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Abstract

New theoretical and experimental methods have been developed to examine the chemical and
bacterial oxidation kinetics in bio-oxidation of sulphide minerals, which are determined by an
‘indirect’ mechanism. On-line off-gas analyses to measure the oxygen and carbon dioxide
consumption rate in batch and continuous bio-reactors, together with the application of elemental
balances, provides a useful method for the accurate and continuous determination of biomass and
mineral specific rates, which must form the basis for reliable kinetic equations. The ferric to
ferrous iron concentration ratio is a key parameter in the bacterial oxidation of ferrous iron as well
as in the chemical oxidation of pyrite. In bio-oxidation experiments with pyrite extremely high
w 3qx w 2qxFe r Fe ratios were measured using on-line redox potential measurements. Results are
illustrated for Thiobacillus ferrooxidans in continuous and batch experiments with ferrous iron,
and for batch experiments with Leptospirillum bacteria with staged addition of pyrite. q 1998
Elsevier Science B.V.

1. Introduction

In recent years there has been a considerable growth in the application of bio-oxida-
tion for the pretreatment of refractory sulphide gold concentrates. Bioleaching is also
widely used for copper from low grade ores, and also considerable interest has been
shown in the application for sulphidic cobalt, nickel and zinc ores, and the use of
bacterial regeneration of ferric iron solution in the in-situ leaching of sulphide minerals.
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In a recent study new experimental methods have been developed and applied to
w xdetermine the rate determining steps in the bio-oxidation of pyrite 1 . It has been shown

that pyrite oxidation with L. ferrooxidans is determined by two independent sub-
Ž .processes: i The chemical oxidation of the sulphide mineral with ferric iron to ferrous

Ž .iron and sulphate, ii the bacterial oxidation of ferrous iron with oxygen, regenerating
ferric iron. This is referred to as the ‘indirect’ mechanism. From using the kinetic data

Ž .reported by other authors it was shown from the comparison of sterile chemical and
bacterial oxidation rates of pyrite at similar conditions, that the bio-oxidation rate of

w xpyrite is a factor of 10 to 20 times faster than the chemical rate 2–4 . These high rates
Žin the presence of bacteria are due to the favourable chemical conditions i.e., high ferric

. w xto ferrous iron ratios maintained by the bacteria 1,5 . Accordingly, the chemical
oxidation of sulphide minerals with ferric iron and the bacterial oxidation of ferrous iron
are relevant sub-processes in the bio-oxidation of sulphide minerals. This paper presents
the theoretical background of the new experimental techniques that were developed to
examine the bacterial and chemical oxidation kinetics of sulphide minerals in bio-oxida-
tion processes.

Most chemical and bacterial oxidation experiments with sulphide minerals have been
carried out batch-wise using off-line analyses of the metal ion concentration to deter-
mine the oxidation rate of the mineral.

w xThe biomass concentration is usually determined off-line, using cell counts 6–15 ,
w x w x Žorganic nitrogen 16,24 , protein analyses 17–23 , or TOC analyses total organic

. w xcarbon 19,24–26 . Most authors who examined the bacterial ferrous iron oxidation
w x w xkinetics in batch 27–31 or continuous 29,30,32–35 cultures, only used off-line

measurement of the biomass and ferrous iron concentration. More accurate on-line
measurement of oxygen and carbon dioxide in the gas-phase, which leads to direct
information on O and CO consumption, is often applied in other fields of biotech-2 2

Ž .nology. The oxygen and carbon dioxide consumption rates, r and r molrlrh , inO CO2 2

the slurry are known on-line, and, from using elemental and charge balances, also the
Ž . Žw 2qx w x. Žw 3qx.biomass C , substrate Fe or FeS , and product Fe concentration can bex 2

calculated on line. From this set of data the biomass and mineral specific rates
Ž .molrC-molrh and molrmol FeS rh, respectively , which are needed in kinetic2

equations, are known on-line. In this paper it will be shown that in several cases the
on-line measurement of the oxygen and carbon dioxide consumption from the gas-phase
is sufficient to accurately measure the bio-oxidation kinetics of ferrous iron and mineral
sulphides. Another very useful tool is the determination of very low ferrous iron
concentrations in the slurry from on-line redox potential measurements in the solution.

The use of these experimental techniques give a significant increase of our under-
Ž .standing of bio-oxidation processes: i The mechanism in the bio-oxidation of pyrite

Ž . Ž .with L. ferrooxidans has been determined i.e., the indirect mechanism . ii A
mechanistic kinetic model has been developed for the oxidation of pyrite with L.

Ž . Ž .ferrooxidans. iii A kinetic model has been developed for the sterile chemical
Ž .oxidation of pyrite with ferric iron. iv Accurate kinetic models have been developed

for ferrous iron oxidation with T. ferrooxidans and with L. ferrooxidans. Furthermore, it
Ž .has been shown that: v Dynamic behaviour of T. ferrooxidans on ferrous iron can be

important in kinetic measurements, and that several measurement methods to determine
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Žthe ferrous iron oxidation kinetics e.g., the effect of the iron concentration, pH, toxic
. Ž .metal ions are inappropriate. vi The bio-oxidation of zinc sulphide with T. ferrooxi-

dans is determined by an indirect mechanism in which elemental sulphur is produced.
Ž .vii The simultaneous oxidation of ferrous and elemental sulphur by T. ferrooxidans are
coupled processes, and therefore, the ferrous iron oxidation kinetics of T. ferrooxidans

Žis largely effected when elemental sulphur produced in the chemical oxidation of zinc
. Ž .sulphide is present. viii An experimental technique to measure the chemical oxidation

Ž . Ž .kinetics of sulphide minerals at moderate temperatures 20–358C and pH 1.5–2.5 , at
high ferric to ferrous iron concentrations, using batch cultures with L. ferrooxidans, is

Ž .proposed. ix It is suggested how these techniques can be useful in examining
w xbio-oxidation processes for a particular mineral source and bacterial strain. 1,5,36,37 .
ŽThe use of on-line off-gas analyses and the application of stoichiometry elemental

. Ž .and charge balances is here illustrated for three examples of kinetic measurements. 1
Ž .Continuous cultures with T. ferrooxidans on ferrous iron. 2 Batch cultures with T.

