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Abstrakt 

 Oxidácia dvojmocného železa v kyslých roztokoch je dôležitou reakciou produkujúcou Fe3+ v 
rozpustnej forme. Vďaka svojim oxidačným schopnostiam sa Fe3+ ión využíva v hydrometalurgii, 
hlavne pri lúhovaní sulfidov neželezných kovov. Pri biologickom lúhovaní sulfidov dochádza k 
regenerácii oxidačného činidla priamo v procese vďaka bakteriálnej reoxidácii Fe2+ vznikajúceho 
redukciou Fe3+. V práci je prezentovaný priebeh oxidácie FeSO4 rastúcou kultúrou T. ferrooxidans vo 

vsádzkovej kultivácii. Baktérie oxidovali Fe2+ pri pH 1,5 v prítomnosti kyslíka a využívali CO2 ako 
jediný zdroj uhlíka pre rast. Kinetika rastu a oxidačnej aktivity bola meraná on-line analýzou 
koncentrácie kyslíka a oxidu uhličitého vo vstupnom a výstupnom vzduchu, analýzou oxidačno-
redukčného potenciálu roztoku a chemickou analýzou koncentrácie Fe2+ a Fe3+. Rýchlosť rastu 
baktérií bola stanovená z rýchlosti spotreby CO2. Celkové množstvo vyprodukovanej biomasy v 

priebehu kultivácie bolo 1,6 10-3 M (prepočítané na bakteriálny uhlík Cbact) a bolo stanovené z 
celkovej sumy CO2 absorbovaného počas rastu kultúry zo vzduchu.  

 Špecifická rastová rýchlosť dosiahla maximálnu hodnotu 0,1 h-1. Baktérie vykazovali 
maximálne hodnoty špecifickej rýchlosti oxidácie železa qFe 8 molov Fe/mól Cbact/h a 
korešpondujúce hodnoty špecifickej rýchlosti spotreby kyslíka qO2 2 moly O2/mól Cbact/h. 

 Štandardný redox potenciál páru Fe3+/Fe2+ kultivačného roztoku vypočítaný pre daný systém 
z Nernstovej rovnice bol 675 mV (teoretická hodnota tohoto páru je 771 mV) a smernica priamky 
(RT/zF) bola 28,26 (vypočítaná teoretická hodnota pri 30°C zodpovedá 26,12 mV). Nernstova rovnica 
s takto stanovenými parametrami slúžila ako kalibračná priamka pre danú redox elektródu a bola 
použitá na výpočet aktuálnej koncentrácie Fe2+ a Fe3+ pri známej konštantnej koncentrácii celkového 



železa. Pomer Fe3+/Fe2+, teda hodnota oxidačno-redukčného potenciálu roztoku je významným 
parametrom ovplyvňujúcim ako kinetiku bakteriálnej oxidácie železa, tak aj kinetiku lúhovania 
sulfidov. 

Abstract 

 Oxidation of ferrous iron in acid solutions is an important reaction producing soluble ferric 
iron. The oxidizing property makes the ferric ion one of the most useful reagents in hydrometallurgy. 
The ferrous iron oxidation kinetics of Thiobacillus ferrooxidans growing in batch culture was 
examined. T. ferrooxidans oxidized ferrous iron at pH 1.5 in the presence of oxygen and utilized 
carbon dioxide as a sole carbon source for growth. The total amount of biomass produced was 1.6 10-3 
M of bacterial carbon (Cbact) and was estimated from the amount of CO2 absorbed from air. Specific 

growth rate, m reached the value of 0.1 h-1. The culture achieved maximum specific iron oxidation rate 
qFe of approx. 8 moles Fe/mole Cbact/h and corresponding specific oxygen consumption rate qO2 of 

approx. 2 mole O2/mole Cbact/h. The standard redox potential of the Fe3+/Fe2+ couple measured in 
the cultivation medium with ferrous iron was 675 mV (the theoretical value is 771 mV) and the slope 
(RT/zF) was 28.26 (calculated theoretical value at 30°C is 26.12 mV). The Nernst equation can be 
regarded as a calibration line for the redox electrode, which can be used as a means of studying the 
kinetics of biological oxidation of ferrous iron.  
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Introduction 

 Ferric iron is a powerful oxidant and as such it is effectively used in hydrometallurgy for 
dissolution of various minerals. The (re)oxidation of ferrous to ferric iron in acid solutions by oxygen, 
Eq. 1, proceeds very slowly [1].  
 

