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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 ferrousiron as well
as in the chemical oxidation of pyrite. In bio-oxidation experiments with pyrite extremely high
[Fe**]/[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. © 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 aso
widely used for copper from low grade ores, and aso 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
determine 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-
processes: (i) The chemical oxidation of the sulphide mineral with ferric iron to ferrous
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
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
pyrite is a factor of 10 to 20 times faster than the chemical rate [2—4]. These high rates
in the presence of bacteria are due to the favourable chemical conditions (i.e., high ferric
to ferrous iron ratios) maintained by the bacteria [1,5]. Accordingly, the chemical
oxidation of sulphide minerals with ferric iron and the bacterial oxidation of ferrousiron
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.

The biomass concentration is usually determined off-line, using cell counts [6-15],
organic nitrogen [16,24], protein analyses [17-23], or TOC analyses (total organic
carbon) [19,24—26]. Most authors who examined the bacterial ferrous iron oxidation
kinetics 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-
nology. The oxygen and carbon dioxide consumption rates, ro, and re (mol /1/h), in
the durry are known on-line, and, from using elemental and charge balances, also the
biomass (C,), substrate ([Fe**] or [FeS,]), and product ([Fe**]) concentration can be
caculated on line. From this set of data the biomass and mineral specific rates
(mol /C-mol /h and mol /mol FeS,/h, respectively), which are needed in kinetic
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-
standing of bio-oxidation processes: (i) The mechanism in the bio-oxidation of pyrite
with L. ferrooxidans has been determined (i.e, the indirect mechanism). (i) A
mechanistic kinetic model has been developed for the oxidation of pyrite with L.
ferrooxidans. (iii) A kinetic model has been developed for the (sterile) chemical
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
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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the ferrous iron oxidation kinetics (e.g., the effect of the iron concentration, pH, toxic
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.
(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
is largely effected when elemental sulphur (produced in the chemical oxidation of zinc
sulphide) is present. (viii) An experimental technique to measure the chemical oxidation
kinetics of sulphide minerals at moderate temperatures (20—35°C) and pH (1.5-2.5), at
high ferric to ferrous iron concentrations, using batch cultures with L. ferrooxidans, is
proposed. (ix) It is suggested how these techniques can be useful in examining
bio-oxidation processes for a particular mineral source and bacterial strain. [1,5,36,37].
The use of on-line off-gas analyses and the application of stoichiometry (elemental
and charge balances) is here illustrated for three examples of kinetic measurements. (1)
Continuous cultures with T. ferrooxidans on ferrous iron. (2) Batch cultures with T.
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,
O, N, Fe, and the charge balance [38]. Introduction of Y, as the biomass yield on
ferrous iron, and assuming that the biomass composition [38] is represented by
CH, 304N, results in the following stoichiometric equation for the bacterial oxida-
tion of ferrous iron,

(1-4.2Y,)
CO,+02NH; + ——— 0, + —Fe** + —0.2|H*
4Y,, ' Y jsx
1., 1
= CH, Oy 5Ng, + Y—SxFe + E —0.6|H,0 (1)

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, 1/Y,, is the amount of ferrous iron to be
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,

—I’Fez+= _rx (2)
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Similarly 1/Y,, is defined as the amount of oxygen that is to be consumed to produce 1
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,,,
L 3
—ro. =—F
0, Yox X ( )
Thus, Eq. (1) directly shows that
1 1-4.2Y,
A )
(04 SX

If it is assumed that no iron precipitates (e.g. jarosite) are formed, the oxidation rate of
ferrous iron, r .-, equals the production rate of ferric iron, rgg-, according to the iron
balance,

- r,:ez+ = rFe3+ (5)

The production rate of bacteria, r,, is equal to the consumption rate of carbon dioxide,
l'co,» @cording to the carbon balance,

—Tco, = Ik (6)

Accordingly, the concentration of bacteria is expressed in moles of organic carbon per
litre (C-moal /1). The relation between the oxidation rate of ferrous iron and the oxygen
and carbon dioxide consumption rates is called the ‘degree of reduction balance’ [38]
and follows from the stoichiometry,