Ž .ferrooxidans on ferrous iron. 3 Batch cultures with L. ferrooxidans on pyrite.

2. Theory

2.1. Elemental and charge balances

Autotrophic bacteria, such as T. ferrooxidans and L. ferrooxidans, use carbon
dioxide as their sole carbon source to produce organic matter. A stoichiometric equation
for bacterial growth on ferrous iron can be derived from the elemental balances on C, H,

w xO, N, Fe, and the charge balance 38 . Introduction of Y as the biomass yield onsx
w xferrous iron, and assuming that the biomass composition 38 is represented by

CH O N , results in the following stoichiometric equation for the bacterial oxida-1.8 0.5 0.2

tion of ferrous iron,

1y4.2Y 1 1Ž .sxq 2q qCO q0.2NH q O q Fe q y0.2 H2 4 2 ž /4Y Y Y xs xsx sx

1 1
3q™CH O N q Fe q y0.6 H O 1Ž .1.8 0.5 0.2 2ž /Y 2Ysx sx

This 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, 1rY is the amount of ferrous iron to besx

oxidized to produce 1 C-mol of biomass. Therefore, the production rate of biomass
equals the ferrous iron oxidation rate times the yield of biomass on that substrate,

1
2qyr s r 2Ž .Fe xYsx
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Similarly 1rY is defined as the amount of oxygen that is to be consumed to produce 1ox

C-mol 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, Y ,ox

1
yr s r 3Ž .O x2 Yox

Ž .Thus, Eq. 1 directly shows that

1 1y4.2Ysx
s 4Ž .

Y 4Yox sx

Ž .If it is assumed that no iron precipitates e.g. jarosite are formed, the oxidation rate of
ferrous iron, r 2q, equals the production rate of ferric iron, r 3q, according to the ironFe Fe

balance,

yr 2qsr 3q 5Ž .Fe Fe

The production rate of bacteria, r , is equal to the consumption rate of carbon dioxide,x

r , according to the carbon balance,CO 2

yr sr 6Ž .CO x2

Accordingly, the concentration of bacteria is expressed in moles of organic carbon per
Ž .litre C-molrl . The relation between the oxidation rate of ferrous iron and the oxygen

w xand carbon dioxide consumption rates is called the ‘degree of reduction balance’ 38
and follows from the stoichiometry,

yr 2qsy4r y4.2 r 7Ž .Fe O CO2 2

This equation shows the effect of using an integrated stoichiometric equation for ferrous
Ž Ž ..iron oxidation and biomass growth Eq. 1 compared with using a separate stoichio-

metric equation for the oxidation of only ferrous iron which would yield that r 2qs4r .Fe O 2

Ž .However, the term 4.2 r in Eq. 7 has only a minor effect with regard to oxygenCO 2

Ž .consumption 5% . In this work the biomass composition, CH O N , and the1.8 0.5 0.2

nitrogen balance were not checked.
In bio-oxidation experiments with sulphide minerals the mineral oxidation rate is also

coupled to the oxygen and carbon dioxide consumption rate. If pyrite is completely
Ž .oxidized to ferrous iron and sulphate i.e., no accumulation of intermediates , the degree

of reduction balance is

y15r sy4r y4.2 r 8Ž .FeS O CO2 2 2

In bio-oxidation experiments in aerated fermenters with ferrous iron or pyrite, the carbon
balance is checked from the comparison of the bacterial growth rate, r , and carbonx

Ž Ž .. Ž .dioxide consumption rate, r Eq. 6 . If the carbon balance is met, C C-molrl isCO x2

accurately derived from the total amount of carbon dioxide consumed in the culture. In
Ž .order to examine whether precipitates are formed, the iron balance, Eq. 5 , needs to be

checked. For pyrite the iron balance, from yr sr 3q, is checked from weighing theFeS Fe2

residual pyrite at the end of an experiment. If in cultures with ferrous iron the degree of
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Ž .reduction balance, Eq. 7 , applies, the ferrous iron oxidation rate in continuous cultures
on ferrous iron, and also the degree of conversion of ferrous iron in batch cultures, can
be directly determined from only the on-line measured oxygen and carbon dioxide

Ž .consumption. The same holds for pyrite cultures. It is important to recognize that Eq. 8
is only applicable to determine the pyrite oxidation rate, r , and the pyrite concentra-FeS 2

w x Žtion, FeS , if no accumulation of intermediate products occurs e.g. in the bio-oxida-2

tion of zinc sulphide with T. ferrooxidans transient accumulation of ferrous iron and
w x.elemental sulphur occurred 37 .

2.2. Specific rates

Rate equations for the bacterial oxidation kinetics are usually expressed in terms of
Ž . Žthe biomass specific rates molrC-molrh . The biomass specific oxidation or consump-

.tion rate of compound i, q , is defined as the rate per C-mol of biomass,i

< <ri
q s 9Ž .i Cx

Accordingly, the biomass specific oxygen consumption rate, q , is defined as theO 2

Ž .oxygen consumption rate per C-mol of biomass: q syr rC , and the biomassO O x2 2

specific growth rate, m, is defined by: msr rC . These biomass specific rates arex x
Ž .measures of the activity of the bacteria molrC-molrh . They are used in the rate

equations which describe their dependence on the process conditions such as ferrous and
ferric iron concentration, pH, temperature, etc.

