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ferrooxidansin the presence of heavy metal ions

G. Cabrera∗, J.M. Gómez, D. Cantero
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Abstract

Acidophilic microorganisms such asAcidithiobacillus ferrooxidanshave the capability to carry out processes of bioleaching, biosorption
and bioprecipitation of heavy metal ions, which have important environmental applications.At. ferrooxidansderives the energy for their
metabolism from ferrous iron oxidation, process, which can be affected by the presence of heavy metals in the medium. Moreover, organic
matter produces an inhibitory effect over the ferrous iron oxidation ofAt. ferrooxidans. In this work, heterotrophic bacteriumAcidiphilium
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p. was added when the medium is supplemented with organic matter to reduce this negative effect. The purpose of this work is
tudy of ferrous sulphate oxidation byAt. ferrooxidansin the presence of different concentrations of several heavy metal ions (Cr(III), C
d(II), Zn(II) and Ni(II)) and compare this kinetic behaviour with a mixed culture withAcidiphiliumsp.
The obtained results show a non-competitive inhibition of heavy metals over bacterial oxidation of ferrous sulphate. In accord

his kind of inhibition, a kinetic equation has been proposed to predict the behaviour ofAt. ferrooxidansin the presence of heavy metals
he range of concentrations studied.

2004 Elsevier Inc. All rights reserved.
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. Introduction

The accumulation of heavy metals in water, air or soils is
n important environmental problem. In recent years, several

echnologies have been developed with the aim of reducing
r removing the presence of heavy metals in contaminated
edia. Among these technologies, those based on the use of
icroorganisms are of particular interest. A number of mi-

roorganisms have the capacity to solubilize heavy metals
resent in aqueous solution (bioleaching)[1], are able to ad-
orb heavy metals through their cellular structures (biosorp-
ion) [2] or can precipitate heavy metals in solution to facili-
ate removal of the contaminant (bioprecipitation)[3].
Acidithiobacillus ferrooxidansandAcidiphilium sp. are

cidophilic bacteria usually found in acid mine effluents.

∗ Corresponding author. Tel.: +34 956016382; fax: +34 956016411.
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At. ferrooxidansis an autotroph, its carbon source is c
bon dioxide and oxidises ferrous iron or reduced sulp
compounds in order to grow[4]. Acidiphilium sp. is a
heterotroph and uses organic matter as carbon sourc[5].
Both microorganisms show a particular tolerance to
eral heavy metals[6–10]. Due to those tolerance ch
acteristics, and their ability to transform metal ions,At.
ferrooxidansand Acidiphilium sp. can be used to sol
certain environmental problems caused by heavy
als.
At. ferrooxidanshave the ability to oxidise ferrous sulph

to ferric sulphate under aerobic acidic conditions, accor
to the following equation[4]:

4FeSO4 + 2H2SO4 + O2
Bacteria−→ 2Fe2(SO4)3 + 2H2O (1)

The recovery of ferric iron by this acidophilic microo
ganism is an interesting process since the ferric iro
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one of the most useful reagents in hydrometallurgy due
to its oxidizing property. Several processes in which high
concentrations of ferric iron are used (such as coal desul-
phurization or the leaching of arsenic, nickel, uranium and
copper in acidic conditions) have been developed[4]. The
recovering of the reactant (ferric iron) for its following
reusing has a relevant importance in this kind of processes.
The wide applicability of ferrous iron oxidation has pro-
moted numerous works aimed at studying kinetics in solu-
tion.

First studies on the kinetic behaviour ofAt. ferrooxidans
in ferrous iron oxidation appeared in 1970 by MacDonald
and Clark[11] and Lacey and Lawson[12]. They presented
that experimental growth rates can be adjusted to the Monod
equation. In spite of its simplicity, the application of this ex-
pression presents several disadvantages, as it is only adjusted
to initial rates and it does not consider inhibitory effects. Later
on, Liu et al.[13] proposed an expression that took into ac-
count the effect of competitive inhibition for ferric iron ion,
and Suzuki et al.[14] incorporated terms about inhibition due
to cellular concentration. Kumar and Gandhi[15] described
the growth ofAt. ferrooxidanswith a kinetic model that con-
sidered ferrous iron oxidation, cellular death, optimum pH
and the presence of jarosites. This model was suitable to pre-
dict the evolution of ferrous iron concentration but not the
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2. Materials and methods

2.1. Microorganisms

The bacterial strains used in this work wereAt. ferrooxi-
dansandAcidiphiliumsp. (a mixed culture ofAcidiphilium
facilis and Acidiphilium organovorum)isolated from Rio
Tinto mines (Huelva, Spain) and kindly made available by
the Biohydrometallurgy Group of The University of Seville.