—le2r= —4rg —4.2rcq, (7

This equation shows the effect of using an integrated stoichiometric equation for ferrous
iron oxidation and biomass growth (Eg. (1)) compared with using a separate stoichio-
metric equation for the oxidation of only ferrousiron which would yield that rgez. = 4rg, .
However, the term 4.2r,_in Eq. (7) has only a minor effect with regard to oxygen
consumption (5%). In this work the biomass composition, CH, 4O,sN,,, and the
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
oxidized to ferrous iron and sulphate (i.e., no accumulation of intermediates), the degree
of reduction balance is

—15r s, = —4ro, — 4210, (8)

In bio-oxidation experiments in aerated fermenters with ferrous iron or pyrite, the carbon
balance is checked from the comparison of the bacteria growth rate, r,, and carbon
dioxide consumption rate, re,  (Eq. (6)). If the carbon balance is met, C, (C-mol /1) is
accurately derived from the total amount of carbon dioxide consumed in the culture. In
order to examine whether precipitates are formed, the iron balance, Eqg. (5), needs to be
checked. For pyrite the iron balance, from —rg.g =g+, is checked from weighing the
residual pyrite at the end of an experiment. If in cultures with ferrous iron the degree of
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reduction balance, Eq. (7), applies, the ferrous iron oxidation rate in continuous cultures
on ferrous iron, and aso the degree of conversion of ferrous iron in batch cultures, can
be directly determined from only the on-line measured oxygen and carbon dioxide
consumption. The same holds for pyrite cultures. It isimportant to recognize that Eq. (8)
is only applicable to determine the pyrite oxidation rate, re.g,, and the pyrite concentra-
tion, [FeS, ], if no accumulation of intermediate products occurs (e.g. in the bio-oxida
tion of zinc sulphide with T. ferrooxidans transient accumulation of ferrous iron and
elemental sulphur occurred [37]).

2.2. Specific rates

Rate equations for the bacterial oxidation kinetics are usually expressed in terms of
the biomass specific rates (mol /C-moal /h). The biomass specific oxidation (or consump-
tion) rate of compound i, g;, is defined as the rate per C-mol of biomass,

Iril 9

q = ?X (9
Accordingly, the biomass specific oxygen consumption rate, g, , is defined as the
oxygen consumption rate per C-mol of biomass: qo, = —rg, /C,, and the (biomass)
specific growth rate, u, is defined by: w=r,/C,. These biomass specific rates are
measures of the activity of the bacteria (mol /C-mol /h). 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, v, 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
elsewhere [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 durries, the specific pyrite oxidation rate is expressed per mole of pyrite
(mol /mol FeS,/h), using [FeS,] as the pyrite concentration. For pyrite conversions up
to 50% this will only cause minor errors [3]. The pyrite specific oxidation rate is
therefore defined by

MFes,

- 10
VFeSZ [Fe82 ] ( )
and the pyrite specific oxygen consumption rate is defined by
'o
= 2 11
70: ~ TFes, | (11)

Due to the occurrence of a dominant ‘indirect’ mechanism, a very useful application of
the degree of reduction balance for pyrite, Eg. (8), is the determination of the specific
chemical oxidation rate of pyrite, ve.s, in Eq. (10), from only the oxygen and carbon
dioxide 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
growth and maintenance [39]. The primary process in bacteria oxidation reactions is
considered to be the oxidation of substrate (e.g., ferrous iron, sphalerite or pyrite). The
maximum growth yield, Y, (C-mol /moal), is defined as the maximum amount of
biomass that can be produced per mole of substrate. The maintenance coefficient, m
(mol /C-mol /h), 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 and mg are constants for a
certain bacteria 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 bacteria growth and the maintenance of bacteria,

rX

s~ \ymax
YSX

—r + m,C, (12)

Using the definitions of the actual yield of biomass on substrate, Y, (Eq. (2)), and
specific growth rate, u (Eg. (9)), this can be rewritten as