The pyrite specific rate, n , is introduced as a measure of the reactivity of the pyrite.
These mineral specific rates are equivalent to the first order rate constants that are used

w xelsewhere 4 . Because it is assumed that the pyrite oxidation rate can be described
according to a surface reaction, 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 no technique was available to accurately determine the pyrite surface
area in slurries, the specific pyrite oxidation rate is expressed per mole of pyrite
Ž . w xmolrmol FeS rh , using FeS as the pyrite concentration. For pyrite conversions up2 2

w xto 50% this will only cause minor errors 3 . The pyrite specific oxidation rate is
therefore defined by

rFeS 2
n s 10Ž .FeS 2 w xFeS2

and the pyrite specific oxygen consumption rate is defined by

rO 2
n s 11Ž .O 2 w xFeS2

Due to the occurrence of a dominant ‘indirect’ mechanism, a very useful application of
Ž .the degree of reduction balance for pyrite, Eq. 8 , is the determination of the specific
Ž .chemical oxidation rate of pyrite, n in Eq. 10 , from only the oxygen and carbonFeS 2

w xdioxide consumption rate 1,5 .
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2.3. Yield and maintenance of microbial growth

The Pirt equation is applied to relate the substrate consumption and the bacterial
w xgrowth and maintenance 39 . The primary process in bacterial oxidation reactions is

Ž .considered to be the oxidation of substrate e.g., ferrous iron, sphalerite or pyrite . The
max Ž .maximum growth yield, Y C-molrmol , is defined as the maximum amount ofsx

biomass that can be produced per mole of substrate. The maintenance coefficient, ms
Ž .molrC-molrh , is defined as the amount of substrate that is required per unit of time to
maintain one C-mol of bacteria. It is assumed that Y max and m are constants for asx s

certain bacterial strain growing on a certain substrate. Then, according to the empirical
Pirt relationship, the following equation predicts the substrate oxidation rate that is
required for both the bacterial growth and the maintenance of bacteria,

rx
yr s qm C 12Ž .s s xmaxYsx

Ž Ž ..Using the definitions of the actual yield of biomass on substrate, Y Eq. 2 , andsx
Ž Ž ..specific growth rate, m Eq. 9 , this can be rewritten as

1 1 ms
s q 13Ž .maxY Y msx sx

Similarly, introducing the maximum yield of biomass on oxygen, Y max, and theox

maintenance coefficient of biomass on oxygen, m , the oxygen consumption rateo

required for growth and maintenance of the bacteria on a certain substrate according to
the Pirt equation is

rx
yr s qm C 14Ž .O o xmax2 Yox

Ž .Using the definition of the actual yield of biomass on oxygen, Y in Eq. 3 , and that ofox

the specific growth rate this equation is rewritten as

1 1 mo
s q 15Ž .maxY Y mox ox

Hence, the actual yield of biomass on substrate, Y , and oxygen, Y , depends on thesx ox

specific growth rate, m.
By means of the degree of reduction balance the maximum yield of bacteria on

ferrous iron, Y max, is related to its maximum yield on oxygen, Y max, assx ox

4Y max
sxmaxY s 16Ž .ox max1y4.2Ysx

and the maintenance coefficient of bacteria that grow on ferrous iron, m , is related tos

the amount of oxygen that is used for maintenance, m , asO

ms
m s 17Ž .o 4
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In bio-oxidation experiments it always needs to be examined whether the Pirt equation
applies. It will be shown that the Pirt equation does not apply in the initial phase of a
batch culture, where T. ferrooxidans is transferred from a low ferrous iron concentration

Ž .in a continuous culture to a high ferrous iron concentration in a batch culture Fig. 11 .
If the Pirt equation is applicable it has several uses:

Ž .a The specific growth, oxygen and ferrous iron consumption rates are coupled.
Ž .Therefore, if one kinetic equation is known e.g., for q , the other rate equations canO 2

Ž . Ž .be derived from Eq. 12 or Eq. 14 .
Ž . w xb Some authors 40,41 have used the comparison of yield coefficients on different

Ž max .substrates e.g., Y of T. ferrooxidans on ferrous iron, elemental sulphur, and pyritesx

to argue that both ferrous iron and reduced sulphur is consumed by the bacteria in the
bio-oxidation pyrite, which according to these authors proved the relevance of a ‘direct’

Ž w x.mechanism this argument has been examined elsewhere 1 .
Ž .c It has been shown that often carbon dioxide limitation occurs in bio-oxidation

w xexperiments with sulphide minerals 42 . If the maintenance and maximum yield
Ž Ž ..coefficients of a bacterium on a substrate are known, the Pirt equation Eq. 12 is

useful in predicting the carbon dioxide consumption rate at a particular oxidation rate.
The calculation is used to estimate whether the carbon dioxide mass transfer from the
aeration air to the slurry is sufficient.

3. Materials and methods

Continuous cultures with T. ferrooxidans on ferrous iron were carried out at dilution
rates between 0.01 and 0.09 hy1 at a total iron concentration of 0.21 M. Oxygen and
carbon dioxide off-gas analyses were applied, and the ferric and ferrous iron concentra-

Ž .tion were determined off-line with a colorimetric method see below . The biomass
Ž .concentration was determined off-line TOC analyses, see below .

Batch cultures with ferrous iron were inoculated with a relatively large inoculum size
Ž .10% vrv . This inoculum was cell suspension taken from the continuous culture with
T. ferrooxidans on ferrous iron. Accordingly, the initial steady state conditions of the

Ž .cells are accurately known from the continuous culture measurements C , q and m .x O 2

Ž .Consequently, the initial biomass concentration in a batch culture, C 0 , is accuratelyx
Ž .known which is necessary when using a relatively large inoculum size . The total iron

concentration in the batch experiment is equal to that in the continuous culture. The
ferrous and ferric iron concentrations in the batch experiment were determined off-line.
The use of on-line off-gas analyses of O and CO enabled examination of the dynamic2 2

behaviour of the cells when transferred from a low ferrous iron concentration in the
w 2qxcontinuous culture to a high Fe in the batch culture.

Ž .A new experimental method staged pyrite addition to batch cultures has been
developed to examine the kinetics of pyrite oxidation with Leptospirillum bacteria. This

w xmethod is described elsewhere 5 .
Continuous and batch culture experiments were carried out in stirred and baffled

Ž .aerated fermenters with a working volume of 2 l HrDs1 , maintained at 308C by a
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Fig. 1. Fermenter equipment.

Ž .water jacket Fig. 1 . In continuous cultures, influent medium flow rate was calculated
from the weight decrease of the medium vessel. A servo motor and speed controller
were used to agitate the slurry. The aeration flow of dry air was controlled with a

Ž .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 off-gas and

Žreference air were measured with a Servomex paramagnetic oxygen analyzer Series
.110 . The carbon dioxide concentration in the gas phase was measured with a Beckman

Ž .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

w xBIOWATCH 43 . This program also monitored the measurement of the redox potential,
and controlled the valves that lead the gas-flows to the analysing apparatus.