2.2. Media

The medium used to grow and maintainAt. ferrooxidans
was that proposed by Silverman and Lundgren[20], 9K
medium ((NH4)2SO4 3.0; MgSO4 0.5; K2HPO4 0.5; KCl
0.1; Ca(NO3)2 0.01 g/l), and a ferrous sulphate solution (10 g
Fe(II)/l). Mixed culture was cultivated in SMS salt medium
[10] ((NH4)2SO4 0.2; MgSO4 0.4; K2HPO4 0.1; KCl 0.1 g/l)
containing yeast extract (0.25 g/l) and a ferrous sulphate so-
lution (5 g Fe(II)/l).

2.3. Experimental conditions

The 500-ml erlenmeyer flasks were used, containing
200 ml of medium and 10% (v/v) of inoculum. The initial
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volutions of both ferric iron concentration and pH; ho
ver, it includes a high number of parameters. Pagella
16] proposed an expression relating bacterial growth
o several inhibitory effects and the ferrous iron uptake
his model is excessively complicated and it is not us

o design biological reactors. Gómez et al.[17] proposed
implification of Liu’s equation, which considered a kin
cs with competitive inhibition by the product. This mo
s based on direct measurement of microbial population
imple count technique. All these methods do not conside
nfluence of metal ion concentration on biological oxida
f ferrous iron.

Kupka and Kupśakov́a[18] studied kinetics of ferrous iro
ulphate oxidation by resting cells suspensions ofAt. ferroox-
dansas a function of the substrate concentration. The s
xamined the effect of nickel(II) and cupric(II) on the ferr

ron oxidation kinetics. The experimental data were tre
ccording to the Monod kinetic equation and proposed a
ompetitive inhibition due to the presence of both heavy m
ons.

The purpose of this work is to develop a kinetic eq
ion for ferrous iron oxidation byAt. ferrooxidans, in pure
r mixed culture withAcidiphilium sp., in aqueous ferrou
ulphate solution in the presence of several heavy metal
he experiments were performed with and without add
f organic matter to the synthetic medium in order to be

lar to a natural medium. This kind of compounds produ
n inhibitory effect over ferrous iron oxidation ofAt. ferroox-
dans[19]. Then, when the medium was supplemented
rganic matter, heterotrophic bacteriumAcidiphiliumsp. was
dded to reduce this negative effect.
H was adjusted, to avoid the excessive precipitation o
ic iron products, to 2.0 in the case ofAt. ferrooxidans, and to
.0 for mixed culture (5% of each inoculum). Flasks were
ubated at 30◦C and 200 rpm in a rotary shaker. Experime
ere finished when ferrous iron concentration decreas

ess than 20 mg/l.
To study the influence of heavy metal ions on the

ures growth, these were exposed to different conce
ions of each ion: Cr(III), Cu(II), Cd(II), Zn(II) and Ni(II)
he media were supplemented with metal sulphate

ion to a final volume of 200 ml. The salts used we
r2(SO4)3, CuSO4·5H2O, CdSO4·8/3H2O, ZnSO4·7H2O
nd NiSO4·6H2O.

.4. Analytical methods

The oxidation of ferrous iron sulphate was monitored
etermining its residual concentration in the medium, u

he 1,10-phenantroline method[21]. This method is base
n the complexation reaction between ferrous iron and 1
henantroline; the orange complex is measured by

roscopy (HP8453) at 515 nm. In order to measure the
entration of total iron in solution, the ferric iron was redu
o ferrous iron using hydroxylamine as the reducing ag
he measurement of total ferrous iron was performed u

he aforementioned method. The concentration of ferric
n solution was taken as the difference between the fe
nd total iron concentration.

The bacterial concentration was determined by coun
n a Neubauer chamber in conjunction with anoptical mi
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Table 1
Maximum tolerated concentration (MTC) for pure and mixed cultures of
Acidithiobacillus ferrooxidansin the presence of heavy metal studied (g/l)

MTC (g/l)

Cr(III) Cu(II) Cd(II) Zn(II) Ni(II)

Pure culture 0.4 10 10 30 30
Mixed culture 0.4 4 15 40 20

scope (Olympus BH-2) according to the method described
by Gómez and Cantero[22].

The concentration of heavy metal ions present in the
medium was determined by atomic absorption spectroscopy
(UNICAM939 and PU7000 Philips). Samples were main-
tained at pH lower than 2.0 with nitric acid (60%).

