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a b s t r a c t

The biological oxidation of ferrous iron is an important sub-process in the bioleaching of metal sul-
fides and other bioprocesses such as the removal of H2S from gases, the desulfurization of coal and the
treatment of acid mine drainage (AMD). As a consequence, many Fe(II) oxidation kinetics studies have
mostly been carried out with mesophilic microorganisms, but only a few with moderately thermophilic
eywords:
rowth kinetics
hermophiles
atch processing

microorganisms. In this work, the ferrous iron oxidation kinetics in the presence of Sulfobacillus thermo-
sulfidooxidans (DSMZ 9293) was studied. The experiments were carried out in batch mode (2L STR) and
the effect of the initial ferrous iron concentration (2–20 g L−1) on both the substrate consumption and
bacterial growth rate was assessed. The Monod equation was applied to describe the growth kinetics of
this microorganism and values of �max and Ks of 0.242 h−1 and 0.396 g L−1, respectively, were achieved.

ature
icrobial growth
aste treatment

Due to the higher temper

. Introduction

Bioleaching is now a proven technology that has been applied
o the processing of a series of metallic sulfides such as copper,
ranium and refractory gold ores. Two mechanisms have been pro-
osed to explain the bacterial attack on the sulfides: (i) the direct
echanism, which relies on the catalytic oxidation of the metal-

ic sulfide. This mechanism is thought to be important whenever
here is a direct contact between the bacteria and the mineral, as
or example, in heap bioleaching. The second mechanism refers to
he biological production of Fe(III) and its role on the oxidation
f sulfides [1] which follows different patterns according to sulfide
lectronic configuration. Some are oxidized directly to sulfate while
thers are oxidized to elemental sulfur. Notwithstanding, ferrous
ron is a by-product and needs to be biologically re-oxidized by the
acteria.

Owing to the numerous potential applications of ferrous iron
io-oxidation, several works were carried out with mesophilic
icroorganisms, especially with Acidithiobacillus ferrooxidans and

eptospirillum ferrooxidans [2], and a number of kinetic models have

een proposed for the oxidation of ferrous iron [3,4] in the temper-
ture range usually found in industrial applications. Nemati et al.
3] compared the batch kinetics of Fe(II) oxidation by A. ferrooxi-
ans and Acidianus brierleyi, at pH 1.8. The authors observed that the
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oxidation, potential benefits on leaching kinetics are forecasted.
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mesophile microorganism was able to grow in the presence of up to
30 g L−1 Fe(II), but the maximum oxidation rate (0.47 g L−1 h−1) was
observed only in the presence of 20 g L−1 Fe(II). The thermophiles
were more sensible to the presence of Fe(II) and did not grow at
concentrations higher than 5.8 g L−1 Fe(II). In this substrate concen-
tration, an overall oxidation rate of 0.105 g L−1 h−1 was achieved.
The authors also determined the specific growth rate (�) and the
yield (Y) for A. brierleyi as 0.028 h−1 and 1.9 × 1010 cells g−1, respec-
tively.

Moderate thermophiles have shown the ability to improve
bioleaching kinetics of selected sulfides due to the higher bioleach-
ing temperature as compared to mesophiles. As the indirect
mechanism plays a key role in most bioleaching systems and only
few ferrous iron bio-oxidation kinetics studies were performed
with moderately thermophilic microorganisms, this work aimed
to address Fe(II) oxidation with Sulfobacillus thermosulfidooxidans.

2. Materials and methods

S. thermosulfidooxidans (strain DSMZ 9293) was grown in a
medium containing: 0.4 g L−1 (NH4)2SO4, 0.8 g L−1 MgSO4·7H2O,
0.4 g L−1 K2HPO4, 10 g L−1 of ferrous iron and 0.1 g L−1 yeast extract
and provided the inoculum for the bio-oxidation experiments from
a 48 h grown culture.

The bio-oxidation experiments were carried out in batch mode

in a bioreactor (New Brunswick Scientific – BioFlo 110) with 2 L
of suspension containing 10% (volume) of inoculum. To produce
the latter, 400 mL of the culture were filtered through a Millipore
(0.22 �m) membrane and resuspended in 200 mL of distilled water,
at pH 2.0. Afterwards the pH was reduced to 1.5 and kept at this

dx.doi.org/10.1016/j.bej.2010.06.009
http://www.sciencedirect.com/science/journal/1369703X
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the values observed in the present work are generally higher than
those presented by the authors. Similarly, Gomés and Cantero [10]
reported �max and Ks as 0.14 h−1 and 0.94 g L−1 at pH 2.0 while Liu
et al. [11] observed �max = 0.11 h−1, for A. ferrooxidans, at 35 ◦C and
ig. 1. Ferrous ion concentrations and cell numbers as a function of time for the
rowth of S. thermosulfidooxidans. [Fe(II)]0 = 5 g L−1; 50 ◦C, 10% inoculum, pH 1.5.

alue in all experiments. A pH meter (Hanna 2221) and glass mem-
rane electrode calibrated against pH 4.0 and 7.0 buffers was used
or pH measurement. The pH was controlled during the experi-

ents by addition of either concentrate sulfuric acid or sodium
ydroxide. Both the temperature and the stirring rate were main-
ained constant at 50 ◦C and 31.43 rad s−1, respectively. This latter
as defined as the value which produced the highest ferrous iron

xidation rate. The initial ferrous iron concentration varied from 2
o 20 g L−1. The solution was aerated at a rate of 1 L min−1 and 5 mL
amples were withdrawn regularly and analyzed for ferrous iron
oncentration and cell number. Cell counts were performed using
Neubauer chamber and light contrast microscope (Leica).