The gas–liquid mass transfer of oxygen and carbon dioxide in the fermenter needs to
be sufficiently large in order to allow relevant measurements of the bacterial oxidation

w xkinetics, and therefore, the air flow rate and stirring speed need to be high 42 . On the
other hand, for accurate measurements a significant decrease of the oxygen and carbon
dioxide concentration in the gas phase is needed, which requires a low gas flow rate.

Ž .The gas–liquid mass transfer coefficients k a in this fermenter were determined atL
Ž . w xseveral aeration and stirring rates, using a dynamic measurement Table 1 44 . Usually

y1 Ž .the stirring speed was 400 min and the flow rate of air was 12 lrlrh 0.2 vvm . In the
w xexample below it is shown that exhaustion of CO in the aeration air easily occurs 42 :2

At an air flow rate of 12 lrlrh the available amount of carbon dioxide in the gas phase
y4 Ž y4 .is 1.6=10 mol CO rlrh 3.3=10 mol CO rmol air , which is close to the2 2

Žactually measured values of r at high growth rates in batch cultures on pyrite Fig.CO 2

.15 . Therefore, at high growth rates in the culture the air flow rate needs to be larger in
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Table 1
Mass transfer coefficients in fermenters used in the experiments

y1 y1Ž . Ž . Ž . Ž .Stirring speed min Aeration rate vvm k a O sL 2

300 0.1 0.0031
300 0.2 0.0064
600 0.1 0.014
600 0.2 0.027

order to prevent carbon dioxide limitation. Under this restriction the gas–liquid transfer
rates are sufficient in the fermenter: assuming that the oxygen and carbon dioxide
concentrations in the solution are 50% of the saturation concentration, then the gas–liquid

y3 Ž y1 y1.oxygen transfer rate is 3.5=10 molrlrh 400 min , 12 lrlrh, k as0.010 s ,L

and, at 3.3=10y4 mol CO rmol air, the carbon dioxide transfer rate is 1.5=10y4
2

molrlrh. In and it can be seen that r and r are usually below these values.O CO2 2

The solution redox potential was measured with an Ingold combination redox
electrode and Metrohm monitor. The electrode consisted of an AgrAgCl electrode and a

Ž .platinum reference electrode type 465 . The electrolyte was replaced with 3 M 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. Cell suspensions were centrifuged at 5000 miny1 for 30

Žmin. Then, the supernatant was filtered with a 0.2 mm membrane filter Gelman
. Ž .Science protected with a microfibre filter Whatman Glass . The sterile media were

checked for their zero microbial activity by measurement of the oxygen consumption in
a biological oxygen monitor after the addition of ferrous iron solution. The calibration
curve was made at 308C by adding known amounts of ferrous iron. The initial ferrous
iron concentration, which is very low, is estimated by extrapolating the curve.

Ž .The total organic carbon in samples was measured off-line using a Maihak MST2
carbon analysing unit. Total iron and ferrous iron concentrations in cell suspensions

Ž .were determined off-line with the colorimetric ortho-phenanthroline method, ASTM
D1068. At low ferrous and high ferric iron concentrations the background colour of the
ferric iron in the sample causes an error in the colorimetric measurement so, needed to
be corrected with the extinction of a blank. Measurements of the ferrous iron concentra-
tions in cell suspensions below 40 mgrl at total iron concentrations above 3 grl are not
accurate because bacteria significantly consume ferrous iron.

Ž .A single cell isolate of T. ferrooxidans LMD 81.68 ATCC 19859 was used. The
kinetic experiments were performed aseptic but not sterile. Therefore, an immunofluo-

w xrescence–DNA–fluorescence staining technique 45 was regularly used to check whether
T. ferrooxidans was still dominant in the cultures.

A wild strain harvested from Gamsberg mine in South Africa was adapted on Prieska
Ž .pyrite see below . Leptospirillum-like bacteria appeared to be dominant in this culture.

These bacteria have the ability to oxidize ferrous iron but not reduced sulphur species
Ž 2y. w xe.g. elemental sulphur, S O . With the immunofluorescence method 45 it has been2 3

Žshown that Thiobacilli species were insignificant T. ferrooxidans appeared to be unable
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.to grow on this pyrite source . The Leptospirillum culture was regularly checked for the
occurrence of Thiobacillus species. Besides microscopic examination no further tech-
niques were applied to specify the Leptospirillum-like bacteria.

Ž .The medium for the bacterial ferrous iron oxidation experiments contained NH SO4 2 4

1 grl, KCl 0.1 grl, K HPO 0.5 grl, MgSO P7H O 0.2 grl. Ferrous iron solution2 4 4 2
Ž .was prepared by the addition of FeSO P7H O)99.0% Baker, Holland to this4 2

medium. Medium concentrations in experiments with pyrite were a factor of ten times
larger. On-line pH control equipment was not applied in the fermenter because of
precipitate formation problems at the pH electrode. The pH in the ferrous iron feed
solution was set with 1 M H SO such that a pH of about 1.8–1.9 was provided in2 4

Žcontinuous cultures with T. ferrooxidans note that higher pH in the feed is required at
.higher dilution rate because less ferrous iron is oxidized . In batch cultures with T.

ferrooxidans on ferrous iron the pH was manually controlled at pH 1.8–1.9 by the
hourly addition of 1 M H SO . In batch culture experiments with L. ferrooxidans on2 4

Prieska pyrite the pH was manually controlled at pH 1.5–1.6 by the addition of 4 M
NaOH.

w xA solution of trace elements 46 was added to the culture: 1 mlrl in ferrous iron
medium and 10 mlrl in pyrite medium. To prepare a solution of trace elements 15 grl
EDTA is dissolved in demineralized water. Next, 1 grl ZnSO P2H O is added and the4 2

pH is set to 6.0. Then, successively 1.0 grl CoCl P6H O, 1.0 grl MnCl P4H O, 0.52 2 2 2

grl CuSO P5H O, 5.0 grl FeSO P7H O, 0.5 grl Na MoO P2H O, and 0.5 grl4 2 4 2 2 4 2

CaCl P2H O were added and pH was set to 4.0. This solution contains carbon, for2 2

which it needed to be corrected in TOC analyses.
Ž .A sieve fraction of 57–75 mm Prieska pyrite Gamsberg mine, South Africa that

consisted of 90% FeS and 10% quartz was used in bacterial oxidation experiments.2

In the measurement of TOC errors up to 10% can occur. In the measurement of
w 3qx w 2qxFe errors up to 5% can occur, while in measuring low Fe with the colorimetric
method errors up to 30% can occur. In Table 2 the percentage errors in the calculation of
r and r from off-gas analyses are given. In continuous cultures low errors areCO O2 2

achieved because at least 100 measurement points were available per steady state;
Žlowest errors occur at high dilution rates. In batch cultures each data point is used per

.data point 10 measurements in one minute and 20 min between two data points ; lowest
errors occur at highest O and CO consumption rates. Additionally errors in rates2 2

Ž .measured in the fermenter are due to errors in the gas flow rate 1% , in the working
Ž . Ž . Ž .volume 1% , and in the liquid flow rate 0.1% only in continuous cultures .