3. Results and discussion

The study of metal influence over bacterial ferrous iron
oxidation was carried out by performing several series of
experiments with different concentrations of each metal in
tandem with a control of a pure or mixed culture.

The tolerance limits for each metal and culture were ob-
tained, in a previous work[23], studying the evolution of
bacterial growth (Mcel/ml) and ferrous sulphate concentra-
tion (mg/l) as a function of metal concentration. These val-
ues were called maximum tolerated concentrations (MTC),
defined as the maximum concentration at which bacterial
growth is observed. Data inTable 1for both cultures have
shown a high tolerance to Zn(II) and Ni(II), tolerance lim-
its higher than 20 g/l, and a very low tolerance for Cr(III),
bacterial growth was not observed for concentrations higher
than 0.4 g Cr(III)/l. The procedure carried out to obtain the
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Fig. 1. Representation of experimental specific growth rate vs. substrate
concentration forAt. ferrooxidansin the presence of zinc(II) (a) pure culture
and (b) mixed culture withAcidiphiliumsp.

oxidation in presence of copper(II) and nickel(II), was con-
sidered:

µ = µ∗S
K∗

S + S
(3)

A statistical analysis program was used to carry out the
mathematical fitting of characteristic parameters of kinetic
equation. This program operates by non-linear regression
based on the Marquardt algorithm[24]. This algorithm re-
quires initial values to carry out the fitting of coefficients;
the values proposed by Gómez et al.[3] were considered:
µmax= 0.14 h−1 andKS = 0.94 g/l. For each experience sev-
eral values of maximum specific growth rate,µ∗

max(h−1), and
constant of saturation,K∗

S (mg/l)) as a function of metal con-
centration were obtained, results are shown inTables 2 and 3.

These values reveal that the presence of heavy metal in
the medium exerts a significant influence on kinetic param-
eters calculated. In relation to specific growth rate, a non-
competitive inhibition can be observed, because the max-
imum specific growth rate changes considerably when in-
hibitor concentration increases in the medium while constant
of saturation does not suffer a significant variation. These
assumptions can be confirmed with the representation of re-
ciprocal specific growth rate versus reciprocal substrate con-
c of
i ind
inetic equation of ferrous sulphate oxidation in aqueou
ution by At. ferrooxidans, in pure or mixed culture wit
cidiphilium sp., in the presence of metallic ions star
ith the calculation of specific growth rates. They were

ained from experimental data, bacterial concentrationXi
Mcel/ml), at each time point,ti (s), values corresponding
xponential growth phase. A numerical differentiation p
edure was followed in accordance with the following ca
ation algorithm, whereµi is the specific growth rate in ea

oment:

i = 1

Xi

dX

dt
(2)

The results obtained represent the set of values of sp
rowth rate for different ferrous iron concentrations meas
t each time point (ti) and for each metal concentration tes
ig. 1a and b show two representations of the specific gr
ate values evolution as a function of the substrate con
ration in the exponential growth phase for pure and m
ulture in presence of Zn(II). In order to obtain a kinetic eq
ion that adjust the experimental data, a Monod expres
roposed by Kupka and Kupsákov́a[18] for ferrous sulphat
entration (Fig. 2a and b). So, we can conclude this type
nhibition. Therefore, the reaction mechanism for this k



304 G. Cabrera et al. / Enzyme and Microbial Technology 36 (2005) 301–306

Table 2
Kinetic parameters obtained as a function of metal concentration for pure
culture ofAcidithiobacillus ferrooxidans

Ion Concentration µ∗
max (h−1) K∗

S (mg/l)

Chromium(III) (g Cr/l) 0 0.082 372.525
0.1 0.055 390.22
0.2 0.053 398.34
0.3 0.051 405.75
0.4 0.048 414.31

Copper(II) (g Cu/l) 0 0.086 366.474
2 0.068 380.562
6 0.064 400.123

10 0.061 407.521

Cadmium(II) (g Cd/l) 0 0.085 373.34
3 0.081 380.75
4.5 0.079 385.65
6 0.076 390.65
7.5 0.069 394.14

10 0.067 400.63

Zinc(II) (g Zn/l) 0 0.084 368.45
4.4 0.079 380.12

13.2 0.076 398.23
22.05 0.069 408.52
30 0.067 414.75

Nickel(II) (g Ni/l) 0 0.084 365.13
8.8 0.076 374.22

13.2 0.074 385.75
15.4 0.071 390.32
30 0.063 395.28

of inhibition could be represented as follows:

E + S ↔ ES → E + P

+ +
I I

	 	
EI + S ↔ ESI

(4)

A fitting by non-linear regression for maximum apparent
specific growth rate expression was performed according to
the characteristic expression for non-competitive inhibition:

µ∗
max = µmaxKI

1 + KI
(5)

The constants of inhibition obtained for each species and
each heavy metal are showed inTable 4. Fig. 3a and b show
representations of apparent maximum specific growth rate
versus inhibitor concentration for same cases.