1 1 m

S
= + — (13)
Yo

Y,

X

Similarly, introducing the maximum yield of biomass on oxygen, Y™, and the
maintenance coefficient of biomass on oxygen, m,, the oxygen consumption rate
required for growth and maintenance of the bacteria on a certain substrate according to
the Pirt equation is

r
+m.C

~Fo, = ymar T MoCx (14)
Using the definition of the actual yield of biomass on oxygen, Y, in Eg. (3), and that of
the specific growth rate this equation is rewritten as

1 1 m,
+ — (15)

- YoTax r

Y,

ox

Hence, the actual yield of biomass on substrate, Y, and oxygen, Y,,, depends on the
specific growth rate, w.

By means of the degree of reduction balance the maximum yield of bacteria on
ferrous iron, Y., is related to its maximum yield on oxygen, Yo, as

Y acil 16
X1 — 4.2y (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, my, as

S (17)
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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
in a continuous culture to a high ferrous iron concentration in a batch culture (Fig. 11).
If the Pirt equation is applicable it has severa uses:

(@) The specific growth, oxygen and ferrous iron consumption rates are coupled.
Therefore, if one kinetic equation is known (e.g., for qoz), the other rate equations can
be derived from Eq. (12) or Eq. (14).

(b) Some authors [40,41] have used the comparison of yield coefficients on different
substrates (e.g., Yo of T. ferrooxidans on ferrous iron, elemental sulphur, and pyrite)
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’
mechanism (this argument has been examined elsewhere [1]).

(c) It has been shown that often carbon dioxide limitation occurs in bio-oxidation
experiments with sulphide minerals [42]. If the maintenance and maximum yield
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 dlurry 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 h™?! 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-
tion were determined off-line with a colorimetric method (see below). The biomass
concentration was determined off-line (TOC analyses, see below).

Batch cultures with ferrous iron were inoculated with a relatively large inoculum size
(10% v /v). This inoculum was cell suspension taken from the continuous culture with
T. ferrooxidans on ferrous iron. Accordingly, the initial steady state conditions of the
cells are accurately known from the continuous culture measurements (C, , o, and w.
Consequently, the initial biomass concentration in a batch culture, C,(0), is accurately
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 dynamic
behaviour of the cells when transferred from a low ferrous iron concentration in the
continuous culture to a high [Fe?* ] in the batch culture.

A new experimental method (staged pyrite addition to batch cultures) has been
developed to examine the kinetics of pyrite oxidation with Leptospirillum bacteria. This
method is described elsewhere [5].

Continuous and batch culture experiments were carried out in stirred and baffled
aerated fermenters with a working volume of 2 1 (H/D = 1), maintained at 30°C by a
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Fig. 1. Fermenter equipment.

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
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
reference air were 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
BIOWATCH [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
kinetics, 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.
The gas-liquid mass transfer coefficients (k, @) in this fermenter were determined at
several aeration and stirring rates, using a dynamic measurement (Table 1) [44]. Usually
the stirring speed was 400 min~* and the flow rate of air was 121 /I /h (0.2 vwvm). In the
example below it is shown that exhaustion of CO, in the aeration air easily occurs [42]:
At an air flow rate of 12 1 /1 /h the available amount of carbon dioxide in the gas phase
is 1.6 X 10°* mol CO,/I/h (3.3x 107* mol CO,/mol air), which is close to the
actually measured values of rq, at high growth rates in batch cultures on pyrite (Fig.
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

Stirring speed (min—1) Aeration rate (vwm) k a0,) (s
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
concentrationsin the solution are 50% of the saturation concentration, then the gas—liquid
oxygen transfer rate is 3.5 x 1072 mol /I /h (400 min~*, 121 /1 /h, k, a=0.010 s™ %),
and, a 3.3x10"* mol CO,/mol air, the carbon dioxide transfer rate is 1.5 x 1074
mol /1 /h. In and it can be seen that r,, and reo, are usualy below these values.

