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Abstract

This paper proposes a useful equation for ferrous sulphate oxidation processes by Thiobacillus ferrooxidans in batch
operations. It is based on the equation proposed by Liu and Branion and predicts the specific growth rate as a
function of the concentration of substrate (Fe*?) and product (Fe*?). This expression is based on the thesis that
growth of Thiobacillus ferrooxidans is competitively inhibited by product. The fit of this equation to the experimental
data gives a high theoretical-experimental determination coefficient (r2 = 95%).
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1. Introduction

Thiobacillus ferrooxidans is a strictly aerobic,
gram-negative and chemoautotrophic bacterium
which derives the energy for its metabolism from
the oxidation of inorganic iron and reduced sul-
phur compounds (Ingledew, 1982). It is involved
in the problem of acid mine drainage of mines
and, since it was first isolated by Colmer et al.
(1950) during the 1940s, there have been numer-
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ous papers referring to the metabolic properties of
this micro-organism and its ability to achieve
optimum growth under strongly acid conditions
(pH < 2.5) (Drobner et al., 1990). Recently, as a
result of increasing interest in environmental
problems and awareness of the heavy pollution
produced from burning coal of high sulphur con-
tent, many industries have shown interest in the
use of Thiobacillus ferrooxidans as a biological
solution to desulphurisation of coal (Maloney and
Moses, 1991).

In addition to this first application, others have
arisen in which this micro-organism is considered
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as an alternative to traditional chemical meth-
ods, such as bioleaching of metals, treatment
of acid mine drainage, elimination of sulphur
from sour gases and removal of hydrogen sul-
phide from industrial and municipal effluent
gases (Jensen and Webb, 1995a). However, in
most of these application areas, the results ob-
tained have not been sufficiently satisfactory to
bring about the necessary adaptation of the
potential of this micro-organism for industrial
use (Jensen and Webb, 1995b).

The first step towards an effective industrial
usage of Thiobacillus ferrooxidans in the
above-mentioned processes is the study of the
kinetics of oxidation maintained by the micro-
organism. There have been several works pub-
lished on this aspect, focusing on the kinetics
of aqueous ferrous sulphate oxidation solutions.
From the research undertaken by Lacey and
Lawson (1970), Liu et al. (1988), Suzuki et al.
(1989), Lizama and Suzuki (1989) and Kumar
and Gandhi (1990), various expressions can be
selected for the rate of ferrous sulphate oxida-
tion of this micro-organism, but the majority
of them are difficult to handle in the design
of a bioreactor since they involve many
parameters; and fitting a large number of
parameters from experimental data is a difficult
process.

Therefore, this paper proposes a useful ki-
netic equation for the growth of Thiobacillus
Jerrooxidans in submerged culture over aqueous
ferrous sulphate solutions, in which the number
of parameters to be fitted has been consider-
ably reduced, thus facilitating the design of
bioreactors.

2. Materials and methods

2.1. Micro-organism

The strain of Thiobacillus ferrooxidans used
in this study was isolated in the Riotinto mines
of Huelva (Spain) and kindly made available
by the Biohydrometallurgy Group of the Uni-
versity of Seville (Spain).

2.2. Medium and cultivation conditions

The medium used to grow and maintain the
micro-organism was that proposed by Silverman
and Lundgren (1959) in g 1=': (NH,),SO, 3.0;
MgSO, 0.5; K,HPO, 0.5; KCl1 0.1; Ca(NO,), 0.01
and a variable concentration of FeSO,, depending
on the experiment to be performed, in the range
between 1000 and 8000 mg 1= ! of Fe*2,

Erlenmeyer flasks of 500 ml were used, contain-
ing 200 ml of medium and 10% of inoculum. The
initial pH was adjusted to 2.0, to avoid excessive
precipitation of iron III products. Flasks were
cultivated at 30°C and 200 rev./min in a rotary
shaker; each experiment performed was dupli-
cated.

Experiments were finished when ferrous iron
concentration was around 500 mg 1-'. The pH
varied less than four-tenth in all cases during the
experimental processes.

2.3. Analytical methods

The oxidation of ferrous sulphate was moni-
tored by determining its residual concentration in
the medium following the 1,10-phenantroline
method (Vogel, 1989). In order to measure the
concentration of total iron in solution the ferric
iron was reduced to ferrous, after filtration of the
medium, using hydroxylamine as reducing agent
and determining this concentration by the previ-
ously mentioned method. Subsequently, the con-
centration of ferric iron in solution was
determined by difference between the ferrous and
total iron concentration.

The concentration of total biomass was deter-
mined by counting in a Neubauer chamber with
optical microscope following the classical method.

Each measurement was made in duplicate to
reduce the experimental errors inherent in work-
ing with microbial populations.

3. Results
Shown in Fig. 1 are data obtained experimen-

tally for the concentrations of ferrous iron, ferric
iron and total biomass. It can be observed that
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evolution of the process hardly depends on the
initial ferrous sulphate concentration.

From experimental data of total biomass (X,) at
each moment (1), it is possible to calculate the
value of the specific growth rate at that moment
(#). The procedure to follow may be based on
either numerical differentiation or graphical meth-
ods, according to the type and number of experi-
mental data accumulated. In this case, a
numerical differentiation procedure has been fol-
lowed in accordance with the following calcula-
tion algorithm:
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The results obtained represent the set of values
of the specific growth rate for the different con-
centrations of ferrous iron and ferric iron mea-
sured at each moment ¢,.