The results present a concordance with previous data about
the tolerance of these species to the heavy metal ions stud-
ied (Table 1); in that way, the highest values of constant of
inhibition (Table 4) belong to pure or mixed cultures which
presented the uppermost maximum tolerated concentrations
(MTC) such as nickel and zinc ions experiments. The compar-
ison between pure or mixed culture of MTC andKI values
( ich
p hibi-
t

Table 3
Kinetic parameters obtained as a function of metal concentration for mixed
culture ofAt. ferrooxidansandAcidiphiliumsp.

Ion Concentration µ∗
max (h−1) K∗

S (mg/l)

Chromium(III) (g Cr/l) 0 0.081 391.23
0.2 0.054 394.23
0.4 0.047 398.27

Copper(II) (g Cu/l) 0 0.087 442.37
2 0.084 445.25
4 0.081 446.72

Cadmium(II) (g Cd/l) 0 0.086 385.42
6 0.078 390.55

15 0.069 391.75

Zinc(II) (g Zn/l) 0 0.088 465.12
6 0.085 467.38

20 0.081 468.29
30 0.077 469.42
40 0.072 471.62

Nickel(II) (g Ni/l) 0 0.086 475.13
4 0.083 480.23

10 0.081 482.74
15 0.073 484.65
20 0.071 486.32

inhibition increases in the presence of heterotrophic strain,
however, this presence seems to improve the tolerance to
Cd(II) and Zn(II) ions. In presence of Cr(III) the behaviour
of pure and mixed culture is very similar.

Fig. 2. Representation of reciprocal specific growth rate vs. reciprocal sub-
strate concentration forAt. ferrooxidansin the presence of zinc(II) (a) pure
culture and (b) mixed culture withAcidiphiliumsp.
Tables 1 and 4) for each metal shows that cultures wh
resent a high tolerance to the metal present a high in

ion, minorKI . In Cu(II) and Ni(II) cases,At. ferrooxidans
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Table 4
Constants of inhibition (KI ) for each heavy metal ion forAcidithiobacillus
ferrooxidans, pure and mixed culture

KI (g/l)

Cr(III) Cu(II) Cd(II) Zn(II) Ni(II)

Pure culture 0.42 20.92 47.01 131.52 89.23
Mixed culture 0.48 54.43 42.31 125.27 98.57

Fig. 3. Representation of apparent maximum specific growth rate ofAt.
ferrooxidansvs. zinc(II) concentration (a) pure culture and (b) mixed culture
with Acidiphiliumsp.

If these values ofKI are compared with values obtained
by Kupka and Kupśakov́a[18] for ferrous sulphate oxidation
by At. ferrooxidansin presence of copper and nickel ion, it
can be seenKI for copper obtained in this work (20.92 g/l) is
very similar than the obtained for these authors (21.80 g/l).
In the nickel case, this value differs enough,KI was 13.67 g/l
for Kupka and Kupśakov́a[18] and it was 89 g/l in this work.
This high value is in accordance with maximum tolerated
concentration for this ion, 30 g Ni(II)/l, while the maximum
tested concentration in Kupka and Kupsákov́a’s work [18]
was 8 g Ni(II)/l, these difference indicates thatAt. ferrooxi-
dansstrain used in this work shows a high tolerance to nickel
ion and it is superior than strain used in the other work.

In regard to mixed cultures values, it is difficult to do
a comparison because of the absence of works on kinetic
modelling of these cultures in ferrous sulphate solution.

Finally, it can be affirmed that the growth ofAt. ferrooxi-
dansin pure or mixed culture withAcidiphiliumsp. in aque-
ous ferrous sulphate solution in the presence of heavy metal
is affected by a non-competitive inhibition. This effect is
showed with suitable precision in the growth equation pro-

posed. The equation predictions of specific growth rate were
closely to experimental data and provide high coefficient.
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17] Gómez JM, Caro I, Cantero D. Kinetics equation for growth
Thiobacillus ferrooxidansin aqueous ferrous sulphate solutions
Biotechnol 1996;48:147–52.
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