The solution redox potential was measured with an Ingold combination redox
electrode and Metrohm monitor. The electrode consisted of an Ag,/AgCl electrode and a
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 min~* for 30
min. Then, the supernatant was filtered with a 0.2 um membrane filter (Gelman
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 30°C by adding known amounts of ferrous iron. The initial ferrous
iron concentration, which is very low, is estimated by extrapolating the curve.

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
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 mg/| at total iron concentrations above 3 g/| are not
accurate because bacteria significantly consume ferrous iron.

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-
rescence—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
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
(e.g. elemental sulphur, S,037). With the immunofluorescence method [45] it has been
shown 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.

The medium for the bacterial ferrous iron oxidation experiments contained (NH ,), SO,
1g9/l, KCI 0.1 g/I, K,HPO, 0.5 g/I, MgSO, - 7H,0 0.2 g/I. Ferrous iron solution
was prepared by the addition of FeSO, - 7H,O > 99.0% (Baker, Holland) to this
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 in
continuous 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 on
Prieska pyrite the pH was manually controlled at pH 1.5-1.6 by the addition of 4 M
NaOH.

A solution of trace elements [46] was added to the culture: 1 ml /I in ferrous iron
medium and 10 ml /I in pyrite medium. To prepare a solution of trace elements 15 g/I
EDTA is dissolved in demineralized water. Next, 1 g/| ZnSO, - 2H,0 is added and the
pH is set to 6.0. Then, successively 1.0 g/I CoCl, - 6H,0, 1.0 g/l MnCl, - 4H,0, 0.5
g/l CusQ, - 5H,0, 5.0 g/ FesO,-7H,0, 0.5 g/I Na,MoO, - 2H,0, and 0.5 g/I
CaCl, - 2H,0 were added and pH was set to 4.0. This solution contains carbon, for
which it needed to be corrected in TOC analyses.

A sieve fraction of 57—75 um Prieska pyrite (Gamsberg mine, South Africa) that
consisted of 90% FeS, and 10% quartz was used in bacterial oxidation experiments.

In the measurement of TOC errors up to 10% can occur. In the measurement of
[Fe**] 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
o, and 1o, from off-gas analyses are given. In continuous cultures low errors are
achieved because at least 100 measurement points were available per steady state;
lowest 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 a highest O, and CO, consumption rates. Additionally errors in rates
measured in the fermenter are due to errors in the gas flow rate (1%), in the working
volume (1%), and in the liquid flow rate (0.1%) (only in continuous cultures).

Table 2
Errors in off-gas analyses
Experiment M easurement Range Error in r; (mol /1 /h)
Continuous culture Fe?* ACO, 10-100 ppm 1-10%
AO, 0.04-0.18% 1-5%
Batch culture Fe?* ACO, 10-100 ppm 3-30%
AO, 0.04-0.18% 5-25%
Batch culture FeS, ACO, 6—200 ppm 1.5-30%

AO, 0.04-0.40% 2.5-25%
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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 mol /1 and the dilution rates varied between 0.01 and 0.09 h™*. 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
iron concentration, [Fe?* ], and the ferrous iron concentration calculated from the degree
of reduction balance. Redlizing that .= D(Fe*" ], — [Fe*" ], [Fe*"] is caculated
from the following equation:

—4rg, —4.2r¢,

[Fe? ] = [Fe? ]~ ——

(18)

At dilution rates larger than D = 0.08 the ferrous iron concentrations from Eq. (18) are
close to the measured value, whereas at low dilution rates the two values do not agree
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 h™* a
significant part of the substrate is not oxidized and the ferrous iron concentration steeply
increases. According to kinetic analyses [36] wash-out of biomass would occur at
D = 0.10 h™* (because the maximum growth rate, u,,, = 0.10 h™1!), causing that close
to this dilution rate the ferrous iron concentration would increase to the influent

0.06 ok
A
< 0.04 L
E A
.
— + A
& - .
.
L 0.021 + e
o . . .
+ F + +
+ + . F + A
-+ A A
A
0 AaAA Aﬂ:
0 0.02 0.04 0.06 0.08 0.1

