinetics of the biomass specific oxygen consumption rate m the ferrous iron 

oxidation with Leptospirillum-1ike bacteria was examined in Chapter 5, and the following 

equation fitted the results (the term K/ [Fe2
• ] was neglected in the denominator): 

q 0 2,max 
q 01 = ----------

1 + K_, [Fe 3•] 
K, . [Fe 2·] -[Fe 2•], 

(7.28) 

In Section 5.3, q0 2 was related to the specific growth rate, µ, and also a Monod term 

was introduced to count for the decrease of q02 at decreasing dissolved oxygen 
concentration. 
In the present study it was measured that the specific pyrite oxidation rate, v, increased 

at increasing ferric to ferrous iron ratio, and the pyrite specific rate approaches a 
maximum at high [Fe3. ]/[Fe2

• ] (see Figure 7.10). 

Crundwell (1987), and Nagpal and Dahlstrom (1994) used the concentration of the active 

iron(III) species in their models to describe the chemical sphalerite and pyrite oxidation 
rate respectively. The concentration of the active iron(III) species is considerably lower 

than the total ferric iron concentration. Crundwell assumed that the observed decrease 

of the chemical oxidation rate of sphalerite at increasing ferrous iron concentrations was 
due to changes in the concentration of active Fe(III) species, and applied an equation 

based on the electrochemical mechanism. According to this equation the sphalerite 
oxidation rate was half order in the concentration of active Fe(III) species. The influence 

of the ferrous iron concentration on the bacterial pyrite oxidation rate in the present 

study was much stronger and could not be explained with changiRg concentrations of 

active Fe(III) species. Nagpal and Dahlstrom applied the electrochemical mechanism 

differently and assumed that the chemical pyrite oxidation rate was linear with the 

difference between the rest potential of the mineral and the solution potential. It is 
recognized that Nagpal's approach is possibly mechanistically more appropriate. For 

several reasons it was chosen to apply a non-mechanistic model to fit the results: (I) The 

rest potential of the pyrite was not determined in this work. (2) The redox potential 

measurements in the solutions were only reliable as an analytical tool to determine the 
total ferric to ferrous iron concentration ratio when used in combination with a 

calibration curve; to derive the absolute value from the measured redox potential would 

require a complicated correction procedure. (3) The proposed kinetic model is having 

a fairly simple structure with kinetic constants that can be measured independently and 
with only one or two kinetic constants that need to be fitted from the model. ( 4) It is 

believed that more insight in the mechanism and rate determining sub-processes of the 
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chemical pyrite oxidation is needed to construct a mechanistic kinetic model for the 

chemical pyrite oxidation rate. 

A kinetic model is constructed for the chemical oxidation of pyrite with ferric iron. In 

this model the mineral specific chemical pyrite oxidation rate is first order with respect 

to the total ferric to ferrous iron concentration ratio at low ratios and zero order at high 

ratios. The maximum pyrite specific oxygen consumption rate, v02_max• is introduced as 

a kinetic constant in this model. The following equation fits the experimental results. In 

this equation the specific pyrite oxidation rate is expressed in terms of the pyrite specific 

oxygen consumption rate, v02 (which is only allowed in a steady state): 

V 01.max 

(7.29) 

Thus, the ferric to ferrous iron ratio is the determining variable in opposite direction for 

both the bacterial oxidation rate of ferrous iron and the chemical pyrite oxidation rate. 

The overall kinetic model contains four kinetic constants. The kinetic constant K/K; can 

be determined independently by measuring the kinetics of bacterial ferrous iron oxidation 

at ferric to ferrous iron ratio ranges equal to that in the bacterial pyrite oxidation; q02.max 

in the bacterial ferrous iron oxidation is measured at an excess of ferrous iron. The 

kinetic constants v02_max and B can be determined from independent measurement of the 

chemical pyrite oxidation kinetics with ferric iron at ferric to ferrous iron ratios that 

occur in the bacterial oxidation of pyrite. However, we were not able to chemically 

achieve these circumstances in our experiments. 

7.2.4 Comparing the mechanisms and the kinetic models 

Maximum rates 

The two kinetic constants q02,max and v02,max in the kinetic models for the shuttle and 

indirect mechanisms have a different meaning: 

The bacterial pyrite oxidation rate in the kinetic model for the shuttle mechanism is 

determined by two kinetic constants, v02,max and q02.max· The kinetic constant q02_max is the 

maximum biomass specific oxygen consumption rate in the direct bacterial oxidation 

reaction of pyrite. The kinetic constant v02,max is the maximum pyrite specific oxygen 

consumption rate in the direct bacterial oxidation reaction of pyrite. Therefore, at certain 

pH, temperature and particle diameter, the values of q02,max and v02,max• are both 
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dependent of the physiology of the bacterial strain and of the reactivity of the pyrite 

source. In other words, when using another pyrite source with the same bacterial strain, 

both the value of q02.max and v0 z,max might change. 

In the indirect mechanism q0 2,max is the maximum biomass specific oxygen consumption 

rate in the oxidation of ferrous iron. The maximum pyrite specific oxygen consumption 

rate, v0 2.max is an artificial parameter that, in a steady state, is stoichiometrically related 

to the maximum pyrite specific chemical oxidation rate, vFcsz,max· Accordingly, qoz,max in 

the indirect mechanism only depends on the bacterial strain and is independent of the 

pyrite source, whereas vFcSZ.ma.• depends on the pyrite source and is independent of the 

bacterial strain. It is assumed that at certain pH, temperature and particle diameter, the 

value of q0 z,max is determined by the physiology of the bacterial strain, and the value of 

vFeSZ,max (and Voz,max) by the reactivity of the pyrite source. 

Mathematical relation between the models 

The kinetic models to describe the shuttle and the indirect mechanism are of the same 

mathematical structure. The models are mathematicalJy equivalent if a linear relation 

between the biomass to pyrite concentration ratio and the ferric to ferrous iron 

concentration ratio exists: 

_ [Fe 3•] 
-K.-

[Fe 2•] 

(7.30) 

In that case the values of both kinetic constants q0 z,max and Voz,max are equal in the two 

models, and the two models can be mathematically related (the effect of threshold 

concentration of ferrous is neglected). The kinetic constants K/ K; and B are eliminated, 

and only two kinetic constants, qoz,max and v02,max• are needed. The slope, K, in Equation 

(7.30) is equal to the following relation between these kinetic constants: 

K, V01,max 
K= 

Ki . q 01.max 

(7.3 l) 

Consequently, if in the experiments the relation between the two variables [Fe3+]/[Fe2
• ] 

and C/[FeS2] is linear, it cannot be distinguished whether the pyrite oxidation rate is 

chemically determined by the ferric to ferrous iron ratio, or bacterially by the biomass 

to pyrite concentration ratio. In that case, the two models can equalJy fit the results, and 

no distinction can be made between the two kinetic models. Consequently, if 
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[Fe3. ]/[Fe2
• ] and C/[FeS2] are linearly related other criteria are needed to distinguish 

between the two mechanisms. 

At mathematical equivalence the kinenetic constants l/B and K/K; in the model for the 

indirect mechanism, have equal values. 

Experiments to distinguish between the mechanisms 

The first approach to distinguish between the indirect and the shuttle mechanism (II and 

IV) used the measurement of the oxygen consumption rate of cell suspensions in the 

presence and absence of pyrite. According to the shuttle mechanism (IV) adhered 

bacteria directly and completely oxidize the metal sulphide and I 00% of the oxygen 

consumption occurs at the mineral surface. Therefore, if at equal process conditions in 

the cell suspension the oxygen consumption rate, r0 2 in the presence of pyrite exceeds 

r02 at pyrite free conditions, oxygen consumption occurs at the pyrite surface, and a 

direct bacterial action must be assumed. 

According to the indirect mechanism all oxygen consumption is due to the bacterial 

oxidation of dissolved species and negligible oxygen consumption occurs at the pyrite 

surface. Consequently, if at equal conditions in the cell suspension, the oxygen 

consumption rate, r02, in the presence and absence of pyrite are equal, all oxygen 

consumption is due to the bacterial oxidation of dissolved species, and accordingly a 

kinetic model that is based on an indirect mechanism is applicable to describe the 

bacterial oxidation kinetics of pyrite. 

It is assumed that the ferric to ferrous iron ratio determines the redox potential in the 

solution. It is also assumed that if the oxygen consumption rate at equal redox potentials 

is equal in the presence and absence of pyrite, all oxygen consumption is due to the 

oxidation of ferrous iron by Leptospirillum-1ike bacteria (see also Figure 7.1). 

A second approach used the independent determination of the kinetic constants q02,m•x 

and K,IK; in a pyrite free cell suspension that was grown in a batch culture on pyrite, 

to which ferrous iron is added. q02 in this pyrite free sample is measured as a function 

of the ferric to ferrous iron ratio. The model based on the indirect mechanism is 

applicable if the values for q02,max and K,IK; are equal in the presence and in the absence 

of pyrite. In the case of the shuttle mechanism the value of q02·'""' is possibly (but not 
necessarily) different for the bacterial oxidation of ferrous iron and pyrite. Therefore, 

equal values of q0 2,m,. and K,IK; in the presence and absence of pyrite is an indication 
for the occurrence of the indirect mechanism (see also Figure 7.2 and Figure 7.3). 
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7.3 

Chapter 7 

Materials and Methods 

In Section 4.6.3 the method to examine the bacterial pyrite oxidation kinetics was 

discussed. Section 4.7.3 reports on the equipment, the analytical procedures, and the 
chemicals that were used in these experiments. 

7.3.1 Inoculum 

Leptospirillum-1ike bacteria were grown in batch cultures on pyrite. The oxygen and 

carbon dioxide consumption rates in this culture were measured on-line. At decreasing 

pyrite specific oxygen consumption rates or low biomass specific rates, half the volume 
of the cell suspension was removed and iron free medium and fresh pyrite was added. 

Consequently, the total iron concentration in the culture was maintained between 0.1 and 

0.25 M. 

7.3.2 Batch culture experiments 

In batch culture experiments, pyrite grown cell suspension of Leptospirillum-1ike bacteria 
with a well known concentration of bacteria, was diluted with iron free medium, and 

fresh pyrite was added. Specifications of the equipment are listed in Table 7-i, the 

analyses that were performed during the course of the experiment are listed in Table 7-ii. 

In these experiments significant changes of the process conditions like the total iron, 

biomass and pyrite concentrations occur. It should be noted that in these experiments the 

ratio between the total iron and biomass concentration does not significantly change. The 

aim of these experiments was to check mass balances, to determine the maximum yield 

and maintenance coefficient, and finally to test whether the proposed kinetic models fit 
the experiments over a longer time course. 

7.3.3 Staged pyrite addition in batch cultures 

In short term staged addition batch culture experiments portions of pyrite were added 
to a batch culture on pyrite. The experiment started with a pyrite-grown cell suspension 

and a negligible amount of pyrite. At the start of the experiment 2g/l pyrite was added. 

About 3 hours later 3 g/l was added. This procedure was repeated up to a pyrite 
concentration of 40 or SO g/I. The redox potential, and the oxygen and carbon dioxide 

consumption rate were determined on line. Between two pyrite additions a (pseudo) 

steady-state was achieved. In Figure 7.1 a scheme is given of the experimental 
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equipment and the measurements. Accordingly the oxygen (and carbon dioxide) 

consumption rate was measured at varying ferric to ferrous iron ratios in the cell 

suspension and nearly constant total biomass and total iron concentration (due to the 

short time course of the experiment). The change of the specific pyrite area (g/m2
) was 

negligible during the course of the experiment. The actual pyrite concentration was 

accurately determined from the on-line off-gas analysis (degree of reduction balance). 

Staged pyrite addition experiments were performed at varying initial biomass and total 

iron concentration, and also the initial ratio of bacteria to iron was varied by the addition 

of ferric iron to the medium solution. 

The aim of these experiments was to determine the biomass and pyrite specific oxygen 

consumption rate at varying ferric to ferrous iron concentration ratios (redox potential) 

and biomass to pyrite concentration ratio, C/[FeS2], in the batch culture, at constant 

biomass and total iron concentration. From these measurements the two kinetic models 

were tested and the kinetic constants, v02.max> q02.max and K/K;, were determined. In 

Figure 7.2 it is shown how the kinetic model for the indirect mechanism is applied to 

the measurements in staged pyrite addition batch culture experiments. 

Dynamic BOM-Eh measurements with pyrite free cell suspensions from these batch 

cultures were carried out between every pyrite addition. The aim of these BOM 

measurements was to determine the specific oxygen consumption rate, q02, of the pyrite

grown cell suspension in the absence of pyrite at redox potentials equal to those in the 

batch culture. In Figure 7.3 it is shown how data were derived from the measurements 

(see also Section 4.3.2). For proper comparison the same redox meter was used in the 

BOM-Eh measurement and the batch culture experiment. Dynamic BOM-Eh 

measurements were also used to determine the kinetic constants, q02.max and K/K;, of 

pyrite-grown cells on ferrous iron (see Figure 7.3). 

In Table 7-i the operating conditions of batch culture and staged pyrite addition 

experiments on pyrite are listed. In Table 7-ii the analyses and sampling that were 

carried out, are listed. In Section 4.4 it was discussed how rates and concentrations are 

derived from the measured data. In Chapter 5 details on dynamic BOM-Eh 

measurements of pyrite-grown Leptospirillum-like bacteria on ferrous iron were 

discussed, and how the kinetic constants were determined (see Section 5.4 and 5.5.4, and 

Figure 5. 18). For procedures in dynamic BOM-Eh experiments one is referred to the 

Appendix of Chapter 5 (Section 5.7.2). 
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Figure 7.1 
Experimental method to distinguish between the shut/le and the indirect mechanism. 
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Figure 7.3 
Method for the data processing of dynamic BOM-Eh measurements with pyrite free cell suspensions 
on ferrous iron, and how the oxygen consumption rate in the presence and absence of pyrite at equal 
(Fe3.]/[Fe2

' ] is determined. 
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Table 7-i Reactor system, procedures and control of batch culture experiments with pyrite and 

Leptospiril/um-like bacteria. 

Working volume of fennenter 

Stirring speed 

Aeration rate 

pH 

Temperature 

Control gas flow rate during experiment 

maximum: 

[02]c off gas 

minimum: 

[02]L in solution: 

[C02] 0 off gas: 

Duration of experiments 

Long term (conversion): 

Short tenn (staged addition): 

(time between pyrite additions) 

lnoculum 

Initial [FeS2] batch cultures 

[FeS2] additions in staged addition 

Initial biomass and iron concentration 

Long term batch cultures 

Staged addition experiments 

Reactor 

2 I 

500 or 600 rpm 

0.100, 0.150, 0.200 or 0.250 vvm 

Control 

pH = 1.5-1.6 by addition of 4N NaOH. 

With water bath at T = 30°C 

< 20.90 % 

> 4 mg0,11 

> 100 ppm 

300 to 700 hours. 

15 to 40 hours. 

(3 to 4 hours) 

Experiments 

Pyrite free cell suspension from active batch 

culture on pyrite. 

10 or 20 g/l. 

Increasing amounts in one experiment: 2, 3, 5, I 0, 

20 g/l. 

Cx (t=O to t=end) 

mM 

1.7 to 17 

8.6 to 11.4 

1.7 to 2.8 

1.7 to 2.2 

[Fe3
• ] (t=O to t=end) 

mM 

14 to 180 

93 to 110 

98 to 100 

26 to 29 
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Table 7-ii Measurements performed in batch cultures on leptospiri//um-like bacteria on Prieska 

pyrite, and dynamic BOM-Eh experiments that were performed with cell suspensions 

from the culture. 

~ (t) 

[Fe2.](t): 

[Fe3.](t): 

Fe precipitates 

C, inoculum 

C.(t) 

pH control: 

r02(t) and rc0it) 

r0 iEh) 

q02 . ...,. and K/K,: 

7.4 Results 

On-line. 

On-line from redox potential and calibration curve. 

Off-line with o-phenantroline analyses. Sampling in staged addition 

experiments after each addition. In long term experiments every day. 

Dilution of samples in 10% HCI for 4 hours. 0-phenantroline analyses of 

Fe3
• concentration and comparison with non-treated samples. 

TOC analyses or total C02 consumption in inoculum batch from off-gas at 

time of inoculum taking. 

TOC analyses in slurry and pyrite free cell suspensions. 

Total C02 consumption off-gas at time t. 

In long term experiments: every day measurement and control. 

In staged addition experiments measurement and control in period of time 

between pyrite additions. 

On-line off-gas analyses. Sampling every 20 minutes. 

In batch culture with pyrite: off-gas analyses. 

At pyrite free conditions: Dynamic BOM-Eh measurement with pyrite free 

cell suspensions and simultaneous Eh measurement. Performed with eel I 

suspensions taken between pyrite additions. 

Dynamic BOM-Eh measurement with pyrite free cell suspensions and 

simultaneous Eh measurement. In staged addition experiments in period of 

time between pyrite additions. 

7.4.1 Balances and yield coefficients 

In all experiments the carbon balance and the degree of reduction balances were 

checked. The total carbon dioxide consumption in the batch culture agreed with the TOC 

measurements. Also, no significant difference was determined between the TOC of the 

slurry and the TOC of the pyrite free cell suspension, and no significant decrease of the 

TOC in the pyrite free cell suspension was observed after pyrite additions. Therefore, 

the percentage of the cells that is reversibly or irreversibly adhered to the pyrite surface 

is negligible. 
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The formation of iron precipitates in batch cultures was negligible if the ferric iron 

concentrations in the fermenter had not exceeded 0.21 M. The iron concentrations 

calculated from the degree of reduction balance agreed with the total iron concentration 

analyzed in samples (see Section 4 .5.4 for an example). Accordingly, no significant 

accumulation of reduced sulphur compounds occurred. 

The maximum yield of Leptospirillum-like bacteria per mole of oxygen consumed was 

Y
0
xmax = 0.053±0.003 C-mol/mol02, the maintenance coefficient increased at high iron 

concentrations. At iron concentrations up to 0.21 molFe/l, m
0 
= 0.06 molO/C-mol/h, at 

about 0.34 molFe/l, m0 = 0.12 mol02/l. These values are close to the values of growth 

yield and maintenance coefficients of Tferrooxidans on ferrous iron and to that of 

Leptospirillum-like bacteria in continuous cultures on ferrous iron at high dilution rates 

(see Section 5.5.1). Using the degree of reduction balance it is calculated that YF052max 

= 0.19 Cmol/molFeS2 which agrees with the yield of bacteria on pyrite reported in the 

literature (see Chapter 1). 

It is concluded that the yield of Leptospirillum-like bacteria on pyrite is consistent with 

the yield that is predicted for the exclusive oxidation of ferrous iron produced in the 

chemical pyrite oxidation with ferric iron. Therefore, the observed yield for 

Leptospirillwn-like bacteria is consistent with the indirect mechanism. 

7.4.2 Testing the indirect mechanism 

Staged pyrite addition batch culture experiments 

After every pyrite addition to the batch culture a new steady state was achieved within 

several minutes. The presented data are the average between 30 minutes after the 

addition of pyrite and the subsequent pyrite addition. 

After the addition of fresh pyrite to a batch culture the redox potential in the solution 

decreased and both the oxygen and carbon dioxide consumption rate increased 

instantaneously; the new steady state is achieved after a few minutes. In Section 4.5.4 

several examples of the batch culture measurements with Leptospirillum-like bacteria on 

pyrite were presented. 

The results of two staged addition experiments (H, L) are discussed, and the kinetic 

model proposed to describe the indirect mechanism is tested. Experiment H (High) was 

performed with an undiluted pyrite-grown cell suspension, wheras experiment L (Low) 

was performed with cell suspension from the same culture: The cell suspension was 
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diluted 5 times with a ferric iron solution (Fe(IIl)(S04)u) at equal strength. Accordingly, 

the ferric iron concentration in experiment H and L are equal, while the initial biomass 

concentration in L is a factor of 5 less than that in H. The duration of the experiments 

was 20 (experiment H) and 12 (experiment L) hours. Oxygen and carbon dioxide in the 

off-gas were measured every 20 minutes. 
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Figure 7.4 
(o) r02 and ( •) rc0 2 in staged addition experiments in batch cultures with Leptospirillum-like bacteria 
on Prieska pyrite (dp = 57 to 75 µm). H: C, = 8.6 to 11.4 mM, [Fe] = 93 to I 09 mM. L: C, = 1.7 
to 2.8 mM, [Fe] = 98 to I 09 mM. Note differences in scaling of Y -axes in H and L. 
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In Figure 7.4 the oxygen and carbon dioxide consumption rates in experiment H and L 

are plotted as a function of the pyrite concentration. In both experiments the oxygen and 

carbon dioxide consumption rate increased with the pyrite concentration. These results 

are consistent with both the shuttle mechanism and the indirect mechanism. It appeared 

that at 5 times diluted biomass concentration (experiment L) the oxygen and carbon 

dioxide consumption rates, r02 and rc02, decreased with a factor between 1.5 at [FeS2] 

= 2 g/l and a factor of 3 at (FeS2] = 40 g/l compared with undiluted cell suspension 

(experiment H). Apparently, the oxygen and carbon dioxide consumption rates are not 

proportional with the biomass concentration. 

The redox potential in the solution decreased instantaneously at an increasing pyrite 

concentration (Figure 7.5). The ferric to ferrous iron concentration in the solution is 

calculated from the measured redox potential (using a calibration curve) and also plotted 

in Figure 7.5. According to the indirect mechanism dissolved ferrous iron is produced 

in the chemical reaction with pyrite. Therefore, the decreasing redox potential at 

increasing pyrite concentration is consistent with the indirect mechanism, and the 

chemical production rate of ferrous iron, rFci: h•m, increases at increasing pyrite 
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concentration. The shuttle mechanism (IV) does not predict, and cannot explain, a 

changing redox potential when pyrite is added to a batch culture. In Section 7.5.3) it is 

explained how a refined shuttle mechanism (mechanism VI) is also in accordance with 

the observed Eh effect. 

At equal pyrite concentrations the redox potential in experiment L (five times diluted 

biomass concentration, equal ferric iron concentration) is about 35 m V less than in 

experiment H; [Fe3+]/[Fe2
• ] in experiment L is about a factor of 2.5 less. According to 

the indirect mechanism the higher redox potential in H is due to the the higher bacterial 

oxidation rate of ferrous iron, rFc2+bio, that is achieved at the larger biomass concentration 

in H; the biomass specific ferrous iron oxidation rate, qFc2., is lower at the higher redox 

potential in H. The chemical specific oxidation rates of pyrite, vFcs2, (and the production 

rate of ferrous iron, vF.2• chem) increases at an increasing red ox potential. Therefore, the 

observed behaviour is consistent with the kinetic model for the indirect mechanism. 
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In Figure 7.6 the biomass specific oxygen consumption rate, q0 2, and growth rate (from 

carbon dioxide consumption), µ, are plotted against the pyrite concentration. The 

uncoupling of oxygen consumption and bacterial growth that was observed in 

experiments with Tferrooxidans on ferrous iron, does not occur in these experiments 

(see also Section 5.5.3). The biomass specific rates increased at increasing pyrite 

concentration. This phenomenon is consistent with both mechanisms: at increasing pyrite 

concentration more substrate is available per unit of bacteria due to the increase of the 

pyrite to biomass ratio (the variable in kinetic model for shuttle mechanism) or due to 
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the higher ferrous to ferric iron ratio (the variable in kinetic model for indirect 

mechanism, see Figure 7.5). At low pyrite concentrations(< 10 g/l) the biomass specific 

oxygen consumption rate, q02, in experiment L is a factor of 2 to 3 larger than in 

experiment H at equal pyrite concentration. 

At very high biomass to pyrite concentration ratio (C. = 50 to 150 mg/I, [FeS2] = 2 g/l) 

carbon dioxide was produced, while oxygen was consumed. Apparently the available 
oxidation energy was insufficient for maintenance of the bacteria and decay of the 

bacteria starts to occur, producing C02• 
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(o) q02 and ( •) µ in staged addition experiments in batch cultures with Leptospiriflum-like bacteria 
on Prieska pyrite (d• = 57 to 75 µm). H: c. = 8.6 to 11.4 mM, [Fe] = 93 to 109 mM. L: c. = 1.7 
to 2.8 mM, [Fe] = 98 to I 09 mM. Note differences in scaling of Y-axes in H and L. 

In Figure 7.7 the pyrite specific oxygen and carbon dioxide consumption rates, v02 and 

vc02, are plotted against the pyrite concentration. Opposite to the biomass specific rates, 

the pyrite specific rates decreased at increasing pyrite concentration. This phenomenon 

is consistent with both mechanisms: The pyrite specific oxidation rate decreased at a 

decreasing biomass to pyrite ratio (shuttle mechanism) or at a decreasing redox potential 

(indirect mechanism, see Figure 7.5). At high pyrite concentrations the pyrite specific 
oxygen consumption rate, v02 in experiment L is a factor of 2 larger compared to 

experiment H at equal pyrite concentration. 
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(o ) v02 and ( 4) vc02 in staged addition experiments in batch cultures with leptospirillum-l ike bacteria 
on Prieska pyrite (dp = 57 to 75 µm). H: C, = 8.6 to 11.4 mM, [Fe)= 93 to 109 mM. L: C, = 1.7 
to 2.8 mM, [Fe)= 98 to 109 mM. 

Summarizing, except of the changes in the redox potential, the observed phenomenon 

are consistent with both the shuttle and the indirect mechanism. The kinetic behaviour 

as a function of the pyrite and biomass concentrations and ratio are expressed in the 

mathematical models for the two mechanisms. In the kinetic model for the shuttle 

mechanism the redox potential is irrelevant, while it is a key parameter in the model for 

the indirect mechanism. 

Dynamic BOM-Eh experiments 

Dynamic BOM-Eh measurements with pyrite free samples were used to compare the 

biomass specific oxygen consumption rate in the presence and absence of pyrite at equal 

redox potential (see also Figure 7.1 - 7.4). 

In Figure 7.8 the biomass specific oxygen consumption rate, q02 (determined from off

gas analyses), in the two staged pyrite addition batch culture experiments, H and L, is 

plotted against the steady state ferric to ferrous iron ratio. The ferric to ferrous iron ratio 

in the batch culture was determined from the measured redox potential (using a 

calibration curve). 
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in batch), K/K, = 0.0005, [Fe2+], = 3.4* I 0-6 M. 
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After every pyrite addition a dynamic BOM-Eh measurement with pyrite free cell 

suspension from the batch culture was performed. At time zero of the BOM-Eh 

measurement ferrous iron solution was added to the sample. In Figure 7.9 an example 

of a BOM-Eh with samples from batch culture H and L, is shown, and the biomass 

specific oxygen consumption rate, q02 (determined from the oxygen concentration 

measurement in the solution), is plotted against the ferric to ferrous iron ratio. The ferric 

to ferrous iron ratio in the sample was determined from the simultaneously measured 

redox potential. The ferrous iron concentration in the sample was also calculated from 

the measured oxygen concentration in the cell suspension using the degree of reduction 

balance for ferrous iron. The ferric to ferrous iron ratios derived from the two methods 

agreed. 

Note that the range of ferric to ferrous iron ratios achieved in the batch cultures 

(Figure 7.8) is much narrower than that in BOM-Eh measurements (Figure 7.9). 

It appeared that in all experiments, at the same redox potential (i.e. [Fe3+]/[Fe2+]), the 

specific oxygen consumption rate, q02, in the batch culture on pyrite with Leptospirillum

like bacteria, was equal to that in pyrite free cell suspensions in the BOM (see 

Figure 7.1). Thus, all oxygen consumption occurs in the cell suspension and oxygen 

consumption at the pyrite surface is negligible. In other words, only ferrous iron is 

oxidized by the Leptospirillum-like bacteria. Consequently, the occurrence of a direct 

bacterial action at the mineral surface is very unlikely. 

Kinetics for the indirect mechanism 

The kinetic model for the indirect mechanism is applied to describe the measured 

oxygen consumption rate in the staged pyrite addition batch culture measurements, and 

the kinetic constants are determined. The kinetics of the bacterial ferrous iron oxidation 

are given in terms of q02 in Equation (7.28), the kinetics of the chemical pyrite oxidation 

with ferric iron are given in terms ofv02 in Equation (7.29). As was discussed in Section 

7.2.3, in the steady state between two pyrite additions the chemical production rate of 

ferrous iron, rFei+°hem, and the bacterial consumption rate, rFc2+bio, are in a steady state, and 

therefore, the specific pyrite oxidation rate, v, can be expressed in terms of oxygen 

consumption rate, v02. However, the use of v02 is somewhat confusing because no 

oxygen is consumed in the chemical oxidation reaction of pyrite. The kinetics of the 

oxygen consumption rates are applied because both in the dynamic BOM-Eh and in the 

batch culture experiment the oxygen consumption rate is the measured kinetic parameter. 
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The values of the kinetic constants in the model for the bacterial oxidation of ferrous 

iron, q02,max and K/K;, are determined from the average of eight dynamic BOM-Eh 

measurements that were performed during the course of each staged pyrite addition batch 

culture experiment. The average values were q02.max = 1.0±0.01 molO/ C-mol/h and K/ K; 

= 0.0005±5* 10·5 for experiment H. The threshold concentration in this experiment was 

[Fe2+], = I* 10"6 M. In experiment L slightly larger variations occurred in the value of 

q0 2.m.,, that was determined in the BOM measurement. As an example two BOM 

measurements are plotted (see Figure 7.9). The average values were q02.m"" = 0.85±0.1 

molO/C-mol/h and K/K; = 0.0005±5*10"5
, and [Fe2+], = 3.4*10"6 M. The kinetics of the 

bacterial ferrous iorn oxidation are both plotted in Figure 7.8 and Figure 7.9. It is 

concluded that the kinetics determined in the dynamic BOM-Eh measurements with 

pyrite free cell suspension agree with the specific oxygen consumption rate, q02, as a 

function of the ferric to ferrous ratio (from the measured redox potential) that were 

measured in the batch cultures on pyrite. In other words, The ferrous iron oxidation 

kinetics of Leptospirillum-like bacteria accurately predicts the oxidation rate of pyrite 

in the batch culture at a known the redox potential in the cell suspension. 

The kinetic constants for the description of pyrite specific chemical oxidation rate, v02,max 

and l/B, were fitted (linear regression) from the measured v02 in the staged pyrite 

addition batch culture experiments, Hand L. Equal values for v02.max and 1/B were found 

for experiment H and L. Also, the value of l/B is equal to the value of K/ K;. In 

Figure 7 .10 the measured and the fitted values of v02 are plotted against the ferric to 

ferrous iron ratio. According to the model this implies that C/[FeS2] and [Fe3+]/[Fe2+] 

are linearly related. 

The measured and calculated biomass specific oxygen consumption rate, q02, in the 

staged pyrite addition batch culture experiment is also plotted in Figure 7 .10 (non

logarithmic X-axis). At an increasing ferric to ferrous iron concentration ratio the 

biomass specific oxygen consumption rate, q02, due to the bacterial ferrous iron 

oxidation decreases while the specific chemical oxidation rate of pyrite with ferric iron, 

v02, increases. At a steady state in a batch culture on pyrite (i.e. rFe2+°hcm = -rFc2+ bio) 

ferrous iron consumption and production rates are stoichiometrically related to the 

oxygen consumption rate, r02. In Figure 7.11 the measured oxygen consumption rate, r02, 

is compared with r0 2 calculated from the kinetic model for the indirect mechanism: r02 

= C,.q02 . The measured and calculated values of r02 agree well. 

It is concluded that the proposed kinetic model for the indirect mechanism gives a very 

good kinetic description for the bacterial pyrite oxidation, and that the observed 

phenomenon are consistent with the indirect mechanism. 
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(o ) q02 and (+) v02 measured in staged addition experiments in batch culture H and L with 
leptospirillum-like bacteria on Prieska pyrite (dp = 57 to 75 µm). H: C, = 8.6 to I I .4 mM, [Fe] = 93 
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(•) r02 measured in staged addition experiments in batch culture H and L with leptospirillum-like 
bacteria on Prieska pyrite (dp = 57 to 75 µm). H: C, = 8.6 to 11.4 mM, [Fe]= 93 to 109 mM. L: C, 
= 1.7 to 2.8 mM, [Fe]= 98 to 109 mM. (-) r02 calculated with indirect kinetic model for q02 with 
model parameters determined in BOM-Eh measurements H: q02.m., = 1, K,IK, = 0.0005, [Fe2• ], = 2* I 0-6 
M. L: q02.max = 0.85, K/K, = 5.0*104

, [Fe2
• ], = 3.4*10-6 M. ( ....... ) r02 calculated with indirect kinetic 

model for v02 with fitted model parameters for v02 in H and L: v02,mu = 0.025, JIB = 4.5* IO"'. 
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7.4.3 The mathematical equivalence between the shuttle and the indirect model 

From microscopy studies of the pyrite particles in a batch culture it was concluded that 

hardly any Leptospirillum-like bacteria were irreversibly attached to pyrite. Also, free 

cells in the batch culture survived whereas pyrite free cell suspension lost its activity 

fairly soon when compared with the duration of an experiment. Therefore it was 

concluded that a kinetic model based on a direct mechanism with irreversibly attached 

cells was not applicable. As an alternative the shuttle mechanism was proposed, in which 

the pyrite was directly oxidized by reversibly attached bacteria (Section 7.2.2). From 

TOC measurements it was observed however that also hardly any cells were reversibly 

attached to the pyrite surface. Therefore, a kinetic model that used the concentration of 

reversibly adhered cells (e.g. Langmuir isotherm) was inapplicable, and a kinetic model 

was proposed in which the biomass to pyrite ratio is the variable. 
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[Fe3+]/[Fe2+] from Eh 
Figure 7.12 
(•) C/[FeS2] against (Fe3.]/[Fei+] in a staged 
addition batch culture with Leptospirillum-like 
bacteria on Prieska pyrite (dp = 57 to 75 ~tm}. C, 
between 1.4 and 4.6 mM, [Fe] between 100 and 
125 mM. Pyrite concentrations, 2, 5, I 0, 30 g/1. 
(-)Slope= K/K,*v02.ma/qo>.mu with K/K, = 
3.5*10 ... , Vol.ma<= 0.026, q02,m.,. = 0.65. 

As was discussed before, if a linear relation 

exists between [Fe3+]/[Fe2+] (the variable in 

the kinetic model for the indirect 

mechanism) and C,/[FeS2] (the variable in 

the kinetic model for the shuttle mechanism) 

the two kinetic models are mathematically 

equivalent (Eqn. (7.30)) In that case, if the 

model based on the indirect mechanism fits 

the experimental results, then the model 

based on the shuttle mechanism can describe 

the experimental data equally well. 

Figure 7.12 shows a typical plot of the 

biomass to pyrite concentration ratio against 

the ferric to ferrous iron ratio (calculated 

from the redox potential) in the batch culture 

of Leptospirillum-like bacteria on pyrite. A 

linear relation exists between these ratios 

with a slope that is equal to Equation (7. 31 ), 

which implies that the two models are 

mathematically equivalent. Therefore, both the kinetic model for the indirect and for the 

shuttle mechanism will fit the experiments. In Figure 7.13 A and B the biomass and 

pyrite specific oxygen consumption rates, q02 and v02, are plotted against the ferric to 

ferrous iron concentration ratio and against the biomass to pyrite concentrations ratio, 

respectively. Jn both graphs also the curves calculated with the indirect and with the 

shuttle model are plotted. As was expected both models can describe the measured data 

equally well. 
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Figure 7.13 

(o) q02 measured and ("') v02 measured in a staged addition batch culture with leptospiri//um-like 
bacteria on Prieska pyrite (dp = 57 to 75 µm). C, between 1.4 and 4 .6 mM, [Fe] between 100 and 125 
mM. (open square) q0,,m..,, (-) q02 and v02 calculated with indirect model, ( ....... ) q02 and v02 
calculated with shuttle model. q02 max = 0.65, K/K; = 3.5* IO"', [Fe2+], = 1*I0-o M, Vozmax = 0.026, IIB 
= 5*10°", l/B, = q02,ma/Yoi,mox• . . 
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Figure 7.14 
(o ) r02 measured in a staged addition batch 
cultures with leptospiriflum-like bacteria on 
Prieska pyrite (dp = 57 to 75 µm). C, between 
1.4 and 4.6 mM, [Fe] between JOO and 125 mM. 
Pyrite concentrations, 2, 5, 10, 30 g/l. 
(-) r02 = C,.q02 (indirect model). 
( ....... )r02 = [FeS2].v02 (indirect model). 
(-----) r 02 from shuttle model. 

Thus, because a linear relation exists 

between [Fe3+]/[Fe2+] and C/[FeS2], no 
distinction can be made between the two 

kinetic models that are based on the two 

different mechanisms, and therefore, no 
distinction can be made between the 

underlying mechanism. 