Table 2
Errors in off-gas analyses

Ž .Experiment Measurement Range Error in r molrlrhi

2qContinuous culture Fe DCO 10–100 ppm 1–10%2

DO 0.04–0.18% 1–5%2
2qBatch culture Fe DCO 10–100 ppm 3–30%2

DO 0.04–0.18% 5–25%2

Batch culture FeS DCO 6–200 ppm 1.5–30%2 2

DO 0.04–0.40% 2.5–25%2
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4. Results

4.1. Continuous culture experiments on ferrous iron

As an example, the data processing of continuous culture experiments with T.
ferrooxidans on ferrous iron is illustrated. The total iron concentration in the feed was
0.21 molrl and the dilution rates varied between 0.01 and 0.09 hy1. Iron precipitates
were formed in several experiments at high dilution rates, which caused a decrease of
the total iron concentration up to 10% in the culture. From the comparison of the total
iron concentration in the effluent and influent it was known that the precipitation of iron
compounds was negligible in the other experiments. Fig. 2 shows the measured ferrous

w 2qxiron concentration, Fe , and the ferrous iron concentration calculated from the degree
Žw 2qx w 2qx. w 2qx2qof reduction balance. Realizing that r sD Fe y Fe , Fe is calculatedFe in

from the following equation:

y4r y4.2 rO CO2 22q 2qw x w xFe s Fe y 18Ž .in D

Ž .At dilution rates larger than Ds0.08 the ferrous iron concentrations from Eq. 18 are
close to the measured value, whereas at low dilution rates the two values do not agree

w 2qx Ž .because then the Fe in Eq. 18 is the difference between two large numbers in the
same range as the errors in the measurements. Above a dilution rate of about 0.07 hy1 a
significant part of the substrate is not oxidized and the ferrous iron concentration steeply

w xincreases. According to kinetic analyses 36 wash-out of biomass would occur at
y1 Ž y1 .Ds0.10 h because the maximum growth rate, m s0.10 h , causing that closemax

to this dilution rate the ferrous iron concentration would increase to the influent

Ž . w 2q x Ž .Fig. 2. ' Average Fe o-phenantroline analysis in a continuous culture with T. ferrooxidans at varying
w x Ž . w 2q x Ž .steady states and Fe s0.21 molrl. q Fe calculated from Eq. 18 .
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Ž . Ž . Ž . Ž .Fig. 3. ' C measured TOC in a continuous culture same as Fig. 2 . q C from CO consumption.x x 2

w 2qx Ž .concentration, Fe s0.21 M, while the biomass concentration Fig. 3 and also thein
Ž .oxygen and carbon dioxide consumption rates Fig. 4 would decrease to zero. However,

no accurate measurements were obtained between Ds0.085 and 0.1, due the large
effect of the dilution rate on the oxidation rate in this range together with difficulties in

Žthe control of the pH in the culture near wash-out too low pH led to wash-out, too high
.pH to precipitate formation . Therefore, the highest accurately measured ferrous iron

Ž .concentration was only 0.06 M Fig. 2 .
In Fig. 3 the biomass concentration in the culture that is derived from TOC analyses

is plotted against the dilution rate. The decrease of the biomass concentration at low

Ž . Ž . Ž .Fig. 4. ' r and q r from off-gas analyses in a continuous culture same as Fig. 2 .O CO2 2
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Ž Ž ..dilution rate is due to the increased maintenance requirements of the cells Eq. 13 .
Ž .The biomass concentration, C C-molrl , is also derived from the carbon dioxidex

consumption rate, r , and the specific growth rate, m. In a continuous culture at steadyCO 2

state the specific growth rate of the cells, m, is equal to the dilution rate, D, and
therefore

yrCO 2C s 19Ž .x D

The carbon balance is met because the biomass concentration from TOC and from CO2
Ž .measurements agree see Fig. 3 . Therefore, on-line gas analyses of CO are appropriate2

to determine the biomass concentration in the continuous culture.
The oxygen consumption rate is derived from the oxygen concentration in the off-gas

and reference air,

1
w x w xyr s F O yF O 20Ž .Ž .O gas ,in 2 gas ,out 2ref G ,out2 Vliq

and the carbon dioxide consumption rate from

1
w x w xyr s F CO yF CO 21Ž .Ž .CO gas ,in 2 gas ,out 2ref G ,out2 Vliq

It should be noted that, due to the amount of oxygen consumed from the gas phase,
ŽF is not equal to F . Assuming that F equals F because thegas,out gas,in gas,out gas,in

.difference is 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, F , isgas,out

calculated from the N balance in the gas phase,2

w x w x1y O y CO2 2ref ref
F sF 22Ž .gas ,out gas ,in w x w x1y O y CO2 2G ,out G ,out

In this equation the dimensions of the oxygen and carbon dioxide concentration in the
gas phase are volumervolume. In Fig. 4 r and r are plotted against the dilutionO CO2 2

rate. 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 Fe2q is available per unit of time. Near
wash-out the r and r steeply decrease to zero, because Fe2q is only partlyO CO2 2

oxidized.
Ž .The biomass specific oxygen consumption rate, q , is derived from applying Eq. 9O 2

and plotted against the dilution rate in Fig. 5. The value of q linearly increases withO 2

the dilution rate which is in accordance with the Pirt equation.
In Figs. 6 and 7 the reciprocal biomass yield on ferrous iron, r 2qrr , and onFe CO 2

oxygen, r rr , are plotted against the reciprocal dilution rate. From these figures itO CO2 2