D (1/h)

Fig. 2. (a) Average [Fe?>" ] (o-phenantroline analysis) in a continuous culture with T. ferrooxidans at varying
steady states and [Fe] = 0.21 mol /I. (+) [Fe?* ] calculated from Eq. (18).
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Fig. 3. (a) C, measured (TOC) in a continuous culture (same as Fig. 2). (+) C, from CO, consumption.

concentration, [Fe* ], = 0.21 M, while the biomass concentration (Fig. 3) and aso the
oxygen and carbon dioxide consumption rates (Fig. 4) would decrease to zero. However,
no accurate measurements were obtained between D = 0.085 and 0.1, due the large
effect of the dilution rate on the oxidation rate in this range together with difficulties in
the 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
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

0.004
A
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ACAT | LoE04
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A
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-
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Fig. 4. (a) ro, and (+) reo, from off-gas analyses in a continuous culture (same as Fig. 2).
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dilution rate is due to the increased maintenance requirements of the cells (Eg. (13)).
The biomass concentration, C, (C-mol /1), is also derived from the carbon dioxide
consumption rate, r,_, and the specific growth rate, w. In a continuous culture at steady
state the specific growth rate of the cells, w, is equal to the dilution rate, D, and
therefore

—lco,
D

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

C,=

(19)

1
- r02 = V. ((pgas,in[oz]ref - q’r)gas,out[oz]e,out) (20)
lig

and the carbon dioxide consumption rate from
1
- IFCOZ = V_ (‘I)gas,in[COZ ]ref - (pgas,out[COZ ]G,out) (21)
lig

It should be noted that, due to the amount of oxygen consumed from the gas phase,
Dpasonr 1S NOt equal to Py, Assuming that Dy, equals Py, (because the
difference is less than 0.5%), will cause a systematic error of about 20% in the
caculation of the oxygen consumption rates. The flow rate of the off-gas, @y iS

calculated from the N, balance in the gas phase,

1-|0O —|CO
(pgasvom _ (pgas‘in [ 2]ref [ 2]ref
1- [OZ]G,out - [COZ]G,out

(22)

In this equation the dimensions of the oxygen and carbon dioxide concentration in the
gas phase are volume/volume. In Fig. 4 1o and rco, are plotted against the dilution
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 Fe?* is available per unit of time. Near
wash-out the ro, and reo, steeply decrease to zero, because Fe?* is only partly
oxidized.

The biomass specific oxygen consumption rate, g, , is derived from applying Eq. 9
and plotted against the dilution rate in Fig. 5. The value of qg, linearly increases with
the dilution rate which is in accordance with the Pirt equation.

In Figs. 6 and 7 the reciprocal biomass yield on ferrous iron, rge:/req,, and on
oxygen, r'o,/Tco,, are plotted against the reciprocal dilution rate. From these figures it
can be seen that the actual yield, Y, , is dependent on the specific growth rate (D). Egs.
(13) and (15) are applied and yield a straight line with a slope equal to the maintenance
coefficients (m, and m, respectively), and with an intercept equal to the reciprocal
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Fig. 5. (a) go, in acontinuous culture (same as Fig. 2).

values of the maximum yield (1/Y,"™ and 1/Y,7®, respectively). Accordingly, the Pirt
equation applies to continuous cultures of T. ferrooxidans on ferrous iron. The fitted
values are Y = 0.012 + 0.0005 mol Fe?* /C-mol, mg is 0.45+ 0.10 mol Fe?*/C-
mol /h (Fig. 6) and Y™ = 0.051+ 0.002 mol O,/C-mol, m, is 0.10+ 0.03 mol
0,/C-mol /h (Fig. 7). From the fitted value of Y® = 0.012 4+ 0.0005 it follows with
Eq. (16) that Y = 0.051 + 0.002, which is in accordance with the fitted value of
Y. Similarly, from the value of my=0.45+ 0.10 it follows from Eq. (17)) that
mgy = 0.11 4+ 0.025, which is in accordance with the fitted value of m,. As discussed
dready, Egs. (16) and (17) are applicable because the degree of reduction balance

applies.
200
S 160
£
Q
+ i
g 120 R 4
[ AA A
< X
E 804 A
1/Y¥Ysx = 1/0.012 + 0.45/D
< i
N
S 404
0 T T T T T
0 20 40 60 80
1/D (h)