In Figure 7 .14 the measured oxygen 
consumption rate in the batch culture is 

plotted against time. Also r0 2 calculated from 

the biomass specific oxidation rate of ferrous 
iron and using the measured redox potential 

(indirect model, Eqn. (7.28)), and r02 from 
the pyrite specific chemical oxidation rate of 

pyrite using the measured redox potential 

(indirect model, Eqn. (7.29)), and r02 from 

the shuttle model (Eqn. (7.26)), are plotted 
in this graph. It is concluded that the three 

equations fit the results equally well. 
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7.5 Discussion and conclusions 

7.5.1 Indirect mechanism and the kinetic model 

Batch culture experiments were performed with Prieska pyrite and Leptospirillum-like 

bacteria at varying biomass, iron and pyrite concentrations, and at varying biomass to 

iron concentration ratios and biomass to pyrite concentration ratios. From the comparison 

of batch culture and dynamic BOM-Eh measurements it appeared that the oxygen 

consumption rate in a cell suspension was equal in the presence and absence of pyrite 

at equal redox potential in the solution. Therefore, it was concluded that no direct 

bacterial oxidation reaction occurs at the pyrite surface. Consequently, it is assumed that 

the bacterial pyrite oxidation is due to an indirect mechanism. 

The proposed kinetic model for the indirect mechanism was appropriate to describe the 

bacterial oxidation of pyrite. This model used kinetic equations of the independent sub

processes: (i) the bacterial ferrous iron oxidation and (ii) the chemical pyrite oxidation 

with ferric iron. The kinetic constants for the description of the bacterial ferrous 

oxidation, q02,max and K/Ki• were appropriately determined in the absence of pyrite from 

dynamic BOM-Eh measurements. The kinetic constant 1/B in the description of the 

chemical pyrite oxidation rate was fitted from the bacterial oxidation of pyrite in the 

batch culture. The value of 1/B appeared to be equal to the value of the kinetic constant 

K,/Ki, which is consistent with the observed linear relation between the two variables in 

the experiments, [Fe3+]/[Fe2+] and C/[FeS2]. 

Contrary to the models in the literature, the chemical pyrite oxidation rate is described 

as a function of the ferric to ferrous iron ratio. In Figure 7.15 the measured and 

calculated pyrite specific ferrous iron production rate, vFci+• is plotted as a function of 

the ferric to ferrous iron ratio. Zeng et al. (1986) presented a kinetic model for the 

(sterile) chemical pyrite oxidation with ferric iron as a function of the ferric to ferrous 

iron ratio (see Section 2.7). This model was converted to vFci+ and is also plotted in the 

graph. The values of vFci+ predicted by Zeng's model are independent of the ferric to 

ferrous iron ratios at the high ratios that occur in the experiments, and are a factor of 

I 0 to 20 less than the measured bacterial pyrite oxidation rates. The difference between 

the models for chemical oxidation kinetics presented in the literature and the kinetic 

model proposed in this study, is discussed more extensively Section 7.5.4. 
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A kinetic model based on the shul//e 

mechanism (direct bacterial oxidation) could 

also fit the results. The pyrite to biomass 

concentration ratio is the variable in this 

model. It was shown that this shuttle model 

is mathematically equivalent with the 

indirect model if a linear relation exists 

between the biomass to pyrite concentration 

ratio and the ferric to ferrous iron 

concentration ratio. Consequently, because in 
0.00 

100 1000 10000 
[Fe3+)/ [Fe2+) from Eh 

100000 all experiments the relation between the 

ferric to ferrous iron concentration rate and 
Figure 7.15 

( i. ) vFei• calculated from measured oxygen 
consumption in a batch cultures with 
Leplospirillum-like bacteria on Prieska pyrite (dp 
= 57 to 75 µm). C, between 1.4 and 4.6 mM, 
[Fe] between 100 and 125 mM. Pyrite 
concentrations, 2, 5, I 0, 30 g/I. ( - ) vF, 
indirect model. (·······) vF, shullle model. 
(•) vF, Zeng et al. (1986). 

the biomass to pyrite concentration rate was 

linear, the distinction between the shullle 

and the indirect mechanism cannot be based 

on a better fitting kinetic model. These 

results might also explain why the kinetic 

model of Konishi et al. (1990) which is 

based on the shuttle mechanism applies to 

their data, while Nagpal (1994) fitted his 

measurements with a kinetic model that is based on the indirect mechanism. 

In Table 7-iii the kinetic constants that were derived at varying experimental conditions 

are listed. The kinetic constants q02,max and v02,max in this table also fit the results if the 

shuttle model is used. From this table it was concluded that the value of q0 2,max can vary 

significantly. A possible explanation is errors in the initial concentration of active 

biomass. Also the values of v02,max vary significantly, but no correlation was observed 

with the iron concentration or the value of q02,max. 

The maximum specific oxygen consumption rate, q02,max• of pyrite-grown Leptospiri/lum

like bacteria is a factor of 3 less than that of ferrous iron grown cells. Possibly, this 

difference is due to shear stress caused by the pyrite particles that damage the bacteria. 

It was found in our experiments that at pyrite concentrations exceeding 60 g/I in staged 

pyrite addition batch cultures a decrease of the bacterial activity occurred. The value of 

K/ K; of pyrite-grown cells is close to that of ferrous iron grown cells. 
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Table 7-iii: 

Chapter 7 

Kinetic constants for staged pyrite addition batch culture experiments with Prieska pyrite 

and Leptospirillum-like bacteria. If a range is given the experiment was performed in 

duplicate. Initial and final concentrations, and length of the experiment is listed. 

Ex12erimental conditions Kinetic constants indirect mechanism 

c, (Fe) [FeS2) Length q02,max fillo2.max K/Ki 1/8 

mM mM g/I h h-' h-' 

9-12 90-110 2-50 23 l.O 0.025 5.0* 10 .. 4.4*10-4 

l.7-2.8 96-100 2-40 10 0 .85 0.025 5.0* 10-4 4.4*10-4 

1.3-5.3 330-360 2-30 70 0.85±0.15 0.024±0.003 4±1*10-4 K/K, 

l.8-10 200-241 2-30 120 l.O 0.018 5.0*10-4 
" 

2-9 42-84 2-30 120 0.7 0.018 3.0* 10-4 
" 

3-6.5 I 00-125 2-30 50 0.7±0.1 0.023±0.003 3.5±0.5*10-4 
" 

The maximum pyrite specific oxygen consumption rate is converted to the first order 

coefficients k 1 and kA.spher that were used in Chapter 2. From an average Ym,max = 0.020 
molO/molFeS/h and an average particle diameter of 65 µm it is calculated that k1 = 
150* 1 o-8 s·' and kA,sphcr = 65* 10-8 mol/m2/s. The value of k 1 is in the same range as 
values that were calculated from literature data, the value of kA,sphcr is a factor of two 

larger (see Table 2.18). 

7.5.2 A refined indirect mechanism for pyrite oxidation with T .ferrooxidans 

Several authors claimed that the high yield of Tferrooxidans on pyrite pleads for the 

occurrence of a direct mechanism (Section 1.4.4). These high bacterial yields can also 

be explained when the proposed indirect mechanism is refined (mechanism V in Section 

7.1.1). 

From the theoretical studies on the chemical oxidation of pyrite Luther (1987) and 

Moses et al. (1987) (Section 7.6.1) concluded that thiosulphate (S20/) is an 

intermediate in the chemical oxidation of pyrite with ferric iron to ferrous iron and 

sulphate. As was reported in Chapter 4 Thiobacillus species are able to oxidize reduced 
sulphur species whereas Leptospirillum-Iike bacteria are not. Therefore, Tferrooxidans 

competes with ferric iron to oxidize the chemically produced reduced sulphur. This 

refined indirect mechanism (V) might explain why high yields were found for 
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Tferrooxidans, and also why a wide range was observed for the maximum yield of 

Tferrooxidans (see also Section 1.4.4). This hypothesis is in accordance with the data 

reported by Norris et al. ( l 987a) who measured a bacterial yield of Tferrooxidans on 

pyrite that is twice the value measured for L.ferrooxidans. However, the reported values 

are low compared to other authors: 0.075 Cmol(Tf)/molFeS2 and 0.038 

Cmol(Lf)/mo!FeS2• 

A scheme for the refined indirect mechanism in the oxidation of pyrite with 

T.ferrooxidans is given in Figure 7 .16. 

F e.__.3_+_ 

Figure 7.16 

so2
· 
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' ,' ©t----
BACTERIA 

Refined indirect mechanism for the bacterial pyrite oxidation: Both ferrous iron and thiosulphate are 
produced in the chemical reaction with ferric iron. Competition occurs between T ferrooxidans and Fe3

• 

for the oxidation of thiosulphate. 
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Four oxidation reactions occur in the refined indirect mechanism: 

I. The chemical oxidation of pyrite by ferric iron producing ferrous iron and 

thiosulphate: 

(7.i) 

2. The oxidation of ferrous iron by Tferrooxidans or Leptospiri/lum-like bacteria 

producing ferric iron. The simplified (biomass is neglected, see Section 4. 7 .1) 

stoichiometric equation is given by: 

Fe 2• + 0.25 0
2 

+ H • --+ Fe 3• + 0.5H20 (7.ii) 

3. The chemical oxidation of thiosulphate by ferric iron producing ferrous iron and 

sulphate: 

s 0 2
- + 8Fe 3·--+ 8Fe 2• + IOH· + 2so 2

-2 3 4 
(7.iii) 

4. The chemical oxidation of thiosulphate by ferric iron is in competition with the 

oxidation of thiosulphate by T jerrooxidans producing sulphate. The simplified 

stoichiometric equation (biomass is neglected, see Section 4.7. l) is given by: 

(7.iv) 

Accordingly, when using Tferrooxidans in the bacterial oxidation of pyrite, also the 

chemical production and bacterial oxidation of thiosulphate needs to be taken into 

account. Examining the oxidation of pyrite by Tferrooxidans requires the extension of 

the experimental techniques and an adapted kinetic model. 

7.5.3 Examining a refined shuttle mechanism for the bacterial pyrite oxidation 

Mechanism III (Section 7. I. I) in which irreversibly attached bacteria oxidize pyrite to 

thiosulphate and ferrous iron, which is oxidized further by free bacteria, could explain 

the survival of free bacteria and the decreasing redox potential when pyrite is added in 

staged pyrite addition batch cultures. It does not explain however the instantaneous 

decrease of Eh and increase of r02 and rc02. Mechanism III was rejected because the 

concentration of irreversibly attached bacteria was too low to explain the observed high 

bacterial pyrite oxidation rates. The shuttle mechanism (mechanism IV) in which 

reversibly attached bacteria oxidize pyrite to ferric iron and sulphate, could explain the 
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survival of free bacteria and the instantaneous increase of r02 and rc02 when pyrite is 

added. The shuttle mechanism does not explain the effect on the redox potential when 

pyrite is added. Moreover, very high concentrations of reversibly attached bacteria are 

required to achieve the reported bacterial pyrite oxidation rates. The shuttle mechanism 

was rejected because the oxygen consumption at the pyrite surface was negligible. 

A refined shuttle mechanism (mechanism VI, Section 7. 1.1 ) is proposed in which 

mechanism III and IV are combined. In this mechanism reversibly adhered bacteria 

partially oxidize the pyrite to ferrous iron and thiosulphate. Free Leptospirillum-like 

bacteria oxidize ferrous iron, while thiosulphate is chemically oxidized with ferric iron 

to ferrous iron and sulphate. Free Tferrooxidans also oxidizes thiosulphate. 

The refined shuttle mechanism explains the survival of free bacteria and the 

instantaneous respons of the redox potential, r02 and rc02. 

Also, the concentration of reversibly attached bacteria that is required to achieve the 

observed pyrite oxidation rates, is more realistic in this mechanism (see also Section 

2. 7. I). The total amount of bacteria that needs to be adhered, and the surface 

concentration of adhered bacteria are calculated. Experimental data are used for 

calculations: 

[FeS2] = 24 g/l. With dp = 60* 10·6m, aFcS2.sphcr = 0.5 m2/l 
Cx = 9* 10·3 Cmol/l. 

r02 = 2. 77* 10-3 mol/l/h 

q02,max = 2 molO/C-mol/h. q02 = 0.31 mol/C-mol/h. 

Size of bacteria: 1*10"6x0.5* 10-6 m2/bacteria, and 20% dry weight content. 

In the case of the direct bacterial oxidation of pyrite to ferrous iron and thiosulphate 

40% of the total oxygen consumption occurs at the pyrite surface. Accordingly, an 

average of 0.5* 10·3 Cmol/l bacteria needs to be adhered: Cx(adhered) = 0.4*r0/ q02_max· 

This is only 6% of the total amount of bacteria in the slurry. TOC measurements are not 

accurate enough to determine this differences when adding pyrite to the slurry. These 

adhered bacteria would cover 0.12 m2/l (= 25%) of the pyrite surface. 

However, in this mechanism only 60% of the oxygen consumption occurs in the 

solution, whereas 100% was measured. Therefore, the indirect mechanism gives a better 

explanation of the observed results than the refined shuttle mechanism. 
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7.5.4 The proposed kinetic model for chemical oxidation of pyrite compared with models 
in the literature. 

The hypothesis in this study that is most difficult to defend is the assumption that the 

(sterile) chemical pyrite oxidation rate increases with the ferric to ferrous iron ratio. It 

was discussed in Chapter 2 that the maximum chemical oxidation rate of pyrite with 

ferric iron is much smaller than the maximum bacterial oxidation rates at similar process 

conditions (Section 2.5.1 and 2.5.4). In Figure 7.15 a literature example of a kinetic 

equation for the (sterile) chemical pyrite oxidation with ferric iron is plotted and 

compared with the measured and modelled values in this study. According to the indirect 

mechanism, at redox potentials that occur in bacterial oxidation experiments, the (sterile) 

chemical pyrite oxidation rate is a factor of 10 to 20 times ,larger than the rates predicted 

from kinetic models that were developed at sterile conditions. Consequently, assuming 

that the measured pyrite oxidation rate in the presence of bacteria is purely chemical is 

contradictory with kinetic data in the literature. However, as was reported in Chapter 2, 

several authors observed an extremely high pyrite oxidation rate at the start of steri le 

batch experiments. The authors explained these anomalies from the occurrence of highly 

reactive sites or the occurrence of fines. In our opinion these high rates are not 

anomalous, and in accordance with our hypothesis: High initial oxidation rates are due 

to the high initial ferric to ferrous iron ratios in the sterile batch experiment. 

With the kinetic model for the chemical oxidation of pyrite (Eqn. (7.29)) it is predicted 

that in the absence of bacterial oxidation of the chemically produced ferrous iron, the 

ferrous iron concentration increases with a factor of 10 within the initial 2 minutes of 

a batch experiment ([FeS2 = 30 g/l, [Fe3
•] = 77 mM), causing a decrease of the pyrite 

specific oxidation rate, vF052, with a factor of 2. After 5 minutes vFesi has decreased with 

a factor of 5. 

It was attempted to measure the chemical pyrite oxidation rate at high ferric to ferrous 

iron concentration ratios in dynamic experiments. It was assumed that the bacterial 

oxidation reactions are terminated if no oxygen is available. According to the indirect 

mechanism the bacterial oxidation of ferrous iron is terminated if no oxygen is available. 

The chemical oxidation of pyrite with ferric iron will continue producing ferrous iron 

that causes a decrease of the redox potential. 

The bacterial oxidation reactions in a batch culture of Lepto5pirillum-1ike bacteria on 

pyrite were terminated by gassing with nitrogen gas, and the solution redox potential was 

measured as a function of time. Aeration of the batch culture was restarted when the 

decrease of the redox potential was slow. In Figure 7.17 the measured redox potential 

in the solution is plotted against time. At time zero sparging with nitrogen gas starts. At 
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time 0.4 h the aeration is continued. The ferrous iron concentration is calculated from 

the redox potential and the calibration curve. From this measurement it is shown that, 

without the bacterial oxidation reactions, the redox potential in the slurry decreased very 

fast within the initial few minutes. 
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calibration curve. Batch cultures with 
Leptospirillum-like bacteria on Prieska pyrite (dp 
= 57 to 75 µm) sparged with nitrogen gas. [FeS2] 

= 30 g/I, Cx = 7.5 mM, [Fe] = 77 mM. In steady 
state: µ = 0.0 I h·1, q02 = 8* I 0·3 mol/C-mol/h, v02 
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Figure 7.18 
Batch cultures with leptospiril/um-like bacteria 
on Prieska pyrite (dp = 57 to 75 µm) sparged 
with nitrogen gas. (-) vr.2+ in aerated batch 

culture. (o) vr,2+ calculated with model. ( •) vFe2+ 
calculated from decrease of redox potential. 

In Figure 7.18 the pyrite specific ferrous iron production rate, vFc• was calculated from 

the measured decreasing culture redox potential while sparging with nitrogen gas. The 

steady state value of vFe in the aerated batch culture and vFc in the N2 sparged culture 

were calculated from the proposed kinetic model for chemical oxidation of pyrite (Eqn. 

(7.29)) using the measured redox potential in the culture. These curves are also plotted 

in Figure 7.18. According to the model a steep decrease of vFc will occur due to the 

decrease of the culture redox potential in the initial 5 minutes of sparging with nitrogen 

gas. This steep decrease could not be shown from the measured data. Only after a few 

minutes the measured value of vFe was equal to the value calculated with the model for 

the indirect mechanism. The initially low values of vFe were probably due to the fact that 

gassing oxygen from the system needs a few minutes (unfortunately the dissolved 

oxygen concentration in the slurry was not measured): With kLa = 0.01 s·1 it would 

require 0.08 hours to decrease the dissolved oxygen concentration with 95% to 5% of 

the saturation concentration. During this phase the bacterial ferrous iron oxidation 

persists until the dissolved oxygen concentration becomes close to zero. The amount of 

ferrous iron produced within the initial 0.08 hours (time at which calculated and 

measured vFc become equal) is estimated with the calculated chemical pyrite oxidation 
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rate (indirect model). Accordingly, it is estimated that 4* 10-4 mol/l chemically produced 

ferrous iron disappeared in this phase. The bacterial oxidation of this amount of ferrous 

iron would require 1*10-4 mol/l of oxygen, which is about 50% of the saturation 

concentration in the aerated slurry. Thus, the observed results are in accordance with the 

indirect mechanism. 

Between 0.08 and 0.4 hours of sparging with nitrogen gas the redox potential decreases 

from 580 to 545 mV; the measured value ofvFe decreases with a factor of two, and the 

measured and calculated values of vFe agree within this range. The kinetic model of 

Zeng et al. (1986) only predicts a decrease of 13% within this range. Thus, within this 

range, the relatively strong redox potential dependency of the chemical pyrite oxidation 

rate that is predicted by the proposed kinetic model, is experimentally shown. 

After 0.25 hours of sparging with nitrogen gas the change in the calculated pyrite 

specific ferrous iron production rate, vFe• becomes negligible. This constant value of vFc 

is a factor of 10 less than vFe in the steady state aerated batch culture, and a factor of 

20 less than vFe.mox· This (low) constant value of the specific pyrite oxidation rate agrees 

with the chemical pyrite oxidation rates that are predicted with kinetic models given in 

the literature (e.g. Zeng et al., 1986, Figure 7.15). Clearly, at the chemical conditions 

that occur in sterile batch experiments, the kinetic model proposed in this study and the 

models in the literature predict equal chemical pyrite oxidation rates. At these conditions 

the changes in the redox potential are very slow, and therefore, the influence of the 

redox potential is irrelevant during measurement of the chemical oxidation rate in sterile 

batch experiments. 

When restarting the aeration the steady state value of redox potential was achieved 

within 0.1 hours (Figure 7.17). With the bacterial oxidation kinetic~ of ferrous iron it 

was estimated that the amount of produced ferrous iron (between 0.08 and 0.4 h) is 

bacterially oxidized within 0.1 hours. 

It is concluded that the high redox potential in the batch culture is maintained by the 

bacterial oxidation of chemically produced ferrous iron. Without the bacterial oxidation 

reactions the redox potential in the suspension decreases within a few minutes, which 

implies that these are the chemical conditions at which the sterile chemical oxidation rate 

of pyrite in batch experiments is usually measured by other authors. At these conditions 

the strong effect of the redox potential on the reaction rate is indiscernible. The 

calculated and measured (low) chemical pyrite oxidation rates at these low redox 

potentials agree with data presented in the literature. Due to mass transfer limitations in 
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our experiments the effect of the redox potential on the chemical pyrite oxidation rate 

is only shown at relatively low redox potentials. 

7.5.5 Why is T .ferrooxidans not able to oxidize Prieska pyrite? 

In our experimental work it appeared that T.ferrooxidans was able to oxidize German 

pyrite, whereas the oxidation rate of Prieska pyrite was extremely low. Lepto!>pirillum

like bacteria were able to oxidize both pyrite sources. In batch culture experiments of 

Tferrooxidans on Prieska pyrite with 2* l 0·3 C-mol/l, 0.21 M ferric iron and 20 g/l pyrite 

no significant oxygen and carbon dioxide consumption could be measured in the 

fermenter. Unfortunately the redox potential was not measured in these experiments. 

Applying the kinetic model for the indirect mechanism the oxidation rate of Prieska 

pyrite with Tferrooxidans at these conditions is estimated: At 0.21 M iron the minimum 

ferrous iron concentration that can be achieved by Tferrooxidans due to the threshold 

ferrous iron concentration is 0.4 mM (Chapter 5). Accordingly, the maximum value of 

v02 that can be achieved with Tferrooxidans on Prieska pyrite is 5* 10-4 

mol02/mo1FeS/h, which is only 2.5% of the maximum value, vm.max· Thus, assuming 

the occurrence of the indirect mechanism, and using the (proposed) chemical oxidation 

kinetics of Prieska pyrite and the measured ferrous iron oxidation kinetics of 

Tferrooxidans, it is predicted that the bacterial oxidation rate is very low, which is in 

accordance with the experimental results. 

In Figure 7.19 I q02 as a function of [Fe3. ]/[Fe2
• ] in the bacterial oxidation of ferrous 

iron for both (pyrite-grown) Leptospirillum-like bacteria and (ferrous iron grown) 

Tferrooxidans, are plotted. From this graph it can be seen that the ferrous iron oxidation 

rate by Tferrooxidans becomes negligible at [Fe3. ]/[Fe2
• ] exceeding 300, while 

Leptospirillum-like bacteria are active up to ratios of 30000. 

Prieska pyrite and the German pyrite might have different affinity for the ferric to 

ferrous iron ratio. In our kinetic model for the chemical oxidation of pyrite (indirect 

mechanism), minerals with a lower value of the kinetic constant B and high maximum 

specific oxidation rate, v02,max• are more reactive. In Figure 7.19 I also the curves of the 

mineral specific oxygen consumption rate, v02, are plotted as a function of [Fe3. ]/[Fe2• ]. 

Kinetic data for Prieska pyrite that were determined in Chapter 7 are used to plot these 

curves. Also a hypothetical curve for a more reactive mineral is plotted. 
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Simulation of bacterial and mineral specific oxygen consumption rate as a function of the ferric to ferrous 
iron ratio. For Tferrooxidans q02,max = 2 molO/C-mol/h, K/ K, = 0.05, [Fe2+]. = 0.3 mM. For 
Leptospiril/um-like bacteria q0z,max = 1 molO/C-mol/h, K/ K; = 0.0005, (Fe2•], = 0.0034 mM. For pyrite 
v0 2.max = 0.025 molO/molFeSzlh, B = 2500. For a hypothetical more reactive mineral the kinetic 
parameters were Vo2.max = 0.050 molO/molMeS/h, B = 100. Graph II: ro2 calculated with ex= 0.005 C
mol/I, and 25 g/I FeS2 (=0.21M). 

Figure 7.20 Figure 7.21 
SEM (2000x) photograph of German pyrite. SEM (2000x) photograph of Prieska pyrite. 

In Figure 7.19 II the oxygen consumption rates are plotted as a function of [Fe3.]/[Fe2
• ] 

for both the bacterial oxygen consumption rate (r02 = q02 *C.) and the oxygen 
consumption rate that is related to the chemical ferrous iron production rate (r0 2 = 
v02 * [FeS2]). Pseudo steady-state occurs at the intersection points. From this graph it can 

be understood why T.ferrooxidans is not able to oxidize Prieska pyrite: The oxygen 
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consumption rate, r02 at the intersection point of Tferrooxidans and Prieska pyrite is 

very low, whereas r0 2 at the intersection with the more reactive mineral is much higher. 

Scanning electron microscopy (SEM) showed that the surface of Prieska pyrite is smooth 

(Figure 7 .21 ), whereas German pyrite has a granular and irregular surface structure 

(Figure 7.20). Accordingly, not only the surface area concentration (m2/g) of German 

pyrite is larger than that of Prieska pyrite, but also its reactivity is probably larger due 

to pits and cracks at the surface (see Chapter 2). 

7.5.6 Queries 

Is distinguishing between the direct and indirect mechanism relevant? 

Someone could argue that distinguishing between the direct and indirect mechanism and 

developing mechanistic kinetic models might be of interest from the scientific point of 

view, but unnecessary for the development and optimization of biohydrometallurgical 

processes. After all, both mechanistic kinetic models describe the kinetic behaviour 

equally well. 

However, as was discussed in Section 7.2 the physical meaning of the kinetic constants 

is different in the two mechanisms. According to the indirect mechanism it is possible 

to independently characterize bacteria by their kinetic constants, q02.max and K/ K,, and 

the threshold concentration, [Fe2
• ],, on ferrous iron. Based on these kinetic constants the 

activity of different bacterial strains as a function of the ferric to ferrous iron ratio can 

be easily examined and compared. If it is aimed to search for the best bacteria in bio

oxidation processes only the kinetics on ferrous iron needs to be examined at process 

conditions (e.g. T, pH, [Me2
• ]) that occur in the mineral oxidation process. Also, if a 

method to examine the chemical oxidation kinetics of metal sulphides with ferric iron 

at high redox potentials could be developed, the chemical oxidation kinetics could be 

determined independently. The value of q02.max in the shuttle mechanism depends on both 

the bacterial strain and the mineral source, and the bacterial oxidation kinetics can only 

be examined for the particular bacteria-mineral system. See also Figure 7.19. 

Consequently, it is believed that for the development and optimization of bio-oxidation 

processes, knowing the mechanism is relevant. 
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Are redox-stat experiments appropriate to measure the oxidation kinetics at sterile 

conditions? 

In a sterile oxidation experiment of a metal sulphide with ferric iron a constant redox 

potential can be achieved by titration with a strong oxidizer (see Section 4.6.2). 

Crundwell ( 1988) used hydrogen peroxide to oxidize ferrous iron produced in the 

chemical oxidation of sphalerite with ferric iron. It was attempted to apply this method 

in the sterile chemical oxidation of pyrite with ferric iron. However, the maximum redox 

potential that could be achieved in a (pyrite free) ferric iron solution was 620 mV 

(Ag/AgCL-Pt electrode), whereas the redox potentials in bacterial oxidation experiments 

of pyrite was between 620 up to 700 mV. Therefore, this method is inappropriate to 

determine the oxidation kinetics at redox potentials similar to that in the bacterial 

oxidation experiments. This method was also inappropriate because at small excess of 

hydrogen peroxide, the hydrogen peroxide acts on the redox potential and causes it to 

decrease. Therefore, it becomes indeterminate which ferric to ferrous iron ratio occurs 

in the solution. 

Does the indirect mechanism also apply to pyrite oxidation with T.ferrooxidans? 

Based on the results of this study it is likely that the indirect mechanism is the dominant 

(rate-determining) mechanism in the oxidation of pyrite with Leptospirillum-like bacteria. 

Does this result imply that the indirect mechanism is dominant when using 

T.ferrooxidans? 

Leptospirillum-like bacteria and T.ferrooxidans differ in their capacity to oxidize reduced 

sulphur compounds. It could be argued that Leptospirillum-like bacteria are not able to 

directly oxidize pyrite because it cannot oxidize sulphur compounds. Therefore, it has 

not been shown that a direct mechanism does not apply in the case T.ferrooxidans. 

This study has shown however, that direct bacterial oxidation by irreversible attached 

bacteria is not fast enough to achieve significant rates. Assuming the indirect mechanism 

for pyrite oxidation with Leptospirillum-like bacteria, the observed bacterial oxidation 

rates of pyrite can be chemically achieved at sufficiently high redox potentials. 

Therefore, to show that additionally to the indirect pyrite oxidation, a direct mechanism 

occurs when using T.ferrooxidans, it needs to be shown that, at equal redox potentials, 

the pyrite oxidation rate with T jerrooxidans is significantly larger than with 

Leptospiril/um-like bacteria. 
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Is the method to determine oxygen consumption at the pyrite surface applicable for 

T ferrooxidans? 

The method to examine the occurrence of a direct bacterial action used in this study is 

less easily applicable when using Tferrooxidans. As was discussed in Section 7.6.1 

reduced sulphur species are chemically produced in the chemical oxidation of pyrite with 

ferric iron. These reduced sulphur compounds can be oxidized in a chemical reaction 

with ferric iron and by Tferrooxidans. Therefore, to determine whether oxygen 

consumption at the pyrite surface occurs, would require the measurement of the oxygen 

consumption rate in the absence of pyrite at equal concentrations of both dissolved 

ferrous iron and reduced sulphur species. The low ferrous iron concentrations can be 

determined using a redox meter. No such elegant method is known for determination of 

low concentrations of reduced sulphur compounds. Therefore, if the bacterial oxidation 

of dissolved reduced sulphur compounds is relevant, the method applied in this study to 

determine the bacterial oxidation kinetics is inadequate. 

Do reduced sulphur compounds influence the measured redox potential? 

It could be argued that the redox potential measured in the batch culture is also effected 

by reduced sulphur compounds. In that case there is only an apparent equality of the 

ferric to ferrous iron ratio in batch culture (in the presence of pyrite) and in the BOM

Eh measurement to which ferrous iron is added (in the absence of pyrite). 

Theoretical examination of relevant redox couples in this system is complicated and not 

within our competence. Therefore a few experiments were performed to examine the 

effect of thiosulphate on the measured redox potential. Calibration curves were made 

with sterile filtered cell suspensions (0.2 M ferric iron) to which known amounts of 

thiosulphate or ferrous iron were added. It appeared that the measured redox potential 

per mole of thiosulphate was equal to that per mole of ferrous iron. It was assumed that 

each molecule of thiosulphate instantaneously produces a molecule ferrous iron: 

S 0 2
- + Fe 3 • ~ 0 SS 0 2

- + Fe 2• 2 3 . 4 6 
(7.v) 

and that the measured redox potential is determined by the ferric to ferrous iron ratio. 

When performing dynamic BOM-Eh measurements with cell suspensions of pyrite-grown 

Leptospirillum-like bacteria to which thiosulphate was added, the observed kinetics were 

equal to the kinetics on ferrous iron assuming that one mole of thiosulphate 

instantaneously produced one mole of ferrous iron. In this comparison the initial ferrous 
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iron concentration was calculated from the amount of thiosulphate added, the ferrous 

iron concentration in the experiment was calculated from the total oxygen consumption 

and from the measured redox potential. In these calculations the mass balance of the 

total oxygen consumption and postulated initial ferrous iron concentration agreed. This 

observation sustains the assumption that per mole of thiosulphate one mole of ferrous 

iron is produced and that the measured redox potential is not influenced by reduced 

sulphur compounds and only determined by the ferric to ferrous iron ratio. 

Is the kinetic model for the indirect mechanism applicable when using T.ferrooxidans? 

If the indirect mechanism is dominant in the oxidation of pyrite with T.ferrooxidans the 

proposed kinetic model is not applicable if thiosulphate is produced in the chemical 

oxidation reaction of pyrite, and if bacterial oxidation of reduced sulphur compounds is 

significant. According to Luther (1987) and Moses (1987), (see Section 7.6. l) 

thiosulphate is produced in the chemical pyrite oxidation with ferric iron: 

FeS
2 

+ 6Fe 3• + 3Hp ---+ S2ot + 7 Fe 2
• + 6H• (7.vi) 

From the mentioned BOM-Eh measurements with thiosulphate in cell suspensions with 

Leptospirillum-like bacteria it was concluded that thiosulphate is instantaneously oxidized 

with ferric iron to tetrathionate, and that the chemical oxidation of sp6 2-with ferric iron 

was slow compared with the bacterial oxidation of ferrous iron. Hence, the chemical 

oxidation of pyrite with ferric iron would yield: 

FeS2 + 7 Fe 3
• + 3Hz0---+ spt + &Fe 2

• + 6H· (7.vii) 

According to this reaction mechanism 0.5 moles of tetrathionate and 8 moles of ferrous 

iron are produced per mole of chemically oxidized pyrite. If the chemical oxidation rate 

of tetrathionate is slow compared with its oxidation by T.ferrooxidans than the bacterial 

oxidation of tetrathionate is significant for the bacterial oxidation kinetics. 

In the BOM-Eh measurements with pyrite-grown Leptospirillum-like bacteria on 

thiosulphate, when the (supposed) ferrous iron that was produced in the chemical 

oxidation ofthiosulphate was completely consumed, a constant oxygen consumption rate 

of about 10% of the maximum oxygen consumption rate was observed at a constant 

redox potential. The final oxygen consumption rate agreed with the rate according to the 

kinetic model for the bacterial ferrous iron oxidation at the measured redox potential, 

and might be due to the bacterial oxidation of ferrous iron that was produced m a 

chemical reaction of tetrathionate with ferric iron. 



Pyrite kinetics 335 

Apparently, the chemical reaction of thiosulphate with ferric iron is fast, whereas the 
ferric iron oxidation of tetrathionate is slow compared with the bacterial oxidation rate 

of ferrous iron. This would imply however, that, because Leptospirillum-like bacteria do 
not oxidize reduced sulphur compounds (as shown in these BOM-Eh measurements), 

build up of tetrathionate might occur in the batch culture on pyrite. In ionic 

chromatography (HPLC) with cell free samples from the pyrite batch culture with 

Leptospirillum-like bacteria no reduced sulphur species were detected. Therefore, the 

correctness of the chemical reaction in Equation (7.vii) is doubted. 

It is concluded that, to model the oxidation of pyrite with T.ferrooxidans in the case of 

a dominant indirect mechanism, it needs to be examined whether bacterial oxidation of 

reduced sulphur species is significant. 

Arkesteyn has shown that direct bacterial pyrite oxidation by Tferrooxidans occurs 

As was discussed in Section 1.4.6 Arkesteyn (1980) used selective inhibitors to prove 

the direct bacterial oxidation of pyrite by Tferrooxidans. Using respiration measurements 

he showed that the oxygen consumption rate in the bacterial pyrite oxidation was 
reduced by 45% if NaN3 was added (NaN3 completely inhibits bacterial ferrous iron 

oxidation), whereas 55% inhibition occurred when NEM was added (NEM completely 

inhibits bacterial oxidation of sulphur compounds). Based on these results Arkesteyn 
concluded that Tferrooxidans directly utilizes the sulphur moiety of pyrite. 

However, these measurements can also be explained with the proposed mechanism for 

the chemical pyrite oxidation (Equation (7.vii)). Per mole of pyrite two moles of oxygen 

are used to bacterially oxidize the chemically produced ferrous iron: 

8Fe2• +202 +8H+ ~ bacteria~ 8Fe3• + 4H20 

and 1.75 moles of oxygen are used to oxidize the chemically produced tetrathionate: 

0.5SP/ + 1.7502 + 1.6H20 ~ bacteria~ 280/ + 3H+ 

According to this mechanism 53% of the oxygen is used to bacterially oxidize ferrous 

iron and 47% to oxidize tetrathionate. Consequently, in the case of an indirect 

mechanism, when NaN3 is added only the chemically produced tetrathionate is oxidized 

by Tferrooxidans while the bacterial oxidation of chemically produced ferrous iron is 

inhibited, causing a reduction of the oxygen consumption rate of 53%. The opposite will 
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occur when NEM is added, and a reduction of 4 7% of the oxygen consumption rate will 

occur. These values are close to the values presented by Arkesteyn, and it is concluded 

that his results are also consistent with a refined indirect mechanism in which the 

chemical pyrite oxidation leads to the formation of S40/". 

7.5.7 Conclusions 

A direct and an indirect mechanism are competing in the literature to describe the 

bacterial oxidation of pyrite. Konishi et al. (1990) proposed a mechanistic kinetic model 

for the oxidation of pyrite with Tferrooxidans that was based on the direct mechanism; 

Nagpal ( 1994) proposed a model based on the indirect mechanism. The experimental 

data of these authors agreed with their models. Therefore, the conclusions of these 

authors that the underlying mechanisms were correct is premature. 

From studying kinetic data and kinetic models in the literature, it was concluded that the 

maximum chemical pyrite oxidation rate is 10 to 20 times less than the bacterial 

oxidation rate at similar process conditions, and therefore special capacities must be 

attributed to the bacteria (Chapter 2). It was calculated, however, that the observed 

bacterial oxidation rates could only be achieved with irreversible attached cells if 

extreme values for the concentration of attached cells, the bacterial growth rate on pyrite, 

and the bacterial yield were assumed. Therefore, the shuttle mechanism was proposed 

as an alternative for the direct bacterial oxidation of pyrite. In the shuttle mechanism all 

cells are equally involved in the bacterial pyrite oxidation. It was concluded that authors 

who applied a Langmuir isotherm in their kinetic models to describe the bacterial 

attachment in a direct mechanism, implicitly assume the reversible attachement of the 

cells (e.g. Chang and Myerson, 1982; and Konishi et al., 1990). In our definition these 

kinetic models are based on the shuttle mechanism. It was assumed that the use of the 

Langmuir isotherm in the kinetic model is meaningless because too little is known about 

the kinetic behaviour of adhered bacteria. An empirical kinetic model was proposed to 

describe the bacterial pyrite oxidation rate in the case of a shuttle mechanism. The 

variable in this model was the ratio between the biomass and the pyrite concentration. 

