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The capacity of Acidithiobacillus thiooxidans DMS 11478 to recover the heavy metals contained in
the residue obtained from the CARON process has been evaluated. Different bioreactor configura-
tions were studied: a two-stage batch system and two semi-continuous systems (stirred-tank reactor
leaching and column leaching). In the two-stage system, 46.8% Co, 36.0% Mg, 26.3% Mn and 22.3% Ni
were solubilised after 6 h of contact between the residue and the bacteria-free bioacid. The results
obtained with the stirred-tank reactor and the column were similar: 50% of the Mg and Co and
cidithiobacillus thiooxidans
eavy metals
ARON process residue
eaching

40% of the Mn and Ni were solubilised after thirty one days. The operation in the column reactor
allowed the solid–liquid ratio to be increased and the pH to be kept at low values (<1.0). Recir-
culation of the leachate in the column had a positive effect on metal removal; at sixty five days
(optimum time) the solubilisation levels were as follows: 86% Co, 83% Mg, 72% Mn and Ni, 62% Fe and
23% Cr. The results corroborate the feasibility of the systems studied for the leaching of metals from
CARON process residue and these methodologies can be considered viable for the recovery of valuable

metals.

. Introduction

Laterites are iron–nickel oxides associated with other metals
nd they are especially common in warm climates with abundant
ainfall. Cuba has the second-largest nickel and cobalt reserves
n the world [1]. These reserves include laterite deposits in the
ountry’s north-eastern region (Moa, Holguín) and these materi-
ls are processed by ammonium carbonate technology (CARON)
o extract the nickel. This process generates a solid residue with

complex structure that is physically characterised by its black
olour, semi-metallic lustre, fine particle size and predominantly
agnetic nature [2], with notable amounts of metals like Ni (0.25%)

nd Co (0.09%) that are partially oxidised.
The content of heavy metals in this residue has a negative impact

n the environment. In recent years, several technologies have been
eveloped with the aim of reducing or removing heavy metals from
ontaminated media. The physical and chemical processes used to

ecover metallic species of interest tend to be very costly and gener-
te wastes; hence, microbiological processes have been proposed
s an alternative to treat this kind of residue. Prominent among
hese processes is bioleaching, an inexpensive, clean technology
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with low energy requirements. This technology uses the capacity
of certain microorganisms to produce acids that are employed as
leaching agents to solubilise metal species [3–5].

The recovery of metal species from laterite nickel ores by
microorganisms is mainly based on the use of organic acids as
leaching agents and these are produced by filamentous fungi
[3,6–12]. However, the use of fungi suffers from certain limita-
tions and these include: (i) the need to add organic compounds as
a source of carbon and energy to culture the fungi, which increases
the cost of future commercial processes [13], (ii) the formation
of chelates, which hinders the recovery of dissolved metals [14]
and decreases the amount of leached metals, (iii) the phenomenon
of biosorption by the fungal biomass [12,15–17] and (iv) electro-
sorption effects [18], i.e. the attraction of metal cations in solution
through electrostatic interactions between the gangue and the
cation.

The use of bacteria may avoid some of the drawbacks outlined
above. Acidithiobacillus thiooxidans is an acidophilic, chemolithoau-
totrophic bacterium that oxidises reduced sulphur compounds and
produces sulphuric acid [19,20]. For this reason, A. thiooxidans has
been widely used in the bioleaching of low-grade and concen-
trates of sulphide minerals on both laboratory and industrial scales

[21–23]. This bacterium has also been used to solubilise nickel and
cobalt from wastes from the mining-metallurgy industry, includ-
ing lateritic overburden [24] and tailings [25–27]. The aim of the
work described here was to evaluate the capacity of A. thiooxidans
DMS 11478 to recover the heavy metals contained in the residues
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rom the CARON process in different configurations – the two-stage
atch system and two semi-continuous systems (stirred-tank reac-
or leaching and column leaching).

. Materials and methods

.1. Lateritic residue

Lateritic residue from the ammonium carbonate technologi-
al (CARON) process carried out at the Comandante Ernesto Che
uevara plant (Moa, Holguín, Cuba) was used. The chemical com-
osition of the residue was determined through the total acid
igestion of 0.1 g of residue, previously dried for 12 h at 105 ◦C; the
ineralogical composition was determined by X-ray diffraction.
The speciation of the metals (Ni, Co, Fe, Cr, Mg and Mn) was

etermined by the sequential extraction process described by Sil-
eira et al. [28] and the metal content in the residual fraction (RF)
as calculated by the difference between the total metal content

n the residue and its sum in the fractions analysed.
The pH of the lateritic residue was determined on samples con-

aining 4 g of solid and 10 mL of water, measured on the basis of a
:2.5 ratio (soil:water (w/v)).

.2. Culture medium and microorganism

A. thiooxidans DMS 11478 was cultured in a 0 K medium (pH
.0, 30 ◦C) with 1% (w/v) elemental sulphur as an energy source
24]. Free bacterial population was represented by counting cells
n a Neubauer chamber using an optical microscope with a phase
ontrast (Olympus BH-2).