Ž .can be seen that the actual yield, Y , is dependent on the specific growth rate D . Eqs.sx
Ž . Ž .13 and 15 are applied and yield a straight line with a slope equal to the maintenance

Ž .coefficients m and m , respectively , and with an intercept equal to the reciprocals O
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Ž . Ž .Fig. 5. ' q in a continuous culture same as Fig. 2 .O 2

Ž max max .values of the maximum yield 1rY and 1rY , respectively . Accordingly, the Pirtsx ox

equation applies to continuous cultures of T. ferrooxidans on ferrous iron. The fitted
values are Y max s0.012"0.0005 mol Fe2qrC-mol, m is 0.45"0.10 mol Fe2qrC-sx s

Ž . maxmolrh Fig. 6 and Y s0.051"0.002 mol O rC-mol, m is 0.10"0.03 molox 2 o
Ž . maxO rC-molrh Fig. 7 . From the fitted value of Y s0.012"0.0005 it follows with2 sx

Ž . maxEq. 16 that Y s0.051"0.002, which is in accordance with the fitted value ofox
max Ž ..Y . Similarly, from the value of m s0.45"0.10 it follows from Eq. 17 thatox s

m s0.11"0.025, which is in accordance with the fitted value of m . As discussedO o
Ž . Ž .already, Eqs. 16 and 17 are applicable because the degree of reduction balance

applies.

Ž .Fig. 6. ' Reciprocal yield of T. ferrooxidans on ferrous iron against the reciprocal dilution rate in a
maxŽ . Ž . Ž .continuous culture same as Fig. 2 . 1r Y calculated from Eq. 13 with Y s0.012 molsx sx

Fe2qrC-mol and m is 0.45 mol Fe2qrC-molrh.s
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Ž .Fig. 7. ' Reciprocal yield of T. ferrooxidans on oxygen against the reciprocal dilution rate in a continuous
maxŽ . Ž . Ž .culture same as Fig. 2 . 1r Y calculated with Eq. 15 and Y s0.051 mol O rC-mol andox ox 2

m is 0.10 mol O rC-molrh.o 2

Summarizing, the iron balance, the carbon balance and the degree of reduction
balance apply in continuous cultures with T. ferrooxidans on ferrous iron. However, the
degree of reduction balance is inappropriate to determine low ferrous iron concentrations
in the culture and off-line analyses of ferrous iron is needed. On the other hand, the
biomass concentration in the culture is accurately determined from the CO analyses in2

the gas-phase. From these measurements the biomass specific oxygen consumption and
Ž .growth rate dilution rate , q and m, are very accurately related to the ferrous andO 2

ferric iron concentration in the culture. This kinetic behaviour has been discussed
w xelsewhere 36 . Because the Pirt equation applies, the growth and oxidation kinetics are

Ž .related, and therefore, if only one rate equation is known e.g., q , the other rateO 2

Ž .2qequations e.g., m and q can be immediately derived from using the Pirt equationFe
w x36 .

4.2. Batch culture experiments on ferrous iron

The second example concerns a batch culture experiment with T. ferrooxidans at a
Ž .total iron concentration of 0.21 molrl. The inoculum 10% vrv was taken from a

continuous ferrous iron culture in steady state at a dilution rate of 0.033 hy1 and a total
iron concentration of 0.21 molrl. The oxygen and carbon dioxide consumption rates
Ž Ž . Ž ..Eqs. 20 and 21 are plotted in Fig. 8 which shows the typical behaviour of these
batch culture experiments: An exponential increase of the oxygen and carbon dioxide
consumption rates in the initial phase and a steep drop in the end phase. The surface area
under the r curve is the total amount of CO consumption per litre, and therefore theCO 22

Ž . Ž .total amount of biomass, C t yC 0 , that is produced at time t is equal tox x
t stiq1 r t qr tŽ . Ž .CO i CO iq12 2C t sC 0 y t y t 23Ž . Ž . Ž . Ž .Ýx x iq1 i2t s0i
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Ž . Ž . Ž .Fig. 8. ' r and q r in a batch culture with T. ferrooxidans on ferrous iron 0.21 mol Ferl derivedO CO2 2

from on-line off-gas analyses.

In Fig. 9 the biomass concentration determined from the carbon dioxide consumption is
Ž Ž ..plotted Eq. 23 . TOC was only measured when the experiment was terminated

because the amount of sample needed for TOC measurements was too large. In all
experiments the measured TOC was equal to the total amount of consumed carbon
dioxide, showing a valid carbon balance. The measured ferrous iron concentration and
the iron concentration calculated from the total carbon dioxide and oxygen consumption

Žat time t i.e., the integrated degree of reduction balance which is derived from rewriting

Ž . Ž . Ž .Fig. 9. P P P C from the total carbon dioxide consumption in a batch culture same as Fig. 8 . B C fromx x
2q 2qŽ . Ž . w x Ž . w xTOC analyses only one measurement . ' Fe from o-phenantroline analyses. Fe

calculated from degree of reduction balance.
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Ž . Ž ..Eq. 7 similar to Eq. 23 are also plotted in Fig. 9. This plot shows that the measured
and calculated ferrous iron concentrations coincide, and therefore, the degree of reduc-
tion balance applies. Accordingly, 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 Fig. 10 both the specific oxygen consumption rate, q , and the specificO 2

growth rate, m, are plotted against time. These specific rates are derived from using the
Ž . Ž . Ž .measured oxygen and carbon dioxide consumption rates, r t and r t Fig. 8 andO CO2 2

Ž . Ž .the biomass concentration C t Fig. 9 . The specific oxygen consumption rate, q ,x O 2

shows the typical behaviour of a batch culture experiment: q is high at high substrateO 2

Ž . Žconcentration ferrous iron and low product concentration ferric iron which is an
.inhibitor in the initial phase, and decreases at decreasing ferrous and increasing ferric

concentration in the last phase of the experiment. The specific growth rate, m, behaves
differently because it only slowly increases to m which is only reached after 12 h. Itmax

Ž .appeared that in the initial phase up to 12 h the specific growth rate, m, and the
specific oxygen consumption rate, q , are uncoupled. This is clearly seen in Fig. 11,O 2

where the reciprocal yield of T. ferrooxidans on oxygen, 1rY , is plotted against theox

reciprocal specific growth rate, 1rm. The actual yield of biomass on oxygen and
Ž .substrate in the initial phase of the experiment was very low 1rY is high , and theox

Pirt equation was only applicable after 12 h. This dynamic behaviour of the cells, and
w xthe kinetic behaviour in the batch culture has been extensively discussed elsewhere 36 .