Two kinetic constants were defined in this model: the maximum biomass specific oxygen 

consumption rate, q02.max• and the maximum pyrite specific oxidation rate, Voz.max· 

It was assumed that a direct bacterial oxidation of the pyrite only takes place if 

significant oxygen consumption occurs at the pyrite surface. An experimental method 

was developed to determine whether oxygen consumption occurred at the pyrite surface. 

By measuring the oxygen consumption rate in cell suspensions in the presence and 
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absence of pyrite at equal redox potentials it was shown that all oxygen consumption 

occurred in the solution. Accordingly, it was assumed that no significant direct pyrite 

oxidation with Leptospirillum-like bacteria takes place and that an indirect mechanism 

determines the oxidation rate of pyrite with Leptospirillum-like bacteria. This requires 

that the chemical oxidation rate of pyrite with ferric iron at conditions that occur in the 

cell suspension is a factor of I 0 to 20 larger than the chemical oxidation rates that occur 

at sterile conditions. Leptospirillum-like bacteria were able to achieve extremely high 

ferric to ferrous iron concentration ratios (expressed in a very low value of K/ Ki in the 

competitive inhibition equation for the bacterial oxidation of ferrous iron), which cannot 

be achieved or maintained in sterile batch experiments for measuring the chemical 

oxidation rate of pyrite. It was proposed that the chemical oxidation rate of pyrite is 

determined by [Fe3+]/[Fe2+] and increases at increasing redox potentials. 

A kinetic model was developed that describes the two rate determining sub-processes in 

the pyrite oxidation with Leptospirillum-like bacteria according to the indirect 

mechanism: the chemical pyrite oxidation with ferric iron to ferrous iron and sulphate, 

and the bacterial oxidation of ferrous iron. In a steady state the ferrous iron production 

rate (mo!Fe2+/1/s) due to the chemical pyrite oxidation with ferric iron (sub-process I) 

is equal to the bacterial ferrous iron oxidation rate (mo!Fe2+/l/s, sub-process 2). Because 

both the bacterial ferrous iron oxidation rate and the chemical pyrite oxidation rate were 

measured by means of oxygen consumption rate measurements, the pyrite specific rate 

(sub-process 1) and the biomass specific rate (sub-process 2) were both expressed in 

terms of the specific oxygen consumption rates, v0 2 and q0 2, respectively. Competitive 

inhibition kinetics were used to describe the biomass specific bacterial ferrous oxidation 

rate (mol/Cmol/s), using the ferric to ferrous iron concentration ratio as a variable, and 

two kinetic constants, q0 2,max and K/Ki. A kinetic equation was proposed to describe the 

chemical pyrite oxidation rate. This equation also uses the ferric to ferrous iron 

concentration ratio as the variable, and two kinetic constants: the maximum pyrite 

specific oxygen consumption rate, v02,max• and B. 

The bacterial oxidation kinetics of pyrite with Leptospirillum-like bacteria were 

measured in staged pyrite addition batch culture experiments, using redox potential 

measurement in the cell suspension and the measurement of the oxygen consumption rate 

of the slurry in steady state. From these measurements the values of v0 2,max and B were 

determined. The bacterial oxidation kinetics on ferrous iron of pyrite-free cell 

suspensions from this batch culture were measured in dynamic BOM-Eh experiments. 

The bacterial ferrous iron kinetics were accurately described by competitive inhibition 

kinetics, and values of q02.max and K,~ on ferrous iron were determined from these 

BOM-Eh measurements. The bacterial oxidation kinetics of ferrous iron (pyrite free) as 
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a function of the redox potential also very accurately described the oxygen consumption 

rate as a function of the redox potential in the batch culture on pyrite. This result 

supported the hypothesis that the indirect mechanism determines the oxidation rate of 

pyrite with Leptospirillum-like bacteria. 

The kinetic equation for the chemical oxidation of pyrite with ferric iron does not have 

a well defined mechanistic basis, and it is believed that better kinetic models can be 

developed. It was estimated that the maximum pyrite oxidation rate (vFes2.max) is probably 

determined by the mass transfer rate of ferrous iron produced at the pyrite surface to the 

bulk phase (see Chapter 3). This mass transfer limitation causes that the redox potential 

at the pyrite surface has a maximum value. Therefore, an improved kinetic model should 

contain rate equations of the two related sub-processes: the chemical oxidation pyrite 

with ferric iron and the mass transfer of ferrous iron to the bulk phase. 

The bacterial oxidation of pyrite was performed with two pyrite sources: Prieska pyrite 

and German pyrite, and two bacterial strains: Leptospirillum-like bacteria, which can 

only oxidize ferrous iron, and Tferrooxidans which can both oxidize ferrous iron and 

sulphur compounds. T.ferrooxidans was able to oxidize German pyrite. However, 

German pyrite was not appropriate for examining the kinetics because its surface 

structure was granular and fines were formed during the experiments leading to 

uncontrolled changes in the specific surface area. The oxidation rate of Prieska pyrite 

by T.ferrooxidans was however very low, therefore this system was not appropriate for 

examining the kinetics. Consequently, kinetic experiments were only performed with 

Prieska pyrite and Leptospirillum-like bacteria. The inability of Tferrooxidans to oxidize 

Prieska pyrite was explained from the occurrence of the indirect mechanism and the 

bacterial ferrous iron oxidation kinetics: Tferrooxidans is not able to oxidize ferrous iron 

at the high redox potentials (ferric to ferrous iron ratios) that are required for the 

chemical oxidation of Prieska pyrite. It was assumed that German pyrite is more reactive 

due to cracks and pits at the surface, and therefore needs Jess high redox potential for 

chemical oxidation to occur. 

From studies in the literature it appeared that possibly thiosulphate is produced in the 

chemical oxidation of pyrite with ferric iron. Thiosulphate is chemically oxidized by 

ferric iron to ferrous iron and sulphate. Accordingly, this mechanism is not relevant for 

the oxidation of pyrite with Leptospirillum-like bacteria. However, when using 

Tferrooxidans the bacterial and chemical oxidation of the chemically produced 

thiosulphate are in competition. This would require a refinement of the indirect 

mechanism and kinetic model for the pyrite oxidation with Tferrooxidans. 
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The bacterial pyrite oxidation kinetics in staged addition experiments was accurately 

described with the kinetic model for the indirect mechanism. The experimental data 

could however as well be described with the kinetic model based on the shuttle 

mechanism (IV). The mathematical reason for this equivalence was the occurrence of 

a linear relation between the measured ferric to ferrous concentration ratio and the 

biomass to pyrite concentration ratio. It was shown that in case of this linearity the two 

kinetic models are mathematically equivalent. Consequently, it was not possible to 

discriminate between the two mechanism from the better applicability of one of the two 

kinetic models. The conclusive argument for the indirect mechanism as the rate 

determining mechanism was the observation that the oxygen consumption rate by 

Leptospirillum-like bacteria as a function of [Fe3. )/[Fe2
• ] was independent of the 

presence or absence of pyrite. 

7.6 Appendices 

7.6.1 Mechanisms in the chemical pyrite oxidation with ferric iron 

According to Moses et al. (1987) the nature of the mechanism in the chemical oxidation 

of pyrite with ferric iron, particularly the identity of the oxidizing agents and the rate 

controlling steps, are still not understood. In this section mechanisms given in the 

literature for the chemical pyrite oxidation with ferric iron are reported to explain that 

reduced sulphur compounds are possibly produced in the chemical oxidation reaction. 

The formation of reduced sulphur compounds in the chemical oxidation reaction of 

pyrite requires the refinement of the indirect bacterial oxidation mechanism when using 

bacteria that are able to oxidize reduced sulphur compounds (e.g. Tferrooxidans, 

T thiooxidans). 

Oxidizing agent 

The faster rate of metal sulphide oxidation in Fe3
+ saturated solutions supports a reaction 

mechanism in which Fe(III) is the direct oxidant of pyrite in both aerobic and anaerobic 

systems: 

FeS2 + 14Fe J+ + &Hp ~ 15Fe 2 • + 2so;- + 16H + (7.viii) 

The proposal of this mechanism was also supported by several experimental and 

theoretical considerations. Taylor et al. (1984) used oxygen isotope studies and showed 
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that the source of oxygen for the sulphoxy species in FeS2 oxidation must come 

primarily from water. Therefore, FeS2 is preferentially oxidized with Fe3
+ as compared 

with 0 2• This hypothesis was supported by the low probability of a direct reaction 

between paramagnetic molecular oxygen and diamagnetic pyrite, (Moses et al., 1987). 

Luther (1987) also supported this conclusion based on the application of the molecular 
orbital theory. He proposed that the first electron transfer in pyrite oxidation occurs from 

the n· orbital (HOMO = highest occupied molecular orbital) of the S/ in FeS2 to the 

n orbital (LUMO = lowest unoccupied molecular orbital) of the oxidant, and according 

to this mechanism Fe3
+ can and 0 2 cannot act as an oxidant. 

Electron transfer 

There are two well-established general mechanisms for electron transfer processes. In 

the first, called the outer-sphere mechanism, each complex retains in its own full 

coordination shell, and the electron must pass through both. In the second, the inner

sphere or ligand-bridged mechanism, the two complexes form an intermediate in which 
at least one ligand is shared, that is, belongs simultaneously to both coordinate shells 

(Cotton and Wilkinson, 1976). 

According to this definition Moses et al. (1987) proposed an outer-sphere mechanism 

for pyrite oxidation with ferric iron. The initial oxidation step is the transfer of a 
hydroxyl radical, OH, from Fe3

+ aequo complex, Fe(Hi0)6
3+, to a pyrite sulphur at the 

mineral surface. A sequence of hydroxyl transfer reactions to the sulphur at the pyrite 

surface and dehydration reactions of the Fe3
+ aequo complex follows, and the Fe-S bond 

weakens until the sulfoxy anion thus formed is more stable in the solution than bonded 

to the pyrite iron. Fe(S")4 species represent a reaction site at the pyrite where the 

oxidation can take place: 

these three reactions are repeated until thiosulphate is released: 
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Further chemical reaction of S20/° with Fe3
• would produce Fe2

• and SO/-. In 

experiments the formation of thiosulphate and polythionate was observed. 

Luther (1987) proposed an inner-sphere type mechanism and applies molecular orbital 

theory to describe the possible mechanism of electron transfer in the chemical pyrite 

oxidation. In this inner-sphere mechanism a bridge is formed between two metals by a 

common ligand, and an electron is transferred along this bridge. The mechanism consists 

of three steps that are necessary to initiate the electron transfer process: (a) Fe3
• binds 

to sulphur at the FeS2 surface. (b) A persulphide bridge is formed between pyritic iron 

and ferric iron: Fepynt0-S-S-Fe(H20)/•. (c) An electron is transferred from then· orbital 

(HOMO) of pyrite to the n orbital (LUMO) of ferric iron. 

(a) A fast step involves the removal of a water ligand from the Fe3
• aequo complex: 

(b) The ferric iron complex is a Lewis acid and could bind in a second step to the 

FeS2 surface in which S, referred to as S8 , acts as a Lewis base: 

Consequently pyritic iron and a ferric iron ion in the solution are bridged. 

(c) The electron is transferred by an inner sphere mechanism: 

The radical ion intermediate is still on the pyrite surface. It can react further with 

another Fe3
• complex ion and water to give the same products proposed by Moses et al. 

( 1987) but without hydroxyl radical formation: 

Fe;>s-S8-Fe::1,Hp);· + Fe 111(Hp)~· + 2Hp--+ 

Fe;;,-s-sB-0 + 2Fe,~/...HP)~· + 2H' 

It was assumed that continued electron transfer to four more Fe3
• ions forms Fe11S20 3 

which decomposes to Fe2
• and S20/". Luther found that thiosulphate, S20/·, reacts 

rapidly with aqueous Fe3
• to produce Fe2

• and SO/: 
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s 0 2
- + 8Fe 3 • ~ 8Fe 2• + IOH· + 2so 2

-2 3 4 

This oxidation reaction explains why thiosulphate is not commonly found in laboratory 
studies on (sterile) pyrite oxidation. IfFe3

• (or other oxidants) is not available in excess 

for reaction with thiosulphate, then thiosulphate and not sulphate would be the major end 

product. Also, other reduced sulphur compounds might be produced in the chemical 

reaction with ferric iron (Donato et al., 1993; Mustin et al., 1993), and in the bacterial 

pyrite oxidation (Pronk et al., 1990, Boogerd et al., Nagpal, 1994). 

Luther assumed that in the mechanism proposed by Moses et al. the rate limiting step 

for FeS2 oxidation by Fe3
• is a surface reaction. In the mechanism proposed by Luther 

the formation of a bridging ligand between two iron atoms is the rate limiting step. 

7.7 List of symbols 

B 

B. 
c. 
Ei, 
Eho 

[FeS2] ~ 

[Fe2• ) 

[Fe3• ) 

Kinetic constant in chemical pyrite oxidation (-) 

Kinetic constant in direct pyrite oxidation (Cmol/molFeS2) 

Biomass concentration (C-mol/I) 

Measured redox potential, Ag/AgCl-Pt electrode (mV) 

Standard redox potential for Ag/AgCl-Pt electrode (mV) 

Concentration of pyrite (mol/l or g/I). 

Ferrous iron concentration (mol/I) 

Ferric iron concentration (mol/I) 

[Fei+], Threshold ferrous iron concentration (mol/l or mg/I) 

k, 
kA.sph~r 
kLa 
K, 
K; 
K/K; 

m, 

m. 
µ 

Vo 2.max 

First order in concentration reaction rate coefficient (s-1
). 

First order in surface reaction rate coefficient (mol/m2/s-1
). 

Gas-liquid transfer coefficient (s-1
) 

Monod constant (mo1Fe2+/1) 

Inhibition constant (mo1Fe3•tt) 
Kinetic constant in bacterial ferrous oxidation (-). 

Maintenance coefficient on substrate (mol/C-mol/s) 
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Chapter 8 

The role of philosophical images in applied scientific 
research 1 

This essay deals with applied scientific research concerning the development of 

technology at technical universities. It takes as its starting point the growing conviction 

that if research practices are to deal adequately with problems of modern society such 

as the need of the development of sustainability, they should, in addition to existing 

mono-disciplinary research practices, develop in a more purposefal way towards 

interdisciplinary research 0
• It is conjectured that a certain rather dominant image of 

science (i.e. the reductionistic picture of science) which presently still has some special 

attraction to laymen, policy makers, as well as scientists, might hinder the desired 

development. For those who are attracted by this picture, it seems to embody the ideal 

of what constitutes good science; hence according to these reductionists a more holistic 

approach of specific problems (such as occurs in the study of ecological systems) should 

be regarded as inferior science. 

The main objective of this essay is to stimulate creative thinking about applied scientific 

research practices in the search for a further evolution of those practices. One way of 

doing this is by studying certain philosophical images of science, which seem to guide, 

often in rather implicit or hidden ways, our ideas about how specific research should be 

conducted. I do not wish to argue that the existing practices are wrong, and I certainly 

do not wish to argue that the existing practices are in fact completely determined by a 

traditional image of science. It is argued in this chapter that awareness of the role which 

philosophical images of science play in our evaluations of (proposed) research methods 
\ 

is important if one wishes to stimulate new research attitudes. For, a philosophical 

image of science is not only supposed to tell us what "adequate scientific methods" are. 

It also should tell us something about the role played by values in our research practice 

(e.g. no role at all, as is asserted by a traditional philosophical image, or an intrinsic 

role as is argued by some contemporary philosophers of science). And since 

philosophical images are implicitly used in educating students, they may be influential 

in shaping research attitudes. 

Several alternative images of science are discussed, particularly radical relativism and 

constructivistic realism. Reasons are advanced for my claim that constructivistic realism 

° Cp. The recent report of the 'Adviesraad voor technologiebeleid van de TU Delft ': "Op 
Weg naar de 2le Eeuw", TU Delft 1996, henceforth to be called the ARTD-report. 
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does justice to precisely those aspects of a research attitude which may be required for 

the evolution of research practices as recommended in the ARTD report. 

8.1 Introduction 

8.1.1 The intellectual attitude guiding this PhD research 

In this essay I want to picture the intellectual attitude that also guided this PhD research 

work. This attitude was largely motivated by the concern of how a sustainable society 
can be achieved, and how applied scientific research at a technical university could 

possibly aim more purposefully at results that are of greater value for society. 

In doing scientific research at a technical university, once a particular research project 

is carried out, it may happen that a general context such as 'sustainability' shifts to the 

background to such an extent that it seems to become invisible or even to drop out of 

sight. One of my initial ideas was that our standard ways of approaching scientific and 

technological problems somehow cause, mostly unintentional, the disappearance of that 
context. Another of my ideas was, that giving prominence to sustainability problems in 

our research practice has something to do with a certain specific moral attitude of 

scientists and engineers. 

I do not doubt that many researchers and engineers are motivated in their work by 
certain moral convictions. On the other hand the need for a specific moral attitude in 

doing research in the context of sustainability seems not to be obvious, or even explicitly 

recognized. Therefore, I decided to examine these two tentative ideas more deeply. 

The two ideas might be related in the following way. Obviously our standard practices 

seem not to guarantee by themselves persistent attention to the context chosen. 

Therefore, a specific moral attitude might be required in order to prevent the wider 

context of sustainability to drop out of sight. However, scientists and engineers have 

learned to apply standard scientific methods; proper applications of these methods do not 

require in general such a specific moral attitude. Our ideas about standard methods seem 
even to imply that the consideration of ethical choices (which involves such a specific 

moral attitude) might be against our basic convictions of what "good science" is. 

I tried to examine this dilemma more deeply, and the resulting ideas are discussed in this 
essay. 
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8.1.2 Research and sustainability at technical universities 

In May I 996 the advisory committee for technology policy of TU Delft (the ARTD 2
) 

published a study on how educational- and research practices at TU Delft need to 

develop in the future. One of the reasons for the required development of the existing 

research practices as given by the ARTD is the need for aiming at sustainability, which, 
according to this committee is not a luxury but a first priority in technology policy. 

According to the ARTD report the TU Delft should play a more significant role in 

dealing with complex technological problems in modern society. Because in modern 

society the development of new technologies requires the cooperation of scientific 

disciplines, the ARTD recommends that, besides carrying out excellent research within 

the existing mono-disciplines, the university should aim more explicitly at carrying out 

interdisciplinary research projects. (In this essay scientific research that is carried out in 

the context of developing technology, will be referred to as applied scientific research). 

Moreover, the ARTD maintains that topics like 'sustainability', 'environmental 
problems' and 'ethical aspects of the technological sciences' should be completely 

integrated within the research methodologies used. 

Apparently, there is a growing conviction at our university that new research strategies 

and methodologies need to be developed for dealing more adequately with very complex 

problems like developing sustainability. The ARTD report proposes certain important 

recommendations such as the development of specific capabilities in university education 
(e.g. integrative and communicative capacities of future researchers and engineers), and 

particular ways of structuring and organizing multidisciplinary research within the 

university. I share this concern of the ARTD report and subscribe wholeheartedly to their 

recommendations. For that reason I took the ARTD report as background of this essay, 

and will attempt to develop some ideas which might be relevant for the development of 

methodologies and research attitudes which are required for the future research practices 

as described in general terms by the ARTD report. 

8.1.3 The role of philosophical images in science 

The recommendations of the ARTD report obviously assume the existence of restraining 

factors in the present organization of research at the university, which might hinder the 

intended evolution. The same is true with respect to those recommendations which 

pertain to certain aspects of our university education. The restraining factors might have 

to do with often implicit ideas which play a part in organizing research and concern both 
research methodologies and what it is to have an appropriate research attitude. Those 
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ideas are in their turn guided by the often implicit pictures of applied scientific research, 

which are in the background of much standard university teaching. That is why I am 

interested in trying to uncover the philosophical images which might guide our thinking 

about basic questions such as "what is an appropriate scientific method?" and "what is 

the role of values in scientific research?". I will try to advance reasons for the conjecture 

that a particular traditional philosophical image of science (the standard image of 

science) has still some hold on our ideas about these questions. The influence of this 

traditional philosophical image of science might be twofold. It might suggest to us a 

very restricted notion of what constitutes proper research methods, causing us to reject 

too easily the necessity of searching for bold new methodologies in scientific research. 

It might also lead us to an oversimplified view about possible roles played by both 

methodological and non-methodological values in research practices. This motivates the 

search for alternative philosophical images of applied scientific research practices. 

The main objective of this essay is to stimulate creative thinking about applied scientific 

research practices in the search for a further evolution of those practices, against the 

background of the necessity of finding innovative technological solutions of 

sustainability problems b. 

8.1.4 Outline of this essay 

In Section 8.2.1 it is explained what exactly is meant by a philosophical image. In 

Section 8.2.2 a philosophical doctrine (metaphysical realism) is sketched which 

encourages the standard· image of science. In several research practices this standard 

image of science seems to guide, in rather implicit or hidden ways, our ideas about how 

scientific research should be conducted. The standard image of science might hinder a 

fruitful approach of the required development of existing research practices. I do not 

wish to suggest that the existing practices are completely determined by the standard 

image. The importance of studying philosophical theories that underlie certain of our 

"common sense" ideas of "good science" is to discover in what sense these ideas might 

(unjustly) block our openness towards the development of new or alternative ideas about 

how to perform good science. It will be argued in Section 8.2.2 that there are no 

conclusive philosophical reasons to assume that metaphysical realism provides us with 

A brief description of the concept of "sustainable development" has been given by the 
World Commission on Environment and Development: "Humanity has the ability to make 
development sustainable -to ensure that it meets the needs of the present without compromising 
the ability of future generations to meet their own needs". 
C.p. The report WCED "Our common future" Oxford University Press, Oxford 1987. 
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the most appropriate image of science, and therefore, that the privileged status of a 
reductionistic methodology in science cannot be rationally defended. Philosophical 

arguments against metaphysical realism also make plausible that the strict separation of 

fact and value, implied by this philosophical doctrine (where science is the domain of 

value-free facts) is unjustified (Section 8.2.3 - 8.2.5). 

In Section 8.3 I try to sketch an image of applied scientific research practices in which 

priority is given to sustainable development. It will be argued that both the privileged 
status of a reductionistic methodology in science, and the assumption that values do not 

play a role in scientific research practices (two beliefs encouraged by the standard 

image) might restrain the required evolution of scientific research as sketched in the 

ARTD report. In Section 8.3.2 I want to make plausible why non-methodological values 
are relevant and should play an important role in applied scientific research practices in 

which 'sustainability' is integrated. The main reason against maintaining the image of 

value-neutrality of this research practice is that the notion of finding the truth, which 
according to the standard image of science is the major aim of scientific research, might 

hinder in some cases an efficient development of useful knowledge when carrying out 

applied scientific research that also aims at sustainability. 

In the remainder of this section I briefly discuss the notion of having a moral attitude. 

Next I argue that the pursuit of sustainability in applied research involves a specific 

moral attitude. I also indicate in that section which research virtues are required to be 

able to express this moral attitude. 

In Section 8.4 two alternative philosophical theories are sketched (radical relativism and 

constructive realism), and it is examined whether these theories can provide us with a 

more adequate image of applied scientific research. 

8.2 A standard image of science 

8.2.1 Philosophical images 

Usually we are guided in the various practices in which we are engaged by certain 
(mostly implicit) pictures of those practices. Such pictures may give meaning to our 

actions, and give coherent sense to that particular practice as such. In our everyday 
practice, such a picture might be what is often called common sense realism. According 

to this picture, the world is made up of the ordinary objects of our every day experience 

(chairs, trees, rocks etc.). A mathematician might picture her/his actions as discovering 
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truths about some existing reality of mathematical objects etc .. Wittgenstein 3 has this 

to say about such pictures: "A picture held us captive. And we could not get outside of 

it, for it lay in our language and langauge seemed to repeat it to us inexorably". This 

passage of Wittgenstein should not be read as the claim that we should do without any 

picture. We simply can't. On the other hand, what is really meant is this: Some pictures 

may be bad in the sense that they prevent us from having a free view on what we are 

actually doing when we are engaged in a specific practice; or they are uncritically 

extended to other practices. A picture is usually at the root of our ways of talking about 

our practice; this is what is meant by the second sentence of the quotation. 

Philosophers study problems such as the nature of our understanding, or even pictures 

of what is meant by "science", "scientific reasoning", "truth", and "the difference 

between fact and value". They try to develop and/or refine those notions and to articulate 

more explicitly the pictures which guide our various practices. The results of these 

studies are often referred to as philosophical theories. An important activity of 

philosophers is to examine existing or accepted philosophical theories for inconsistencies 

or inadequacies, and, if necessary, to develop alternative theories. When using a 

philosophical theory outside the scientific practice of philosophers I prefer to refer to 

them as philosophical images. Philosophical theories often concern our common sense 

ideas, and philosophical images can be helpful in making visible our beliefs or 

preconceived notions as they are embodied in pictures of our actions. Philosophical 

theories might also show inconsistencies or inadequacies of these pictures. These 

inadequate pictures might hinder the evolution of certain practices. 

These remarks are meant to indicate the status of the philosophical analysis in the 

remainder of this essay. 

8.2.2 A scientific version of metaphysical realism 

This section contains a philosophical analysis of a certain picture of science, which may 

influence scientists in their thinking about basic questions such as "what constitutes a 

proper scientific research method?" and "what is the role of values in scientific 

research?". The analysis results in what will be called a standard image of science. In 

this chapter I will refer to this particular image as the standard image; it should not be 

confused with other philosophical images of science, which in the philosophical literature 

are also called "standard images". 
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A common view of the relations between the sciences and of the objects described by 

them was sketched by Vermeersch ( 1990) 4
• According to this view the variety of 

sciences is ordered in a hierarchy that represents the increasing complexity of the objects 

studied by them. At the lowest level (level 1) we describe the most elementary particles 

presently known (like quarks) and their interactions; at the next higher level (level 2) we 

describe physical systems which consist of those physical entities in the simplest possible 

way (protons, neutrons, etc.); next comes the level of atoms, then that of molecules, 

etcetera, until at the high levels we consider successively cells, organism and people, 
groups of people and finally even their institutions (e.g. culture). Physics studies the 

lower levels in this hierarchy. Chemistry studies the level at which chemical compounds 

occur. Micro-biology studies cells and biology the more complex systems, etc. Most 
scientists in the physical sciences assume that objects on the nth level are composed out 

of objects of the n-1 th level, and hence processes on the nth level are to be explained 

from objects on the next lower level and their interactions. Henceforth, in this essay this 

view of the relations between science and its objects will be called, if interpreted 

realistically, the standard view. It encompasses the basically realistic idea that the world, 

which is independent of our intellect, nevertheless has a structure which is knowable to 
us. According to the standard image science is discovering this structure. 5

• 

Metaphysical realism is a (modern) philosophical theory in which realism is extended 

with an extra postulate: There is one and only one true scientific language in which 

everything about reality can be expressed. The purpose of science is to discover true 

theories (i.e. sets of scientific truths). This view is metaphysical because true theories 
are conceived of as theories which correspond with the intellect independent reality. 

Most of us are metaphysical realists when doing science: We believe that the theoretical 

entities we use (e.g. electromagnetic waves, electrons, atoms, bacteria), exist independent 

of our intellect, and that the construction of true theories which describe these entities 

and their qualities is possible. The physical laws that are described in these theories refer 
to causal patterns in reality and we can discover these laws. In this sense a theory is true 

when the theory corresponds with reality. Science is then the search for true theories 

Philosophical theories about what the reality 'really' is are metaphysical theories or 
ontologies 6

. The assumption that the mentioned object-hierarchy represents the real 

structure of (physical) reality, and that objects on the nth level are composed out of 
objects of the n-1 th level, is an ontological postulate. This ontological postulate suggests 

a methodological principle: In science processes at the nth level are to be explained from 

the behaviour of objects at the next lower level. The methodology itself is called 

reductionism. Thus, the ontological postulate seems to lead to the methodology. In 
metaphysical realism reductionism is therefore recommended as the only justifiable (and 

therefore truly scientific) methodology. According to this view it is no accident that 
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physics is usually considered the most fundamental science. For in the ideal case the 

most adequate scientific explanation will be the one that goes down to objects of the 

lowest possible level. Hence physics has often been considered as providing us with a 

scientific foundation of our world picture. 

If this version of metaphysical realism is at the root of our (scientific) thinking about the 

(physical) world, our ideas of what is to be regarded as "good" science will be guided 

by this image. Accordingly, a tendency which sometimes can be observed, is to consider 

research which takes place at deeper levels (say n-1) as more valuable, more serious, 

more truthful, than research about n1
h level systems. Moreover, someone who very 

strongly beliefs that the standard image provides us with the best description of the 

(physical) world, will assume that reductionism is the only appropriate scientific 

methodology because it provides us with the adequate approach for examining the real 

structure of the world; for that reason he will be sceptical about or even reject holistic 

methods. However, sometimes a system at the n•h level is of such a complexity that it 

is irreducible to the lower level. Research of ecological systems provides us with a 

typical example; in this research, besides a reductionistic methodology, a holistic 

approach is required to adequately describe the phenomena (see also Section 8.4.5). 

Therefore, a dogmatic belief in metaphysical realism might lead to the unjustified 

opinion that scientific research of ecological systems has a rather dubious scientific 

status. 

Putnam ( 1983) 7 refers to metaphysical realism as the belief in the existence of ultimate 

objects, which together constitute "the furniture of the world, whose 'existence' is 

absolute, not relative to our discourse at all". Furthermore he argues that this view is 

philosophically untenable. According to Putnam, the correspondence postulate reveals 

the philosophical Achilles' heel of metaphysical realism: How can we judge 

correspondence between theory and reality? This would require another theory: a 

correspondence theory. And how are we to construct this theory about this 

correspondence? Even the articulation of such a correspondence theory seems to require 

"a God's Eye point of view" (Putnam 1981, see also end note 7). 

In the following sections I will make extensive use of Putnam's (1981) arguments 

concerning values and the realist's picture of science. 

8.2.3 Values in the standard image of science 

What is the role of values in science according to the standard image? Within reality as 

referred to by the basic sciences, values are nowhere to be found. Obviously values are 
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interests and preferences which we project onto reality. Scientific descriptions of 
physical reality are therefore value-free. This strict separation of facts, which are to be 

examined scientifically, and values, which are chosen by people at will, implies that 

scientists do not need to be concerned with questions of values as scientists. Scientists 

study the world as it is, not the world as coloured by our interests and preferences. This 
view encourages a specific attitude that is recognized as a typical virtue of scientific 

researchers: disinterestedness 8
• Accordingly, scientists produce knowledge; politicians, 

citizens and technology developing companies have to decide which results are used and 

in what way. This picture is supported by the standard image of science. 

In a research practice, there are values such as simplicity, coherence, consistency, 

universality, explanatory strength, etc., that guide scientists in their judgements of 
alternative theories. However, these values can be considered as methodological values, 

and are as such not chosen "at will". They embody methodological recommendations, 

which again are legitimized by the standard image. The positive valuation of simplicity 
is for example linked in a natural way with the thesis that theories at a lower level are 

often more simple in the sense that they refer to less complex objects. These 

methodological recommendations are hardly ever perceived as values, because the 

standard image seems to justify them. That is why we continue to talk about value-free 
or value-neutral research. According to the standard image, non-methodological values 

are left out of consideration; there seems to be no problem. 

It will be explained Section 8.3.4 that values which are considered as purely 

methodological in the usual scientific context might in a wider context acquire the status 

of ethical values. 

8.2.4 Example 

A disadvantage of the standard image is that it encourages the suggestion that, in the 

case of scientific research which is in the service of policy-making, it is always possible 
to keep strictly apart on the one hand knowledge acquisition, which produces the value

free facts to be used in diagnosing existing problems, and on the other hand the 
anticipation of policy-decisions. An example of the 'diagnostic' use of scientific 

knowledge will illustrate possible negative consequences of the standard image for the 
possibility of constructive interactions between scientific researchers and policy-makers. 

The example concerns research in the thinning of the stratospheric ozone (03) shield and 

its possible fatal consequences for life on earth (the 0 3-catastrophe). Some researchers 

argue on basis of empirical data and assumptions about stratospheric processes that 
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catastrophes are to be expected unless draconian actions are undertaken. Others argue 

equally vehemently that the phenomena are as yet not well understood, and therefore 

they claim that all predictions in this area are premature. 

How is this diversity of scientific views to be explained? It is well known that our 

ability to predict meteorological phenomena on the basis of knowledge about more 

fundamental processes is limited in principle. The reliability of long term predictions 
with respect to the ozone problem may be limited as well. Therefore, the occurrence of 

mutually competing scientific diagnoses of this phenomenon is possibly caused by 
differences in methodological choices rather than by scientific lapses. However, in the 

context of the macro-goal (in this case policy decisions meant to prevent the 0 3 

catastrophe) certain methodological values acquire the status of non-methodological or 
even ethical values: The choices that were made by the scientific researchers may be co

determined by scientific "intuitions" which in their turn are coloured by expectations 

about the possible extent of the 0 3-catastrophe. Again it may be that such expectations 

are obtained by either pessimistic or optimistic estimations of the probability that a 
teclmological solution will be found in due time. Such scientific intuitions mentioned 

may also be coloured by the (positive or negative) value that is attributed to draconian 

measures, required to prevent the 0 3-catastrophe. Finally, the priority attributed to this 

problem in comparison with other sustainability problems (e.g. the C02 problem) could 

be of influence upon judgement of the reliability of long term predictions about the 

evolution of the ozone layer. Accordingly, the evaluation of the empirical data and the 

predictions for the process of destruction of ozone in the stratosphere are not only 

determined by facts but also by certain non-methodological values. This fictitious 

example illustrates how sometimes researchers might anticipate possible policy decisions 
that are based on their predictions. Clearly, contrary to what is suggested by the standard 

image, facts and values (and therefore also knowledge- and goal-rationality, see Section 

8.3 .1) can hardly be separated when scientific research is used to predict future situations 
which depend on very complex physical processes. 

Combining this fact with the general idea (which is supported by the standard view) that 

scientific knowledge acquisition and policy making are to be strictly separated, the 

following course of events can be imagined. Given the enormous economical 
consequences of draconian measures and the divergency in the opinions of scientific 

experts, policy makers will delay their decisions by first asking for further research. This 

delay is often implicitly supported by the public misconception of science that it will 

always be possible to obtain true knowledge and to make predictions which are 
absolutely reliable. 

Here we have an example of a possible negative consequence of the standard image in 

the sense indicated, indicated at the beginning of this section. 
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8.2.5 Conclusions 

Metaphysical realism underlies a standard image of science which might lead to some 
of the ideas of scientists about how to carry out research. In this view examination of 

objects and their interactions at a deeper level provides us with more valuable scientific 

knowledge, because this level is more real than the phenomena at a higher level; 

superior scientific knowledge is achieved when examining the lower level. A convinced 

metaphysical realist might claim that reductionism is the only appropriate scientific 

methodology because it provides us with the adequate approach to examine the real 

structure of the world; for that reason he will tend to reject the search for alternative 
scientific methods (e.g. holistic methods, see also Section 8.4.5). Putnam ( 1981) gives 

strong philosophical reasons to argue that metaphysical realism is not rationally 

defendable. Therefore, reductionism is not justified in an absolute (ontological) sense. 

This argument does not imply that reductionism is wrong; reductionism only looses its 

privileged or superior status. Accordingly, also other scientific methods might be 
considered as equally valuable in sound scientific research. 

A second important consequence of the standard image is the assumption, that values 
do not play a role in science. Putnam ( 1981, see end note 7) showed that at least several 

methodological values, like simplicity, coherence, etc., guide scientists in their 

judgements of alternative theories. In the example (Section 8.2.4) it was made plausible 

that, contrary to what is suggested by the standard view, facts and non-methodological 
values can hardly be separated in the use of theoretical descriptions of very complex 

physical processes. In the context of the chosen macro-goal, methodological choices 

might involve non-methodological and even ethical values. However, the standard image 

of science encourages a belief in a strict value-neutrality as long as standard scientific 

methods are used. The (subjective) influence of values in the presented example is 

camouflaged by the standard view, especially for those who are not familiar with actual 

scientific practices (e.g. citizens and politicians). 

Possibly, the belief that reductionism is the most appropriate scientific method and the 

assumption that non-methodological values are irrelevant in scientific research, is also 
a guiding view in presently existing applied scientific research practices. This view 

might, in a hidden or camouflaged way, hinder the required evolution in two possible 

ways. It might prevent us from thinking creatively about ways to educate science- and 

engineering students about matters concerning the required attitudes. It might also 

complicate the development of interdisciplinary research in which "topics like 

'sustainability ', 'environmental problems' and 'ethical aspects of the technological 
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sciences' are completely integrated with the research methodologies used" (as maintained 

by ARTD). 