.3. Bioleaching in a two-stage batch system

During the first stage, A. thiooxidans DMS 11478 was cultured
or 7 days at 30 ◦C; the culture was filtered through a nitrocellulose

embrane (pore size 0.22 �m). During the second stage, super-
atant (bioacid cell-free) from the first stage was added to 10 g of
utoclave-sterilised residue and incubated at 60 ◦C for 31 h at an
gitation rate of 150 rpm. Both steps were carried out in 250 mL
rlenmeyer flasks with a 100 mL working volume. Abiotic control
as performed with a sterile 0 K medium. The experiment was

arried out in triplicate.

.4. Semi-continuous bioleaching

.4.1. A. thiooxidans culture
A basic preliminary study on batch systems was carried out

n order to determine the best conditions to generate leaching
gent from A. thiooxidans culture. The inoculum volume [10% and
0% (v/v)] and agitation rate (300 rpm and 500 rpm) at an air rate
f approximately 1.0 vvm were studied in a stirred-tank reactor
Reactor 1) with a 1 L capacity and a working volume of 800 mL.

When the bacterial culture reached pH 1 under selected condi-
ions [20% inoculum (v/v) and 500 rpm], the reactor was fed with a
terile 0 K medium at a feed rate of 60–70 mL/day.

.4.2. Stirred-tank reactor leaching
The leaching was performed in a stirred-tank reactor (Reactor

) with the same configuration as the one used for bacterial growth
Reactor 1) (Fig. 1a). The experiment began with the addition of 80 g
f residue (0.30–0.50 mm of particle diameter), 60 mL of bioacid

rom Reactor 1 and magnetic agitation at 500 rpm. Daily doses of
0–70 mL of bioacid were added to complete an effective volume of
00 mL of medium. During this initial preparatory phase, the pulp
ensity in the reactor fell as the leaching agent was added until 10%
w/v) was reached. Once this level was achieved, 70 mL of leach
Materials 189 (2011) 836–842 837

liquor was extracted each day and replaced by an equal volume of
fresh bioacid.

2.4.3. Column leaching
A 60 mL glass column with 50 g of residue (0.75–2.50 mm par-

ticle diameter) was used (Fig. 1b). The bioacid from the biological
reactor (Reactor 1) was added to the column by a peristaltic pump at
rate of 60–70 mL of bioacid/day and, from this time on, the system
was maintained in a semi-continuous regime. In order to increase
contact and to improve the solubilisation, after 34 days of the exper-
iment, the leachate was re-circulated in the column by a peristaltic
pump at rate of 7 mL min−1.

2.5. Analytical methods

The pH of the leachates and cultures was measured with a CRI-
SON (52-02) pH meter with an Ag electrode. Proton concentration
was determined by titration with 0.02 N NaOH; sulphate ion con-
centration was determined by the turbidimetric method (readings
at 450 nm) on an HP 8453 spectrophotometer [29]; the samples
were centrifuged for 2 min at 10,000 rpm to avoid interference from
other suspended components. Metal concentrations in solution
were determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, IRIS Intrepid). The samples were diluted
with 0.14 M HNO3, filtered (0.45 �m) and stored at 4 ◦C prior to
analysis.

3. Results and discussion

3.1. Chemical characterisation of the tailing

The main mineralogical phases detected (Fig. 2) were: 41.5%
maghemite (�Fe2O3), 15% hortonolite (FeSiO4), 10.2% Mg–chromite
[(Mg, Fe)Cr2O3], 7.5% quartz (SiO2) and 9% chabazite (Mn-
exchange). These results are similar to those obtained by Rojas and
Turro [2] who reported that Fe maghemite oxides constitute the
main mineral phases of the residues of CARON from the Ernesto
Che Guevara plant (Moa, Cuba).

The six metallic species determined by the sequential treatment
(Ni, Co, Fe, Cr, Mg and Mn) were mainly associated with crys-
talline iron oxides (F6) (Table 1). This shows that during the mineral
reduction phase in the CARON process, chemical reactions involv-
ing oxidation and hydrolysis of the iron ions occurred and resulted
in the formation of a solid residue that retained metals such as Ni
and Co, among others [2]. The concentrations of cobalt (absence),
iron (4.5%) and nickel (17.2%) in the residual or lithogenic fraction
(RF) showed that these metallic species had the highest bioavail-
ability in the solid analysis, unlike chromium, which remained in a
higher proportion (59.4%) in that fraction.