The ferrous iron concentration was determined by titration
ith standard potassium dichromate solution in the presence

f a 1 H2SO4:1 H3PO4 solution using an automatic titrator
Schott–Tritoline Alpha). All chemicals used in this study were ana-
ytical grade reagents (AR) unless otherwise stated and all solutions

ere prepared with distilled water.
Statistical analysis was carried out using the OriginTM version

.0 software to determine the specific growth rate, the Fe(II) oxi-
ation rate as well as the yield values for a 95% confidence interval.
he data points used to calculate such parameters were those that
roduced linear regression with correlation coefficients (r2) higher
han 0.94.

. Results and discussion

The biological oxidation of ferrous iron has been extensively
tudied in the presence of mesophilic microorganisms (growth
emperature between 30 and 40 ◦C), conventionally, A. ferrooxidans
nd L. ferrooxidans [1–4]. Nevertheless, the literature presents few
orks performed with moderately thermophilic and thermophilic
icroorganisms [5,6] contrasting with the recent interest in the

pplication of high and moderate temperatures in the bioleaching
f metal sulfides [7].

Fig. 1 presents a typical variation on both ferrous ion concen-
ration and bacterial counts during the Fe(II) bio-oxidation with S.
hermosulfidooxidans. The increase in the microbial population is
oupled to the decrease in the substrate concentration (Fe(II)), as
xpected. This decrease in substrate concentration with time for
ifferent initial Fe(II) concentrations is presented in Fig. 2 and is

onsistent with studies on Fe(II) oxidation with A. ferrooxidans [5].

As shown in Fig. 1, the ferrous iron consumption rate dFe(II)/dt,
hich is equivalent in absolute terms to the Fe(II) oxidation rate,
as taken as the slope of the linear part of the profile of ferrous

ron concentration versus time [6]. Similarly, the bacterial growth
ing Journal 51 (2010) 194–197 195

rate dX/dt was calculated according to Eqs. (1) and (2), where � is
the specific growth rate.

� = 1
X

dX

dt
(1)

(
dX

dt

)
= �X or Ln

(
X

X0

)
= �t (2)

Eq. (2) represents exponential growth and applies to closed systems
where growth is the only process affecting cell concentration (X)
[7]. A plot of Ln X versus time gives a straight line with slope �.

Following, a set of specific growth rate values at different ini-
tial ferrous iron concentration was achieved and the experimental
data were then fit to the Monod equation so that the maximum
specific growth rate (�max) and the substrate constant (Ks) could
be assessed. The Monod equation is the most widely used expres-
sion to correlate the growth of bioleaching microorganisms with
ferrous iron concentration and does not consider inhibitory effects
in its standard form [8]. In batch systems, it applies only for bal-
anced growth, which is most cultures, occurs concurrently with
the exponential growth phase [7].

Fig. 3 shows the ferrous iron oxidation rate and the microbial
specific growth rate as a function of the initial ferrous iron concen-
tration. A maximum overall oxidation rate of 0.697 g L−1 h−1 was
observed in the experiments carried out with 10 g L−1 Fe(II) and
did not change for higher concentrations (15 and 20 g L−1) (Fig. 3a).
The value achieved for S. thermosulfidooxidans is 5 times higher than
that determined by Nemati and Harrison [6] in experiments carried
out with A. brierleyi (0.133 g L−1 h−1, in systems containing 7.5 g L−1

Fe(II)) and higher than the value reported by the same authors for
A. ferrooxidans (0.47 g L−1 h−1), at 20 g L−1 Fe(II).

The bacterial specific growth rate shows similar behavior level-
ing out at around 0.25 h−1 for the 10–20 g L−1 Fe(II) concentration
range (Fig. 3b). This value is similar to that (0.35 h−1) achieved by
Bogdanova et al. [9] in the presence of 9.82 g L−1 FeSO4·7H2O, for a
new species of Sulfobacillus with an optimum growth temperature
of 40 ◦C. Applying the Monod equation to the data here presented
(Fig. 3b), ferrous iron bio-oxidation can be described by the parame-
ters �max and Ks as 0.242 h−1 and 0.396 g L−1, respectively. Nemati
et al. [3] after compiling �max and Ks data available in the liter-
ature for the growth of Acidithiobacillus ferooxidans pointed out
significant discrepancies in the reported values. Notwithstanding,
Fig. 2. Variation of the ferrous iron concentration with time during the growth of S.
thermosulfidooxidans. 50 ◦C, 10% inoculum, pH 1.5.
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Table 1
Ferrous iron oxidation rate, specific growth rate and yield determined for Sulfobacillus thermosulfidooxidans.