In the next section I try to make plausible how non-methodological values inevitably 

play a role in applied scientific research practices in which 'sustainability' is integrated. 

8.3 Applied scientific research aiming at sustainability 

8.3.1 Vermecrsch' analysis of the role of science and technology in aiming at 

sustainability 

Vermeersch ( 1990) gives an analysis of how science and technology should develop in 

order to aim more purposefully at sustainability. He argues that science and technology 

develop autonomously in the following sense: their actual development is not adapted 

to specific goals which are deliberately chosen by men and hence is a threat to 

sustainability. In that sense this development is irrational. Yermeersch introduces certain 

distinctions in order to analyze this curious state of affairs. The first one concerns a 

distinction between knowledge- and goal-rationality. Knowledge-rationality is related to 

knowledge acquisition; here the building of a scientific language, testing of scientific 

hypotheses, and theory construction are part of what is called scientific method. Goal

rationality is related to our actions and concerns well defined goals which are to be 

realized using appropriate means. Knowledge rationality is to be used in examining 

whether specific means are suitable for (rationally chosen) goals. 

Furthermore, Vermeersch distinguishes between macro-goals (such as a healthy 

environment) and micro-goals (such as the proper functioning of a technical device). 

According to Yermeersch macro-goals should always have priority over micro-goals; 

also, activities which have to do exclusively with knowledge acquisition and hence can 

be qualified as knowledge-rational should not be dysfunctional with respect to macro

goals. A truly rational person understands that macro-goals should be pursued in rational 

ways. The realization of sustainable technology is to be considered as a typical macro

goal. According to Yermeersch, in our present society this goal is not yet pursued in a 

consistent way. 

Yermeersch assumes that reductionism in science can be made compatible with 

commitment to macro-goals like sustainability, since a rational person views scientific 

activities as subservient to macro-goals. He strongly rejects the need for holistic 

approaches in science. He seems to maintain for all our practices the strict separability 

of rational knowledge acquisition and goal-rationality. Under this assumption dealing 

with non-methodological values (see Section 8.2.3) can be avoided within the practice 
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of knowledge acquisition. Accordingly, he seems to argue that the standard image (as 

defined in this essay) still provides us with the most appropriate ideas about doing 

scientific research in which the micro-goal of knowledge acquisition is subservient to 

aiming at sustainability. However, in Section 8.2.4 an example was given in order to 

indicate that in actual scientific research facts and values cannot always be strictly 

separated. Moreover, in applied scientific research practices we cannot restrict ourselves 
exclusively to knowledge-rationality. For, applied scientific research often involves 

relations between knowledge acquisition which is to be considered as a micro-goal, and 

other macro- as well as micro-goals. Vermeersch does not indicate how we should deal 

with those relations. 

The distinctions that are made by Vermeersch between knowledge- and goal- rationality, 

and between micro- and macro-goals, are useful. I also agree with his assumption that 

a rational person understands that macro-goals should always have priority over micro

goals, and therefore knowledge acquisition should be regarded as subservient in 

achieving sustainability. However, in my opinion Vermeersch misjudges the important 

and non-trivial role of values in applied research practices that aim at the development 

of sustainability. My main objection is that often incompatible values will be involved: 

Someone who is attracted by the standard image might find out that our ideas of what 

is to be recognized as good scientific research (which is guided by methodological 

values like simplicity, etc., see Section 8.2.3) are incompatible with ideas about how to 

aim at sustainability (which involve ethical values). Also, the notion of finding the truth, 

which according to the standard image of science expresses the major aim of scientific 
research, might hinder the efficient development of useful knowledge when carrying out 

applied scientific research in the context of sustainability. These ideas are explained in 

the next section. 

8.3.2 Truth versus usefulness in applied scientific research 

In modern society techniques and industrial processes are no longer developed by trial 

and error only. Scientific knowledge is used in the design, development and 

optimization of techniques. Often a distinction is made between fundamental (pure) and 

applied science. In the ARTD report it is argued that the results of fundamental research 

(which is often carried out at technical universities) might be of important use in applied 

scientific research or in the development of technology. In this essay the term 

"fundamental" is used in such a way that fundamental research that is carried out in the 

context of an application is also regarded as applied scientific research. In applied 

scientific research at technical universities, theories, mathematical models and 
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experimental methods are generated which are important for the efficient development 

of technology. The reductionistic method is important in developing this knowledge and 

these tools c (e.g the examination of the underlying mechanisms of certain processes like 

chemical reactions, mass transfer phenomena etc.). Insight in the underlying mechanisms 

is also useful in developing concepts for new techniques or industrial processes. The 

knowledge and tools which are developed reduce the amount of research required for the 

development and optimization of technology. Clearly, the knowledge in these practices 

is developed in favour of its use. 

It is commonly held that science and scientific research aims at finding the truth. 

However, the results of applied scientific research are not only to be judged for their 

truthfulness with respect to the physical world, but also for their usefulness with respect 

to certain applications. Therefore, in applied science the notion of truth is related to use. 

The adequacy of an empirical theory in making reliable predictions is for example 

related to a certain notion of truth. However, the aim of searching for that theory was 

not primarily to discover a true theory, but rather to develop a useful theory. Aiming at 

finding the truth for its own sake only is of less importance in the applied research 

practice. 

This distinction between aiming at 'finding the truth' and aiming at 'developing useful 

knowledge' might be a useful concept in judging the nature of research practices under 

consideration (e.g. the division between scientific practices as proposed in the ARTD 

report: pure or fundamental science aims at finding the truth, whereas applied science, 

including applied fundamental science, aims at the efficient development of useful 

knowledge). 

In this chapter I will focus on applied scientific research at technical universities, which 

is carried out in the context of the pursuit of sustainability. Nevertheless the discussion 

is also relevant for applied research which aims at the development or improvement of 

a technique. The discussion concerns two topics. First I will give a more detailed 

account of differences between science that aims at truth and science that aims at 

usefulness. Next I will analyze ways in which the standard image might hinder the 

evolution of applied scientific research. In terms of Vermeersch ( 1990) the development 

of a technique is a micro-goal compared with the macro-goal of aiming at sustainability; 

accordingly, within the research practices which are the focus of my discussion, besides 

The mathematical models and experimental methods that were developed in applied 
scientific research and subsequently used in other fields, are often referred to as tools. 
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being knowledge-rational (which is related to finding truth) we also need to act goal

rational (which is related to aiming at usefulness in the context of sustainability). 

It is important to make the distinction between 'truth' and 'usefulness' in order to argue 

that the results of applied scientific research should also be judged with respect to their 

relevance for, and their efficiency in achieving sustainability. Contrary to the opinion of 

Vermeersch and to the standard image in as far as it reinforces views about the complete 

value-neutrality of scientific research activities, this implies that sustainability should be 

recognized as an important value within our research practice. Sustainability as a value 

within applied scientific research would for example mean that the chosen research 
topics, the methods used, and the tools which are developed, also need to be judged for 

their usefulness and appropriateness in achieving sustainability. 

The distinction that is made between science that primarily aims at finding the truth and 

applied science that primarily aims at usefulness and efficiency also implies several 

differences in the two research practices. In the context of my argument, especially the 

different criteria for making choices within those scientific practices are important. This 

difference is illustrated in a few examples. 

The first example concerns the way in which research topics are chosen. In applied 

scientific research one needs to choose which of the many problems that come up while 
carrying out a research project, are most important or relevant with respect to the 

knowledge required for this project. The usefulness of this knowledge is for example 

evaluated with respect to its usefulness for developing a (sustainable) technology. In 

science that aims at truth the topics that are to be examined are chosen for their 

scientific importance. 

The second example concerns choosing the level of explanation of phenomena. In the 

context of finding tools for the development of a technique one needs to decide about 

the required degree of 'fine tuning', whereas in science that aims at truth scientists are 

free in choosing the level of explanation of observed phenomena (see also Section 8.2.2). 
The third example considers the choice of a model-system. In scientific research that 

aims at truth often model-systems are chosen in which the number of phenomena is 
reduced. Usually, the more variables can be eliminated, the more scientifically precise 

one can theoretically describe the model-system. Methodological values like "simplicity" 

may control our research choices in this particular context. In applied scientific research 
this method of using model-systems is very important when aiming at a description of 

the phenomena in terms of theories at a deeper level. The actual system of which 

theoretical knowledge is required, is often very complex because several mutually 

interacting sub-processes take place. However, in the attempt to reduce the number of 
variables by choosing a model-system, other phenomena (highly) relevant for the 



The role of philosophical images in applied scientific research 361 

intended application, might also be eliminated. Therefore, the model-system to be 

examined in favour of the development of useful tools, needs to be chosen for its 

relevance with respect to the application 9
. And here non-methodological values might 

become highly relevant. 

From these examples it becomes clear that in scientific research that only aims atjinding 

truth, choices made by the researchers are methodological choices and primarily concern 

the micro-goal of knowledge-acquisition. In Section 8.2.3 it was explained that the 

values which guide methodological choices for aiming at truth are often considered as 

rules, forced upon us by the objective reality studied, and in that sense choices of this 

kind are considered to be value-neutral. Choices made in applied scientific research are 

often related to an application or use. Consequently, besides methodological values, also 

non-methodological values which guide the development of useful knowledge with 

respect to a chosen (micro-)goal (e.g. the development of a cheaper industrial process) 

have relevance for applied scientific research. These examples make plausible that 

certain choices made in applied scientific research are also inevitably related to a macro

goal like sustainability. In this context several of the values that guide these choices are 

ethical values. A value is regarded as ethical if it pertains to actions which have possible 

positive or negative consequences for the well being of other and future people. Ethical 

aspects in applied scientific research will be discussed further in Section 8.3.4. 

8.3.3 The standard image in applied scientific research 

In the former section an image was sketched of how scientific researchers in applied 

research practices could rationally aim at a chosen goal. It was argued that the 

occurrence of choices, which involve values, should be recognized as such in these 

practices; several examples of this were indicated. In this section it will be examined 

how a standard image of science could restrain this rational approach of applied 

scientific research. 

The standard image might also guide and justify certain research activities in applied 

scientific research practices. Value-neutrality as justified and recommended by the 

standard image may however cause problems, because in applied scientific research one 

also aims at usefulness. The standard image might encourage for example methods such 

as the transformation of a problem into a set of simplified sub-problems, each of which 

is dealt with at a more fundamental level. However, a simple theoretical description of 

the problem in applied science usually refers only to an idealized system (model system), 

whereas the real system may be too complicated to be adequately described by a simple 
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theory. Therefore, the methodological value of simplicity can in some cases have a 

strained relationship with the non-methodological value of finding an adequate solution 

for a problem (an example was given in end note 9). 

Also, in interdisciplinary research the standard image suggests that each discipline has 

its own criteria for what is and what is not a possible object of scientific investigation. 

Within a specific discipline only those phenomena can be dealt with, which can be 
described in terms of objects and their interactions that typically belong to the level 

associated with that discipline. Thus, within each specific discipline, routine and 

methodological values guide choices and decisions in research rather than non

methodological values like usefulness or adequacy with respect to the (macro-)goal at 

which the interdisciplinary research project was aiming. 

The standard image thus has disadvantages in the way it seems to recommend a 

scientific method that is not always made easily compatible with the requirements of 

applied scientific research; it also motivates and justifies certain attitudes of scientists 

that encourage the avoidance of any commitment with respect to "idealistic" macro

goals. It can therefore be concluded that certain aspects of the standard image might 

restrain attempts to make applied scientific research subservient to macro-goals like 

sustainability. 

8.3.4 Ethics in applied scientific research 

Applied scientific research, even when it is performed at technical universities, occurs 

within a wider context which involves values that might easily be overlooked when only 

the narrow scientific context is assumed to be relevant. Researchers in applied sciences 

often make choices (with respect to the research topics, the level of explanation, the 
model system, the willingness to work inter-disciplinary) without being aware that also 

non-methodological and ethical values are involved. 

It is my strong conviction that scientific researchers at technical universities could utilize 

the amount of freedom which is still existing in making (ethical) choices in the direction 
which the research should take, in order to aim more purposefully at a macro-goal like 

a sustainable future. Therefore, this essay is also an attempt to argue that the role of 

ethics is relevant and should become recognized in applied scientific research. Often, the 

relevance of ethics in scientific research is only recognized in the occurrence of obvious 

moral dilemmas (cp. the development of knowledge which enables us to manipulate 

human DNA). Dealing with these ethical issues is thought of as finding rules or 
prescriptions, or leaving the responsibility of a decision to a competent ethical 
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committee. However, the application of ethics in the practice of applied research also 

seems to concern something more fundamental: We should be more alert with respect 

to the hidden value-laden decisions in our practice such as mentioned in Section 8.3.2. 

Also the pursuit of the macro-goal of sustainability is a complex endeavour, and relates 

in complicated ways to research practices. Values which, taken by themselves, need not 

to be considered as ethical (e.g. the methodological values mentioned in the examples), 

may become ethical if considered within the context of a chosen macro-goal such as 

sustainability. One can easily understand that this kind of choices and decisions which 

occur in a research project can hardly be foreseen or made by outsiders. Moreover, 

scientific researchers would not be inclined to leave these decisions to them. Neither can 

those decisions be guided by the application of (ethical) rules. In an ideal case the 

researcher would recognize value-laden desicions, and would be capable of discussing 

them rationally with the members of either the steering commitee for the project or the 

interdisciplinary group within which the research project is carried out. Therefore, it is 

believed that a proper dealing with choices that occur in actual applied scientific research 

at universities requires both certain capabilities d as well as a certain moral attitude of 

scientific researchers. A moral attitude is to be understood as an attitude, which consists 

of recognizing a set of values from a chosen moral perspective (e.g. the well being of 

future generations) and of trying to pursue them consistently. In this essay I am 

concerned with a moral attitude of researchers, which is related with the choice of the 

development of sustainability as macro-goal. To pursue this macro-goal means that the 

opportunity of making choices such as mentioned in the examples of Section 8.3.2 is 

used in order to come nearer to the ideal expressed by the macro-goal. This moral 

attitude involves certain research virtues. Each of those virtues expresses certain 

behavioral dispositions; it is the cluster of these virtues which is needed in order to give 

expression to this moral attitude. This implies that the preparation of students in science 

and engineering for future research tasks should also involve certain research virtues like 
10) 

being alert on the occurrence of value-laden decisions; 

a cooperative attitude both towards one's own and other research groups engaged 

in the (interdisciplinary) project; 

not being blindfolded by the routines of one's own discipline and openness for 

a plurality of research methods; 

In the ARTD report several specific capabilities that future engineers and scientists in 
applied scientific research need to develop during their education were mentioned: 
communicative capacities, and the ability to work interdisciplinary. 
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the capability and willingness to explain to workers of other disciplines 

the methods, limitations and results of one's own discipline; 

being able to participate in rational debate about choises to be made in the course 
of a research project in a much broader context than that of one's own discipline 

(e.g. the evaluation of sustainability purposes against research interests). 

The crux of this argument is this: According to the standard image of science, in doing 

research a scientist does not need a moral attitude in the sense mentioned here. Of 
course, some of the research virtues might be important in specific cases, but we should 

not worry about something like "a moral perspective" which binds the virtues of the list 

together. However, contrary to this I maintain the following view: Because a researcher 

who works in an applied scientific research practices should make proper decisions not 

only in order to be succesful in developing the chosen application, but also in order to 
satisfy sustainability requirements, as to aiming at sustainability, he will always need this 

cluster of research virtues. In a university environment, a scientist who carries out 

applied scientific research can sometimes avoid the responsibility of making proper non

methodological and ethical choices, because his results are still often primarily judged 

in terms of "finding the truth" (conform the standard image), and not for their 

"usefulness" with respect to the chosen goal (including aiming at sustainability). As was 

mentioned already, a researcher might rationalize his denial of this responsibility by 
referring to the standard image of science. As long as someone is not externally forced 

(e.g. by rules, punishment or rewards) to make proper non-methodological and ethical 

choices, I consider taking the moral responsibility for these choices as a recommendable 

moral attitude; deliberately avoiding it could be seen as immoral. 

An increase of the freedom of choice might lead to an increase of the number of ethical 

values which are relevant for the choice to be made. Thus an increase of the freedom 

of choice might imply an increase of the moral responsibility for the decision about the 

course of action to be taken. 
Hence, awareness of a larger freedom of choice than for example is suggested by the 

standard image should convince us of the necessity to develop a moral attitude as 

discussed in this section. It is for this reason that I will discuss in Section 8.4 the 

relevance of philosophical images of science for the integration of ethics in applied 

scientific research 11
• 
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8.3.5 Conclusions 

I have argued that aiming at macro-goals (e.g. developing a technique or aiming 

sustainability) in applied scientific research implies that the results are to be judged 
primarily for their usefulness. Aiming at finding the truth is not the dominant value in 

this practice. In the development of knowledge (or tools), applied scientific research is 

guided by values like usefulness, relevance and efficiency, while the notion of truth is 

primarily used in the context of the adequacy and reliability of the theories constructed. 
The examples given in Section 8.3.2 are used to make plausible that in applied scientific 

research value-laden choices need to be made with respect to the usefulness and 

relevance of the knowledge that is developed for the macro-goal chosen. Accordingly, 

the evolution of an applied scientific research practice that aims more purposefully at 

macro-goals, will also concern the (hidden) value-laden choices that are made during the 
course of the research. Furthermore I explained why the ability to aim at useful 

knowledge requires a certain cluster "research virtues", which is not so obvious in the 

standard image of science. A moral attitude is involved if a scientific researcher freely 

chooses to take the responsibility for making proper decisions with respect to a macro
goal chosen. 

In the standard image "discovering truth" is the main objective of scientific research, 
whereas in applied scientific research "developing useful knowledge" needs to be the 

main objective. In the standard image of science the notion of truth is related to how 

the world really is, whereas in the context of "applied scientific knowledge" the notion 

of truth is pragmatic and related to notions like usefulness and reliability. Therefore, the 

results of applied scientific research might not be properly evaluated if the standard 

image of science is applied. Moreover, the standard image encourages the view that 

strict reductionism is the ultimate methodological ideal. This methodology does not 

necessarily lead to the most useful knowledge with respect to a certain application. The 

standard image also reinforces views about the complete value-neutrality of scientific 
research activities. Therefore, the possibility to integrate ethical values related to 

'sustainability' within a research practice, as is recommended in the ARTD report, might 
be restrained by this view. It is concluded that in this sense the standard image of 

science is inadequate in describing the practice of applied scientific research. In the next 

section it will be searched for more adequate philosophical images to describe applied 

scientific research. 
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8.4 Alternative images of science 

8.4.1 Changing world pictures 

The standard image of science is too limited as an image of applied science. It 

encourages to restrict choices within a specific research practice exclusively to matters 

which can be evaluated on basis of methodological criteria, characteristic for that 

particular discipline. When the standard image dominates the attitude of scientists in 

these practices, knowledge-rationality and (methodological) micro-goals are dominant 

in carrying out the research. In applied scientific research this attitude might influence 
the quality of the results (judged in terms of relevance or usefulness), and also inhibit 
the efficient development of scientific methods which aim at macro-goals like 

sustainability. In that case the standard image does not enable us to see clearly how the 

need for evaluating choices and results for their relevance with respect to the macro

goals chosen is to be combined with our ideas of good science (which is value-free and 
only aims at truth and facts). This leads to the question whether there are alternative 

philosophical images, that are better suited to the practice of applied scientific research. 

In trying to answer this question, some contemporary philosophers take their cue from 

a historical example, where a "traditional" image of science was also hampering attempts 
to adapt science to new goals. The example concerns the transformation during the 16'h 

and l 71
h century of classical (Aristotelian 12

) science into modern science. It is the 

historical period of ideological change, characterized by Dijksterhuis as "mechanization 

of our world picture". This rebuilding of science required the destruction of some 
philosophical key concepts, which were used by the ancients in articulating their world 

picture. Greek and medieval science was thoroughly teleological. The "new" science 

called for a mechanistic approach of phenomena. Hence the Aristotelian concept of 
change, which was of crucial importance for ancient science, had to be replaced by 

mechanical notions, which laid the foundations for modern science. Thus a radical 

dismantling of the ancient world picture led to a new science that could be used for new 
purposes, more particularly for the development of technology. 

Some contemporary philosophers use this example in arguing that again we need to 

reconsider the philosophical notions about science and technology we have got used to 

if we want to find solutions for sustainability-problems. One might for example argue 

that we have to face again a fundamental transition period which is as deep as the 

previous one, which moved from organistic science towards mechanistic science. 
Furthermore it might then be argued that presently we are moving towards an ecological 

world view. According to this view a radically new approach of phenomena might be 
called for, which again requires a complete revision of our philosophical ideas about 
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science. In the next section I will consider a philosophical approach which attempts to 

carry out just such a "deconstruction" of our philosophical pet notions. 

8.4.2 Radical relativism 

The list of notions to be dismantled contains notions like that of the world, which is 

independent of our intellect, which has an objective physical structure. Furthermore, it 

contains the notion of scientific truths which correspond in a context-free way with 

reality. Also there is the notion that these truths are discovered using a unique scientific 
method which can be characterized in general terms and which is paradigmatic for our 

concept of rationality 13
. 

In the eighties these ideas about a necessary deconstruction were radicalized by some 

philosophers. The destruction of these philosophical notions led them straight forward 
to radical relativism. Radical relativism argues that notions like "(scientific) truth", "the 

scientific method" and "reality" are always context-dependent to such an extent that they 

have become devoid of any general precise content and hence should be dropped from 
our (philosophical) vocabulary 14

• Several basic notions defended by metaphysical 

realism should be dismantled. First the idea of truth as an absolute, context free 

correspondence between knowledge and reality. Next we should free ourselves from the 

idea that the representation of reality as given by the standard image has an uniquely 
privileged status. According to radical relativists, only then wholly new (scientific) 

approaches of reality can emerge (e.g. holism or a radically new post-modern science). 

For only after having freed ourselves from the thought that there is one universally valid 
criterion for what counts as scientific, are we open to the recognition of possible radical 

new methods for coping with contemporary problems like our environmental problems 

which motivate our interest in sustainability. According to these philosophers only then 

important new values can become effective in scientific practices. 
They blame traditional scientists for what they consider to be a dogmatic belief in only 

one exclusive form of rationality. This dogmatism is particularly dangerous in 
eliminating prematurely the search for alternative solutions for very complex problems 

such as sustainability-problems. They also blame adherents to the standard image for 

extrapolating too easily scientific results to non-scientific contexts (e.g. scientism). 
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8.4.3 Metaphysical realism versus radical relativism 

Accordingly, contrary to the standard images of scientific practices a relativistic image 

is proposed. Rational reasons for the standard image are given in metaphysical realism. 

Reasons against metaphysical realism and in favour of a relativistic image (image of a 

post-modern science) are given by radical relativists (or post-modernists). The 
philosophical debate between metaphysical realists and radical relativists is still going 

on. How can a choice between these two philosophical views be made in view of the 

purpose of this essay? The objective of choosing between these views is to search for 

a philosophical image that is doing justice to what really happens in applied scientific 

research practices, but also explains why non-methodological values are relevant for the 

practice of knowledge acquisition in that context. In other words, how to search for a 

philosophical image that on the one hand recognizes the way in which we deal with 
reality and truth when doing scientific research, and on the other hand explains that a 

strict separation between fact and value, and between knowledge- and goal-rationality, 

is not always possible? 

Firstly the advantages and difficulties (e.g. possible inconsistencies) of metaphysical 

realism and radical relativism (within the context of searching for an adequate image of 

science) are reviewed here shortly. 

Metaphysical realism has important explanatory values: 

It is doing justice to intuitions of scientists (and even, in a qualified sense, to our 
common sense intuitions) about ways in which our knowledge is hooked to the 

world. 

It was of great heuristic value for certain research programs in the history of 

science ( cp. mechanicism and the development of Newtonian physics, modern 
atom theory and the development of chemistry). 

A conceptual difficulty of metaphysical realism is: 

It turns out to be quite difficult to give a precise and satisfactory account of the 

correspondence notion of truth 15
• 

At least two points define the conceptual advantages of radical relativism: 

It is doing justice to intuitions of cultural anthropologists who have to explain 
the diversity of the cultures observed. 

It has provided research programs directed towards a historical understanding of 
social developments with a fruitful heuristic. 

Conceptual difficulties of the radical relativism are: 

This view, if expressed in its most radical philosophical fashion, is doing hardly 

any justice to subtle evaluations of specific developments in science and 
technology 16

• 
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One can hardly express this position without running into contradiction. This 

problem is analogous to the problem of radical scepticism "nothing is true, and 
even that has to be denied". 

Both philosophical positions obviously have some attraction. Both positions also are 

vulnerable for conceptual reasons. Therefore, a choice between the two views cannot be 

forced on purely conceptual grounds. They share with other philosophical positions that 

something in both views agrees with our common sense notions; however, when worked 
out into a philosophical theory they seem to be too extreme. In such a case it seems 

reasonable to make the choice of a more suitable philosophical image also dependent on 
the question which philosophical position provides us with an image of science that 

encourages the desired attitudes in applied scientific research. Keeping this in mind, we 

take stock of some positive and negative points of both positions. 

In a positive sense the standard image encourages a systematic and objective approach 

in problem solving. A major negative point is that the standard image reinforces certain 

undesirable attitudes such as described in Section 8.3.5. 

Positive points of the so called relativistic image are that it strongly encourages a 

methodological anti-dogmatism and a resistance against aggressive forms of scientism 

which are inspired by the standard image in its more naive versions. As a negative point 

it is recalled that the view easily leads to a rather frivolous scepticism and an 

anti-scientific attitude which both are counterproductive and therefore undesirable in 

applied scientific research. 

It is concluded that both philosophical positions are not providing us with an appropriate 

image of science. A disadvantage of both philosophical positions seems to be that they 

aim at giving a theory for "Science", disregarding the specific aspects of different 

scientific research practices. Instead of searching for a simple philosophical picture of 

science as a whole (or of all research practices taken together), it seems to be 

recommendable to recognize that a great diversity of research practices exists (of which 

applied scientific research practice at technical universities embodies only one variant). 
In other words, it seems wise to look after a philosophical image of this research 

practice which, besides being coherently defendable, preserves the positive points and 

avoids the negative elements of both positions that were sketched. Constructivistic 

realism (also called internal- or pragmatic realism 17
) is such a philosophical position. 

It takes as a basic assumption that there is a diversity of contexts in which rational 
reasoning occurs. 
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8.4.4 Constructivistic realism 

To make plausible the relevance of constructivistic realism 18 for applied scientific 
research, a useful version of it is sketched, avoiding philosophical subtleties. 

Constructivistic realism starts from the recognition of a plurality of different cognitive 

practices, each of which is associated with a specific theoretical way of conceiving it. 
Examples of those practices are: Our common sense dealing with the world (in which 

trees, people and stones exist), fundamental research practices (in which e.g. electrons 

and photons exist), applied scientific research (in which specific chemical compounds 

and chemical and physical processes exist), and evaluative practices such as those in 
which values like sustainability are weighed against other interests (in which certain 

values exist!). Hence, according to constructivistic realism, thinking about "Science" as 

such should be replaced by thinking about a plurality of scientific research practices. 
The sketched type of constructivistic realist assumes the existence of one world, which 

exists independently of our intellect. Each cognitive practice relates to this world, but 

each in its own way (contrary to the claim of radical relativists that "the world is well 

lost"). On the other hand there are no reasons to assume that there exists one representa

tion of the world, which in an absolute sense is to be preferred in all practices: The 

proposition "trees are properly speaking complexes of elementary particles" has no 
meaning in so far as it is meant to imply such an uniquely preferable representation of 

reality. We cannot "compare" the representations of the various practices with how the 

world is independent of those practices! 
The cognitive possibilities of a practice (e.g. which methods are successful, which 

statements can be hold true etc.) are determined by the way the world is. This is also 

true of the relations that can be constructed between the various practices: we cannot 

construct them arbitrarily. But constructive elements come into play too, for example in 
the construction of a language in which we reason about a specific practice (e.g. a 

mathematical language), or the construction of criteria for rational acceptability (criteria 

for proof, degrees of validity etc.). In a scientific practice knowledge is always the result 
of a complex interplay between intellectual constructions (constructivism) and influences 

of our interactions with the world (realism). What the world really looks like, 1.e. 
independent of our intellectual constructions, is concealed from us (fallibilism c). 

A constructivistic realist holds that a practice is always characterized by certain 

pragmatic interests, such as achieving fundamental theoretical results, the development 

of useful knowledge for a certain application, or the development of sustainable 

Fallibilism: All our theories, opinions and beliefs are possibly false; we can never be 
certain about truth. 



The role of philosophical images in applied scientific research 371 

technology. The criteria and constructions mentioned above are also dependent of those 

interests. This implies that a notion like "rationality" is dependent of those pragmatic 

interests, although it is not to be identified with the approval of the peers of that 

practice, contrary to radical relativism. The same goes for "truth", "adequate scientific 

method", and, as can be seeen from the example of the various practices, even 

"existence". Also the notion "value" is in this sense context dependent. Thus, 

constructivistic realism combines a moderate version of realism with a moderate version 

of relativism. In this way the realism of the standard image has been stripped of its 

absolute metaphysical claims. What remains is a weaker form of realism. For, if the 

main postulate of metaphysical realism is dropped, the idea that the various ways in 
which the world appears to us are dependent upon a practice in which we are engaged, 

is acceptable. Once a particulare practice is chosen (e.g. to describe the world in a 

mathematical language when doing physics, or in common sense language when engaged 

in daily practices, or again in holistic terms when studying ecological systems), the way 

things are in the world will determine what can be asserted truthfully about the world 
in that particular practice. This is what is left of the realistic idea mentioned in Section 

8.2.2. 
Relativism has been softened up to such an extent that it is compatible with a belief in 

the possibility of objective knowledge. What remains in the various cognitive practices 

are differences in styles of reasoning and of evaluating 19
. Finally it also accounts for 

the context dependencies, which are related to the entanglement of (scientific) facts and 

values. 

How does constructivistic realism apply to scientific research practices? Given our 

comfortable trust in well established routines we often lack the sensitivity for the fact, 

that in a given research situation more methodological options might be open to us than 

we care for. Constructive realism stimulates an open attitude with respect to a variety 

of possible research strategies; this is how it keeps us alert for this fact. Constructivistic 

realism also enables us to understand the context dependency of values as was mentioned 
in Section 8.3.4: in that section it was shown that the status of values (e.g. being either 

methodological or non-methodological or even ethical) might change when considered 

in a different (wider) context. Moreover, constructive realism explains why a research 

context such as sustainability involves a specific moral attitude; it gives us a coherent 
account of this involvement. Therefore, it leads us in a natural way to the acceptance of 

the view, that a specific moral attitude is indeed required in research practices like the 

one discussed in this chapter. 

The philosophical question whether constructive realism is coherently defendable, is 
beyond the limits of this essay. In my opinion, constructivistic realism offers a prolific 
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image of science in applied research practices, especially when considered from the 

perspective of sustainability. With respect to the previously mentioned positive and 

negative points of the standard image and the post-modern image of science it seems 

that positive points are preserved in constructivistic realism, whereas the negative ones 

are avoided. 

Summarizing: Constructivistic realism stimulates a view of scientific research according 

to which the methodologies of specific research practices are developed within their own 
context. Methodological recommendations should be evaluated for their efficiency for 

each practice separately. In this view reductionism as a methodology can be very useful 

in certain research practices. Reducti0nism as a method does however not have a unique 
status of being the only just scientific method due to the supposed (metaphysical) fact 

that it reflects the structure of how the world really is. 

8.4.5 Holism and chaos theory ? 

In this essay holism has been mentioned several times. Some philosophers argue that the 

pursuit of sustainability requires a holistic world view. In this section i will briefly 

indicate how holism could be evaluated from the point of view sketched in the previous 

sections. 

Vermeersch (1990) strongly recommends reductionistic methods as the only appropriate 

ones for solving scientific problems; in arguing for this position he rejects the need of 
so called "holistic" methods. A constructivistic realist will only agree that there are 

certainly many cases in which reductionist methods are to be used; but he will also 

accept that there are cases in which holistic methods and considerations are to be 

preferred. 

Important in holism is the critique against reductionism (e.g. the hierarchy given by 

Vermeersch). In the holistic view the idea that objects on the n'h level are composed out 

of objects of the n-1 th level, and that in science processes on the n'h level are to be 

explained from objects on the next lower level and their interactions, are inadequate. 
According to the holistic view the whole is more than the sum of the separate parts. 

Similar to the analysis of the standard image this view might involve a methodological 

postulate as well as an ontological postulate. When holism is intended as a 

methodological proposal the doctrine embodies the sensible advice to keep always in 

mind that in studying a specific problem, more factors could be of relevance than those 
which are considered after having simplified the research problem (e.g. to a model 
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system). Also, possible relevant interrelations between research practices should not be 

overlooked and we should try to make them explicit. This methodological advice is 

highly relevant for our research practice. 

Holism also may pretend to be a metaphysical theory in the sense of metaphysical 

realism. In that case it implies a supefluous claim about the true character of reality (e.g. 

The whole is actually more than the sum of the separate parts). Similarly to standard 

image this holistic image incorporates philosophical notions of metaphysical realism. As 

I argued before, distinguishing between the picture of reality given in reductionism and 

that in holism would require "a God's eye point of view". Metaphysical realism cannot 

be coherently defended, and therefore, the metaphysical claims of reductionism and 

holism are both indefensible. 

Chaos theory 20 could be evaluated in the same manner. Here also a distinction can be 
made between methodological and metaphysical claims of chaos theory. Prigogine and 

Stenger 21 seem to suppose that an alternative metaphysics needs to be assumed to 

coherently explain of their findings. They argue that recent developments in the study 

of dissipative structures suggest a new evolutionary paradigm which will establish a new 
relation between men and nature. This new paradigm is supposed to enable people to 

recognize themselves in these dissipative structures. For, in describing the behaviour of 

these structures, notions like creativity, self-organization, information, cooperation, and 
perceptual sensitivity are used. It will be clear from my remarks about metaphysical 

realism that I am doubtful whether such fargoing metaphysical claims are really required 

for defending the need of holistic methods. 
In the methodological sense chaos theory implies that within certain research contexts 

reductionism is not an approach to be preferred. It concerns examples of complex 
behaviour like the spontaneous self-organization of physical systems, which, at least at 

the present time, cannot be deduced in principle from our knowledge of the elementary 

components of the physical system. Accordingly, chaos theory seems to suggest that the 

building-block model of reality is not useful in every research practice. Against this 
background the attempts to predict such methodologies and paradigms from present day 

developments like chaos theory, are to be understood. As an illustration a remark of Paul 

Davies is given: 22 "We seem to be on the verge of discovering not only wholly new 

laws of nature, but ways of thinking about nature that depart radically from traditional 

science." This suggestion of Davies is mainly methodological in character. I do think 

that this methodological expectation is important. It suggests again possible limitations 

of the applicability of reductionistic methods even in our descriptions of physical reality 
in pure science. 
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Summarizing: It is at a methodological level and not at the level of a new metaphysics 

that one should look for an improvement of research practices which aim at dealing with 

sustainability problems. As has been mentioned before, the holistic approach of certain 

problems should be explained in methodological, not in metaphysical terms. 

Constructivistic realism provides us with a prolific image of the role that methodological 

and non-methodological values could play in scientific practices. It encourages the use 

of reductionistic, or holistic, or both research methods, dependent on the problem to be 

solved. 

8.5 Conclusions 

8.5.1 Summary and conclusions 

The problem dealt with in this chapter can be stated as follows: 

(1) According to the ARTD report the technological university of Delft (TUD) is not 

sufficiently oriented towards solving problems considered as rather urgent in society. The 

TUD is still concentrating to much on her own priorities. Presently existing strongly 

developed mono-disciplinary research is hardly capable to deal with problems of great 

complexity such as some of the environmental or sustainability problems. 

(2) Furthermore the report suggests that research in environmental- and sustainability 

problems as well as ethical problems, which confront engineers and scientists in their 

research practices, should be integrated in education and research at the TUD. 

(3) Encouragement of interdisciplinary research is seen by the ARTD report as a 

necessary condition for overcoming the deficiencies mentioned in (1) in order to realize 

the general goal stated under (2). 

In this chapter I focused on the development of sustainability. The ARTD report 

mentions some characteristic features of research practices (e.g. ways in which research 

is organized) which have obstructed the development which they recommend in (3). In 

this chapter I deal with the question whether such obstructive features can also be found 

on the level of the (implicit) ideas we have about science; for those ideas often 

unconsciously guide our actions within our research practices. 

Hence, this chapter dealt with a philosophical problem. For, philosophy may contribute 

to an awareness of such pictures by uncovering them, examining their usefulness and 

suggesting -if necessary- alternative, more adequate images. 

New, more adequate images of our practices (i.e. ways of thinking about them) might 

eventually contribute to their development 23. For, the general ideas we have of what 
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"good science" is or how research should be carried out may be influential in shaping 

our educational goals and - practices as well as our research practices. In that sense they 

may also have a certain influence on research attitudes of both university teachers and 

researchers. And those attitudes may play a decisive part in bringing about the 

development sketched under (2) and (3). Therefore I discussed several philosophical 

images, currently being debated by philosophers of science. 