100

Fig. 6. (a) Reciproca yield of T. ferrooxidans on ferrous iron against the reciprocal dilution rate in a

continuous culture (same as Fig. 2). (
Fe?* /C-mol and my is 0.45 mol Fe?* /C-mol /h.

) 1/ Yy calculated from Eq. (13) with Y7 = 0.012 mol
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Fig. 7. (a) Reciproca yield of T. ferrooxidans on oxygen against the reciprocal dilution rate in a continuous
culture (same as Fig. 2). (—— ) 1/Y,, calculated with Eq. (15) and Ygr®* = 0.051 mol O, /C-mol and
m, is 0.10 mol O, /C-mol /h.

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 in
the gas-phase. From these measurements the biomass specific oxygen consumption and
growth rate (dilution rate), g, and u, are very accurately related to the ferrous and
ferric iron concentration in the culture. This kinetic behaviour has been discussed
elsewhere [36]. Because the Pirt equation applies, the growth and oxidation kinetics are
related, and therefore, if only one rate equation is known (e.g., qoz), the other rate
equations (e.g., u and gg.2+) can be immediately derived from using the Pirt equation
[36].

4.2. Batch culture experiments on ferrous iron

The second example concerns a batch culture experiment with T. ferrooxidans at a
total iron concentration of 0.21 mol /1. The inoculum (10% v/v) was taken 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 oxygen and carbon dioxide consumption rates
(Egs. (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 rq, curve isthe total amount of CO, consumption per litre, and therefore the
total amount of biomass, C,(t) — C,(0), that is produced at time t is equal to

bea=troo (1) + reol(t
coz( ) coz( +1) (ti+1_ti) (23)

Cx(t) = Cx(o) - Z 2

=0
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Fig. 8. (a) ro, and (+) r¢o, inabatch culture with T. ferrooxidans on ferrous iron (0.21 mol Fe/I) derived
from on-line off-gas analyses.

In Fig. 9 the biomass concentration determined from the carbon dioxide consumption is
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
at time t (i.e., the integrated degree of reduction balance which is derived from rewriting

(mol/L)

Cx (C-mol/L)

[Fe2+]

Fig. 9. (- - -) C, from the total carbon dioxide consumption in a batch culture (same as Fig. 8). (m) C, from
TOC analyses (only one measurement). (a) [Fe?t ] from o-phenantroline analyses. (————) [Fe?* ]
calculated from degree of reduction balance.
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Eqg. (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 specific
growth rate, ., are plotted against time. These specific rates are derived from using the
measured oxygen and carbon dioxide consumption rates, rq, (t) and ro (t) (Fig. 8) and
the biomass concentration C,(t) (Fig. 9). The specific oxygen consumption rate, ¢,
shows the typical behaviour of a batch culture experiment: o, is high at high substrate
concentration (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, u, behaves
differently because it only slowly increases to w,,,, Which is only reached after 12 h. It
appeared that in the initiad phase (up to 12 h) the specific growth rate, u, and the
specific oxygen consumption rate, d,, are uncoupled. This is clearly seen in Fig. 11,
where the reciprocal yield of T. ferrooxidans on oxygen, 1/Y,,, is plotted against the
reciprocal specific growth rate, 1/u. The actual yield of biomass on oxygen and
substrate in the initiad phase of the experiment was very low (1/Y,, is high), and the
Pirt equation was only applicable after 12 h. This dynamic behaviour of the cells, and
the kinetic behaviour in the batch culture has been extensively discussed el sewhere [36].
The initial phase (< 12 h) was ignored in the determination of the maximum yield and
maintenance coefficient on oxygen (Fig. 11) and yielded Y7 = 0.0535 + 0.002 C-
mol /mol O, and my = 0.2 + 0.1 mol O,/C-mol /h. The maximum yield coefficient of
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 my determined from these batch culture data are relatively large.