Ž .The initial phase -12 h was ignored in the determination of the maximum yield and
Ž . maxmaintenance coefficient on oxygen Fig. 11 and yielded Y s0.0535"0.002 C-ox

molrmol O and m s0.2"0.1 mol O rC-molrh. The maximum yield coefficient of2 O 2

T. ferrooxidans on ferrous iron in batch cultures is close to that in continuous cultures,
whereas the maintenance coefficient appears to be somewhat larger. However, the errors
in m determined from these batch culture data are relatively large.O

This example of a batch culture clearly shows the usefulness of on-line analyses of
O and CO in the gas phase because this method provides accurate biomass and ferrous2 2

Ž . Ž . Ž . Ž .Fig. 10. ' q from r rC Fig. 8Fig. 9 and q m from r rC in a batch culture same as Fig. 8 .O O x CO x2 2 2
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Ž . Ž . Ž . Ž .Fig. 11. ' 1r Y s r r r against 1rm in a batch culture same as Fig. 8 . 1r Yox O CO ox2 2

calculated with Y max s0.0535 C-molrmol O and m s0.2 mol O rC-molrh.ox 2 O 2

iron concentrations in the culture, and from these data the biomass specific oxygen
consumption and growth rate, q and m, are accurately known as a function of theO 2

ferrous and ferric iron concentration in the culture. These data are sufficient for
w xdeveloping a rate equation for the ferrous iron oxidation kinetics of T. ferrooxidans 36 .

Another advantage of the use of on-line off-gas analyses is that dynamic behaviour of
the cells, as occurred in the initial phase of the batch culture, was discovered.

4.3. 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 in 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 2 l of a pyrite grown cell
suspension and no pyrite, 4 g of pyrite were added at ts23.5 h, subsequently 6 g at
ts26.6 h, 10 g at ts28.5 h, 20 g at 46.4 h, and 20 g at 54.3 h. The amount of pyrite

Ž .xqoxidized and the amount of dissolved iron produced from iron balance: yr srFeS Fe2

in the pyrite batch is calculated from the integrated degree of reduction balance for
Ž Ž . Ž ..pyrite rewriting Eq. 8 similar to Eq. 23 . The calculated pyrite concentration is

w xqxplotted in Fig. 12, and the calculated total dissolved iron concentration, Fe , is
Ž .plotted in Fig. 13. The measured total iron concentration ortho-phenantroline method

is plotted in Fig. 13. The values of the calculated and the measured total iron
concentration coincided in all the measurements that were carried out. This implies that
the degree of reduction balance applies for the pyrite system. Accordingly, because the
degree of reduction balance was derived from the assumption that pyrite is completely

Žoxidized to ferric iron and sulphate this stoichiometry is correct i.e., no intermediate
.products accumulate in the system . In Fig. 13 also the measured biomass concentration

Ž . Ž Ž ..TOC analyses and the C derived from CO measurements Eq. 23 , are plotted. Thex 2
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Fig. 12. Staged addition of pyrite in a batch culture with Leptospirillum-like bacteria. The arrows show the
Ž . w xamount of pyrite added to 2 l of a pyrite grown cell suspension. FeS derived from the degree2

of reduction balance.

total biomass concentration from CO measurements and the measured TOC in samples2

agree, which implies that the biomass concentration is accurately determined from the
CO off-gas analyses. No significant difference has been detected between the TOC2

concentration in samples with and without pyrite. Therefore, the fraction of bacteria
attached to pyrite particles is negligible. The step decrease in the total Fe and Cx

concentration at 22 h was due to removing 200 ml pyrite-free cell suspension from the
culture and replacing it by 200 ml fresh medium.

Fig. 13. Staged addition of pyrite in a batch culture with Leptospirillum-like bacteria. The arrows show the
Ž . w xamount of pyrite added to 2 l of a pyrite grown cell suspension. FeS derived from the degree2

of reduction balance.
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These measurements show a very important advantage of the on-line off-gas analy-
ses, because the concentrations of biomass, pyrite, and total dissolved iron in batch
cultures are accurately and continuously known, which provides a very extensive data
set for kinetic evaluation.

The redox potential in the batch culture on pyrite was measured on-line with an
Ž .AgrAgClrrLiCl rPt redox meter Fig. 14 . In the initial 22 h this batch culture3

consisted of a pyrite free cell suspension. In this phase the redox potential is high and
Žw 2qx y6the calculated ferrous iron concentration is extremely low Fe s15=10 M,

.which is below 1 mgrl . After each pyrite addition the redox potential immediately
Ž .dropped implying an increase of the ferrous iron concentration and then slowly

increased again. The lowest redox potential was achieved after the last pyrite addition
Ž w 2qx y6 .highest Fe s150=10 M or 10 mgrl . For comparison: with a standard H 2

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 of pyrite,
which relate both to bacterial Fe2q oxidation and chemical FeS oxidation with Fe3q

2
w x1 .