I sketched a traditional picture of science which is typically meant to characterize pure 
scientific research (e.g. fundamental physics). Next I indicated some of the philosophical 

assumptions which underlie this picture. I pointed out in what sense these assumptions 

are considered to be rather vulnerable by some contemporary philosophers of science. 

Furthermore I tried to sketch an adequate picture of applied scientific research. In the 

table below major differences of both images, particularly of the way in which they deal 
with the notion of truth and the role of values, are summarized. The traditional image 

(a standard image of science) is supported by a philosophical view often called 

metaphysical realism; I have argued that the image of applied research can be supported 

by a philosophical position called constructivistic realism. 

I tried to point out why the standard image of science is in some respects too limited 

for use in guiding our ideas about applied scientific research. Hence, we should not be 
guided exclusively by this image in doing applied science. For, although in many cases 

reductionistic methods suggested by the standard image are recommendable, there are 

circumstances in which the restriction to only such methods may be unfruitful. Usually 

researchers are well aware of this. But still, the often unnoticed influence of the standard 

image might be strong to such an extent that methods other than the reductionistic ones 
are considered to be of lesser value. This might be one reason why interdisciplinary 

research is not always easily accomplished. For, an efficient approach of a problem 

might require a level of complexity which transcends the levels of complexity which the 

separate disciplines involved can handle. Also, a strong attachment to the standard image 

might prevent us from recognizing -in carrying out a research project- certain choices 

to be value-laden. Both examples of a possible negative influence of attachment to the 

standard image might obstruct an efficient pursuit of the development of sustainability. 
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Traditional image Image of applied research 

Primari ly aiming at true knowledge Primarily aiming at useful knowledge 

Truths are discovered Theories and tools are constructed 

True scientific theories tell us how the The truth of scientific theories is a 

world is. pragmatic notion, which is to be 

explained in terms of usefulness and 

reliability. 

One fixed ontology A plurality of practices 

Reductionistic methods have a preferred Context determines which method is to 

status. be preferred. 

Facts and values can always be strictly Facts and values might be entangled in 

separated. ways which exclude the possibility of 

separation. 

Values have no role in science. Values are important for choosing 

useful research topics and/or useful 

methods. 

The moral attitude of a scientist is fully A more inclusive moral attitude is 

expressed by Merton's research virtues required for dealing properly with 

(Cp. end note 8). Disinterestedness in macro-goals; a cluster of specific 

matters external to the scientific context research virtues expresses it. To take 

is one of them. into account matters external to purely 

scientific context is one of them. 

In the next step of my argument I discussed those choices in a research practice, which 

involve ethical values (i.e. values which pertain to actions which may have consequences 

for the well being of other, possibly future, people). Such values play an obvious part 

in problems concerning sustainability. Hence, a specific moral attitude (i.e. an attitude 

by which such values are recognized and pursued) is highly relevant for such research 

practices as are discussed in the ARTD report. I suggested a list of research virtues, 

which in the context of applied scientific research may enhance both the capacity to deal 

adequately with value-laden choices and the ability to work in an interdisciplinary 

context. As long as we do not have generally accepted rules at our disposal which 

prescribe the pursuit of sustainability and the way this is to be done in the context of 

specific research projects, the research virtues which I mentioned may stimulate attempts 

to persevere to such a pursuit. 
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Arguments against the need for a moral attitude seem in most cases to be borrowed from 

the standard image of science. Against these arguments I have mentioned reasons why 

certain metaphysical assumptions which usually underlie this image (i.e. metaphysical 

realism) cannot be conclusively defended. For, the world as it is independently of our 

thought does not force us to consider one particular methodology (e.g. reductionism) to 

be superior in all cases. That is why our research methodologies involve elements of 
choice, which have to do with our interests, and hence, with values. 

The standard image thus has disadvantages due to the way in which it seems to 
recommend a scientific method that cannot made easily compatible with the requirements 

in applied scientific research. In the search for more adequate images of science radical 
relativism and constructivistic realism were considered. I argued that it is at a 

methodological level and not at the level of a new metaphysics that one should look for 

an improvement of research practices which aim at dealing with sustainability problems. 

Radical relativism is not adequate because it rejects important and useful notions of our 

practice. It was concluded that constructivistic realism provides us with a more 

appropriate image of science. The constructivistic image of science rejects absolute 

metaphysical interpretations of cognitive practices. It stimulates a view of scientific 

research according to which the methodologies of specific research practices are 

developed within their own context, and methodological recommendations should be 
evaluated for their efficiency for each practice separately. In that sense reductionism as 

a methodology can be very useful in certain research practices; it does not however have 

an preferred status, and of being the only justifiable scientific method due to the 

assumed (metaphysical) fact that it reflects the structure of "how the world really is". 
The constructivistic realist's image of science strongly encourages both creative thinking 
about research practices and the desired attitudes of research workers engaged in those 

practices. Again, this concerns primarily new possibilities in the domain of methodology 

and is not to be confused with a search for a new metaphysics. 

I do not wish to argue that existing practices are "wrong", and I certainly do not wish 

to argue that the existing practices are completely determined by what was called the 
standard image; or that moral attitudes do not exist in at all these practices. 

Research workers in applied practices will probably recognize certain of their own views 

of science in both metaphysical realism as well as in constructivistic realism. In actual 

research practices we never commit ourselves to one philosophical image. Actually, 
when scrutinizing our deepest beliefs we will discover many fragments of different 

philosophical images. 



378 Chapter 8 

8.5.2 Recommendations 

Technical universities could have a specific and important role in the development of 

applied science towards a sustainable future, because they usually have (still) a greater 

freedom of choice in directing research towards desirable goals. Engineers and 

scientifists could utilize this freedom. 

It is not attempted to give recommendations to improve methodologies for applied 

research practices. Such recommendations can only be developed within those practices. 

It has been indicated to what extent a standard image might keep us blindfolded for 
possibilities to improve existing scientific methods from the perspective of sustainability. 

The suggestion that lack of such possibilities can be compensated only by improved 

external management is not "realistic". 
Scientific research on behalf of sustainability requires rational debates about choices to 

be made in the course of a research project. Research students should be prepared for 

this, using suitable science education programs24
• 

Policy makers should recognize the negative effects of the standard image and search 

for improvements of policy decision methods in the sense indicated above. This should 

also suggest a more constructive cooperation between policy makers and research 

workers. The debates that will take place in this context require virtues that can be 
compared with the research virtues mentioned before. 

Citizens can evaluate critically research policies only if they are adequately informed 

about the possibilities and the limitations of science and technology. Too often naive 

expectations are raised and absolute certainties suggested. However, it is awareness of 

the pluralistic, tentative and constructive character of scientific knowledge, and of the 

context dependency of scientific results, which should be encouraged. 

8.6 Footnotes 

1. In 1992 an essay on the role of science in a sustainable future was written for the Dutch 
Committee for Long-Term Environmental Policy: Virtues and Values in Science, by M. 
Boon and SJ.Doorman, published in "The environment: towards a sustainable future", 
Kluwer Academic Publishers, 467-491. 

2. ARTD is the TU Delft advisory committee for technology policy which advices the 
executive board of the TU Delft about choices to be made in research policy. Advices 
provided by the ARTD need to be based on middle- and long term scenarios of social 
and technological developments. In May 1996 the ARTD published a report: "Op weg 
naar de 21 e eeuw" ("Towards the 21" century") in which important suggestions are 
proposed for ways in which scientific education and research needs to evolve in order 
to be of more significance in solving technological problems in modem society. 
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3. Wittgenstein L. Philosophical Investigations (section 115), Basil Blackwell (1953). 

4. E. Vermeersch: "Weg met het WTK-complex"; in "Het Milieu: denkbeelden voor de 
21 ste eeuw", Kerkebosch BY - Zeist 1990. 

5. Realism is the philosophical doctrine which asserts that there exists a reality which is 
independent of our intellect, nevertheless is accessible to us, and which provides us with 
true knowledge, i.e. knowledge which corresponds with reality in ways to be specified 
in terms of the notion of "truth". The standard image represents a version of this 
doctrine which is called "scientific realism". It claims that what really exists are the 
basic constituents of the object-hierarchy. 
Metaphysics is a term first used by Aristotle. Metaphysical theories are theories about 
the first or ultimate causes of everything that is (e.g. Aristotles' unmoved Mover that 
is the initial cause of all other movements). 
Metaphysical realism is a (modem) philosophical theory in which realism is extended 
with an extra postulate: There is one and only one true scientific language in which 
everything about reality can be expressed. 

6. Ontology makes an inventory of everything that is. Examples are the sketched hierarchy 
(electromagnetic waves, electrons etc.) that constitute the world, or the theory that 
everything is constituted out of the four essential substances: earth, water, air and fire; 
or the theory that mind and body are the primary substances in the world (Descartes). 

7. H. Putnam; "Realism and Reason", Cambridge University Press, 1983 pg. 231 
H. Putnam; "Reason, Truth and History", Cambridge University Press, 1981, Chapter 
3 and 6; for the argument about the "God's Eye point of view" see pg. 60 

8. R.K. Merton mentioned Universalism, Communalism, Disinterestedness, Organized 
Scepticism as virtues which typically characterize the scientific enterprise (in "The 
Sociology of Science" Chicago University Press 1973). 

9. An example of a relevant phenomenon that was overlooked due to using model systems 
occurred in the present research: In the bacterial oxidation of zinc sulphide or 
chalcopyrite T jerrooxidans simultaneously oxidizes ferrous iron and elemental sulphur 
(Chapter Six). Initially we planned to take (i) the bacterial oxidation of ferrous iron and 
(ii) the bacterial oxidation of elemental sulphur, as the major research subjects. It 
appeared however that the oxidation of ferrous iron by T.ferrooxidans is largely 
influenced (and even terminated) when elemental sulphur is available. Therefore, 
knowledge of the two sub-processes (i and ii) would only be of minor importance for 
developing industrial processes for the oxidation of ZnS with T jerrooxidans. 

10. cp. M. Boon: "Een onderwijsmodel" in "Conferentieverslag Ethiek en Techniek" T.U. 
Delft 1993. 

11. Cp. also one of the basic tenets of Sartre's existentialism. Sartre describes a basic 
tendency in man to define himself in such a way that his freedom of choice (i.e. the 
necessity to accept responsibility for his actions) seems to be minimized. Sartre claims 
that he is pointing out something, which should be considered to be a basic structure of 
the way in which man pictures his actions to himself. Although he often refers to this 
structure as "bad faith", he also maintains that this claim should not be considered to be 
a moral qualification of how a man 'chooses' to exist. In my opinion Sartre's general 



380 Chapter 8 

claim is important for a proper understanding of the view about moral attitudes as 
maintained by the standard image. 
See J.P. Sartre: "L'Etre et le Neant", Paris I 943; english translation: "Being and 
Nothingness" (transl. Hazel E. Barnes, Philosophical Library, New York 1956), 
particularly Chapter Two: "Bad Faith". 

12. Aristotle is recognized as the father of classical science, and Newton as the founder of 
modern science. The difference between the way of reasoning in classical and modern 
science can be illustrated by their theories of motion. Cp. Phillip Frank (Philosophy of 
Science, The link between science and philosophy. Prentice-Hall, Inc. Englewood Cliffs, 
N.J. 1957, Chapter 4): "The development of an adequate theory of motion was perhaps 
the greatest step in the history of science. The first and fundamental axiom in Newtonian 
mechanics is the first law, the law of inertia (a body at rest, if left to itself, will remain 
at rest, or if moving, will continue to move along a straight line with its initial speed). 
What did people believe before Newtonian mechanics was accepted? The fundamental 
law of mechanics [in classical science] is not that all heavy bodies fall to the ground, 
but that all bodies move to the place were they belong (its natural place)." 
From this example it can be seen that there is a fundamental difference in the way of 
reasoning in classical and modem science. 
It is often claimed that ways of reasoning are determined by philosophical ideas about 
science, and that modem science could only develop due to a radical change in the 
philosophical basis. In this context philosophical ideas about science are closely linked 
to ideas on how the world really is (i.e. metaphysical ideas). Aristotle was a biologist 
and took his biological work as a model for science. His theory on motion was 
organismistic because it starts from the "motion" of organisms in order to gain 
understanding of the motions of celestial bodies (Aristotle, "On the movement of 
animals" from "The works of Aristotle", translated by W.D. Ross, London; Oxford 
University Press, 1908-1 952, Vol V). This is called a teleological world view. Aristotle 
stresses the point that " .. all living things are both moved with some object [purpose], so 
that this is the term of all their movements, the end that is in view" ("teleological" is 
from the greek "telos" which means "purpose", "end", "final destination"; according to 
Aristotle, what exist should be understood from its natural purpose, its final end). 
According to the Aristotelian world view, the universe is to be conceived of as an 
organism. Galilean:Newtonian physics led to the picture of the universe as a large 
mechanical clockwork. This metaphor expresses what Dijksterhuis called a mechanistic 
world picture. (Dijksterhuis, E.J., 1969, The mechanization of the world picture, Oxford 
University Press, Oxford. 

13. Examples of such characterizations in general (context-independent) terms are the 
hypothetical-deductive model of scientific explanation and Popper's methodology of 
conjectures and refutations. Cp. E. Nagel: "The structure of science" (I 962). 

I 4. Context dependency of the scientific method is to be understood as implying that the 
nature and acceptability of that method in a given context is always co-determined by 
and dependent on pragmatic factors which characterize the context. Examples of such 
factors are the research aims (e.g. to gain fundamental insight, or the desire to develop 
new technology), the nature of the problems that occur in the context, the styles of 
reasoning developed for that context, etc. Scientific methods are always related to a 
certain context, and is in that sense "relative" and not "absolute". 
Radical relativism radicalizes the context dependency in science and even claims that 
"scientific method" can only be defined in terms of what is accepted as such by a 



The role of philosophical images in applied scientific research 381 

majority of peers recognized as competent in the given context. Analogously, context 
dependency of "truth" means that a statement uttered in context (or culture) C is true if 
and only if the statement is qualified as true on basis of norms that are accepted in C. 
Here also the radical relativist claims that "truth" is to be understood as "what a majority 
of members of a group or culture considers to be true''. For a radical relativist, notions 
like "scientific method" and "truth" have in fact lost the originally intended absolute or 
general meaning. 
Versions of radical relativism are defended by P. Winch (cp. "The Idea of a Social 
Science and its Relation to Philosophy", London 1958) and by B. Barnes and D. Bloor 
in their paper in "Rationality and Relativism" eds. M. Hollis and S. Lukes, Oxford 1980. 
Also the so called post-modern philosophers are seen as radical relativists. Putnam 
(1983) ascribes radical relativism to R. Rorty not withstanding Rorty's claims to the 
contrary. But see also: R. Rorty: "Consequences of Pragmatism", The Harvester Press, 
Sussex 1982. 
Constructivistic realism is much more moderate in its relativism and also tries to do 
justice to our (common sense) realistic notions as will be explained in 8.4.4; see also end 
note 17. Context dependency of notions like "existence" and "truth" means that the use 
of those concepts is always relative to the way in which we construct a representation 
(theory) of the world in a given cognitive practice (e.g. in our every day practice, table 
and trees exist; in the practice of a physicist electrons exist). Cp. H. Putnam "Why there 
isn't a Ready-made World", Synthese 1982 (51)). 

15. H. Putnam: "Realism, Truth and History", Cambridge University Press (1981 ). 

16. Meant is here a radical philosophical view which refers to science and technology in a 
most abstract sense. (Cp. Heidegger's use of the phrase "Die Technik"). 

17. Constructivistic realism This realism is called constructivistic in order to stress the 
constructivistic elements in the process of knowledge acquisition. Pragmatic realism 
means that an account of notions like 'truth', 'scientific methods' should do justice to 
the pragmatic aspects and the diversity of research practices. Putnam coined the concept 
of internal realism in order to stress that the notions just mentioned should be analyzed 
primarily in terms of the ways in which they function within a specific practice. 

18. Constructivistic realism argues against metaphysical realism by claiming that people 
(their intellect) contribute constructively to the process of knowledge-acquisition. For 
example, the structure we recognize in the reality (e.g. the taxonomy given by Aristotle 
in which the natural kinds are ordered in a hierarchy, or the hierarchy of physical 
objects given by Vermeersch), is partly an intellectual construction and partly determined 
by that reality (we cannot arbitrarily choose a structure). This is where constructivistic 
realism argues against radical relativism. Constructivistic realism wants to maintain the 
notion that there is an intellect independent reality (realism). However, because a 
coherent correspondence theory about "truth" in an absolute sense is nowhere to be 
found, we cannot discover what reality 'really' is, and we can never be sure that we 
have obtained true theories that describe this intellect-independent reality. 
Consequently, where in metaphysical realism "truth" is a dominant notion, "rational 
acceptability" is the dominant notion in constructivistic realism. 

19. I refer particularly to holistic next to the more reductionistic styles of research. I. 
Hacking discusses what he calls a plurality of styles of scientific reasoning. 
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Cp. I. Hacking: "Representing and Intervening: introductory topics in the philosophy of 
science", Cambridge University Press, 1983, pg. 56, 71, 127. 

20. A few aspects of chaos theory: 
If we bring a droplet of ink in a glass of water and we isolate the glass from external 
influences (no stirring or shaking, no heat transfer etc.), than after some time the fluid 
will be coloured homogeneously. Obviously a state of equilibrium has obtained. An 
initial state in which we had order (e.g. all ink molecules were located in region A, all 
water molecules occupied region 8) evolved into a state of maximal disorder (ink and 
water molecules move arbitrarily through the whole region). Since the discovery of the 
so-called law of entropy this is a typical example of the manner in which for physicists 
every isolated system evolves in time. Maxwell and Bolzmann showed how statistical 
considerations made plausible that we could picture such a natural evolution (from order 
to maximal disorder) as an evolvement of the system towards its most probable state. 
The question, how in nature order arises from disorder, remained unanswered for quite 
a while. How for example should we conceive of the emergence of complex (ordered) 
systems such as living creatures? Prigogine and Stenger (1984) studied so called open 
systems that were driven out of a state of equilibrium by adding energy (or matter in the 
case of chemical reactions) to the system. A typical example is the effect of a forced 
temperature gradient on a fluid layer. In an experiment a temperature gradient in a layer 
of fluid between two horizontal plates is achieved by heating the bottom plate. At a 
specific temperature difference in the fluid between the plates a cell-like ordered pattern 
of convection currents emerges (so-called Benard-cells). Another example is the effect 
of a forced velocity gradient on a fluid layer. In this experiment a layer of fluid is kept 
between two vertical cylinders of which the innermost rotates. At a specific rotation 
velocity of the inner cylinder, the rotating fluid "orders itselr' in horizontal doughnut
like cells, which eventually display a wave pattern (the so-called Taylor-Couette 
phenomenon). Such open systems seem to "adapt themselves" to the external influence 
by stabilizing on a higher level of order (complexity). In both examples there also seems 
to be a choice out of two possibilities in the ordering (e.g. two different possible 
orientations of the cells). This possibility of choice is called bifurcation. The ordered 
pattern that arises in this manner has a kind of holistic character: At the global level we 
have an ordering that we cannot account for in terms of local components of the system 
(micro-elements such as fluid molecules). The local cause for the fact that this specific 
global order arises at that particular moment can be so small that we are not able to 
represent it in principle. This is explained by means of a simple example: 
In physical sciences real numbers are used to represent physical states. Real numbers are 
numbers with an infinite decimal development (mostly a random sequence). 
Suppose we carry out two identical experiments I and II, were both experimental 
systems start with the same initial state. However, the values of the variables which 
characterize the initial state can in both cases be measured with an accuracy of only a 
finite number of decimals, whereas a complete specification of the initial state involves 
an infinite number of decimals. Assume that the difference of the values of one 
particular variable of the two initial states I and II only occurs in the tenth decimal (e.g. 
the state variable has for the in itial statel the value 1.4142135629 ... , and for the initial 
state II the value 1.4142135624 ... ). Assume also that in each of the two measurements 
I and II the state of the system is measured at successive moments t1, f-i, t3 , ••• , each 
moment separated by 1 second from its successor, so that at t1 the first decimal of the 
initial state is decisive for the state of the system at t1, at ti the second decimal of the 
initial state for the state at f-i, etc .. This will be the case if the law which is obeyed by 
the state variable considered implies that a value l.d1d2d3 ... will always after 1 second 
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be followed by value l .d2d3d4 ••• , whereas the observable effect is exclusively dependent 
on the first decimal. The initial states I and II will lead to a difference in behaviour only 
after 9 seconds. Finally assume that our possibilities to determine the values of the initial 
states are presently limited to 5 decimals. Then we are not able to measure the 
difference between the initial states I and II. This implies that the large differences in 
behaviour that occur after 10 seconds are not predictable. One could argue that this 
inability is only relative to our present limitations of an accuracy of 5 decimals. But 
since the precision of our measurements will always be limited to a finite number of 
decimals, whereas real numbers (which may consist of a random sequence of decimals) 
express the "proper" values that represent the physical state in an idealized sense, we 
have here a simple example of unpredictability in principle. This unpredictability is also 
caused by the possible nonlinear character of physical laws. The sensitivity for initial 
conditions of future behaviour can take on such dramatic forms for nonlinear systems, 
that the system seems to behave chaotic from a certain moment onwards. Thus, this 
unpredictability has nothing to do with metaphysics or new paradigms! 
The far-out-equilibrium driven open systems such as the Bernard cells provide us with 
examples of physical behaviour which might requires a level of description that cannot 
be reduced to a more elementary one. The prediction of which of the two possible 
orientations of the Bernard cells will actually occur might not be predictable in principle 
from the behaviour of the elementary components of the system. The interactions of tl1e 
components of the system at a lower level (Vermeersch's hierarchy) lead to a type of 
complex behaviour that might not be deducible from knowledge of the behaviour of 
those components. For, the description of those local (micro-physical) components might 
involve the sensitivity for initial conditions just described. Prigogine calls such systems 
dissipative structures. These are characterized by a regime that is defined by symmetry
breaks, bifurcations, and correlations at a macroscopic level. He also describes this type 
of ordering as self-organization. Elsewhere he refers to these phenomena as "matter with 
a will of its own". These "properties" of open physical systems would enable us to 
identify ourselves with nature in ways excluded by classical physics. 

21. I. Prigogine and I. Stengers: "Order Out of Chaos", Bantam Books 1984 

22. P. Davies: "The Cosmic Blueprint", New York 1988 

23. Cp. The development of science and technology sketched in Section 8.4.4. 

24. cp. M. Boon: "Een onderwijsmodel" in "Conferentieverslag Ethiek en Techniek" T.U. 
Delft 1993 
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Chapter 9 

Survey, Methodology and Conclusions 

In this chapter the research work, its results and conclusions, are described as a 

narrative in which some attention is payed to how certain ideas came up and developed, 

and why certain choices were made. 

9.1 Research aim 

The general aim of this research work was to find rules for the design and optimization 

of bio-leaching processes of sulphide minerals in slurry reactors. To find the bottle-necks 

in these kind of industrial processes a process design was made for the oxidation of 

pyrite with Tferrooxidans in bubble columns or stirred aerated reactors at varying slurry 

densities. It was calculated that the costs of these slurry processes were mainly 

determined by the energy costs needed for the aeration of the slurry, and by the 

investment costs of the reactors caused by the residence time needed for the conversion 

of the pyrite. It was chosen to aim at the last problem: how can (at sufficient oxygen and 

carbon dioxide transfer to the slurry) the bacterial oxidation rate of sulphide minerals be 

optimized, and which factors determine or limit this rate. In scientific terms: which are 

the rate determining sub-processes in the bacterial oxidation of mineral sulphides (see 
Chapter 1). Next, these sub-processes need to be kinetically modelled in order to model 

the overall bacterial oxidation kinetics of the sulphide minerals as a function of the 

process conditions. It was assumed that these kinetic models could be used in the 
optimization of the industrial processes. Also, insight in the rate determining sub

processes might lead to new concepts for process design. 

To decide on the rate determining sub-processes knowledge of the underlying mechanism 

was needed. However, in the literature the debate on whether a direct or an indirect 

mechanism occurs was still lively. Therefore, the research aim was approached from the 

opposite direction: to determine the mechanism that is dominant in the bacterial 

oxidation of sulphide minerals from the observed rates of assumed sub-processes. An 

approach was taken in which methods for kinetic experiments of the possible sub

processes were developed that would show significant different rates for the two 

different mechanisms. It was assumed that the developed methods would also be 

appropriate to model the kinetics of the sub-processes that are relevant in the overall 
kinetics. 

In this research work three phases are recognized: examining relevant (kinetic) data on 
bacterial oxidation processes in the literature (Chapter 2 and 3), developing the 

experimental and theoretical methods by means of studying the bacterial oxidation 
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kinetics of ferrous iron (Chapter 4 and 5), and examining the bacterial oxidation kinetics 

of synthetic zinc sulphide and pyrite (Chapter 6 and 7). 

9.2 Study of kinetic data in the literature 

Do bacteria improve the oxidation rate of mineral sulphides compared with the sterile 

chemical oxidation at the same process conditions (e.g. mineral source, particle diameter, 

temperature, pH, [Fe3+], [Fe2+])? With this question an extensive research of the literature 
was started (see Chapter 2). For both the bacterial and chemical oxidation rates many 

data were available for the three minerals, pyrite (FeS2), chalcopyrite (CuFeS2) and 

sphalerite (ZnS), and about 200 papers were studied. 

9.2.1 Method 

In this research kinetic data for both the chemical oxidation with ferric iron and the 

bacterial oxidation of pure sulphide metals reported in the literature were analyzed. In 
this approach a method was needed to make possible the comparison of data from 

different authors who performed their experiments with different media, minerals or 

metal sulphides and bacterial strains, at different experimental conditions with different 

experimental methods, and often limited information on the experiments. Therefore, the 

data were not mutually comparable as such, and several transformations were needed. 
In this approach it was expected that data from different authors would show sufficient 

agreement to distinguish between the chemical ferric iron and the bacterial oxidation 

rates of sulphide minerals. 

First order rate constants for the oxidation rate of the minerals were introduced to 

eliminate differences in the slurry density (e.g. k1 = molFcs/molFcs/s) and the particle 

diameter (e.g. kA,spher = molFcS/m2Fcs/s) in the different studies. The parameter k1 was 
used because often information on the particle diameters was not available. Later in this 

research these kinetic parameters were renamed to the mineral specific oxidation rate 

(e.g. vFcSl• Chapter 7). 
The data of the reported sterile chemical oxidation experiments with ferric iron were 

transformed to sets of first order rate constants at process conditions that occurred in 
bacterial oxidation experiments. Ifrate expressions were given these equations were used 

to calculate the required rate constants at the bacterial process conditions. Otherwise, the 

Arrhenius equation and the reported activation energies were used to derive the rate 

constant at 30°C, the shrinking particle model was applied to describe the effect of the 
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particle diameter, and with the electrochemical mechanism or the reported reaction order 
the rate constant at similar ferric iron concentrations was calculated. 

In the bacterial oxidation experiments it was assumed that the low rates in the initial 

phase of batch culture experiments were caused by the low concentrations of the bacteria 

(the biomass limited regime). The comparison between the sterile ferric iron and 

bacterial oxidation rates is only applicable if maximum rates were compared. Therefore, 

the biomass limited regime was excluded in the calculation of the bacterial oxidation rate 

constants. 

The method of comparing between chemical and bacterial oxidation rates for the three 
minerals was only useful if the rate constants of the chemical oxidation on the one hand, 

and the bacterial oxidation on the other hand, were within relatively small ranges. It was 

assumed that high rate constants occurred under optimal conditions in the bacterial or 
chemical oxidation experiments, and that lower rate constants were caused by other (rate 

limiting) factors. Accordingly, we searched for appropriate explanations for the 

occurrence of the lower sterile ferric iron and bacterial oxidation rate constants, k1 or kA. 

9.2.2 Mass transfer limitation due to S0 formation at the mineral surface 

In the chemical oxidation of ZnS or CuFeS2 with ferric iron elemental sulphur is 

produced at the mineral surface. Most authors reported that in the chemical oxidation of 
pyrite with ferric iron no elemental sulphur was produced. In the bio-oxidation literature 

it was suggested that elemental sulphur at the mineral surface causes mass transfer 

limitation of the chemical oxidation reaction, and therefore, the application of bacteria 

that remove elemental sulphur is advantageous. This aspect was examined. The chemical 
oxidation rate of zinc sulphide was the largest of the three minerals. From the reported 

values of the activation energy for the chemical reaction rate of zinc sulphide that were 

determined from the increase of the chemical oxidation rate at increasing temperatures, 

it was concluded that in stirred slurries at 30°C diffusion limitation through elemental 
sulphur at the mineral surface did not occur. Also, even at high temperatures the 

chemical oxidation rate constant of zinc sulphide, determined from the literature data, 

did not decrease during the course of a batch experiment (in which the thickness of the 

elemental sulphur layer increases). Because the chemical oxidation rate of chalcopyrite 
is smaller than that of zinc sulphide also no mass transfer limitation due to the 

production of elemental sulphur is expected. It was concluded that, in the case of an 
indirect mechanism, the bacterial removal of elemental sulphur will not improve 

chemical oxidation rates. 
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9.2.3 Sterile chemical oxidation rates 

According to the electrochemical mechanism the chemical oxidation rate of metal 

sulphides will increase at increasing ferric iron concentration. The sterile chemical 

oxidation rate of pyrite with ferric iron was independent of the ferric iron concentration 
at bacterial oxidation conditions. A relatively narrow range was achieved for the first 
order constants, and no important rate limiting factors were found. 

The sterile chemical oxidation rate of sphalerite strongly depends on the ferric iron 

concentration within the ferric iron concentration range that were applied in bacterial 

oxidation experiments. Several authors reported that the iron content of the mineral was 
important on the chemical oxidation rate, and also that ferrous iron inhibited the 

chemical oxidation rate. Due to these factors the range that was found for the chemical 

oxidation rate constants of (synthetic) zinc sulphide and sphalerite was larger (a factor 
of about three between the minimum and maximum values). 

Kinetic data on the sterile ferric iron oxidation of chalcopyrite were more difficult to 

explain. The rate constants appeared to strongly decrease in the initial phase of batch 

experiments. Most authors attributed this effect to the formation of elemental sulphur 

which causes mass transfer limitation. In our opinion this explanation disagreed with 

reported results of zinc sulphide. Only after having finished our experiments with pyrite 

an explanation for this behaviour was proposed: the chemical oxidation rate of 

chalcopyrite is dependent on the ferric to ferrous iron concentration ratio and this ratio 

steeply decreased in the initial phase of the batch experiments (due to the steep increase 
of chemically produced [Fe2+]) which caused a steep decrease of the oxidation rate in 

this phase. Therefore, chemical rate constants of chalcopyrite were determined from the 

average conversion over the initial 10 or 20 hours of the experiments, and a sufficiently 

narrow range was achieved. 

9.2.4 Bacterial oxidation rates 

A wide range of first order constants was found for the bacterial oxidation rate of 

sphalerite in different studies. This range was correlated with the ferric iron 

concentration, and accordingly it appeared that the bacterial and chemical rate constants 
as a function of the ferric iron concentration were within the same range. In other words, 
at equal process conditions the sterile ferric iron and the bacterial oxidation rate agreed. 

This indicated the absence of a significant direct bacterial oxidation reaction. 

The ferric iron concentration in the reported bacterial chalcopyrite and pyrite oxidation 

experiments were relatively high due to the production of ferric ions in these oxidation 
reactions. The concentrations were equal to ferric iron concentrations at which maximum 
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sterile chemical oxidation rates occurred. However, a wide range of rate constants was 

found. Again, we assumed that the high rate constants were measured at optimal 

conditions. Explanations were needed for the occurrence of the lower rates. Lower rate 

constants correlated with high slurry densities. Therefore, it was examined whether the 

maximum transfer rate of oxygen and carbon dioxide from the gas to the liquid phase 

sufficiently exceeded the oxygen and carbon dioxide consumption rates (calculated from 

the measured oxidation rate). It was found that in many of the reported kinetic 

experiments the carbon dioxide supply was insufficient and probably determined the 

bacterial oxidation rate of chalcopyrite and pyrite. It was concluded that in several cases 

low bacterial oxidation rates of chalcopyrite and pyrite were most likely caused by this 

mass transfer limitation (see Chapter 3 and Section 9.3). For chalcopyrite it was also 

shown that authors who did not apply pH control reported significantly lower rates than 
those who did apply pH control (Note that in the bacterial reaction with chalcopyrite 

protons are consumed). We postulated that the increase of pH during those experiments 

caused the formation of jarosites at the mineral surface which caused mass transfer 

limitation at the surface. 

9.2.5 Conclusions 

Applying the proposed method of data-evaluation it was possible to compare a wide 

range of reported chemical and bacterial oxidation experiments at comparable process 

conditions. The ranges of the first order constants for both the chemical and bacterial 

oxidation rate were sufficiently narrow to distinguish between chemical and bacterial 

rate. Simultaneously examining literature data on three different metal sulphides 

appeared to be very fruitful in finding relevant parameters that determine the chemical 

and bacterial oxidation rates, and in recognizing normal and anomalous behaviour, and 

in finding alternative explanations for anomalous behaviour. 

It was found that the average optimal bacterial oxidation rate constants were significantly 

larger than the optimal sterile ferric iron oxidation rate constants: a factor of 5 to 10 for 
chalcopyrite and a factor of 10 to 20 for pyrite. Therefore, we concluded that in the case 

of chalcopyrite and pyrite special capacities need to be attributed to the bacteria (e.g. 

direct bacterial oxidation). In the case of zinc sulphide and sphalerite no such significant 

difference between the chemical and bacterial rate constants was found and it was 

concluded that the indirect mechanism applied. 

From this literature research two hypothesis were postulated: Firstly, the indirect 

mechanism is dominant in the zinc sulphide oxidation with T.ferrooxidans. Secondly, a 
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direct bacterial oxidation must be assumed in the bacterial oxidation of chalcopyrite and 

pyrite with Tferrooxidans. Subsequently, the aim of our research was to examine these 

hypotheses by kinetic experiments with zinc sulphide and pyrite. 

9.3 Mass transfer rates in bacterial oxidation experiments 

9.3.1 Gas-liquid mass transfer 

When performing kinetic experiments one has the purpose to determine the chemical or 

bacterial reaction rates which should not be limited by mass transfer rates. In the 

bacterial oxidation of sulphide minerals autotrophic bacteria are used, and both oxygen 

and carbon dioxide need to be transferred from the gas to the liquid phase. Kinetic 

experiments reported in the literature were performed in shake flasks, stirred tanks and 

air lift reactors. Theory on the gas-liquid mass transfer of oxygen and carbon dioxide 

in these reactors was studied. From plotting the maximum bacterial oxygen (or carbon 

dioxide) consumption rate and the oxygen (or carbon dioxide) transfer rate in the 

equipment as a function of the slurry concentration, it was predicted at which slurry 

densities the mass transfer rate became rate determining. It was shown that, due to the 

exhaustion of the aeration gas (air), carbon dioxide limitation occurs rather then oxygen 

limitation. From estimating the mass transfer rates in the reported equipment it was 

concluded that several kinetic experiments in the literature were most probably 

performed under carbon dioxide limited conditions, causing relatively low bacterial 

oxidation rates. 

9.3.2 Mass transfer at the reaction surface of bacteria and minerals 

In the bacterial oxidation of ferrous iron, ferric iron, oxygen and carbon dioxide are 

transferred to the surface of the bacteria. It was concluded that the transfer rates of these 

components will not limit the oxidation rate. 

According to the direct mechanism oxygen and carbon dioxide occurs at the mineral 

surface. From the comparison of the reported bacterial oxidation rates and the estimated 

mass transfer rates to the surface it was concluded that mass transfer limitation of 0 2 

from the liquid phase to the reaction surface will not occur. If all the carbon dioxide 

consumption occurs at the mineral surface, carbon dioxide transfer to the mineral surface 

becomes limiting at a dissolved C02 concentration of about 20% of air saturation. 
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In the indirect mechanism ferric iron transfer from the liquid to the reaction surface and 
ferrous iron transfer to the bulk phase occurs. It was concluded that ferric iron transfer 

from the liquid-phase to the mineral surface is sufficiently fast. 

After having finished the experimental research on the mechanism and kinetics of the 

bacterial oxidation of pyrite (Chapter 7) it appeared that the transfer rate of ferrous iron 

produced at the pyrite surface to the bulk phase, most probably determines the maximum 

chemical oxidation rate of pyrite that was observed in the bacterial oxidation 

experiments of pyrite (see also Section 9. 7): In Chapter 7 it was concluded that an 

indirect mechanism determines the bacterial oxidation rate of pyrite, and that the 

chemical oxidation rate of pyrite increases at increasing ferric to ferrous iron 

concentration ratios (i .e. increasing redox potentials). At very low ferrous iron 

concentrations (high redox potentials) in the bulk phase no further increase of the 

bacterial oxidation rate of pyrite occurred. In the kinetic model for the chemical 

oxidation of pyrite this maximum rate, vFesi,max (mo!FeS/m2/s or molFeS/mo!FeS/ s), 
was taken as a kinetic constant. It was calculated however, that this maximum pyrite 

oxidation rate most probably is determined by the mass transfer rate of ferrous iron from 

the pyrite surface to the liquid phase, and not by a maximum chemical reaction rate (e.g. 

transfer of electrons). 