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 ferrous
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£ s % —_
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° i X
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0 : . ; . ; 0
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Fig. 10. (&) qq, from ro, /C, (Fig. 8Fig. 9) and (+) u from req, /C, in abatch culture (same as Fig. 8).
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Fig. 11. (&) 1/ Yo (=g, /Tco,) &gainst 1/ in a batch culture (same as Fig. 8). (
calculated with Yy = 0.0535 C-mol /mol O, and mg = 0.2 mol O, /C-mol /h.

) 1/ Yox

iron concentrations in the culture, and from these data the biomass specific oxygen
consumption and growth rate, ¢, and u, are accurately known as a function of the
ferrous and ferric iron concentration in the culture. These data are sufficient for
developing 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 changesin
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 | of a pyrite grown cell
suspension and no pyrite, 4 g of pyrite were added at t = 23.5 h, subsequently 6 g at
t=26.6h,10ga t=285h, 20 g a 46.4 h, and 20 g a 54.3 h. The amount of pyrite
oxidized and the amount of dissolved iron produced (from iron balance: —rges = rrert)
in the pyrite batch is calculated from the integrated degree of reduction balance for
pyrite (rewriting Eq. (8) similar to Eq. (23)). The calculated pyrite concentration is
plotted in Fig. 12, and the calculated total dissolved iron concentration, [Fe**], is
plotted in Fig. 13. The measured total iron concentration (ortho-phenantroline method)
is plotted in Fig. 13. The vaues 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
oxidized to ferric iron and sulphate this stoichiometry is correct (i.e., no intermediate
products accumulate in the system). In Fig. 13 aso the measured biomass concentration
(TOC analyses) and the C,, derived from CO, measurements (Eq. (23)), are plotted. The
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Fig. 12. Staged addition of pyrite in a batch culture with Leptospirillum-like bacteria The arrows show the
amount of pyrite added to 2 | of a pyrite grown cell suspension. (————) [FeS, ] derived from the degree

of reduction balance.

total biomass concentration from CO, measurements and the measured TOC in samples
agree, which implies that the biomass concentration is accurately determined from the
CO, off-gas analyses. No significant difference has been detected between the TOC
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 C,
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.
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Fig. 13. Staged addition of pyrite in a batch culture with Leptospirillum-like bacteria. The arrows show the
amount of pyrite added to 2 | of a pyrite grown cell suspension. (————) [FeS, ] derived from the degree
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 potentia in the batch culture on pyrite was measured on-line with an
Ag/AgCl/ /LiCl,/Pt redox meter (Fig. 14). In the initiad 22 h 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 ([Fe*"]=15%x10"% M,
which is below 1 mg/I). After each pyrite addition the redox potentia immediately
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
(highest [Fe*]=150x 10"® M or 10 mg/l). For comparison: with a standard H,
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 Fe?* oxidation and chemical FeS, oxidation with Fe**
[1].

In Fig. 15 the oxygen and carbon dioxide consumption rates, ro, and reo , and their
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
further. 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, g,, and u,
and their response to pyrite additions, are plotted (Eq. (9)). The biomass specific rates

6807
_;vrz
1A Pyrite additions (g/L) 12000
660+
= &
Z 8000 @
~ 640 =
= +
T} i ()
)
==
620- 4000
600 T T T ———T T 0
20 30 40 50 60
Time (h)
Fig. 14. ( ) ro, and (- - +) req, pyrite batch culture (same as Fig. 12)
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Fig. 15. (—————) rg, and (- - -) reo, pyrite batch culture (same as Fig. 12).

immediately increased after each pyrite addition, and then slowly decreased. The highest
biomass specific rate was achieved at the largest pyrite concentration (which is also
highest pyrite to biomass ratio). Clearly q increases with [Fe**]/[Fe*"]. In Fig. 17
the pyrite specific oxygen and carbon dioxide consumption rates, v,, and v¢s,, and
their response to pyrite additions, are plotted (Eq. (11)). The pyrite specific oxidation
rate, ve.s, (Mol FeS,/mol FeS,/h) is easily determined from the degree of reduction
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,
Vees, decreases with increasing [Fe?* ] /[Fe®" ].
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Fig. 16. (————) do, and (- - -) w in apyrite batch culture (same as Fig. 12).
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(written as nuCO2), in a pyrite batch culture (same as Fig. 12).