 

  4 Fe2+ + O2 + 4 H+ →  4 Fe3+ + 2 H2O   Eq. 1 

 

 

 An alternative method to increase the rate of this oxidation reaction is the use of acidophilic 
iron-oxidizing bacteria. Thiobacillus ferrooxidans posses the ferrous iron oxidizing ability. This 
bacterium regenerates the oxidizing agent and enhance the degradation of sulphide minerals in either 
natural weathering processes or commercial bioleaching operations. There is a number of physical and 
chemical factors that could affect the activity of the bacteria involved in hydrometallurgical processes. 
Metal cations released from ores could reduce the rates of bacterial growth and oxidation activity, 
which would be undesirable for an industrial leach process [2]. The kinetics studies of bacterial iron 
oxidation activity performed with non-growing (resting) cell suspensions give no information about the 
kinetics of bacterial growth under given conditions. The adaptation of bacteria to the new conditions 
might be significant and will only occur after one of more doubling times in a batch or continuous 
culture. Bacterial growth is normally considered as an increase of cell number in a unit of culture 
volume. The biomass concentration is usually determined off-line using direct counting of the cell 
number, or indirect measurements of dry cellular weight, turbidity, or some cellular components. More 
accurate results are obtained using on-line measurements of oxygen and carbon dioxide consumption 
from the gas phase, which lead to the direct on-line information on bacterial oxidation and growth 
kinetics. T. ferrooxidans utilizes carbon dioxide from the surroundings as a sole carbon source for its 
growth. The production rate of bacteria, rX equals to the consumption rate of carbon dioxide rCO2. 
Consequently the total amount of produced biomass can be derived from the total amount of CO2 



absorbed from air. The specific growth rate and substrate specific consumption rates are also known 
on-line. This new experimental approach has already been applied in biohydrometallurgy [3,4,5] and is 
also used in this work to evaluate the specific growth rate and the specific iron oxidation rate of T. 
ferrooxidans in batch culture.  

 

 

2. Experimental 

 Thiobacillus ferrooxidans, laboratory strain [CCM 3973], was used in the experiment. Batch 
cultivation of this bacterial strain was carried out at 30°C in a standard 9K medium [6] adjusted to pH 
1.5 in a laboratory bioreactor sparged by atmospheric air and stirred at 180 rpm. To calculate the 
carbon and oxygen balance, the air flow rate was maintained constant at 16 l l-1 h-1 by mass flow 
controller. Accurate on-line analysis of the gas phase, using electrochemical oxygen sensor and 
infrared carbon dioxide analyzer, has provided direct information on O2 and CO2 consumption rates. 
The oxidation-reduction potential of the solution was measured on-line by combined Pt redox vs. 
Ag/AgCl reference electrode. Fe2+ concentration was determined by a modified o-phenanthroline 
spectrophotometric method [7]. Fe3+ was determined by UV-spectrophotometric method at 300 nm 
[8]. The experimental approach and laboratory equipment are discussed in detail elsewhere [9].  

 

 

3. Discussion of results 

 Fig.1 shows the changes in Fe2+ and Fe3+ concentrations in the course of growth of T. 
ferrooxidans. The concentration of total soluble iron was approx. 170 mM and has remained constant. 
Redox potential of the culture medium increased with time, indicating continual change in the ratio of 
ferric to ferrous iron due to the bacterial oxidation activity.  

 

 

 

 

Fig.1 Fe2+, Fe3+ concentrations and redox potential of the medium during batch cultivation of T. ferrooxidans 

 As expected from the Nernst equation, plotting E vs ln (Fe3+/Fe2+) resulted in a straight line 
from which the values of RT/zF and the standard potential of the Fe3+/Fe2+ couple were calculated 
(Fig.2). Considering the standard potential of the Ag/AgCl reference electrode at 30°C to be 220 mV, 
the standard potential of the Fe3+/Fe2+ couple E0 is 675 mV (the theoretical value is 771 mV). The 
value of RT/zF achieved in this work was 28.26 (calculated theoretical value at 30°C is 26.12 mV). The 
difference between the theoretical and measured values does not diminish the usefulness of the 
electrode as a means of studying the kinetics of biological oxidation of ferrous iron. The standard 
potential of the Fe3+/Fe2+ couple for the Pt/Ag/AgCl electrode measured in similar conditions by 
Pesic et al [10], was 687 mV and a value of 691 mV was reported by Nemati and Webb [11]. The 
Nernst equation can be regarded as a calibration line for the electrode, which can be used to calculate 
the concentration of ferrous iron at any time during the cultivation from the corresponding redox 
potential and the known total iron concentration. 

 

 

 

 

Fig.2 Redox potential of the culture medium vs ln Fe3+/Fe2+. Determination of the standard potential 

        and the RT/F value in the Nernst equation at 30°C. 