9.4 Development and testing the methods 

Before examining the bacterial oxidation kinetics of zinc sulphide and pyrite, the 

oxidation kinetics offerrous iron with Tferrooxidans were examined. These experiments 

were performed for two reasons. Firstly, the bacterial ferrous iron oxidation is important 

in the indirect mechanism for the regeneration of ferric iron. It was assumed that the 

bacterial ferrous oxidation kinetics were relevant to describe the bacterial oxidation 

kinetics of zinc sulphide (see Chapter 4). Later in this research it appeared that this 

assumption was to simplistic because the ferrous iron oxidation kinetics by 

Tferrooxidans is different in the presence of elemental sulphur. Secondly, performing 

experiments with this relatively simple system was important for examining the 
theoretical tools, for testing the equipment, for developing experimental skills, for 

examining the sensitivity and reliability of the apparatus and of the bacteria, and for 

developing new experimental techniques (see Chapter 4). 
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9.4.1 Accepted experimental and theoretical methods 

A weakness of kinetic experiments presented in the literature was often that the 

oxidation rates were determined from off-line concentration measurements in batch 

experiments (see Chapter 2). Although this is an accepted method in both the 

measurement of chemical and bacterial oxidation kinetics in hydrometallurgical 
processes, it limits the accurate determination of the rates as a function of the process 

conditions and therefore in distinguishing between different kinetic models. Another 

problem is the analysis of the biomass concentration which is of major importance in 

measuring the bio-oxidation kinetics. Many authors applied cell counts to determine the 

biomass concentration. This method is however, very inaccurate in a reaction mixture 

that contains large amounts of solids (e.g. iron precipitates and/or MeS). Accordingly, 

better techniques were required to measure the bio-oxidation kinetics, and experimental 

and theoretical tools commonly used in other fields of the chemical and bio-technology 

were applied in this research work (see Section 4.3): 

On-line (continuous) off-gas analyses were applied to determine the oxygen and carbon 

dioxide consumption rates in batch and continuous culture experiments. The advantage 
of this method compared with off-line measurements is that many data are available. The 

oxygen and carbon dioxide consumption data were also used in the mass balances of the 

system to determine the biomass concentration and the amount of oxidized substrate. 

Firstly, the mass balances were applied to check the reliability and sensitivity of the 

equipment. In these tests it was assumed that the theoretically derived degree of 

reduction balance was correct (see Chapter 4). This was the case for ferrous iron and 

pyrite but not for zinc sulphide because in the bacterial oxidation of zinc sulphide 

significant accumulation of intermediate products (e.g. elemental sulphur) occurred (see 

Chapter 6). The equipment and methods appeared to be reliable and sensitive enough to 
derive accurate kinetic data. Even dynamic behaviour of the bacteria (in the initial phase 

of ferrous iron batch cultures and in batch culture experiments on zinc sulphide), and the 

response to step changes (in staged addition batch culture experiments with pyrite) could 

be accurately determined by means of the continuous off-gas analyses. 
Next, the carbon balance was applied to on-line determine the biomass concentration. 

In other research the concentration of bacteria is often defined and measured as the 

concentration of cells or protein. In this study the biomass concentration was defined as 
the organic carbon concentration in the slurry (C-mol). 

The decrease of the ferrous iron or pyrite concentration in batch culture experiments 

were calculated from the degree of reduction balance, in which the on-line oxygen and 
carbon dioxide analyses in the off-gas were used (see Section 4.4). 
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Using these techniques, sets of data were derived in which the biomass specific oxygen 

and substrate consumption rate (mol/C-mol/s), and growth rate (C-mol/C-mol/s), the 

concentration of biomass (C-mol/l), metal ions, and substrate, and the mineral specific 

oxidation rate (mo!FeS/mo!FeS/s in the case of pyrite), were accurately known as a 

function of time in batch culture experiments, or dilution rate in continuous culture 

experiments on ferrous iron. These extensive sets of data made accurate kinetic 

modelling possible. 

9.4.2 New experimental methods 

In this research work also several existing techniques were adapted and combined into 

new experimental tools for our purpose. 

Respiration measurements by means of a biological oxygen monitor CBOM) to measure 

the bacterial oxidation kinetics of ferrous iron for a range of ferrous and ferric iron 

concentrations to determine the Michaelis Menten kinetics was applied by several 
authors. In our research the biological oxygen monitor was used as an analytical tool to 

determine the maximum biomass specific oxygen consumption rate, q02.ma." on ferrous 
iron of a cell suspension from batch or continuous cultures in which the biomass 

concentration, the biomass specific growth and consumption rates (µ and q) are well 

known (see Section 4.3). The kinetic constant, q02.max• could be determined directly and 

independently in BOM measurements, and therefore, the kinetic constants K, and K; in 
the competitive inhibition kinetic equation (that was applied to describe the kinetics on 

ferrous iron) could be fitted more accurately from the experimental data. 

Because the kinetic constants, q02,max• K, and K;, were determined in batch and 

continuous cultures and in BOM experiments (with cell suspension from the batch or 

continuous cultures), it was possible to examine whether these constants were intrinsic 

characteristics of the bacteria or whether they were strongly dependent on the conditions 

at which the bacteria were grown. From the use of BOM measurements it appeared that 

the value of q0 2,max was (slightly) dependent on the conditions at which the bacteria were 
grown (continuous cultures) or on its history (batch cultures). It also appeared that only 

the value of the ratio K/K; was relevant in describing the bacterial ferrous iron oxidation 

kinetics. The values of K,IK;, that were determined in the three measurement systems 

were slightly different. It was found that bacteria close to their steady state were most 

efficient in oxidizing ferrous iron, which is expressed in a smaller value of K,IK;. 
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Batch culture experiments were applied to determine the maximum growth rate, µm•x> of 

the bacteria on ferrous iron. Relatively large inoculum volumes were used because at 

lower initial biomass concentrations the on-line off-gas analyses would become 

inaccurate. Consequently, it was required to very accurately know the biomass 

concentration in the inoculum. Therefore, cell suspension was taken from steady state 

continuous cultures on ferrous iron to inoculate a batch culture experiment. From these 

experiments it was learned that the bacteria showed dynamic behaviour when transferred 

from low ferrous iron (in the continuous culture) to high ferrous iron concentrations (in 

the batch culture), and it was also found that these dynamics were dependent on the 

steady state dilution rates in the continuous culture from which the inoculum cell 

suspension was taken. Batch culture experiments on ferrous iron with the inoculum from 

steady state continuous cultures were also useful in the determination of inhibition 

effects. It was found that the inhibitory effect of zinc ions or pH did not occur 

instantaneously but only after a growth cycle. These results were important because they 

imply that BOM measurements are inadequate to determine those inhibitory effects, and 

they were consistent with the actual BOM measurements in which no inhibitory effects 

by zinc ions or changes in pH were observed. 

From the batch culture experiments it had become clear that the specific growth rate of 

Tferrooxidans showed dynamic behaviour when transferred from low ferrous iron 

(continuous culture) to high ferrous iron (in batch culture) concentrations. Therefore, a 

technique was needed that could determine the kinetics of cell suspensions close to their 

steady state conditions, and at low ferrous iron concentration). The kinetics at low 

ferrous iron concentrations were the most relevant because in the bacterial oxidation of 

metal sulphides the ferrous iron concentration is usually low. However, the off-line 

ferrous iron analyses at low concentrations is inaccurate and not frequent enough to 

allow reliable kinetic modelling. Therefore, measurement of the solution redox potential 

was used to on-line determine the (low) ferrous iron concentrations. Redox meters are 

very accurate at very low ferrous iron concentrations or high ferric to ferrous iron ratios. 

The ferrous iron concentrations in cell suspensions were determined from the measured 

redox potentials using calibration curves of the redox meter that were obtained in the 

filtrate of sterile filtered cell suspensions (to remove cells from the liquid) from the same 

culture. 

Next, another technique could be developed to determine the kinetic constants of steady 

state continuous cultures on ferrous iron: A continuous culture in its steady state was 

instantaneously turned into a batch culture by terminating the feed. The values of K, and 

K; were determined from the decrease of the oxygen consumption rate which was 

determined from the on-line analyses of the oxygen concentration in the off-gas. The 
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decreasing ferrous iron concentration in this culture was measured on-line by means of 

a redox meter. This experimental technique was very accurate and could be performed 

within I or 2 hours. The maximum specific oxygen consumption rate, q02.max• was 

measured in the BOM. Using the Pirt equation, the maximum specific growth rate, µmax• 

was derived from this values (see Section 5.5.1). 

Another very useful and important technique was only developed in the last phase of this 

research project: The simultaneous BOM-Eh measurement. This technique was also 

appropriate to determine the kinetic constants at circumstances close to steady states (see 

Section 4.5.3). In this measurement a very small amount of ferrous iron was added to 

a sample of cell suspension from a batch or continuous culture. Part of this sample was 

placed in the BOM, the remaining part was aerated at 30°C. The oxygen consumption 

rate was measured in the BOM. Simultaneously the ferrous to ferric iron ratio was 

measured with a redox meter in the aerated sample. At a low oxygen concentration in 

the BOM the sample was replaced with the aerated cell suspension (in which the ferrous 

iron concentration had remained equal to that in the BOM). This procedure was repeated 

until ferrous iron was completely consumed. From these measurements the kinetic 

constants of the bacterial ferrous iron oxidation could be determined very accurately (see 

Section 5.5.4). This technique was the most important in elucidating the mechanism in 

the oxidation of pyrite by Leptospirillum-like bacteria (Chapter 7). 

Also, staged pyrite addition in batch cultures with Leptospirillum-1ike bacteria appeared 

to be a very useful technique in examining the bacterial pyrite oxidation kinetics. This 

technique provided that the kinetics were measured in short term batch experiments at 

almost constant specific pyrite surface areas (m2/gFes2). 

9.4.3 Reliability and reproducibility of the measurements 

With the theoretical and experimental tools that were applied in this research it was 

possible to thoroughly test the apparatus and the techniques. When different tools were 

applied to determine the same parameter, contradictory results appeared several times. 

Because contradictory results were needed to be explained and examined, finally 

sufficient reliability of the apparatus and practical skill in using the methods were 

achieved. Accordingly, it is claimed that the quality of the derived kinetic data improved 

by the use of simultaneous techniques because apparent anomalous behaviour due to 

measurement errors, mistakes in the data processing or inappropriate methods were 

revealed. Examples were: 
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Checking of the carbon, the iron, and the degree of reduction balance in every 

experiment that was performed. From these calculations it appeared that an error of 

about 20% occurred in the calculated amount of consumed oxygen. This was caused by 

an error in the data processing because the extremely small volume difference between 
the aeration air and the off-gas (that was due to the consumption of 0 2) was erroneously 

neglected (see Section 4.4.1 ). 

The simultaneous measurement of the oxygen consumption rate in a culture using off

gas analyses and BOM measurements with undiluted cell suspensions (e.g. last phase of 

batch cultures on ferrous iron, see Section 5.5.3). From these measurements it was 
recognized that the oxygen activity measured by the oxygen electrode significantly 

differs from the dissolved oxygen concentration in cell suspensions, due to the high salt 

concentration (see Section 3.3.3). Using the integrated degree of reduction balance the 

factor to convert the measured oxygen activity to dissolved oxygen concentration in the 

cell suspension could be determined from dynamic BOM-Eh measurements. 

In batch culture experiments on ferrous iron and in dynamic BOM-Eh measurements the 

ferrous iron concentration was both determined from the total amount of consumed 
oxygen (using the degree of reduction balance) and from the redox potential (using a 

calibration curve). In the initial phase of the measurements the ferrous iron concentration 

was more accurately determined from the amount of consumed oxygen whereas in the 

last phase the redox potential measurement was more accurate. 

Only after using well defined inocula from steady state continuous cultures on ferrous 

iron (e.g. initial concentration of cells and the specific growth rate, µ, of the cells in the 
inoculum are known) to inoculate batch culture experiments on ferrous iron, reproducible 

batch culture experiments were possible. 

Initially the bacteria were treated as if they were similar to chemical catalysts. 

Accordingly, it was assumed that the kinetic constants are the same in different 

measurement systems (e.g. batch cultures, continuous cultures and BOM measurements). 
From the comparison of batch and continuous culture data it appeared however that 

ferrous iron grown cells show a significant dynamic behaviour. Firstly, it was found that 

the cells needed to adapt themselves with respect to their growth rate (carbon dioxide 

consumption rate) when transferred to excess of ferrous iron (Section 5.5.3). It was also 

found that the maximum oxygen consumption rate of the bacteria, q02,max• as was 
measured in the BOM, was dependent on the growth rate of the bacteria in the batch or 

continuous culture. Thirdly, the kinetic constants, K/Ki, that were determined in the 

three measurement systems were slightly different. It was found that bacteria close to 
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their steady state were most efficient in oxidizing ferrous iron. At equal conditions in 

the cell suspension, the specific ferrous iron oxidation rate was highest in the continuous 

culture and in a continuous culture that was turned into a batch culture and also a 

dynamic BOM-Eh measurement, somewhat lower in the last phase of a batch culture 

experiment, and slowest in the stationary BOM measurements. From these experiments 

it was found that stationary BOM measurements and batch culture experiments were 
only appropriate to approximate the values of K/K;. Therefore, the simultaneous use of 

different experimental tools was very useful in determining whether kinetic constants 

from different methods are intrinsic or coincidentally. The other way round, the stability 

and sensitivity of the bacterial system was examined, from which it was shown that the 

kinetic model for bacterial ferrous iron oxidation is having a restricted applicability. 

Thus, the limited applicability of BOM measurements and batch culture experiments 

were shown by the comparison with kinetic data from continuous cultures. It was also 

found that the bacteria did not immediately respond to inhibitors like Zn2
+. In the initial 

phase of batch culture experiments the bacteria did not show decreasing oxygen and 

carbon dioxide consumption rates when inhibitors like Zn2
+ were added; inhibition only 

occurred after a few hours. Therefore, BOM measurements were inappropriate to 
determine those inhibition effects. 

9.4.4 Conclusions 

It is concluded that this research work presents methods that have proved to be valuable 

for the research towards the understanding and optimization of bioleaching processes. 

The experimental methods that were applied and developed in this research work were 

extensively tested and appeared to be appropriate for examining the bacterial oxidation 
kinetics of ferrous iron, zinc sulphide and pyrite in great detail. The redundancy of 

experimental methods also provided that several relevant phenomena were discovered 
and could be studied. 

9.5 Conclusions about the bacterial oxidation kinetics of ferrous iron 

The bacterial oxidation kinetics of ferrous iron by Tferrooxidans or Leptospirillum-like 

bacteria in steady state was accurately described by the competitive inhibition equation 
(Chapter 5). This equation describes the specific ferrous iron or oxygen consumption 

rate, qF.2+ or q02, of bacteria on ferrous iron that is inhibited by ferric iron. An important 
finding in this study was that only the K/K; ratio, and not the separate values of K, and 
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Ki in this equation could be accurately determined (see Section 5.3). Moreover, the value 

of K, was very low and only significant at extremely low ferrous iron concentrations. 

Accordingly, the specific oxygen consumption rate ofT.jerrooxidans and Leptospirillum

like bacteria is dominantly determined by two kinetic constants, q02_max and K/Ki, and 
the dominant variable was the ferric to ferrous iron ratio, [Fe3. ]/[Fe2

•]. When trying to 

fit both q02,max and K/K; from for example the continuous culture data, it was found that 

these constants were mutually dependent. Therefore, it was chosen to directly measure 

the value of q02,max of a cell suspension in BOM measurements. The measured value of 

q02,max appeared to be slightly dependent on the state of the bacteria. Next, the value of 

the kinetic constant K/Ki could be fitted from the experimental data. For T.ferrooxidans 

a threshold concentration for ferrous iron was found. 

It was found that T.ferrooxidans bacteria showed dynamic behaviour with respect to its 
specific growth rate when transferred to an excess of ferrous iron. Therefore, batch 

culture and BOM experiments have only a limited applicability in the determination of 

the kinetics. 

Another important finding was that at very low ferrous to ferric iron ratios the ferrous 

iron oxidation rate of Leptospirillum-like bacteria was much larger than that of 

T.ferrooxidans. This was expressed in the K/K; ratio that was a factor of 100 smaller 

for Leptospirillum-like bacteria, and also in a much lower ferrous iron threshold 

concentration (Section 5.5.2). The maximum oxygen consumption rate, q02,max• of 
T.ferrooxidans is 30% larger than that of Leptospirillum-like bacteria. 

9.6 Bacterial oxidation kinetics of zinc sulphide 

The research on the bacterial oxidation of zinc sulphide is regarded as the less satisfying 

part of this thesis. It was included because it was believed that it contained useful 
information for other researchers to achieve better results. 

The aim of the kinetic measurements of the bacterial oxidation of zinc sulphide was 

twofold. Firstly, to examine whether the indirect mechanism was dominant (as concluded 

in Chapter 2), and secondly to model the kinetics of the two sub-processes (Chapter 6). 
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9.6.1 The indirect mechanism 

To examine whether the indirect mechanism was dominant a so called redox-stat method 

was applied, in which sterile chemical and bacterial zinc sulphide oxidation were 

monitored in parallel. Hydrogen peroxide addition to the sterile batch experiment 

provided the regeneration of ferric iron to keep equal ferrous iron concentrations in the 

two reactors. In the experiments no significant difference of the zinc ion concentration 

curves in the parallel batches was observed. Accordingly, it was concluded that the 
sterile and bacterial oxidation rate of zinc sulphide are equal at equal total iron 

concentration and redox potential, and there is no need to attribute special capacities to 

the bacteria (e.g. direct bacterial attack of the mineral surface). The major activity of the 

bacteria is to oxidize ferrous iron and elemental sulphur, and to maintain a favourable 
low ferrous iron concentration (or high redox potential). 

9.6.2 The kinetic modelling 

Next, it was attempted to model the oxidation kinetics of zinc sulphide with 

T.ferrooxidans. According to the postulated mechanism three sub-processes were 

relevant, the chemical oxidation of zinc sulphide, and the bacterial oxidation of ferrous 
iron and elemental sulphur produced in the chemical reaction. 

It was expected that sufficiently reliable kinetic models for the sterile chemical oxidation 

of zinc sulphide were available which could be easily applied to describe our 

experimental data. However, the results of the measurement of the sterile chemical 
oxidation kinetics of zinc sulphide in batch experiments were not accurate enough to 

discriminate between the two kinetic models presented in the literature. This was partly 

due to the choice for synthetic zinc sulphide at high slurry densities instead of mineral 
zinc sulphide. The synthetic zinc sulphide slurries were very sticky and probably mass 

transfer limitation at the surface occurred. Also the experimental method was 

inappropriate because the determination of rates in batch experiments using off-line 
analyses is too inaccurate. 

Moreover, the bacterial oxidation kinetics of ferrous iron and elemental sulphur were 

approached too simplistic. With little consideration for the Tferrooxidans bacteria (the 

bacteria were approached as chemical catalysts) it was hoped that the bacterial ferrous 

iron oxidation and elemental sulphur oxidation were independent, and that a part of the 

bacteria (expressed in C-mol/I) would oxidize ferrous iron and another part the elemental 

sulphur, and that those parts were determined by the relative yields of bacteria on the 

two substrates. However, apparently the bacterial oxidation of ferrous iron was 
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influenced by the bacterial oxidation of elemental sulphur. Consequently, the 

assumptions would only apply if two different species were used that either oxidize 

ferrous iron (e.g. Leptospirillum-like bacteria) or elemental sulphur (e.g. T thioooxidans), 

whereas T.ferrooxidans is able to oxidize both substrates. 

9.6.3 Conclusions 

An indirect mechanism is dominant in the bacterial oxidation of zinc sulphide. Zinc 

sulphide was chemically oxidized to ferrous iron and elemental sulphur, and 

Tferrooxidans bacteria oxidized those substrates. A kinetic model of the chemical and 
the bacterial oxidation processes could not be established due to limitation of the applied 

experimental techniques. When using Tferrooxidans the growth kinetics on the mixed 

substrate (Fe2
+ and S0

) needs to be studied. 

With the experience of studying the pyrite oxidation with Leptospirillum-like bacteria 

(Chapter 7) an improved experimental method was suggested to examine both the 

chemical and the bacterial oxidation kinetics of sphalerite. In this method Leptospirillum

like bacteria (which do not oxidize sulphur or sulphur compounds) are used to measure 

the chemical oxidation kinetics of zinc sulphide at (low) steady state values of the 

ferrous to ferric iron ratio (see Section 6.5). 

Another important finding in this study was that Tferrooxidans can loose its ferrous iron 

oxidizing capacity at low ferrous iron concentrations in the presence of elemental 
sulphur. In industrial processes the ferrous iron oxidizing capacity of the bacteria is 

essential. This might imply that either Tferrooxidans is not the dominant organism in 

bacterial oxidation of metal sulphides, or T .ferrooxidans only oxidizes sulphur 

compounds while ferrous iron is oxidized by other organisms. This indicates the need 

for kinetic studies of the bacterial oxidation of the mixed substrate (Fe2
+ and S0

) with 

mixed cultures (e.g. Tferrooxidans and Leptospiri/lum-like bacteria). 

9. 7 Bacterial oxidation kinetics of pyrite 

9.7.1 The direct mechanism 

From the study of kinetic data in the literature (Chapter 2) it was concluded that the 

acceleration of the pyrite oxidation rate by bacteria was caused by a direct bacterial 

reaction at the pyrite surface. According to this hypothesis attachment of bacteria to the 
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mineral surface is needed. A kinetic model to describe the bacterial pyrite oxidation rate 
as a function of the concentration of (irreversibly) attached bacteria was proposed, and 

it was aimed at to verify this model with experimental data. However, it was also 

calculated that an extremely high concentration of (irreversibly attached) bacteria at the 

surface is needed to achieve the reported bacterial oxidation rates, which was 

contradictory with the small amount of attached bacteria that was observed at the surface 

in microscopic studies. 

9.7.2 Choosing the model system for kinetic experiments 

Initially, batch cultures were performed with Tferrooxidans that oxidized a German 

pyrite. In any kinetic model that describes the bacterial oxidation of pyrite knowing the 

specific surface of the pyrite was essential. It was found however that the German pyrite 

falls apart into fines and was therefore not useful to perform kinetic experiments. Then, 

Prieska pyrite was used, which consisted of pyrite crystals and provided a known surface 

area. However, even after six month of adaptation, the T.ferrooxidans bacteria were still 

not able to oxidize Prieska pyrite. A wild strain was able to oxidize Prieska pyrite. 

Therefore, it was chosen to perform the kinetic experiments with the wild culture on 

Prieska pyrite. At that stage of the research it was not yet known that bacteria in the 

wild culture consisted of Leptospirillum-1ike bacteria and no Tferrooxidans, and that 

Leptospirillum-1ike bacteria are not able to oxidize sulphur species. 

9.7.3 The shuttle mechanism 

Firstly, measurements were performed to determine the concentration of (irreversibly) 

attached bacteria at the pyrite surface. It was found that hardly any of the bacteria were 

attached. This was contradictory with the calculations that predicted high coverage of 

attached bacteria to achieve the measured bacterial oxidation rates. Several other 

observations were also contradictory with the direct mechanism: It was found that the 

oxygen and carbon dioxide consumption rate in a batch culture on pyrite increased 
immediately and almost proportionally when fresh pyrite was added. This finding was 

not consistent with a straight forward direct mechanism in which it is assumed that the 

irreversible attachment of the bacteria needs some time. Another contradictory finding 

was that free bacteria in batch cultures on pyrite survived, whereas they lost their 
activity when transferred to pyrite free medium. Clearly, in the presence of pyrite the 

free bacteria had access to an energy source. It was also found that the maximum 

bacterial yield on pyrite, Y "ma.', was very close to 15 times the yield on ferrous iron, 
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which was 50% less than the expected yield in the case of a direct mechanism. 
However, based on the literature review (Chapter 2) we still believed in the necessity 

of a direct mechanism. Accordingly, a new understanding of the direct mechanism was 

needed, which was called the shuttle mechanism. In this mechanism the bacteria shuttle 
up and fro the pyrite surface and oxidize the surface while they are reversibly attached 

to it. This mechanism was consistent with all findings in the experiments, except the low 

bacterial yield coefficient that were measured. 

Next a kinetic model was proposed to describe the shuttle mechanism. In this model the 

biomass to pyrite concentration ratio, Cj[FeS2], was the variable. From the 

measurements it appeared that the specific pyrite oxidation rate, vFcSi• was proportional 
to the biomass to pyrite ratio at low values of this ratio and approached a maximum at 

high biomass to pyrite concentration ratios, vFcSi max_ Therefore, a kinetic equation was 

proposed of which the mathematical structure was equal to the Michaelis Menten 

equation (which is essentially first order kinetics at low values of the variable and a 
maximum rate at high values). An advantage of this model was that no mathematical 

description was needed for bacterial attachment to the pyrite (e.g. a Langmuir isotherm 

that was used by other authors). The model consisted of only two kinetic constants, 

vFes2max, of which the value was measured at high biomass to pyrite ratios, and a kinetic 

constant, B., which expresses the affinity of bacteria for pyrite. Thus, only the value of 

Bx was fitted from the experimental data. The batch culture experiments on pyrite could 

be described by this model, and the values of vFcSi max and Bx were within acceptable 
narrow ranges for bacterial oxidation experiments performed at different process 

conditions. Accordingly, the kinetic model that was based on the shuttle mechanism was 
consistent with the measurements. 

9.7.4 Shift to the bzdirect mechanism 

The question came up whether attached bacteria solubilized the pyrite surface to 

dissolved species that could be oxidized by the free bacteria (e.g. ferrous iron and 
reduced sulphur species). To examine this hypothesis, the oxygen consumption rate of 

pyrite free samples from batch cultures on pyrite was measured in the BOM (and no 

substrate was added to these samples). In these measurements it was found that a high 

initial oxygen consumption rate occurred in the BOM which was equal to the oxygen 

consumption rate in the batch culture on pyrite (determined in the off-gas analyses). 
Subsequently, the oxygen consumption rate in the BOM steeply decreased. From these 

measurements it was concluded that in the bacterial oxidation of pyrite part of the 

oxygen was consumed in the cell suspension and not at the pyrite surface. We then 



404 Chapter 9 

wanted to examine whether any oxygen consumption occurred at the pyrite surface. 

From chemical analyses (HPLC) it appeared that the concentration of reduced sulphur 

species (e.g. elemental sulphur, thiosulphate, tetrathionate, etc.) was below the detection 

level. Another important finding was that the redox potential in the pyrite slurry 

decreased (which implies an increase of the ferrous iron concentration) when pyrite was 

added. It was assumed that the redox potential in the slurry was mainly determined by 

the ferrous iron concentration (ferrous to ferric iron ratio). Therefore, it was assumed 

that the oxidizable species in the cell suspension was ferrous iron. 

Next, the most important hypothesis in this research work could be stated: If, at equal 

redox potentials the oxygen consumption rate in the pyrite free cell suspension 

(measured in the BOM) is equal to that in the slurry (determined from off-gas analyses), 

than no oxygen consumption occurs at the pyrite surface, and, accordingly, no direct 

bacterial oxidation reaction occurs at the pyrite surface, which implies the occurrence 

of an indirect mechanism. 

To test this hypothesis it was required to measure the oxygen consumption rate both in 

the slurry and in pyrite free cell suspension at equal redox potentials. For these 

measurements an important experimental technique was developed (see schemes in 

Figure 7.1-7.3): The redox potential in the pyrite culture was varied by the addition of 

pyrite (staged pyrite addition experiments). After each pyrite addition cell suspension 

was taken from the batch culture and the kinetics on ferrous iron, that was added to the 

pyrite free cell suspension, were determined in dynamic BOM-Eh measurements. In 

dynamic BOM-Eh measurements the oxygen consumption rate and the redox potential 

were measured simultaneously. From comparing redox potential and oxygen 

consumption measurements in the batch culture with that in the BOM-Eh measurements 

it appeared that, at equal redox potentials, the oxygen consumption rate of cell 

suspensions was exactly the same in the presence and absence of pyrite. Thus, no oxygen 

consumption at the pyrite surface occurred. Therefore, it was concluded that the bacterial 

oxidation of pyrite was dominated by an indirect mechanism, where in the chemical 

oxidation reaction with ferric iron pyrite was completely oxidized to ferrous iron and 

sulphate, and ferrous iron is bacterially oxidized to ferric iron. This Fe2+/Fe3+ cycle 

operates at an extremely low ferrous iron level (e.g. 2 mg/I), which is expressed in an 

extremely high redox potential. 

9.7.S The sterile chemical pyrite oxidation kinetics 

However, the conclusion that the indirect mechanism is applicable, was contradictory 

with the literature data that predicted a much lower chemical oxidation rate (Chapter 2). 
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To explain this contradiction another hypothesis was constructed: Assume that the 

specific pyrite oxidation rate, vFcs2 (mol/molFeSifh), is largely dependent on high ferric 

to ferrous iron concentration ratios. From plots of vFcs2 against [Fe3+]/[Fe2+] measured 

in the batch culture on pyrite, it appeared that vFesi steeply decreased at decreasing 
[Fe3+]/[Fe2+]. Now, the ferric to ferrous iron ratio that occurred in the batch culture was 

extremely high, and when turning the aeration gas of a batch culture on pyrite into 
nitrogen gas to terminate the bacterial ferrous iron oxidation, [Fe3.]/[Fe2+] (calculated 

from redox potential measurements) dropped within a few seconds. In other words, only 
very little ferrous iron production was needed to reach a level of the redox potential at 

which low specific (bacterial) pyrite oxidation rates (v) occurred. Accordingly, in sterile 

chemical batch experiments, ferrous iron is produced within the first few minutes of the 

experiment (e.g. an increase from 2 to 20 mgFe2•11 occurs within 2 minutes), which 

caused that the initial high (chemical) pyrite oxidation rates are overlooked. This 

hypothesis was consistent with the observation of several authors who reported a steep 

rate decrease in the first few minutes of sterile chemical pyrite oxidation in batch 
experiments. This phenomenon was always attributed to anomalies. We concluded that, 

at high ferric to ferrous iron ratios, the sterile chemical pyrite oxidation with ferric iron 

is a factor of 10 to 20 faster than the maximum sterile pyrite oxidation rate predicted in 

the literature. 

9.7.6 A kinetic model for the i11direct mechanism 

A kinetic model was proposed that involved the kinetics of the two rate limiting sub

processes: the chemical oxidation of pyrite with ferric iron, and the bacterial oxidation 
of ferrous iron. In a steady state the (bacterial) consumption and (chemical) production 

rate of ferrous iron are equal. The bacterial oxidation of ferrous iron was described by 

competitive inhibition kinetics. To describe the chemical oxidation of pyrite an empirical 

kinetic model was proposed. Again, it appeared that the pyrite oxidation rate was 
proportional to the ferric to ferrous iron ratio at low ratios, and achieved a maximum 

value, vFest"', at high ratios. Thus, the bacterial oxidation kinetics of ferrous iron and 

the chemical oxidation kinetics of pyrite were reversely dependent on the same variable. 

In the overall kinetic model only four kinetic constants were needed that were 

independently determined. The value of q0 2,m"" on ferrous iron was measured in the 
BOM, the value of K/K; was determined from a dynamic BOM-Eh experiment on 

ferrous iron (simultaneous r02 and Eh measurement), the value of vFcSimax was defined as 

the maximum specific pyrite oxidation rate that was measured, and the value of B was 

fitted from the vFcsi - [Fe3+]/[Fe2+] curve. This kinetic model accurately described the 
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overall bacterial oxidation kinetics of pyrite, and the values of the kinetic constants were 

within a proper range for most batch culture experiments on pyrite. 

From mass transfer rate calculations it was concluded that the maximum (chemical) 

pyrite oxidation rate, Vrcs2,max• is probably determined by the maximum mass transfer rate 
of ferrous iron from the pyrite surface to the bulk phase (Section 9.3.2 and Chapter 3). 

The kinetic model for the chemical oxidation of pyrite used in this work was not 

adapted. 

Next, it was needed to explain why the two kinetic models that were based on the 
shuttle mechanism and on the indirect mechanism described the experimental data 

equally well. The equations in the two models that described the specific pyrite oxidation 

rate, vFes 2, were mathematically equivalent if the variables, C/[FeS2] and [Fe3+]/[Fe2+] 
were linearly dependent. This appeared to be the case and explained why it was not 

possible to discriminate between the two mechanisms from the fitting of the kinetic 

models to the experimental data. 

9.7.7 A possible refinement of the indirect mechanism for T.ferrooxidans 

Based on the large difference between the chemical and the bacterial pyrite oxidation 

rates (Chapter 2), the literature had been studied with the belief that a direct mechanism 

was dominant in the bacterial oxidation of pyrite, and many data in the literature were 

consistent with this assumption. Therefore, the literature on the chemical and bacterial 
pyrite oxidation kinetics was studied again to examine whether the data of other authors 

supported or contradicted the assumption of an indirect mechanism. It was found that 

explanations were possible in the case of contradictory results (Section 7.6.2). 

The most important contradiction was the value of the bacterial yield of Tferrooxidans 

on pyrite reported by a few authors, which was larger than the value that could be 

achieved in the case of an indirect mechanism. Using theoretical considerations about 

the chemical mechanism of the pyrite oxidation with ferric iron (Section 7.2.2), the 

understanding of the indirect mechanism was refined. According to reaction mechanisms 

reported in the literature thiosulphate is an intermediate product in the chemical 

oxidation of pyrite with ferric iron. Thiosulphate can be chemically oxidized by ferric 
iron to sulphate and ferrous iron, and bacterially oxidized to sulphate by Tferrooxidans 

but not by Leptospirillum-like bacteria. Accordingly, Tferrooxidans is competing with 

ferric iron in the oxidation of the chemically produced intermediate thiosulphate. 

Consequently, the yield of Tferrooxidans on pyrite is between 15 and 30 times the yield 
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on ferrous iron, whereas the yield of Leptospirillum-like bacteria is only 15 times the 

yield on ferrous iron. 

9.7.8 Thiobaci/lus ferrooxidans versus Leptospirillum-like bacteria 

Assuming an indirect mechanism for pyrite oxidation with Tferrooxidans it was possible 

to explain why this bacterium is not able to oxidize the Prieska pyrite: The ferrous iron 

oxidation rate that can be achieved at a high ferric to ferrous iron ratio by Tferrooxidans 

is a factor of about 100 less than the ferrous iron oxidation rate of Leptospirillum-like 

bacteria at that ratio (see Figure 7 .19). Accordingly, the ferric to ferrous iron ratios that 

can be achieved by Tferrooxidans in the bacterial oxidation of pyrite is much lower than 

the ratio that can be achieved by Leptospirillum-like bacteria. Moreover, the maximum 
ratio that could be achieved by T.ferrooxidans was limited by the threshold concentration 

of ferrous iron. From the kinetic experiments with Leptospirillum-like bacteria on 

Prieska pyrite it appeared that the oxidation rate of the pyrite at those ratios is very low. 

The German pyrite was probably much more reactive and required less high [Fe3+]/[Fe2+] 

ratios to provide a sufficiently high ferrous iron production rate for Tferrooxidans to 

grow. 

Accordingly, it was believed that also in the case of Tferrooxidans the indirect 

mechanism is dominant. However, T .ferrooxidans possibly also oxidizes intermediate 

reduced sulphur compounds produced in the chemical reaction. 

9. 7.9 Conclusions 

It was concluded that an indirect mechanism is dominant in the oxidation of pyrite with 

Leptospirillum-like bacteria or T .ferrooxidans. It is assumed that the indirect mechanism 
also applies in the bacterial oxidation of chalcopyrite (Chapter 2). A very simple kinetic 

model was developed to describe the oxidation kinetics of pyrite with Leptospirillum-1ike 

bacteria, and an experimental method was developed to accurately determine the kinetic 

constants. The kinetic model and the experimental method are not applicable as such 

when using Tferrooxidans because intermediate reduced sulphur compounds are 

probably produced in the chemical oxidation reaction of pyrite with ferric iron; these 

intermediates can be oxidized by both ferric iron and T .ferrooxidans. 
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9.8 Applied scientific research towards a sustainable future 

The role that applied scientific research at technical universities could possible play in 

developing sustainability is examined in Chapter 8. According to a report that was 

recently published at our university (see end note 2 in Chapter 8), the university needs 

to integrate a notion like 'sustainability' in research and education, because the 

development of sustainability is no longer a luxury but a first priority. One of its 

recommendation says that interdisciplinary research needs to be developed at the 

university. 

Indeed, in carrying out this research project I became convinced that an interdisciplinary 

approach would probably have improved the quality and usefulness of the results. I 

experienced this as a major shortcoming in this research project. This experience 

motivated my interest in conditions which might either hinder or stimulate 

interdisciplinary research practices. 