From these measurements biomass specific rates, d,, and u, and pyrite specific
rates, vo, and ve.g,, are known as a function of the ferrous, ferric, pyrite and biomass
concentrations in the culture. These data are used in examining the bacterial pyrite
oxidation kinetics, which is discussed elsewhere [1].

In Fig. 18 the ratio of the oxygen and carbon dioxide consumption rate, 1/Y,,, in the
batch culture on pyrite is plotted against the reciprocal growth rate, 1/ u, and Eq. (15) is
applied to derive the maximum yield and maintenance coefficients: Y7 = 0.050 + 0.002
mol O,/C-mol, m, = 0.06 + 0.025 mol O,/C-mol /h. It appears that the maximum
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Z
T 104

0 100 200 300 400 500
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Fig. 18. (m) 1/Y,, of Leptospirillum-like bacteria on pyrite (same as Fig. 12) against 1/ . (———)

1/, caculated (Eq. (15)) with Y = 0.050 mol O, /C-mol, m, = 0.06 mol O, /C-mol /h.
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yield of bacteria on pyrite per mole of oxygen consumed, Y is egual to that on
ferrous iron. The maintenance coefficient, m,, appears somewhat lower. These findings
are discussed elsewhere [1].

5. Conclusions

On-line O, and CO, analyses in the gas phase in batch and continuous cultures,
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 in
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
the oxygen and carbon dioxide consumption to the substrate consumption (ferrous iron
or 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; the
calculated [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
occurrence of dynamic growth behaviour of the cells (in ferrous iron cultures), and the
response 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
response 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 aso known from applying the Pirt equation
[36]. Finally, the methods presented in this work show that alarge set of accurate datais
obtained from the experiments, which are needed to examine the bacterial ferrous iron or
pyrite oxidation, e.g., biomass and pyrite specific rates, dg , &, Vo,, Vres, @ afunction
of the concentrations of biomass, pyrite, ferric and ferrous iron [1,36].

6. List of symbols

C, Biomass concentration (C-mol /1)

[CO,lsin Carbon dioxide concentration in reference air (1 /1)

[CO, 16 out Carbon dioxide concentration in off-gas (I /1)
Dilution rate (I /1 /h)

E, Redox potential in solution (mV)
[FeS,] Concentration of pyrite (mol /1,,,)
[Fe?*] Ferrous iron concentration (mol /1)

[Fe**] Ferric iron concentration (mol /1)
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m Maintenance coefficient on substrate (mol /C-mol /s)

mo Maintenance coefficient on O, (mol O,/C-mol /s)

m Bacteria specific growth rate (h™?1)

v, Pyrite specific rate (mol i /mol FeS,/h)

[O, ]« Oxygen concentration in reference air (1 /1)

(0,16 out Oxygen concentration in off-gas (I /1)

@y Volumetric gas flow rate (m*/s)

o} Bacterid specific rate (mol i /C-mol /)

r; Reaction rate (mol i /1 /h)

R Gas constant (J/mol /K)

t Time (h)

T Temperature (K)

Viig Liquid volume (m?)

Yy Yield of biomass on substrate (e.g.. ferrous iron) (C-mol /mol Fe**)
Yo Yield of biomass per mol of oxygen consumed (C-mol /mol O,)
Y& Maximum yield coefficient on substrate (C-mol /mol Fe®")

Y Maximum yield coefficient per mole of oxygen (C-mol /mol O,)
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