 

 
 

 

 T. ferrooxidans generates energy from the oxidation of Fe2+ and utilizes carbon dioxide from 
the surroundings as a sole carbon source for its growth (chemolithoautotroph). On-line analysis of CO2 
concentration in the gas phase during the cultivation (Fig.3), indicates autotrophic CO2 assimilation by 
growing culture of T. ferrooxidans.  

 The gas-liquid mass transfer of oxygen and carbon dioxide in the reactor needs to be 
sufficiently large in order to satisfy requirements for autotrophic bacterial growth on ferrous iron and to 
prevent limitation. The flow rate of the air was maintained at 16 l l-1 h-1. Accordingly, the available 
amount of carbon dioxide in the gas phase was 2.3 x 10-4 mol CO2 l-1 h-1 and the available amount of 

oxygen was 0.15 mol O2 l-1 h-1 (at 320 volume ppm of CO2 and 20.9 volume % of O2 in the air). 
Above listed values highly exceed actual CO2 and O2 consumption rates measured at the maximal 

growth rate of the culture (rCO2 ≈ 1.1 x 10-4 mol l-1 h-1 Fig.4 and rO2 ≈ 2.3 x 10-3 mol l-1 h-1 data 
not shown).  

 

 

 

 
Fig.3 CO2 concentration in the outlet and reference air in the course of batch cultivation 

                  of T. ferrooxidans on ferrous iron 

 

 
 

 

 The production rate of bacteria, rX equals to the consumption rate of carbon dioxide rCO2. 
Consequently the total amount of produced biomass can be derived from the total amount of CO2 
absorbed from air. The carbon dioxide consumption rate was derived from the CO2 concentration in 
the outlet and reference air 
 

 

    Eq. 2 
 

 

where: rCO2 is the carbon dioxide consumption rate [mmol l-1 h-1] 

 VL is the culture volume [l] 

 Φgas,in is volumetric gas flow rate [l h-1] 

 [CO2] are the concentrations in reference and outlet air respectively [mmol l-1] 

 

 



and similar expression was used to calculate the oxygen consumption rate.  

 The carbon dioxide consumption rate is plotted in Fig.4. It shows a typical behavior of a batch 
culture experiment- an exponential increase of the CO2 consumption rate in the initial phase and a 
rapid diminishing of the rate in the last phase. The surface area under the rCO2 curve is the total 
amount of CO2 fixed per liter of the culture and therefore the total amount of new biomass expressed 
in mmol of carbon per liter. 

 Specific growth rate, µ, (Fig.4), specific oxygen consumption rate, qO2, and specific iron-

oxidation rate, qFe, are derived from measured CO2, O2 and Fe2+ consumption rates and actual 
biomass concentration at the same time of cultivation and are defined in moles of substrate utilized by 
unit of biomass (mole of bacterial carbon Cbact). Specific rates are measures of the activity of bacteria 
and indicate their dependence on the actual process conditions. According to our previous results with 
non-growing cells [12], we expected the maximum values of specific rates in the initial phase of 
cultivation, when the ferrous iron is high and the ferric iron is low. Experiments with growing cultures 
revealed that while the specific Fe and O2 consumption rates were high at the start of cultivation, the 
specific growth rate behaves differently. The culture achieved maximum specific iron oxidation rate 
qFe of approx. 8 moles Fe/mole Cbact/h and corresponding specific oxygen consumption rate qO2 of 
approx. 2 mole O2/mole Cbact/h (Fig.5). 

 

 

         
 

 
 

 

 Adaptation of bacteria is apparent from the behaviour of specific growth rate, µ. At the start of 
cultivation the specific growth rate is small and up to 18 hours period was needed to achieve µmax = 

0.1 h-1 (Fig.4). Bacterial growth and substrate consumption appear to be uncoupled during this 
transient period. After an initial accelerating phase, exponential growth kinetics with steady maximum 
specific growth rate was observed. In the later stage bacteria grow at a rapidly decreasing ferrous iron 
concentration, specific growth rate and specific substrate utilization rates will diminish to zero. 
 

 
 

 

4. Conclusions 

 The use of the on-line redox potential measurement and on-line off-gas analysis allows us to 
accurately measure the bacterial growth rate and specific rates in the course of the cultivation. From 
this experimental approach follows, that the specific growth rate of T. ferrooxidans grown on ferrous 
iron shows a dynamic behaviour. Apparently, this bacterium needs to adapt when transferred from a 
low to a high ferrous iron concentration in the medium. 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. 
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