In Chapter 8 I tryed to make plausible that certain deeper ideas of how to carry out good 

science, might hinder the desired evolution or development of our research practices. A 

philosophical image of science that is possibly behind these traditional ideas, was 

examined and compared with an alternative image of science. 
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10 Outlook 

10.1 Further research 

10.1.1 Chemical oxidation kinetics of mineral sulphides 

Further research is needed to examine the role of the ferric to ferrous iron ratio in the 

chemical oxidation kinetics of mineral sulphides like zinc sulphide and chalcopyrite. 

It is recommended to also measure the chemical oxidation rates of pyrite at high redox 

potential at sterile conditions. An experimental technique in which the current in a pyrite 

electrode is measured in a ferric iron solution might be applicable (personal 

communication with dr. Frank Crundwell). The current in the pyrite electrode needs to 
be measured at varying [Fe3+]/[Fe2+) ratios that flows along the electrode. Ferric iron 

solution at very high [Fe3+)/[Fe2+] can be prepared by sterile filtering a culture of 

Leptospirillum-like bacteria in which ferrous iron is exhausted. 

If it is shown that the high pyrite oxidation rate also occurs at sterile conditions, the 

experimental method used in Chapter 7 can be applied to measure the chemical oxidation 

kinetics of other minerals. In this method Leptospirillum-like bacteria (that are not able 
to oxidize reduced sulphur compounds) are used to measure the chemical oxidation 

kinetics of a sulphide mineral, at pseudo steady-state values of the ferric to ferrous iron 

ratio in batch cultures. To measure the kinetics at varying ferric to ferrous iron ratios, 

the biomass to mineral ratio needs to be varied (e.g. staged mineral addition 

experiments). Low ferrous iron concentrations in the solution are determined by means 

of a redox meter. 
Using this method it is possible to be examine the affinity of different metal sulphides 

for the ferric to ferrous iron ratio. Minerals with a lower B value and high maximum 

specific oxidation rate, vMcS,ma.x> are the more reactive. In Figure 7 .19 the specific oxygen 
consumption rate of Prieska pyrite, v 02 (which is stoichiometrically related to vFes2), is 
plotted as a function of the ferric to ferrous iron concentration ratio. Also a hypothetical 

curve for a more reactive mineral is plotted. If [Fe3+)/[Fe2+] determines the chemical 

oxidation rate of a mineral, bio-oxidation processes can be optimized by aiming at high 

[Fe3+]/[Fe2+] ratios (i.e. high redox potentials). 

For examining oxidation kinetics of sulphide minerals, knowing the surface area 

concentration in the experiment is essential. Therefore, analytical techniques to determine 
the mineral surface area in the batches need to be developed. 
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The maximum chemical oxidation rate of pyrite at high redox potential is probably 

determined by the mass transfer rate of ferrous iron produced at the mineral surface to 

the bulk phase. Therefore, a kinetic model for the chemical oxidation of pyrite needs to 

involve this mass transfer phenomenon. 

10.1.2 Bacterial oxidation kinetics of elemental sulphur 

In an indirect mechanism the bacterial oxidation of elemental sulphur might also be 

relevant (e.g. in the bacterial oxidation of ZnS or CuFeS2) and the rate determining 

mechanism in the bacterial oxidation of elemental sulphur needs to be studied. In this 

research work little attention was payed to the bacterial oxidation kinetics of elemental 

sulphur. 

Several authors claim that a direct mechanism is involved in the bacterial oxidation of 

elemental sulphur, in which elemental sulphur is completely or only partially oxidized 

by the bacteria (see Section 2.7.4). On the other hand the role of the chemical oxidation 

of elemental sulphur with ferric iron needs to be studied. Wiertz (1993) suggested that 

elemental sulphur is partly oxidized by ferric iron in the bacterial oxidation. This 

hypothesis was sustained by his observation that elemental sulphur was only oxidized 

at high redox potentials. Again, the use of Leptospirillum-like bacteria and the 

experimental method that was presented in Chapter 7 is probably appropriate to exan1ine 

the chemical oxidation kinetics of elemental sulphur. A third option is that bacteria 

oxidize elemental sulphur that was dissolved according to a dissolution constant, which 

implies that mass transfer of S0 from the surface to the solution determines the bacterial 

oxidation kinetics. The mass transfer calculations in Chapter 3 (of Fe2
+ from the pyrite 

surface to the solution) indicate that mass transfer rates might explain the observed 

bacterial S0 oxidation rates. 

10.1.3 Bacterial oxidation kinetics of the mixed substrate Fei+ and s0 

In chemical oxidation reactions of sulphide minerals (e.g. ZnS, CuFeS2) with ferric iron, 

incomplete oxidation occurs and elemental sulphur is produced. Bacteria both need to 

regenerate ferric iron by oxidizing ferrous iron, and oxidize elemental sulphur to produce 

protons (that are consumed in the bacterial oxidation of ferrous iron). Assuming an 

indirect mechanism this requires the kinetic modelling of the bacterial oxidation of the 

mixed substrate (Fe2
+ and S0

). The kinetic modelling of the simultaneously oxidation of 

this mixed substrate by Tferrooxidans, is interesting but very complicated. It is doubted 

however whether Tferrooxidans is the dominant or preferable organism in the bacterial 
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oxidation of sulphide minerals. Leptospirillum-like bacteria can achieve much higher 

redox potentials which are favourable for the chemical oxidation reaction. In Figure 7 .19 

q02 for both Tferrooxidans and Leptospirillum-like bacteria on ferrous iron is plotted as 

a function of [Fe3. ]/[Fe2+]. Tferrooxidans is more active than Leptospirillum-like bacteria 

at [Fe3+]/[Fe2+] ratios below 20, due to its larger q02,milX' However, at these low ratios the 
reactivity of the minerals might be very low. At an increasing [Fe3. ]/[Fe2

• ] ratio the 

activity of Tferrooxidans steeply decreases and becomes zero at a ratio of 350, while 

Leptospiril/um-like bacteria are active up to a ratio of 30000. Moreover, T jerrooxidans 

prefers elemental sulphur as its substrate and even lower redox potentials will occur. It 

was also shown that Tferrooxidans can loose its ferrous iron oxidizing capacity when 
elemental sulphur is available at low ferrous iron concentrations (Chapter 6). Therefore, 

it was suggested to use a mixed culture for the bacterial oxidation of sulphide minerals. 

For example, a mixed culture of Leptospirillum-like bacteria, that can only oxidize 

ferrous iron, and Tferrooxidans (or Tthiooxidans) that will only oxidize elemental 

sulphur at these conditions. In this system the kinetic behaviour is simplified and only 
three independent sub-processes need to be modelled: (i) The chemical oxidation of the 

sulphide mineral with ferric iron. (ii) The bacterial oxidation of ferrous iron. (iii) The 

bacterial oxidation of elemental sulphur. The theoretical and experimental methods 
developed in this research work are useful to study the kinetics of the sub-processes in 

the bacterial oxidation of S0
• 

10.2 Application in the optimization of industrial bioleaching processes 

The results of this work give several suggestions for the optimization and development 
of industrial bioleaching processes. A few examples are given: 

It was suggested to use Leptospirillum-like bacteria for the bacterial oxidation of pyrite 

because these bacteria can achieve high redox-potentials which are favourable for the 

chemical oxidation rate. To improve the bacterial oxidation rate of other sulphide 

minerals it was suggested to use a mixed culture of ferrous iron oxidizing bacteria and 

bacteria that oxidize elemental sulphur. 

It was suggested to use Leptospirillum-like bacteria in measuring the chemical oxidation 

kinetics of sulphide minerals at high stationary redox potentials, because these bacteria 
can achieve the chemical conditions that occur in bacterial oxidation processes. 

In an indirect mechanism the chemical oxidation rate of the sulphide mineral often 

determines the overall bacterial oxidation rate. It is suggested to accelerate the chemical 
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oxidation rate by elevating the reaction temperatures and using thermophilic bacteria in 
the bacterial oxidation process. 

In screening (mesophyllic or thermophilic) ferrous iron oxidizing bacteria for use in bio

oxidation processes, two factors need to be determined: the value of the kinetic constants 

K/K; and q02,max (in the bacterial ferrous iron oxidation), and their resistance to inhibitors 
(heavy metals and anions) in a specific mineral source. In Chapter 4 and 5 experimental 

methods were given how to determine the kinetic constants. In Chapter 5 it was 

concluded that BOM measurements are inappropriate to determine the effect of 

inhibitors. 

It should be noted that the applicability of elevated temperatures in bio-oxidation 

processes might be limited due to gas-liquid mass transfer rate limitation of oxygen and 

carbon dioxide. Although the mass transfer rate coefficient, kLa, increases at increasing 

temperatures, the saturation concentration of oxygen and carbon dioxide in the liquid 

strongly decreases, and the oxygen and carbon dioxide concentration in the aeration gas 

decreases due to the increase of the water content in the gas-phase. 

In Chapter 3 it was shown that bacterial oxidation kinetics in the literature were often 
measured at carbon dioxide or oxygen limited conditions. In industrial processes that 

apply high slurry densities oxygen and carbon dioxide mass transfer limitation will occur 

even more easily. It was also shown that carbon dioxide limitation occurs rather than 
oxygen limitation due to exhaustion of C02 in the aeration air. In Chapter 3 a method 

is given to examine whether C02 or 0 2 transfer limitation to the slurry is likely to occur. 

In Chapter 3 it was discussed that the mineral source often contains carbonates that 

dissolve in a continuous bioleaching process which provides sufficient C02 in the slurry. 

When in an industrial process the continuous bioleaching process is terminated for a 

while, carbonates dissolve and C02 disappears. Subsequently, C02 limitation will cause 
major problems when proceeding the process. 

If in an industrial bioleaching process the ferrous iron concentration in the effluent is 

relatively high, this implies that the bacterial ferrous iron oxidation is rate limited. 

Possible causes are: (i) Oxygen or carbon dioxide mass transfer limitation occurs. In 

Chapter 3 methods are suggested to examine the occurrence of mass transfer limitation. 
(ii) The ferrous iron oxidizing capacity of the bacteria is inhibited by heavy metals or 

anions. In Chapter 5 methods are given to test the iron oxidizing capacity of the bacteria. 

(iii) Bacteria have lost their iron oxidizing capacity. This phenomenon was discussed in 
Chapter 6. (iv) Wash-out of the bacteria has occurred. 
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A possible technical solution to achieve lower ferrous iron concentrations in the slurry 

is the application of immobilized ferrous iron oxidizing bacteria in a separate reactor 

(Nikolov et al. 1988). 

If in industrial bioleaching processes low oxidation rates occur while the redox potential 
is high, this might indicate the formation of dense precipitates at the mineral surface that 

cause mass transfer limitation and blocks the chemical oxidation reaction. The formation 

of precipitates usually occurs at elevated pH (pH>2). Undesirable elevation of the pH 
can have several reasons: (i) The mineral source consumes acid due to the dissolution 

of carbonates. (ii) The bio-oxidation reaction consumes protons (e.g. CuFeS2, see 
Chapter 2). (iii) The bacterial oxidation of elemental sulphur is inhibited. This might be 

caused by carbon dioxide limitation or too high concentrations of inhibitors. In Chapter 

2 it was shown that authors who applied pH control in the bacterial oxidation of 
chalcopyrite achieved much higher bacterial oxidation rates. 
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Stellingen 

behorende bij hec proefschrift Theoretical and Experimental Methods in the Modelling of 
Bio-Oxidation Kinetics of Sulphide Minerals door Mieke Boon 

I. Het toekennen van een hoge status aan het st rev en naar "I' Art pour I' Art" heeft een niet 

aanbevelenswaardige analogie op het gebied van de wetenschap. 

2a. Wetenschappelijk onderzoekers geven zich er soms te weinig rekenschap van dat hun 

bevindingen behalve in de wetenschappelijke ook in andere contexten bruikbaar dienen te 

zijn. Dit kan ercoe leiden dac de resultaten van wetenschappelijk onderzoek, dat van belang 

is voor de ontwikkeling en optimalisatie van processen, ofwel foutief ofwel geheel niet 

worden gebruikt. vgl. Hfst.S en 8 

2b. Ondanks he! gegeven dat bacterien zich vaak langzaam aan nieuwe condities aanpassen 

waardoor hun kinetisch gedrag dient te worden onderzocht bij dezelfde fysiologische en 

fysisch-chemische omstandigheden als die waarin hec sysceem uiteindelijk zaJ worden 

toegepast, kan de toepassing van respiratie (BOM) experimenten een efficiente methode zijn 

om he! kinetisch gedrag van langzaam groeiende bacterien in (semi-) steady state, onder 

verschillende condities te onderzoeken. zie Hfst.4 en s 

3. Hee nog steeds bestaande geloof dac m.b.v. cruciale experimenten het bestaan van een 

bepaald mechanisme kan worden aangecoond, komt voort uit de wijze waarop geaccepteerde 

beelden het conscrueren van de mogelijke theorecische mechanismen begrenzen. 

4a. In wecenschappelijke publicaties wordt doorgaans de nadruk gelegd op de rechtvaardiging 

van de onderzoeksresultaten ("context of justification"), terwijl over de weg waarlangs de 

resultaten verkregen zijn ("context of discovery") weinig ofniets wordt verteld. Het verdient 

aanbeveling om, met name in dissertaties, de "context of discovery" een expliciet onderdeel 

te laten zijn van de wetenschappelijke betoogtrant. vgl. Hfst 9 

4b. Het zichtbaar maken van de "context of discovery" kan een brugfunctie vervullen in het tot 

scand brengen van interdisciplinaire samenwerking in toegepast wecenschappelijk onderzoek. 
vgl. Hfst 8 

Sa. Hoogwaardig ambacht vereist naast he! kunnen maken van plannen het vermogen om die 

plannen bij de uitvoering af te stemmen op de praktijk, zodat behalve de kwaliteit van het 

plan ook de kwaliteit van de uitvoering en het resultaat worden gewaarborgd. 

Sb. Ten onrechte wordt de uitoefening van een aantal kundes regelmatig beperkt tot het maken 

van plannen, waardoor belangrijke aspecten van de echte praktijk over het hoofd worden 

gezien. 



Sc. Beoefenaars van een kunde (bijv. geneeskunde, bouwkunde, proceskunde, onderwijskunde, 

bestuurskunde) ontwikkelen bet tweede vermogen (stelling Sa) doorgaans pas als zij met de 

echte praktijk warden geconfronteerd. 

6a. De aard van complexe (maatscbappelijke) problemen is dat de gestelde feiten vaak 

onvermijdelijk verstrengeld zijn met bepaalde waarden. 

6b. In de beoordeling en bebandeling van complexe problemen wordt vaak onvoldoende 

aandacbt besteed aan de verstrengeling zoals genoemd in 6a, wat blijkt uit bet feit dat in veel 

gevallen ethiscbe aspecten van een probleem warden weggereduceerd waardoor bet lijkt alsof 

er slechts bepaalde feiten aan de orde zijn. 

6c. Voor de behandeling van problemen die liggen op bet gebied van ethiek en techniek vormt 

het bereiken van overeenstemming over wat passende etbische waarden zijn vaak een minder 

grate binderpaal dan bet bereiken van overeenstemming over de relevance of juiste "feiten". 
vgl. Hfsl 8 

7a. Naast bet bescbikken over een bepaalde gevoeligbeid, inlevingsvermogen en goede wil, 

vereist de ethiscbe bebandeling van zaken ook een boge mate van rationaliteit. 

7b. Gebrek aan rationaliteit blijkt met name uit bet feit dat locale beslissingen doorgaans 

nauwelijks in verband warden gebracbt met algemene morele of politieke ideeen (zoals de 

wens om een "duurzame samenleving" te bereiken). 

8a. Doordat wij bandelen in meerdere praktijken is bet ontwikkelen van rationele vermogens een 

noodzakelijke voorwaarde om vorm te kunnen geven aan "waarachtigheid" en "autonornie". 

8b. In de huidige nederlandse samenleving zijn "waarachtigheid" en "autonomie" 

nastrevenswaardiger noties dan "persoonlijke vrijbeid". 

9a. Onze ideeen over onszelf, de wereld en God, warden in boge mate geleid door beelden waar 
wij ons vaak niet bewust van zijn, terwijl wij vaak geneigd zijn te veronderstellen dat vele 

van onze opvattingen uitsluitend warden gevormd door manifeste waarden en objectief 

waarneembare feiten. vgl. Hfst. 8 

9b. Hoger en universitair onderwijs zou ondermeer gericbt moeten zijn op bet ontwikkelen van 

ons vermogen om dieper liggende beelden die ten grondslag liggen aan onze meningen en 

overtuigingen, te ontdekken en te onderzoeken. 

10. Rembrandt illustreert met "de kunstenaar in zijn atelier" zijn opvatting over de werking van 

licbt die in een scbilderij moet warden nagestreefd: de wijze waarop licbt lijkt te stralen uit 

het doek dat op dit scbilderij in zijaanzicht is geschilderd, toont beeldend de impressie die 

vele van Rembrandt's schilderijen geven. 
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Summary 

Bioleaching (i.e. the bacterial oxidation of sulphide minerals like CuFeS2, FeS2,, CdS, 

NiS etc.) can be applied in industrial processes for the extraction of metal ions from ores 
and concentrates. Examples are the application of heap-leaching for the mining of copper 

from chalcopyrite and chalcocite containing ores, and the winning of gold from pyritic 
ores in aerated slurry processes. Both processes are already applied in large scale 

industrial processes. From an (academic) proces design it appeared that, especially in 

aerated slurry processes, the biological oxidation rate is one of the bottle-necks. 
Therefore, the kinetics of the bacterial oxidation was examined in this research project. 

Accordingly, the aim of this work was to determine the rate-limiting sub-processes in 
the bio-oxidation of sulphide minerals, and to derive kinetic models that describe these 

sub-processes. However, little was known about how bacteria oxidize these (solid) 
minerals, especially with respect to the mechanism that determines the rate: Do the 

bacteria have a special ability to directly oxidize the mineral (direct mechanism), or do 

bacteria only oxidize dissolved components which are produced in a chemical oxidation 

reaction (indirect mechanism). Therefore, it was examined whether a direct or an 

indirect mechanism was the rate determining mechanism. 

The literature of both the chemical ferric iron based (Fe3+) oxidation kinetics and the 

bacterial (Tferrooxidans) oxidation kinetics of pure sphalerite (ZnS), chalcopyrite 

(CuFeS2) and pyrite (FeS2) was studied. (ZnS is the most reactive, FeS2 the least). These 

reported rates were evaluated with respect to the occurrence of mass transfer problems. 

If such mass transfer problems were absent the kinetic data of the reported chemical 

oxidation experiments were processed to achieve chemical oxidation rates at conditions 
(e.g. temperature, particle diameter, [Fe3+], [Fe2+]) that occur in the bacterial oxidation 

experiments. The reported chemical and bacterial mineral oxidation rates were compared 
at these equal conditions. It was assumed that the bacteria have special abilities (i.e. 

direct mechanism) if the bacterial oxidation rate significantly exceeds the chemical 
oxidation rate at equal conditions. For sphalerite it was found that the chemical and 

bacterial oxidation rate were both strongly dependent on the ferric iron concentration, 

and both rates were equal at identical ferric iron concentrations. Therefore, it was 

assumed that an indirect mechanism applies for sphalerite. The bacterial oxidation rate 

of chalcopyrite was a factor of 5 to 10 larger than the chemical oxidation rate at equal 
conditions, that of pyrite a factor 10 to 20. From this literature study it was concluded 

that a direct mechanism might apply in the case of chalcopyrite and pyrite. The 

hypotheses that an indirect mechanism was involved in the bacterial oxidation of 

sphalerite, and that a direct mechanism applied for pyrite, were experimentally 
examined. 
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From the literature review it clearly appeared that mass transfer limitation at the mineral 

surface was relevant in the oxidation processes. Elemental sulphur that is produced at 

the mineral surface in the chemical reaction of sphalerite and chalcopyrite does however 

not cause mass transfer limitation at 30°C. Several authors reported relatively low 

bacterial oxidation rates of chalcopyrite. The occurrence of high rates correlated with the 

use of pH control. It was proposed that at increasing pH (due to the net consumption of 

protons) smooth jarosite layers were formed at the surface, which caused mass transfer 

limitation to the reaction surface, and therefore low bacterial oxidation rates. 

The gas-liquid mass transfer rates of oxygen and carbon dioxide in bacterial oxidation 

experiments reported in the literature were estimated. From the comparison of these mass 

transfer rates with the 0 2 and C02 consumption rates it appeared that several of the 

reported kinetic experiments were probably carried out at mass transfer limited 

conditions. It was shown that carbon dioxide limitation is likely to occur in slurry 

densities that are relevant for industrial processes, due to C02-exhaustion of the gas 

phase when air is used for the aeration. 

Several analytical techniques and experimental methods were used or newly developed 

to examine the bacterial oxidation kinetics of sulphide minerals. On-line off-gas analyses 

were used to determine the carbon-dioxide and oxygen consumption rates (r02 and rc02 

[mol/l/s]) in batch and continuous cultures. Using the C-balance and the degree of 

reduction balance, these measurements provided the on-line determination of the biomass 

concentration (expressed in C-mol/l), the concentration of substrate (e.g. Fe2
+ or FeS2), 

the biomass specific ferrous iron or oxygen consumption rate (qFc2+, q02 [mol/C-mol/s]), 

the specific growth rate (µ), and the pyrite specific oxidation rate in cultures on pyrite 

(v [mol/molFeS/s]). Accordingly, the on-line off-gas measurement provided an 

important technique to accurately measure the oxidation kinetics at steady state and 

dynamic conditions. The total iron, ferric and ferrous iron concentrations, the Zn2
+ 

concentration, and the total organic carbon (TOC) were determined off-line. On-line 

redox potential measurements were applied in batch cultures on pyrite. The redox 

potential was determined by the ferric to ferrous iron concentration ratio, and this 

measurement was very important in the on-line measurement of low ferrous iron 

concentrations. A respirometer (biological oxygen monitor, BOM) was also used as an 

analytical tool to measure the maximum biomass specific oxygen consumption rates on 

ferrous iron, q02,max [mol/C-mol/s], of cell suspensions from batch and continuous 

cultures. Another important technique that was newly developed, was the dynamic BOM

Eh measurement. In this measurement the (decreasing) oxygen consumption rate and the 

(increasing) redox potential in cell suspensions from batch and continuous cultures were 

measured simultaneously. This technique was important in the measurements of the 
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bacterial ferrous iron oxidation kinetics at low ferrous iron concentration (high redox 

potentials. 

In the indirect mechanism the bacterial ferrous iron oxidation is a relevant sub-process. 

Several experimental methods were applied to examine the kinetics of this process. 

These measurements were also important in determining the reliability of the different 

methods in the kinetic measurements. The bio-oxidation kinetics of Thiobacillus 

ferrooxidans and Leptospirillum-like bacteria on ferrous iron were measured in 

continuous culture experiments. Competitive product inhibition kinetics applied for both 

strains, and the rate equation accurately described the biomass specific oxygen 

consumption rate, q0 2, as a function of the ferric and ferrous iron concentration. An 
important finding was that the ferrous to ferric iron concentration ratio, [Fe2•]/[Fe3• ] , 

determined the kinetics. Therefore, two instead of three kinetic constants in the kinetic 

equation for competitive product inhibition determine the bacterial ferrous iron oxidation 

kinetics: q0 2.m•x and K/Ki. The kinetic constants that were determined for the two 

organisms differed. The maximum specific oxygen consumption rate, q0 2.max• of 

Leptospirillum-like bacteria in a continuous culture on ferrous iron was 20% less than 

that of T ferrooxidans. However, at very low ratios of [Fe2•]/[Fe3
• ] Leptospirillum-like 

bacteria performed much better than T ferrooxidans: at very low [Fe2. ]/[Fe3
• ] the ferrous 

iron oxidation rate of Leptospirillum-like bacteria is about a factor of 100 larger than the 

oxidation rate achieved by T. ferrooxidans at equal conditions. This behaviour is 

expressed in the value of K/Ki, which is a factor of 100 smaller for Leptospirillum-like 

bacteria. 

The ferrous iron oxidation kinetics of Tferrooxidans were also examined in batch culture 

experiments in which cell suspension from continuous cultures were used as the 

inoculum. Dynamic behaviour of the specific growth rate, µ, was observed in the initial 

phase of the batch experiment, in which the initial growth rate (at high [Fe2
• ]) was equal 

to the dilution rate in the continuous culture (low [Fe2
• ]). It appeared that at equal low 

[Fe2•]/[Fe3
• ] the biomass specific oxidation rate in the batch culture was about a factor 

of two less than that in a continuous culture. This is expressed in a smaller average 

value of q02,max and a higher value of K/ K; in the batch culture. Cycles of ' stationary' 

BOM measurements at different [Fe2. ]/[Fe3
• ] were inappropriate to determine the 

bacterial ferrous iron oxidation kinetics of cells in their steady state that were obtained 

from a continuous culture ('stationary' = the change of [Fe2. ]/[Fe3+] is negligible during 

a BOM measurement). The kinetic constants of steady state growing cells in a 

continuous culture were only accurately determined from a batch culture measurement 

at conditions very close to steady state. Accordingly, altering a steady state continuous 

culture into a batch culture (by termination of the feed) was an accurate and convenient 

method to determine the kinetics of Tferrooxidans in a continuous culture (in which low 
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[Fe2+] occur). This method was less appropriate for Leptospirillum-1ike bacteria because, 

due to the very low Fe2+ concentration, the duration of the batch phase is too short for 

the accurate measurement of the changing 0 2 and C02 concentrations in the off-gas with 

our equipment. Dynamic BOM-Eh measurements were very appropriate to determine the 

ferrous iron oxidation kinetics of Leptospirillum-like bacteria in continuous cultures on 

Fe2+ and in batch cultures on pyrite (in which extremely low [Fe2+] occur). This method 

was less appropriate for T.ferrooxidans because the relatively high initial ferrous iron 

concentration would require too much (dissolved) oxygen. 

Another important conclusion was that BOM measurements are inappropriate to 

determine the effect of pH or inhibitors on the ferrous iron oxidation kinetics as they 

occur in batch cultures. 

The bacterial oxidation kinetics of synthetic ZnS with T.ferrooxidans was examined in 

an Eh-stat experiment (Eh-stat = equal redox potentials). In this experiment a parallel 

(sterile) chemical and bacterial oxidation batch experiment of ZnS was carried out at 

equal conditions ([ZnS], [Fe3+], T, pH, Eh). The redox potential in the sterile batch was 

kept equal to the (changing) redox potential in the inoculated culture. It was assumed 

that in the inoculated experiment the chemically produced ferrous iron was bacterially 

regenerated to ferric iron. In the sterile experiment this was achieved by titration with 

hydrogen peroxide. From these experiments it was concluded that, at the same 

[Fe3+]/[Fe2+] (i.e. equal redox potentials) the bacterial oxidation rate of synthetic zinc 

sulphide is equal to that of the chemical oxidation with ferric iron. Therefore, in 

agreement with the literature review, it was concluded that the bacteria do not have a 

special capacity (i.e. direct mechanism) in the bacterial oxidation of sphalerite. Their 

only role is to oxidize the chemically produced ferrous iron (to regenerate ferric iron) 

and elemental sulphur (which provides protons that are consumed in the bacterial 

oxidation of Fe2+). The oxidation rate of ZnS in the bacterial oxidation is therefore 

determined by the chemical oxidation rate with ferric iron. The attempt to describe the 

bacterial ZnS oxidation kinetics as a function of the kinetics of the two sub-processes 

(chemical oxidation of ZnS and bacterial oxidation of Fe2
• and S0

) was not satisfactory 

for two reasons: (i) Kinetic models for the (sterile) chemical oxidation rate of ZnS 

reported in the literature were not appropriate to describe the chemical oxidation kinetics 

of ZnS in batch experiments in the present study. It was assumed that the present use 

of synthetic ZnS in the kinetic experiments was unfortunate because the stickiness of the 

powder caused mass transfer limitation effects in the chemical oxidation reaction. (ii) 

The growth of T jerrooxidans on the mixed substrate, Fe2
• and S0

, appeared to be very 

complicated and was not pursued further in this study. 
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The bacterial oxidation kinetics of mineral pyrite was examined with T ferrooxidans and 

Leptospirillum-like bacteria. Two pyrite sources were available. German pyrite was 

inappropriate for the kinetic experiments because a well defined surface area 

concentration is required, and the pyrite particles fell apart into fines when stirred in an 

aerated (sterile) reactor. Therefore, Prieska pyrite was used. However, T ferrooxidans 

was not able to oxidize Prieska pyrite. Due to these practical constraints, kinetic 

experiments were only carried out with Leptospirillum-like bacteria on Prieska pyrite. 
Leptospirillum-Iike bacteria are not able to oxidize elemental sulphur or reduced sulphur 

compounds. 

From the literature review it was concluded that a direct oxidation with irreversibly 

attached bacteria is the rate determining mechanism in the bacterial oxidation of pyrite. 

However, a simple theoretical approach showed that the reported bacterial pyrite 

oxidation rates could only be achieved in a direct bacterial oxidation of the pyrite 
surface by the attached cells, when it was assumed that the surface was completely 

covered with bacteria and when very high bacterial growth rates(µ) were assumed. Both 

with Tferrooxidans on German pyrite and Leptospiril/um-like bacteria on Prieska pyrite 

it was observed that hardly any bacteria were irreversibly attached to the pyrite surface. 
Moreover, the major part of the bacteria survived as free cells in the solution. These 

results indicated that a direct mechanism with irreversibly attached cells does not apply. 

An alternative hypothesis on the mechanism was required to understand these 

phenomena. A direct mechanism with reversibly attached bacteria was proposed which 

was referred to as the shuttle mechanism. In this mechanism bacteria shuttle between the 

mineral surface and the solution and directly oxidize pyrite when reversibly attached to 

the surface. 
This mechanism was tested using a newly developed experimental method. Using staged 
pyrite addition in batch cultures with on-line analyses of the redox potential (i.e. 

[Fe3+]/[Fe2
• ] in the solution) and of the 0 2 and C02 concentrations in the off-gas, 

provided direct information on the oxidation rates and concentrations of [Fe3
• ], [Fe2+], 

[FeS2] and C,. In these experiments a pseudo steady-state was achieved within 15 
minutes after the addition of pyrite to a batch culture on pyrite. Amounts of Prieska 

pyrite were added with time intervals of 3 to 4 hours. This method provided the 

measurement of the bacterial pyrite oxidation rate at varying conditions (C., [FeS2], 

[Fe3
• ]) and a negligible change in the specific pyrite surface area (m2/gFeS2). Moreover, 

these experiments are much less time consuming than the use of batch culture 

experiments which start at different initial conditions. A kinetic model for the shuttle 

mechanism was proposed in which the biomass to pyrite concentration ratio, C/[FeS2], 

was the variable. This model accurately fitted the bacterial pyrite oxidation rate in batch 
cultures with staged pyrite addition. 
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From staged pyrite additions to the batch culture it appeared however that, at constant 

biomass and iron concentrations, the redox potential decreased at an increasing pyrite 

concentrations. This implied an increase of the ferrous iron concentration in the solution 

when adding pyrite (a decrease of the redox potential is caused by a decrease of 

[Fe3+]/[Fe2+]). This effect is unexpected in relation with the direct mechanism. According 

to the indirect mechanism ferrous iron is produced in the chemical reaction of pyrite 

with ferric iron. It was therefore investigated whether an indirect mechanism applied. 

An experimental method was developed to distinguish between the shuttle and the 

indirect mechanism. A measurable difference between the shuttle and the indirect 

mechanism concerned the location of the oxygen consumption: In a shuttle mechanism 

the 0 2 consumption occurs at the pyrite surface, whereas in an indirect mechanism in 

0 2 is consumed in the cell suspension. From the comparison of the biomass specific 

oxygen consumption rates, q02 [molO/ C-mol/h], in a batch culture in the presence of 

pyrite, with q0 2 in a pyrite-free cell suspension from this culture, it appeared that, at 

identical redox potentials equal oxygen consumption rates occurred. The oxygen 

consumption rate on ferrous iron in this pyrite-free cell suspension (to which a small 

amount of Fe2+ was added) was measured in dynamic BOM-Eh measurements. It was 

concluded that no oxygen consumption occurred at the pyrite surface, and that pyrite is 

chemically oxidized with ferric iron to produce ferrous iron. Hence, pyrite oxidation 

with Leptospirillum-like bacteria involves an indirect mechanism. The only role of the 

bacteria is to regenerate the ferric iron and to keep the Fe2+ concentration low. 

It was proposed that the chemical oxidation rate of pyrite with ferric iron was 

determined by the ratio of [Fe3+] to [Fe2+]. It was assumed that high chemical oxidation 

rates were not observed in the literature because these experiments were carried out in 

sterile batches, in which the high values of [Fe3+]/[Fe2+] only occur in the initial few 

minutes of the experiment. The values of [Fe3+]/[Fe2+] that are thus bacterially achieved 

and maintained, are extremely high compared with ratios that occur in the sterile 

oxidation of pyrite with Fe3+ in batch experiments, leading to the much higher bacterial 

oxidation rates compared with the (sterile) chemical oxidation rate of pyrite. 

A kinetic model for the indirect mechanism was developed that accurately described the 

oxidation rate of Prieska pyrite with Leptospirillum-like bacteria at varying conditions. 

The pyrite specific oxidation rate, v (mol/mo!FeS/h), decreased at decreasing redox 

potentials, while the biomass specific oxygen consumption rate, q02 (mol/C-mol/h) 

increased. At very high redox-potentials (= extremely low [Fe2+]) the pyrite specific 

oxidation rate achieved a maximum, vFcs2,max [mol/molFeS/ h]. The kinetic model consists 

of rate equations for the two sub-processes involved: (i) The oxidation of ferrous iron 

by Leptospiril/um-like bacteria is described by the rate equation for competitive product 

inhibition kinetics. The kinetic constants, q02.max and K/K;, were independently 

determined in dynamic BOM-Eh measurements. (ii) The chemical oxidation of pyrite 
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is described by an empirical rate equation in which [Fe3+)/[Fe2+) is the variable and two 

kinetic constants determine the rate. It was assumed that the two constants, the maximum 

pyrite oxidation rate (at 30°C), vFesi,max• and the affinity coefficient for [Fe3+]/[Fe2+], B, 
are specific for a mineral source. From mass transfer calculations it appeared however 

that the maximum pyrite oxidation rate, vFesi,max• is most probably determined by mass 
transfer limitation of ferrous iron produced at the pyrite surface to the solution. The 
present very simple kinetic model for the chemical pyrite oxidation was not refined for 

this finding. 
The kinetic models for the shuttle and the indirect mechanism describe the experimental 

results equally well because the models are mathematically equivalent due to the fact 
that a linear correlation occurred between the experimentally realized values of 

[Fe3+)/[Fe2+) and C/[FeS2). Therefore, the effect of pyrite addition on the redox potential 
in the staged addition experiments, and the finding that there was no 0 2 consumption at 

the pyrite surface, were the most important arguments in favour of the indirect 

mechanism. Further examination of the occurrence of the indirect mechanism would 
require the measurement of the (sterile) chemical oxidation rate of pyrite at the high 

redox potentials in the solution that occur in the bacterial oxidation. 

It was proposed to examine the chemical oxidation kinetics of sulphide minerals with 

Leptospirillum-1ike bacteria that maintain a high redox potential in the batch experiment. 
A range of redox potentials is achieved by means of staged mineral addition. 
It was concluded that the indirect mechanism is also dominant in the oxidation of pyrite 

with T.ferrooxidans. From theoretical considerations in the literature on the mechanism 

in the chemical oxidation of pyrite, a refined indirect mechanism was proposed to 

explain why the bacterial yields for Tferrooxidans reported in the literature are often 

larger than 15 times the yield on ferrous iron. In this refined mechanism thiosulphate is 

produced in the chemical oxidation of pyrite with ferric iron. Thiosulphate is then both 
oxidized to sulphate by ferric iron and Tferrooxidans. Because the yield per electron of 

sulphur compounds is larger than that of ferrous iron electrons, this explains the 

observed yield increase for FeSifor Tferrooxidans. Therefore, the oxidation of pyrite 

with Tferrooxidans requires a refined kinetic model where the chemical S20/
production and the chemical and bacterial oxidation of spt is included. 
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Summarizing the most important conclusions of this work: 

I) Direct bacterial oxidation of sulphide minerals is insignificant in the bacterial 

oxidation of sulphide minerals. 

2) In the oxidation reaction of sulphide minerals by Leptospirillum-1ike bacteria two 

independent sub-processes determine the rate. (i) The chemical oxidation of the 

sulphide mineral with ferric iron to ferrous iron and elemental sulphur (sphalerite 

and chalcopyrite) or thiosulphate and sulphate (pyrite). (ii) The bacterial 

oxidation of ferrous iron. 