On the basis of the procedure mentioned above,
we can look after any correlation between growth
and product or substrate concentration and it is
possible to propose a useful equation for the
specific growth rate of Thiobacillus ferrooxidans in
aqueous solutions of ferrous sulphate. The equa-
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Fig. 1. Evolution of the experimental data for concentrations of substrate, product and total biomass, for different initial
concentrations of substrate: (a) 7500 mg 1~ '; (b) 6500 mg1~'; (c) 5200 mg 1 ~'; (d) 4000 mg |~ '; () 2700 mg 1~ '; (f) 1400 mg 1~ ".
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tion is based on that published by Liu et al.
(1988), and predicts the specific growth rate as a
function of the concentrations of substrate (Fe*?)
and product (Fe*?). The basis of this equation is
a kinetic of the competitive inhibition by product
type, mathematically represented as follows:

_ HrmaxFe " ?
T K, + Fet? 4+ K, Fe™?

where pu. 1s the specific growth rate of the
micro-organism, g, 18 the maximum specific
growth rate, K, is a parameter representing the
degree of affinity of the micro-organism for the
substrate and K; is the constant of inhibition by
the product. These parameters, 4,.,, K, and K
are characteristics of the micro-organism and may

He

be influenced to a greater or lesser extent by the
level of solvation of the substrate, temperature
and pH.

The proposed equation can be theoretically
justified by the following considerations. Firstly,

the growth of the biomass is a process energeti-
cally dependent on the substrate metabolism;
thus, the greater the rate at which the cells
metabolise the substrate, the greater will be the
specific growth rate. Secondly, this metabolism
consists of a chain of reactions regulated by en-
zymes and coenzymes (Ingledew, 1982), in such a
way that the rate of the overall process is limited
by the rate of the slowest stage. Finally, there
exists a typical case of enzymatic kinetic which
follows a model inhibition by product.

A non-linear regression procedure based on
Marquardt’s algorithm was used to perform the
mathematical fitting of the coefficients (Mar-
quardt, 1963). The application of this procedure
to the set of experimental data of exponential
phases of the experiments previously referred to
gives the following values for the parameters:
Uoax = 01401 K. =094 gl 'and K; = 2.98
(r? = 0.95). The regression of the proposed equa-
tion is shown in Fig. 2.

The following considerations can be established
with respect to this set of fitted values. Firstly, the
value of K, indicates that Thiobacillus ferrooxi-
dans has a strong affinity for the ferrous ion
during its metabolic activity, in comparison with
K, = 112 g 17' of Saccharomyces cerevisiae for
glucose (Caro et al., 1991) or K, = 40.88 g! ! of
Acetobacter aceti for ethanol (Romero et al.,
1994). Also, the value proposed is very similar to
that published by other authors for the same
process of oxidation of ferrous sulphate, Lacey
and Lawson (1970), K, = 1.0l g1' (31°C, pH
1.8); Vian et al. (1986), K, = 1.12 g 1=! (30°C,
pH 2.1) and MacDonald and Clark (1970), K, =
0.40 g 1" (32°C, pH 1.9).

With regard to the coefficient of inhibition by
product, its value indicates the existence of a
significant inhibitory effect of the ferric ion over
the growth of Thiobacillus ferrooxidans. However,
it is difficult to make comparisons since, although
other authors have noted the existence of in-
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Fig. 2. Representation of the fit between the theoretical and
experimental specific growth rates of Thiobacillus ferrooxidans.

hibitory effects exerted by the product, their im-
portance has not been quantified from the kinetic
point of view (Landesman et al., 1966). In com-

parison with other micro-organisms, it is possible
to notice that the effect of ethanol on Saccha-
romyces cerevisiae growth has an inhibition coeffi-
cient by product of 40 g 171

Finally, the value obtained for u,,, in this
study has also proved to be similar to that found
by other authors under different experimental
conditions. Thus, MacDonald and Clark (1970)
established that ., had a value of 0.145 h~1,
working at 32°C and pH 1.9; Kelly and Jones
(1978), fmae = 0.143 h=! (30°C, pH 1.6); Vian et
al. (1986), umax = 0.14 h=! (30°C, pH 2.1) and
Liu et al. (1988), fmax = 0.11 h=1 (35°C, pH 1.8).

A three-dimensional representation of the pro-
posed equation can be seen in Fig. 3.

4. Conclusions

Firstly, it is confirmed that the growth of
Thiobacillus ferrooxidans in aqueous sotutions of
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Fig. 3. Three-dimensional representation of the proposed equation for the specific growth rate of Thiobacillus ferrooxidans. Line with

arrowheads indicates the fermentation course.
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ferrous sulphate is affected by a competitive-type
inhibition exerted by the product. The proposed
equation recognises this effect being constructed
on the theoretical foundation of enzymatic action
mechanisms.

Furthermore, apart from this theoretical basis,
this equation promises to be extremely useful in
industrial design because it is expressed in simple
mathematical form and it is easy to handle, with
easily fitted parameters, under different working
conditions; these factors are of basic importance
in the design of bioleaching reactors.

Finally, the parameters introduced into the
equation have a simple physical meaning and the
calculated values show good fitting, so that the
calculations provide a high theoretical-experimen-
tal coefficient of determination (r> = 0.95)
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