In Fig. 15 the oxygen and carbon dioxide consumption rates, r and r , and theirO CO2 2

response to pyrite additions are plotted. In the initial 22 h these rates were close to zero
because no substrate was available. It was observed that the consumption rates immedi-
ately increased after each addition of pyrite, after which the rates slowly increased

Žfurther. The oxygen and carbon dioxide consumption are stoichiometrically coupled this
is in contrast with the bacterial ferrous iron oxidation where the oxygen and carbon

.dioxide consumption are uncoupled at the start of a batch culture experiment .
In Fig. 16 the biomass specific oxygen consumption rate and growth rate, q and m,O 2

Ž Ž ..and their response to pyrite additions, are plotted Eq. 9 . The biomass specific rates

Ž . Ž . Ž .Fig. 14. r and P P P r pyrite batch culture same as Fig. 12O CO2 2
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Ž . Ž . Ž .Fig. 15. r and P P P r pyrite batch culture same as Fig. 12 .O CO2 2

immediately increased after each pyrite addition, and then slowly decreased. The highest
Žbiomass specific rate was achieved at the largest pyrite concentration which is also

. w 2qx w 3qxhighest pyrite to biomass ratio . Clearly q increases with Fe r Fe . In Fig. 17O 2

the pyrite specific oxygen and carbon dioxide consumption rates, n and n , andO CO2 2

Ž Ž ..their response to pyrite additions, are plotted Eq. 11 . The pyrite specific oxidation
Ž .rate, n mol FeS rmol FeS rh is easily determined from the degree of reductionFeS 2 22

Ž Ž ..balance for pyrite Eq. 8 . In contrast to the biomass specific rates, the pyrite specific
rates decreased after each pyrite addition, and then slowly increased again. Clearly,

w 2qx w 3qxn decreases with increasing Fe r Fe .FeS 2

Ž . Ž . Ž .Fig. 16. q and P P P m in a pyrite batch culture same as Fig. 12 .O 2
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Ž . Ž . Ž .Fig. 17. Pyrite specific oxygen consumption rate n written as nuO2 , and P P P nO CO2 2
Ž . Ž .written as nuCO2 , in a pyrite batch culture same as Fig. 12 .

From these measurements biomass specific rates, q and m, and pyrite specificO 2

rates, n and n , are known as a function of the ferrous, ferric, pyrite and biomassO FeS2 2

concentrations in the culture. These data are used in examining the bacterial pyrite
w xoxidation kinetics, which is discussed elsewhere 1 .

In Fig. 18 the ratio of the oxygen and carbon dioxide consumption rate, 1rY , in theox
Ž .batch culture on pyrite is plotted against the reciprocal growth rate, 1rm, and Eq. 15 is

applied to derive the maximum yield and maintenance coefficients: Y max s0.050"0.002ox

mol O rC-mol, m s0.06"0.025 mol O rC-molrh. It appears that the maximum2 o 2

Ž . Ž . Ž .Fig. 18. B 1r Y of Leptospirillum-like bacteria on pyrite same as Fig. 12 against 1rm.ox
Ž Ž .. max1r Y calculated Eq. 15 with Y s0.050 mol O rC-mol, m s0.06 mol O rC-molrh.ox ox 2 o 2
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yield of bacteria on pyrite per mole of oxygen consumed, Y max is equal to that onox

ferrous iron. The maintenance coefficient, m , appears somewhat lower. These findingso
w xare discussed elsewhere 1 .

5. Conclusions

On-line O and CO analyses in the gas phase in batch and continuous cultures,2 2

together with the use of stoichiometric equations, has proven to be very useful in
examining the bio-oxidation kinetics of ferrous iron and pyrite. The carbon balance was
met in all experiments, which showed that the biomass concentrations in continuous and
batch cultures were accurately and continuously known from the CO measurement in2

the gas phase. The iron balance was met in all experiments except when the formation of
iron precipitates was visible. The proposed degree of reduction balances, which relate

Žthe oxygen and carbon dioxide consumption to the substrate consumption ferrous iron
. Žor pyrite , were applicable i.e., stoichiometric equation applies and no accumulation of

.intermediate products occurs . The use of the degree of reduction balance showed that
the ferrous iron and pyrite concentrations in batch cultures were accurately and
continuously known from only the O and CO measurement in the gas phase; the2 2

w 2qxcalculated Fe was less accurate in continuous cultures compared to off-line iron
analyses. On-line off-gas analyses in batch cultures were very useful in determining the

Ž .occurrence of dynamic growth behaviour of the cells in ferrous iron cultures , and the
Žresponse to step changes in the pyrite concentration batch cultures with staged addition

.of pyrite . On-line redox potential measurement in batch cultures with pyrite were very
accurate in the on-line determination of extremely low ferrous iron concentration and the

w 2qxresponse of Fe after a step change in the pyrite concentration. The Pirt equation was
applicable to cultures on ferrous iron or pyrite, except for the initial phase of batch
cultures on ferrous iron. Consequently, if the kinetic equation for ferrous iron oxidation
has been determined, the growth kinetics are also known from applying the Pirt equation
w x36 . Finally, the methods presented in this work show that a large set of accurate data is
obtained from the experiments, which are needed to examine the bacterial ferrous iron or
pyrite oxidation, e.g., biomass and pyrite specific rates, q , m, n , n , as a functionO O FeS2 2 2

w xof the concentrations of biomass, pyrite, ferric and ferrous iron 1,36 .

6. List of symbols

Ž .C Biomass concentration C-molrlx
w x Ž .CO Carbon dioxide concentration in reference air lrl2 G,in
w x Ž .CO Carbon dioxide concentration in off-gas lrl2 G,out

Ž .D Dilution rate lrlrh
Ž .E Redox potential in solution mVh

w x Ž .FeS Concentration of pyrite molrl2 slurry
w 2qx Ž .Fe Ferrous iron concentration molrl
w 3qx Ž .Fe Ferric iron concentration molrl
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Ž .m Maintenance coefficient on substrate molrC-molrss
Ž .m Maintenance coefficient on O mol O rC-molrsO 2 2

Ž y1 .m Bacterial specific growth rate h
Ž .n Pyrite specific rate mol irmol FeS rhi 2

w x Ž .O Oxygen concentration in reference air lrl2 ref
w x Ž .O Oxygen concentration in off-gas lrl2 G,out

Ž 3 .F Volumetric gas flow rate m rsG
Ž .q Bacterial specific rate mol irC-molrsi

Ž .r Reaction rate mol irlrhi
Ž .R Gas constant JrmolrK

Ž .t Time h
Ž .T Temperature K
Ž 3.V Liquid volume mliq

Ž . Ž 2q.Y Yield of biomass on substrate e.g.. ferrous iron C-molrmol Fesx
Ž .Y Yield of biomass per mol of oxygen consumed C-molrmol Oox 2

max Ž 2q.Y Maximum yield coefficient on substrate C-molrmol Fesx
max Ž .Y Maximum yield coefficient per mole of oxygen C-molrmol Oox 2
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