3) When T.ferrooxidans is used in the bacterial oxidation reaction of sulphide 

minerals, both ferrous iron and sulphur compounds (elemental sulphur and 

thiosulphate) are bacterially oxidized. The bacterial ferrous iron oxidation 

kinetics is largely influenced by the presence of sulphur, and these two sub

processes (oxidation of Fe2+ and S-compounds) cannot be examined separately. 

The kinetic modelling of the oxidation of sulphide minerals with Tferrooxidans 

requires refined models 

4) Kinetic models for the (sterile) chemical oxidation rate of mineral sulphides with 

ferric iron are probably wrong in assuming that the oxidation rate is determined 

by the ferric iron concentration and that the inhibition by ferrous iron becomes 

negligible if the ferrous iron is low compared with the ferric iron concentration: 

The (sterile) chemical oxidation rate increases at increasing [Fe3+)/[Fe2+) 

(increasing redox potential). The maximum rate is probably determined by mass 

transfer limitation of ferrous iron produced at the surface, to the solution. 

5) Leptospirillum-like bacteria are extremely strong oxidizers of ferrous iron. In the 

bacterial oxidation experiments redox potential levels occur that can hardly be 

chemically achieved. The bacteria create such high redox potentials that 

significant acceleration of the chemical oxidation rate of pyrite (and also 

chalcopyrite) occurs compared with their (sterile) chemical oxidation. 

6) Differences in bacteria should be determined by their maximum specific 

oxidation rate of ferrous iron, and their affinity to the ferrous to ferric iron ratio. 

Leptospirillum-like bacteria have a much higher affinity but a smaller maximum 

specific oxidation rate than T ferrooxidans. Another important aspect is their 

capacity to oxidize sulphur compounds. T ferrooxidans is capable to oxidize 

sulphur species where Leptospirillum-like is not. 

7) In this study theoretical and experimental tools have been developed that can be 

generally applied to stimulate the process development and optimization of (bio )

hydrometallurgical processes. 
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Samenvatting 

Bioleaching (d.i. de biologische oxydatie van sulfidische mineralen zoals CuFeS2, FeS2,, 

CdS, NiS etc.) kan op industriele schaal worden toegepast voor de winning van metalen 

uit ertsen en concentraten. Voorbeelden zijn de winning van koper uit chalcopyriet- en 

chalcociethoudende ertsen d.m.v. heap-leaching, en de winning van goud uit pyriet in 

beluchtte slurrieprocessen; beide processen worden reeds op grote schaal toegepast. Uit 
een fabrieksvoorontwerp bleek dat, met name in beluchtte slurrieprocessen, de 

biologische oxydatiesnelheid een van de bottle-necks vormt. Een andere belangrijke 

bottle-neck is de gas-vloeistof overdracht van zuurstof en C02• In dit promotieonderzoek 

werd onderzoek gedaan naar de kinetiek van deze biologische oxydatie processen. De 
doelstelling was om de snelheidsbepalende sub-processen te bepalen die een rol spelen 

in de biologische oxydatie van sulfidische mineralen, en om kinetiekmodellen te 

ontwikkelen voor de beschrijving van deze sub-processen. Het mechanism waarmee het 
(vaste) mineraal door de bacterien wordt geoxydeerd (met name het mechanisme dat de 

oxydatie sne/heid bepaalt) was bij de aanvang van dit onderzoek nog niet opgehelderd. 

Is er bijvoorbeeld sprake van een speciaal vermogen van de bacterien (bijv. direkte 

oxydatie van het mineraal), of treedt er eerst een chemische oxydatie reaktie op waarbij 
opgeloste substraten worden gevormd die door de bacterien verder geoxydeerd. Daarom 

werd onderzocht of een direkt dan we! een indirekt mechanisme de biologische oxydatie 

snelheid bepaalt. 

Relevante literatuur m.b.t. zowel de chemische oxydatie kinetiek met ferrie (Fe3+) als de 

biologische oxydatie kinetiek met Tferrooxidans, van zuiver sphaleriet (ZnS), 

chalcopyriet (CuFeS2) en pyriet (FeS2), werd bestudeerd. ZnS is het meest reaktief, FeS2 

het minst. De kinetiek gegevens voor chemische oxydatie experimenten werden zodanig 

bewerkt dat chemische oxydatie snelheden werden verkregen bij omstandigheden die 

optreden in biologische experimenten (zoals dezelfde temperatuur, deeltjes diameter, 

[Fe3+], [Fe2+]). Van iedere publikatie werd ook onderzocht of er bij de meting van de 

oxydatie snelheden wellicht stoftransport limitatie was opgetreden. Vervolgens werden 
de gegevens waarin geen stoftransport limitatie optrad, gebruikt om biologische 

oxydatiesnelheden van een mineraal te vergelijken met chemische onder vergelijkbare 

omstandigheden. De basishypothese in dit onderzoek was: als, onder vergelijkbare 

omstandigheden, de biologische snelheid veel groter is dan de chemische, dan moeten 

bacterien bijzondere vermogens bezitten (bijv. direkt mechanisme). Uit dit 
literatuuronderzoek werd voor sphaleriet gevonden dat zowel de chemische als de 

biologische oxydatiesnelheid sterk afhankelijk is van de ferrie concentratie, en dat de 
twee snelheden gelijk zijn bij gelijke [Fe3+]. Daarom werd aangenomen dat biologische 

sphaleriet oxydatie plaatsvindt volgens een indirekt mechanisme. De biologische oxydatie 
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snelheid van chalcopyriet bl eek daarentegen een factor 5 tot l 0 groter te zijn, en die van 

pyriet een factor l 0 tot 20. Op basis van dit literatuuronderzoek werd aangenomen dat 

het direkte mechanisme wellicht van toepassing is in het geval van chalcopyriet en 

pyriet. Vervolgens werden de hypothesen dat een indirekt mechanisme van toepassing 
is voor ZnS, en een direkt mechanisme voor CuFeS2 en FeS2, experimenteel onderzocht. 

Uit het literatuuronderzoek bleek dat stoftransport limitatie aan het mineraaloppervlak 

van invloed is op de oxydatie reaktiesnelheden. In tegenstelling tot de verwachting van 

enkele auteurs blijkt dat (bij 30°C) de vorming van elementair zwavel aan het oppervlak 

geen transport limitatie veroorzaakt. Een aantal auteurs vonden relatief !age biologische 

oxydatiesnelheden van chalcopyriet. Hoge snelheden bleken te correleren met het gebruik 

van pH-control in de experimenten, !age met de afwezigheid daarvan. Een mogelijke 

verklaring voor dit verschijnsel is de vorming van een dichte jarosietlaag op het 
oppervlak welke stoftransport limitatie veroorzaakt. In de biologische oxydatie van 

CuFeS2 worden namelijk protonen geconsumeerd, en jarosietvorming treedt in deze 

mengsels op bij verhoging van de pH. 

Gas-vloeistof overdrachtssnelheden van zuurstof en kooldioxide werden geschat voor de 
gepubliceerde biologische oxydatie experimenten. Door deze overdrachtssnelheden te 

vergelijken met de consumptiesnelheden van 0 2 en C02 bleek dat een dee! van de 

gepubliceerde metingen waarschijnlijk is uitgevoerd onder stofoverdrachts gelimiteerde 

condities. Er werd aangetoond dat bij slurriedichtheden die relevant zijn voor toepassing 

in industriele processen, C02 limitatie gemakkelijk optreedt t.g.v C02 uitputting van de 

het beluchtings gas (lucht). 

Er werden een aantal bestaande analytische technieken en experimentele methoden 

gebruikt, en een aantal nieuwe ontwikkeld, om de biologische oxydatiekinetiek van 

sulfidische mineralen te onderzoeken. On-line afaas analyses werden gebruikt om de C02 

en 0 2 consumptiesnelheden (r02 en rc02 [mol/l/s]) te meten in batch en continu culturen, 
en was een belangrijke techniek om de oxydatie kinetiek onder steady state en 

dynamische condities te meten: Door gebruik te maken van de C-balans en de 

reductiegraad balans gaven deze metingen bovendien on-line gegevens van de biomassa 
concentratie [C-mol/l], de substraatconcentratie (bijv. [Fe2+] of [FeS2]), de biomassa 
specifieke consumptiesnelheden van 0 2 en Fe2

+ (q02, qFe2+ [mol/Cmol/s], de specifieke 

groeisnelheid (µ) en de pyriet specifieke oxydatiesnelheid in culturen op pyriet (v 

[mol/mo!FeS/s]). De concentraties van totaal ijzer ionen, ferro, ferrie, zinc ionen, en 
totaal organisch koolstof (TOC), werden off-line bepaald. On-line redox potentiaal 

metingen werden toegepast in batch culturen op pyriet. De vloeistof redox potentiaal 

wordt bepaald door de ratio van de ferrie en de ferro concentraties. Deze meting was 

belangrijk om zeer !age ferro concentraties, [Fe2+], in een cultuur te kunnen bepalen. Een 
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respirometer (biological oxygen monitor, BOM) werd als analytisch gereedschap 

gebruikt, om direkt de maximale biomassa specifieke zuurstof consumptiesnelheid op 

ferro, q02,max [molO/Cmol/s], van celsuspensies uit batch- en continuculturen te meten. 
Een andere belangrijke techniek, die binnen dit onderzoek werd ontwikkeld, was de 

dynamische BOM-Eh meting. In deze meting werden de (afnemende) zuurstof 
consumptie snelheid en de (toenemende) redox potential in een celsuspensie (afkomstig 
uit een batch- of continucultuur), waaraan een kleine hoeveelheid ferro was toegevoegd, 

simultaan gemeten. Deze techniek was belangrijk om de biologische ferro oxydatie 

kinetiek bij zeer !age [Fe2
•) (hoge redox potentiaal) te kunnen meten. 

De biologische ferro oxydatie is een belangrijk sub-proces in het indirekte mechanisme. 

Er werden een aantal verschillende experimentele methoden toegepast om de kinetiek 

van deze omzetting te bepalen. Deze metingen waren ook belangrijk om de 

betrouwbaarheid van de gebruikte methoden in deze kinetiek metingen te onderzoeken. 

De bio-oxydatie kinetiek van Thiobacillus ferrooxidans en van Leptospirillum-achtige 

bacterien op ferro werd gemeten in continu culture experimenten. Competitieve product 

inhibitie kinetiek bleek van toepassing te zijn voor beide organismen, en met deze 
snelheidsvergelijking kon een goede beschrijving van de biomassa specifieke zuurstof 

consumptiesnelheid, q02. Een belangrijke conclusie van deze metingen was dat q02 wordt 
bepaald door de concentratie ratio van ferrie en ferro, [Fe3. )/[Fe2

• ) , i.p.v. door de 

afzonderlijke concentraties. Daarmee wordt het aantal kinetiek constanten in de 

vergelijking voor competitieve produkt inhibitie gereduceerd van drie naar twee: q02_max 

and K/ K;. 
De kinetiek constanten die werden bepaald voor de twee organismen was verschillend. 

De maximum specifieke zuurstof consumptiesnelheid, q0 2,max• van Leptospirillum-achtige 

bacterien in een continu culture op ferrous iron was 20% kleiner dan die van T 
ferrooxidans. Maar Leptospirillum-achtige bacterien presteerden veel beter dan T 

ferrooxidans bij zeer !age [Fe2.]/[Fe3
• ): de ferro oxydatiesnelheid van Leptospirillum-like 

bacteria is ongeveer een factor 100 groter dan de snelheid van T ferrooxidans onder 
gelijke omstandigheden. Dit verschil in gedrag komt tot uitdrukking in de waarde van 

K/K;, welke een factor 100 kleiner is voor Leptospirillum-achtige bacterien. 

De ferro oxydatie kinetiek van Tferrooxidans werd ook gemeten in batch cultuur 
experimenten. De ferro oplossing werd geent met eel suspensie uit een steady-state 

continu cultuur. In de initiele fase van het experiment dynamische gedrag van de 

specifieke groeisnelheid gevonden. Daarbij was de initiele groeisnelheid (hoge [Fe2
• ) in 

de batch cultuur) gelijk aan de groeisnelheid in de continucultuur (!age [Fe2
• ]). Verder 

bleek dat bij !age [Fe2. )/[Fe3
• ) , de specifieke oxydatie snelheid in de batch cultuur een 

factor twee lager was dan in de continucultuur bij gelijke condities. Dit betekent dat in 
batch culturen gemiddelde waarde van q0 2,max lager, en de waarde van K/ K; hoger is dan 
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die in de (steady state) continucultuur. Cycles van 'stationaire' BOM metingen bij 

varierende (initiele) [Fe2+]/[Fe3+] waren niet geschikt om de biologische oxydatie kinetiek 

van cellen in een (steady-state) continucultuur te bepalen ("stationair" betekent dat de 
verandering van [Fe2+]/[Fe3+] verwaarloosbaar is gedurende het BOM experiment). De 

kinetiek constanten waren alleen accuraat te bepalen (m.b.t. het gedrag van cellen in de 

S.S. continucultuur) wanneer de condities in de BOM metingen niet te veel afweken van 

die in de continucultuur. De kinetiekconstanten voor Tferrooxidans in een continucultuur 

waren daarom wel snel en accuraat te bepalen m.b.v. een methode waarbij een S.S. 

continucultuur werd veranderd in een batch cultuur (door het stopzetten van de voeding). 

Deze methode was minder geschikt voor Leptospirillum-achtige bacterien omdat 
veranderingen van de Fe2+ oxydatie snelheid optreedt bij zeer !age [Fe2+], metals gevolg 

dat de 0 2 en C02 concentratie in het afgas te snel verandert om in onze opstelling nog 

nauwkeurig te kunnen meten. De dynamische BOM-Eh meting was echter wel een snelle 
en gemakkelijke methode om de ferro oxydatie kinetiek van Leptospiril/um-achtige 

bacterien in een continu cultuur op Fe2+, en in batch culturen op FeS2 (waarin extreem 

!age [Fe2+] optreedt), te bepalen. Deze methode was op zijn beurt weer minder geschikt 

om de kinetiek van T.ferrooxidans te bepalen, omdat de benodigde, relatief hoge, initiele 

[Fe2+] teveel zuurstof verbruikt om deze meting nauwkeurig te kunnen uitvoeren. Een 

andere belangrijke conclusie was dat BOM metingen ongeschikt zijn om het effect van 
de pH, of van inhibitoren, op de ferro oxydatie kinetiek te bepalen: In BOM metingen 

werd geen effect gemeten, en in batch culturen werd pas na ongeveer een groeicyclus 

remming gemeten. 

De oxydatie kinetiek van synthetisch ZnS met Tferrooxidans werd onderzocht in Eh

staat experimenten (Eh-staat = gelijke redox potentialen. In dit experiment werd een 

(steriel) chemisch en een biologisch oxydatie experiment van ZnS parallel uitgevoerd. 
De initiele condities ([ZnS], [Fe3+], T, pH, Eh) in de twee batches waren gelijk. De 
bedoeling van dit experiment was om de chernische oxydatiesnelheid van ZnS met Fe3

+ 

in beide batches gelijk te houden door in beide de [Fe3+]/[Fe2+] gelijk te houden. In de 

beente batch werd chemisch geproduceerd Fe2
+ biologisch geoxydeerd. De redox

potentiaal in de steriel batch werd gelijk gehouden aan die in de beente cultuur door met 
waterstofperoxide te titreren; H20 2 oxydeert (chemisch geproduceerd) Fe2

• tot Fe3
• . Uit 

deze experimenten bleek dat de concentratie van Zn2
• als functie van de tijd in beide 

batches gelijk was. Daaruit werd geconcludeerd dat, bij gelijke condities en [Fe3. ]/[Fe2+], 

de biologische en chemische oxydatiesnelheid van synthetische ZnS gelijk zijn; dit is in 

overeenstemming met de conclusies uit het literatuuronderzoek. Dit betekent dat voor 

de biologische oxydatie van ZnS geen speciale capaciteiten (zoals een direkt 

mechanisme) aan de bacterien hoeven te worden toegeschreven. De enige rol van 
Tferrooxidans is om chemisch geproduceerd Fe2

• en S0 te oxyderen, waarbij 
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respectievelijk Fe3+ ionen worden geregenereerd en de protonen worden geproduceerd 

die in de biologische oxydatie van Fe2
+ worden geconsumeerd. De oxydatiesnelheid van 

ZnS wordt dus bepaald door de chemische oxydatiesnelheid met Fe3
+. Beschrijven van 

de biologische ZnS oxydatie kinetiek als functie van de kinetiek van de twee sub

processen (chemische oxydatie van ZnS en biologische oxydatie van Fe2
+ en S0

) is om 

twee redenen niet gelukt: (i) Kinetiekmodellen die in de literatuur werden gegegeven 
voor de beschrijving van de (steriele) chemische oxydatie snelheid van ZnS, waren niet 

geschikt om onze data te beschrijven. Waarschijnlijk was de keuze om synthetisch ZnS 

te gebruiken ongelukkig omdat de plakkerigheid van <lit materiaal waarschijnlijk 

stoftransport limitatie aan het oppervlak tot gevolg heeft. (ii) De groei van 
T.ferrooxidans op een gemengd substraat, Fe2

+ en S0
, is zeer gecompliceerd en er werden 

geen verdere pogingen gedaan om <lit gedrag te onderzoeken. 

De biologische oxydatie kinetiek van minerale pyriet werd onderzocht met zowel T 

ferrooxidans en Leptospirillum-achtige bacterien. Twee soorten pyriet waren beschikbaar. 

Duitse pyriet bleek ongeschikt voor de experimenten te zijn omdat er een goed 

gedefinieerde oppervlakte concentratie nodig is; deze pyriet deeltjes vielen uit elkaar 

wanneer de slurry werden geroerd in in een anaerobe, steriele reaktor. Daarom werd 

Prieska pyrite gebruikt. Het bleek echter <lat T ferrooxidans niet in staat was Prieska 

pyriet te oxyderen. Ten gevolge van deze practische gevolgen, werden kinetiek 

experimenten alleen uitgevoerd met Leptospirillum-achtige bacterien op Prieska pyriet. 

In tegenstelling tot T ferrooxidans is deze bacterie soort echter niet in staat om 

elementaire zwavel en gereduceerde zwavelverbindingen (bijv. SP/-) te oxyderen. 

Op basis van het literatuuronderzoek werd de eerste hypothese geformuleerd m.b.t. het 
snelheidsbepalende mechanisme in de biologische oxydatie van pyriet: pyriet oxydatie 

vindt plaats d.m.v. direkte oxydatie door irreversibel gehechte bacterien. Uit een 

eenvoudige berekening bleek echter <lat de gerapporteerde biologische oxydatiesnelheden 

door het optreden van <lit mechanisme kon worden verklaard, wanneer werd aangenomen 

<lat het pyrietoppervlak volledig werd bedekt met gehechte cellen, en wanneer bovendien 

zeer hoge groeisnelheden, µ, werden voorondersteld. Uit microscoopstudies en TOC 

metingen van zowel Tferrooxidans op Duits pyriet, als Leptospirillum-achtige bacterien 
op Prieska pyrite, werd geconcludeerd <lat bijna geen enkele bacterie irreversible aan het 
pyriet oppervlak was gehecht. Bovendien overleefde het grootste dee! van de bacterien 

als vrije cellen in de suspensie. Deze resultaten gaven aan dat een direkt mechanism met 

irreversibel gehechte cellen niet toepasbaar is. Een alternatieve hypothes was nodig om 

deze verschijnselen te begrijpen. Er werd een direkt mechanisme met reversibel gehechte 
cellen voorgesteld. Dit werd het shuttle mechanisme genoemd. Volgens dit mechanisme 

shuttelen bacterien heen en weer tussen het oppervlak en de oplossing, en oxyderen 
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pyriet d.m.v. een direkt mechanisme wanneer ze reversibel aan het oppervlak gebonden 

zijn. 

Dit mechanisme werd getest m.b.v. een nieuwe experimentele methode die in dit werk 

werd ontwikkeld, namelijk, de periodieke pyriet additie in batch culturen. Door on-line 

meting van de redox potentiaal (d.i. [Fe3+]/[Fe2+] in de oplossing) en van de 0 2 en C02 

concentraties in het afgas, werd direkte informatie verkregen over de oxydatie snelheden 
en over de concentraties van [Fe3+], [Fe2+], [FeS2] en Cx. In deze experimenten werd 

steeds binnen 15 minuten na de additie van vers pyriet een pseudo steady-state bereikt. 

Kleine hoeveelheden Prieska pyriet werden iedere 3 a 4 uur toegevoegd. Door deze 
methode was het mogelijk on de biologische pyriet oxydatie snelheid te meten bij 

varierende condities (C., [FeS2], [Fe3+]), terwijl de verandering van het specifieke pyriet 

oppervlak (m2/gFeS2) gedurende een experiment (ongeveer 8 perioden) verwaarloosbaar 

is. Bovendien kost de uitvoering van deze metingen veel minder tijd dan het gebruik van 

gewone batch experimenten. Er werd een kinetiek model voor het shuttle mechanisme 

ontwikkeld, met als enige variabele de ratio van de biomassa en pyriet concentratie, 
C/[FeS2]. Met dit model konden de metingen goed worden beschreven. 

Uit deze metingen bleek echter dat, bij constante biomassa en ijzer ionen concentratie, 

de redox potential in de suspensie afnam bij een toenemende pyriet concentratie. Dit 

werd toegeschreven aan een toename van de ferro concentratie (kleinere redoxpotentiaal 
betekent kleinere [Fe3+]/[Fe2+]). In relatie met het direkte mechanisme was dit effect 

onverwacht, terwijl volgens het indirekte mechanisme juist we! een verandering van 

[Fe2+] valt te verwachten, omdat ferro gevormd in de chemische reaktie van pyriet met 
F e3+. Daarom werd onderzocht of het indirekte mechanisme toepasbaar was. Er werd een 

experimentele methode ontwikkeld om onderscheid te kunnen maken tussen het shuttle 

en het indirekte mechanisme. Een meetbaar verschil tussen het shuttle en het indirekte 

mechanisme treedt op m.b.t. de plaats waar 0 2 consumptie plaatsvindt: Volgens een 

shuttle mechanisme zal de 0 2 consumptie plaatsvinden aan het pyriet opervlak, terwijl 
in een indirekt mechanisme de 0 2 wordt geconsumeerd in de celsuspensie. De waarde 

van q02 [mo!O/C-mol/h] als functie van de redox potential in een batch cultuur op 

pyriet, bleek gelijk te zijn aan q02 als functie van de redox potentiaal in een pyriet-vrije 

celsuspensie uit diezelfde cultuur. q02 in de laatste werd gemeten in een dynamisch 
BOM-Eh experiment, nadat aan de pyriet-vrije celsuspensie een kleine hoeveelheid Fe2+ 

is toegevoegd. Dit leidde tot de conclusie dat er geen zuurstofconsumptie optreedt aan 

het pyrietoppervlak, en dat pyriet chemisch wordt geoxydeerd door Fe3+ waarbij Fe2+ 

wordt gevormd. Met andere woorden: de pyriet oxydatie met Leptmpirillum-achtige 

bacterien vindt plaats volgens een indirekt mechanisme. De enige rol van de bacterien 
is het in stand houden van de !age [Fe2+]. 

Er werd aangenomen dat de chemische oxydatie snelheid van pyriet met Fe3+ wordt 

bepaald door de concentratie ratio [Fe3+]/[Fe2
•], en dat de relatiefhoge oxydatiesnelheden 
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van pyriet het gevolg zijn van de relatief hoge ratios. Dit verklaart de veel lagere 

snelheden die voor (steriele) chemische experimenten in de literatuur worden 

gerapporteerd. Er werd berekend dat de hoge [Fe3+]/[Fe2+] die in de biologische oxydatie 

experimenten werd gemeten, alleen voorkomt in de eerste paar minuten van een steriel 

batch experiment; daarna is de Fe2+ concentratie toegenomen tot een waarde waarbij ook 

in onze (biologische) metingen !age snelheden werden gemeten. De bijzondere capaciteit 
van bacterien is dus niet een vermogen om het vaste oppervlak direkte te oxyderen, maar 

het vermogen om een extreem hoge [Fe3+]/[Fe2+] concentratie ratio in stand te houden 
in vergelijking met de waarden die onder steriele omstandigheden mogelijk zijn (bijv. 

d.m.v. titratie met waterstofperoxide). 

Er werd een kinetiekmodel ontwikkeld om de metingen te beschrijven in termen van het 

indirekte mechanisme. De pyrite specifieke snelheden, v (mol/mo!FeS/h), namen afbij 

afnemende redox potentiaal, terwijl de biomassa specifieke snelheden, zoals q02 (mol/C

mol/h), dan juist toenamen. Bij extreem hoge redox-potentialen werd een maximum 

bereikt voor v. Deze waarde werd in het kinetiekmodel gebruikt als kinetische constante, 
vFesi.max· Het kinetiekmodel bestaat uit twee snelheidsvergelijkingen die de twee 

snelheidsbepalende sub-processen beschrijven: (i) De oxydatie van ferro door 

Leptospirillum-achtige bacterien (Monod met competitieve product inhibitie). De kinetiek 

constanten K/Ki en q02,max werden onafhankelijk bepaald in dynamische BOM-Eh 

metingen. (ii) De chemische oxydatie van pyriet wordt beschreven door een empirische 
snelheidsvergelijking met [Fe3+]/[Fe2+] als variabele, en twee kinetiek constanten. Er 

werd aangenomen dat de twee kinetiek constanten, nl. de maximale pyriet oxydatie 

snelheid (bij 30°C), vFesz,max• en de affiniteits coefficient voor [Fe3+]/[Fe2+], B, specifiek 

zijn voor een bepaald mineraal. Uit stofoverdrachtsberekeningen bleek echter dat vFesi.max 

waarschijnlijk wordt bepaald door stofoverdrachtslimitatie van Fe2+, dat aan het pyriet 
oppervlak wordt geproduceerd, naar de oplossing. De huidige, zeer eenvoudige 

snelheidsvergelijking werd nog niet gewijzigd voor dit gegeven. 

De twee kinetiek modellen voor het shuttle en het indirekte mechanisme blijken de 

metingen evengoed to kunnen beschrijven. De modellen zijn mathematische equivalent 
als een lineaire correlatie optreedt tussen de twee ratios [Fe3+]/[Fe2+] en C/[FeS2]; dit 

bleek het geval te zijn in alle metingen, en verklaart waarom de twee modellen de 

resultateri evengoed kunnen beschrijven. Er kan dus geen onderscheid tussen de twee 

mechanismen worden gemaakt op basis van de toepasbaarheid van de bijbehorende 

kinetiekmodellen. Daarom zijn het effect van pyriet additie op de redoxpotentiaal, en de 
observatie dat er geen zuurstofconsumptie aan het pyrietoppervlak optreedt, de 

belangrijkste argumenten voor het indirekte mechanisme. Verder onderzoek van het 

indirekte mechanisme vereist meting van de (steriele) chemische oxydatie snelheid bij 

hoge redox potentialen. Als dergelijke metingen tot dezelfde conclusie leiden, dan kan 

de methode die in dit werk ontwikkeld is (metingen met periodieke mineraal addities aan 
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een cultuur van Leptospirillum-achtige bacterien) worden gebruikt om de chemische 

oxydatie kinetiek van een mineraal te bepalen als functie van de redox potentiaal. 

Er werd ook verdedigd <lat het indirekte mechanism dominant is in de oxydatie van 

pyriet met Tferrooxidans. Het mechanisme moet echter worden verfijnd om te kunnen 

verklaren waarom de yield van Tferrooxidans op pyriet meestal meer dan 15 keer groter 

is dan die op ferro (in de chemische oxydatie van pyriet met ferrie worden 15 mo! ferro 
ionen per mo! pyriet geproduceerd), en waarom de yield bovendien niet nauwkeurig te 

bepalen is. Theoretische beschouwingen in de literatuur over het mechanisme in de 

chemische oxydatie van pyriet, werden gebruikt om een verfijnd indirekt mechanisme 
te construeren: In de chemische oxydatie van pyriet ontstaat behalve ferro ook 

thiosulfaat, S20/; voor de oxydatie van S20/ naar sulfaat treedt vervolgens competitie 

op tussen Fe3
+ en Tferrooxidans. De yield per electron, is groter voor de biologische 

oxydatie van S20/· dan voor Fe2
+. Daarmee wordt de geobserveerde variabele en grotere 

yield van Tferrooxidans op pyriet begrijpelijk. De beschrijving van pyriet oxydatie met 

T.ferrooxidans vereist dus een meer geavanceerd kinetiek model omdat ook rekening 

moet worden gehouden met de chemische productie en de biologische oxydatie van 

S20/. 

De meest belangrijke conclusies van <lit werk zijn: 

I) Direkte biologische oxydatie van sulfidische mineralen is niet relevant m.b.t. de 

oxydatiesnelheid. 

2) De oxydatiesnelheid van sulfidische mineralen door Leptospirillum-achtige 

bacterien wordt bepaald door twee onafhankelijke sub-processen. (i) De 
chemische oxydatie van het sulfidische mineraal met Fe3+, waarbij Fe2

+ ontstaat 

en elemenaire zwavel (bijv. in het geval van sphaleriet and chalcopyriet) of 

thiosulfaat en sulfaat (in het geval van pyriet). (ii) De biologische oxydatie van 

ferro. 

3) Als Tferrooxidans wordt gebruikt voor de biologische oxydatie van sulfidische 

mineralen, dan worden behalve ferro ionen ook de chemisch geproduceerde 

zwavelcomponenten (elementair zwavel en thiosulfaat) biologisch geoxydeerd. 

De oxydatiekinetiek van ferro door Tferrooxidans wordt sterk bei'nvloed door de 

aanwezigheid van elementair zwavel. Daarom kunnen de twee sub-processen (de 

simultane biologische oxydatie van ferro en zwavelverbindingen) niet apart 

worden onderzocht, en vereist de kinetische modellering van sulfidische 
mineralen met Tferrooxidans geavanceerde modellen. 

4) In kinetische modellen voor de (sterile) chemische oxydatie van pyriet en 

chalcopyriet met ferrie, zoals die zijn gegeven in de literatuur, wordt 
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waarschijnlijk ten onrechte aangenomen <lat de snelheid wordt bepaald door de 

ferri concentratie en <lat de inhibitie door ferro verwaarloosbaar wordt als [Fe2+] 

laag is t.o.v. [Fe3+]. De (steriele) chemische oxydatiesnelheid neemt toe bij 

toenemende [Fe3+]/[Fe2+] (d.i. toenemende redox potentiaal). De maximale 

snelheid, v (mol/m2 FcS/s), wordt waarschijnlijk bepaald door stoftransportlimitatie 

van ferro, <lat wordt geproduceerd aan het oppervlak, naar de oplossing. 

5) Leptospirillum-achtige bacterien zijn extreem sterke oxidatoren van ferro. Deze 

bacterie kunnen daarbij redox potentialen bereiken die zeer moeilijk chemisch te 
bereiken zijn. De bacterie creeert zo'n hoge redox potentiaal dat een significante 

versnelling van de chemische oxydatiesnelheid van pyriet (en chalcopyriet) 
optreedt in vergelijking met (steriel) chemische oxydatie. 

6) Voor het bepalen van de geschiktheid van een bepaalde bacteriesoort in 

bioleaching processen, is het ondermeer van belang om hun maximale specifieke 
oxydatiesnelheid van ferro en hun affiniteit voor [Fe2+]/[Fe3+] te bepalen. Een 

ander belangrijk aspect is hun vermogen om zwavelverbindingen te oxyderen. T 
ferrooxidans kan zwavelverbindingen oxyderen, Leptospirillum-achtigen zijn 

hiertoe niet in staat. 

7) In <lit onderzoek werden theoretische en experimentele middelen ontwikkeld die 

algemeen toepasbaar zijn voor procesontwikkeling en -optimalisatie van (bio)

hydrometallurgische processen. 
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Dankwoord 

Dit proefschrift kwam tot stand met hulp van velen binnen en buiten het 

Kluyverlaboratorium. Grote waardering heb ik voor mijn promotoren, Karel Luyben en 
Sef Heijnen, die mij vooral veel ruimte gaven bij de uitvoering van dit onderzoek. Sef 

genereerde bovendien een aantal belangrijke ideeen m.b.t. stofoverdrachtsverschijnselen 

zoals beschreven in Hoofdstuk 3. 

Toen het onderzoek nog over steenkool ging, hebben Piet Bos, Fred Boogerd en Allee 

de Bruin mij geholpen om op gang te komen. Arie Demper en Michel Hendriks hebben 
vele kinetiek experimenten met steenkoolslurries in schudkolven uitgevoerd, waarbij ze 

bovendien veel geduld hadden met mijn behoefte om niet teveel laboratoriumafval te 

produceren. Ted Meeder heeft met grote nauwgezetheid stofoverdrachts-experimenten 
in steenkoolslurries uitgevoerd. Samen met Christian ThOne heeft hij me over de 

drempel getrokken om meer geavanceerde apparatuur te gaan gebruiken, en de eerste 

echte opstelling werd dan ook door dit vrolijk duo gebouwd. Hoewel de metingen die 
door Christian werden uitgevoerd uiteindelijk niet zijn gebruikt, was zijn werk toch van 

groot belang voor de voortgang van het onderzoek. Chris Hellinga leverde in deze fase 

een bijdrage door de ontwikkeling van een BIOW ATCH versie waarin een heuse master

slave relatie voorkwam; ook in het vervolg van het project stond hij mij steeds met raad 
en daad bij om mijn relatie met BIOW ATCH te verbeteren. 

Dan waren er die twee rotsen in de branding van dit laboratorium waar ik steeds op heb 

kunnen steunen: Cor Ras en Sjaak Lispet. Cor heeft de continu cultuur experimenten met 
ferro uitgevoerd en daarnaast vele ijzeranalyses gedaan. Zijn scherpzinnigheid en 

nauwgezetheid, en zijn betrokken houding bij het hele project, hebben in hoge mate aan 

de kwaliteit ervan bijgedragen. Sjaak zorgde er met zijn opgewektheid voor dat nooit iets 
een probleem werd; hij was altijd bereid om te helpen met sleutelen of nieuwe 

apparatuur aan te slepen. Ook de behulpzaarnheid die ik in de intrumentmakerij 
ondervanden heb was hartverwarmend, en dankzij de vaardigheid en kundigheid van 

deze mensen heb ik een aantal jaren met prima opstellingen kunnen werken. Verder 

zorgden Dick Reuvers, Stef van Hateren, Peter Kroon, Joop Houwers en Hans Kemper 
voor allerhande ondersteuning in analytische, materiele en electronische zaken. Bas 

Romein stond altijd klaar om als secondant op te treden en om voor substraat te zorgen 

als er s'nachts geexperimenteerd moest worden. Zijn andere uitzonderlijke kwaliteit is 

het onvermoeibaar geven van alle mogelijke en onmogelijke hulp die je tijdens zo'n 
onderzoek zou wensen. 
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In de latere fase van het onderzoek heeft Maaike van Gorse! vele series BOM metingen 

uitgevoerd. Heleen Brasser heeft geduldig en nauwgezet shear experimenten en kinetiek 

experimenten met 'duitse' pyriet uitgevoerd. Dankzij haar werk kwamen we tot de 
conclusie dat deze pyriet minder geschikt was voor ons doe!. Geoff Hansford heeft 

ervoor gezorgd dat we gezeefde Prieska pyriet kregen, en de wilde slam uit Zuid Afrika, 

die later de super-bacterie Leptospirillum bleek te zijn; dit was van groot belang voor 
het succesvolle verloop van de rest van het onderzoek. Miranda Snijder voerde het ZnS 

onderzoek uit dat veel lastiger bleek te zijn dan we aanvankelijk hoopten. Haar kennis 
van microbiologische verschijnselen was in die tijd zeer welkom. Mark van Loosdrecht 

is behulpzaam geweest in het geven van wetenschappelijke en administratieve hand en 

span diensten. 

Bij het schrijven van dit proefschrift hebben Norman LeRoux en Frank Crundwell een 
belangrijke bijdrage geleverd door delen van het proefschrift te lezen en door mijn 

engels te corrigeren. Luc Tijhuis en Wim van Benthum zorgden ervoor dat ik nooit de 

voor mij onbegrijpelijke handleidingen heb hoeven raadplegen. Ted Meeder moedigde 

mij aan om het boelge er toch enigzins aardig uit te laten zien omdat dat volgens hem 

het eerste (en vaak enige) is waar de meeste mensen naar kijken. Hij maakte daarom de 
meeste plaatjes en schema's. Bij de laatste loodjes hielp Bas Romein. 

Van prof. Doorman heb ik in de afgelopenjaren veel geleerd, en samenwerken met hem 

was steeds bijzonder en stimulerend. Hij leverde een belangrijke bijdrage aan het tot 
stand komen van hoofdstuk 8. 

Hielke Bosma wil ik bedanken omdat hij mijn eerste echte leraar is geweest, en het is 

dankzij hem dat ik leerde hoe je wetenschappelijk een probleem benadert. 

Tenslotte wil ik Ted bedanken omdat hij mij in alle fasen van dit werk bemoedigde en 

steunde. Grote bewondering heb ik voor de manier waarop hij z'n !even onder alle 

omstandigheden probeerde te leiden en te beoordelen in de context van het welzijn van 

alle levende wezens. 
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