[Fe(II)]initial (g L−1) Specific growth rate (h−1) Bio-oxidation rate (g L−1 h−1) Yield (109 cells g−1) Bacteria Reference

2 0.197 ± 0.012 0.292 ± 0.034 4.177 ± 0.960 Sulfobacillus This work
5 0.220 ± 0.025 0.480 ± 0.056 7.616 ± 1.197 Sulfobacillus This work

10 0.248 ± 0.096 0.697 ± 0.140 4.206 ± 0.522 Sulfobacillus This work
15 0.247 ± 0.139 0.643 ± 0.058 3.197 ± 0.993 Sulfobacillus This work
20 0.250 ± 0.084 0.654 ± 0.067 3.909 ± 0.534 Sulfobacillus This work
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5.8 0.028 0.082
20 n.a. 0.47

5 0.072 0.24
7.5 n.a 0.105

H 1.8. The growth of Sulfolobus acidocaldarius also produced lower
alues of �max (0.06 h−1) and Ks (0.04 g L−1) as observed by Vitaya
t al. [12].

Table 1 presents the ferrous iron oxidation rate, the specific
rowth rate as well as the yield as a function of initial ferrous iron
oncentration. The change in biomass concentration can be related
o yield (Y) as follows [13]:

X = dX

dt
= −Y · dS

dt
or Y = X − X0

S0 − S
(3)

−1
According to Table 1, the yield increases in the range of 2–5 g L
e(II), decreasing, however, for higher initial ferrous iron concen-
rations. The values determined in this work are in the same order
f magnitude (109 cells g−1) irrespective the initial ferrous iron con-
entrations. These results are one order of magnitude smaller than

ig. 3. Ferrous iron oxidation rate (a) and bacterial specific growth rate (b) deter-
ined during the growth of S. thermosulfidooxidans on Fe(II) as substrate. 50 ◦C, 10%

noculum, pH 1.5.
1.33 × 109 A. brieleyi [6]
n.a. A. ferrooxidans [6]
5.0 × 109 L. ferriphilum [14]
n.a. A. brieleyi [6]

those compiled by Nemati et al. [3] for A. ferrooxidans and similar
to those observed by Nemati and Harrison [6] in experiments car-
ried out with thermophilic microorganisms (A. brierleyi) as well as
during the modeling of L. ferriphilium growth on Fe(II) [14].

The results show that although S. thermosulfidooxidans have
Fe(II) oxidation rates similar to those determined for A. ferrooxi-
dans, the bacterial growth rate is sensibly higher (Table 1) which
reflects on a slightly smaller yield [15]. It has been reported higher
bacterial growth rates in mixotrophic as compared to autotrophic
conditions and it was proposed that obtaining carbon from organic
sources is energetically more favorable than from carbon diox-
ide [16,17]. Although members of the genus Sulfobacillus can grow
in autotrophic conditions, the largest growth rates are observed
mixotrophically [18], unlike the obligate chemolithoautotroph A.
ferrooxidans. During S. thermosulfidooxidans mixotrophic growth,
the activity of the phosphoenolpyruvate (PEP) carboxylase enzyme
is improved and is the highest among four different enzymes stud-
ied by Tsaplina et al. [19]. Conversely, the activity of the ribulose
bisphosphate carboxylase (RuBPC) enzyme predominates during
autotrophic growth and an increase on carbon dioxide content in
the air fed to the system is needed for stable growth. This required
(higher than atmospheric) CO2 content was proposed to be the
reason why sulfobacilli is found in nature associated with microor-
ganisms that show efficient CO2 fixation and can provide them with
an organic carbon source [19].

Despite the higher growth rate shown by S. thermosulfidooxi-
dans and due to similar Fe(II) oxidation kinetics as compared to A.
ferrooxidans, the same behavior regarding the production of Fe(III)
would be expected in either heap leaching or tank leaching opera-
tions. As the optimum growth temperature is higher, a faster sulfide
leaching kinetics could be forecasted with positive implication on
the process performance as already observed in selected systems
[20,21].

4. Conclusions

A S. thermosulfidooxidans strain was able to grow in batch cul-
ture containing up to 20 g L−1 Fe(II), with a maximum oxidation
rate of 0.697 g L−1 h−1. The yield was a function of the initial fer-
rous iron concentration although in the same order of magnitude
(109 cells g−1). The Monod equation could successfully describe the
growth kinetics and �max and Ks values of 0.242 h−1 and 0.396 g L−1,
respectively, were observed. The results show that the bacterium S.
thermosulfidooxidans has growth kinetics faster than A. ferrooxidans,
whereas Fe(II)-oxidation rates are similar for both microorganisms.
Therefore, owing to the higher temperatures, faster sulfide leach-
ing kinetics would be expected with potential benefits to process
performance.
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