3.2. Bioleaching in two-stage batch system

The metal solubilisation percentages (Fig. 3) were favoured by
the two-stage batch leaching system in which the incubation tem-
perature was increased in the second stage (chemical leaching).
As can be seen in Fig. 3, the highest recovery percentages were
achieved after the first 6 h of contact between sulphuric bioacid
and residue (46.8% Co, 36% Mg, 26.3% Mn and 22.3% Ni). From that
time on, a significant variation in the recovery of these metal species
was not observed. This indicates that the metal leaching stopped

when there were still significant amounts of metal left in the pro-
cessed raw material. This behaviour may be explained by the rapid
consumption of the leaching agent after just 6 h of the experiment
[30]. During this 6 h the leachate pH doubled from 0.99 to 2.15 and
steadily increased until the end of the experiment (pH 2.83) due to



838 G. Cabrera et al. / Journal of Hazardous Materials 189 (2011) 836–842

F d with
w

t
d

C
t
e
c
r

ig. 1. Diagram of semicontinuous systems. (a) Bioreactor of A. thiooxidans connecte
ith a column with recirculation for leaching metals.

he alkaline nature of the processed mining residue (pH 8.12) and
epletion of the leaching agent.

The lowest recovery percentages corresponded to the elements
r and Fe (2%), although the Fe cation had the highest concen-

ration detected in the leachates (8640 ppm) since it is the major
lement in the CARON process residue (Table 1). The behaviour of
hromium was consistent with its low bioavailability in the treated
esidue.
a stirred-tank reactor for leaching metals. (b) Bioreactor of A. thiooxidans connected

Earlier studies by Hernández et al. [27] showed that bioleaching
of Ni and Co from CARON process residue with A. thiooxidans in a
one-stage batch system was inversely proportional to the increase
in pulp density (1%, 2.5%, 5% and 10%). Leaching was not observed

at the highest concentration added (10%) and the results with 10%
pulp density were identical to the abiotic control. However, the
two-stage batch bioleaching with A. thiooxidans at the same pulp
density (10%) was significant (Fig. 3), thus demonstrating the supe-
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Fig. 2. X-ray diffractogram of the residue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

01-085-1278 (C) - Chabazite - (Mn-exchanged), syn - Mn1.9Al3.8Si8.3O24 - WL: 1.5406 - Rhombohedral - a 9.34000 - b 9.34000 - c 9.34000 - S-Q 9.0 %
01-083-2465 (A) - Quartz low, syn - alpha-SiO2 - WL: 1.5406 - Hexagonal - a 4.91480 - b 4.91480 - c 5.40620 - S-Q 7.9 %
01-071-1670 (C) - Hortonolite - Fe2SiO4 - WL: 1.5406 - Orthorhombic - a 4.79800 - b 10.39000 - c 6.05500 - S-Q 31.5 %
01-087-1175 (C) - Magnesiochromite, syn - (Mg0.984Cr0.016)(Cr1.984Mg0.016)O4 - WL: 1.5406 - Cubic - a 8.33780 - b 8.33780 - c 8.33780 - S-Q 10.2 %
01-089-5892 (C) - Maghemite - gamma-Fe21.16O31.92 - WL: 1.5406 - Cubic - a 8.34570 - b 8.34570 - c 8.34570 - S-Q 41.5 %
Operations: Background 1.000,1.000 | Import

Table 1
Composition of the residue determined by a chemical analysis (ppm) and speciation (% (w/v)) of the metals present in the tailing.

Chemical analysis
(ppm ± 1%)

Speciation of the metals (% (w/v))

F1
Soluble-
exchangeable

F2
Surface
adsorbed

F3
Associated
with organic
matter

F4
Associated
with Mn oxides

F5
Associated
with poorly
crystalline Fe
oxides

F6
Associated
with crystalline
Fe oxides

RF
Residual
fraction

Co 844 – – – 2.4 ± 0.1 12.5 ± 0.4 67.9 ± 2.1 –
Ni 3730 – – – 8.5 ± 0.3 18.2 ± 0.5 75.0 ± 5.2 17.2
Mg 46,200 2.4

± 0.01
0.5
± 0.06

0.2
± 0.04

2.6 ± 0.06 6.7 ± 0.3 65.4 ± 2.8 22.2

Fe 432,000 – – – 0.3 ± 0.02 33.1 ± 1.1 62.1 ± 3.6 4.5
Mn 7900 – – – 12.7 ± 0.3 5.3 ± 0.6 59.9 ± 3.17 22.1
Cr 17,600 – – 0.01

± 0.006
– 7.8 ± 0.3 32.7 ± 1.6 59.4
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iority of this system since it allows a higher concentration of
esidue to be treated (pulp density) and reduces the bioleaching
ime for lower pulp densities from 12 days [27] to 7 days of culture
lus 6 h of leaching.

.3. Semi-continuous systems

.3.1. A. thiooxidans culture
Inoculum concentration and agitation rate are the two decisive

arameters in the culture and the production of bioacid by A. thioox-
dans cultured in a stirred-tank reactor with elemental sulphur as
he energy source [31]. For this reason, a preliminary study was car-
ied out in order to select suitable conditions to generate bioacid
o be employed as a leaching agent. Two levels for each parameter

ere studied; inoculum volume (10% and 20% (v/v)) and agitation

ate (300 rpm and 500 rpm).
The agitation rate was directly related with a decrease in pH. For

he lowest agitation rate (300 rpm) the metabolic activity shown
y the cultures (oxidation of elemental sulphur) resulted in a low
concentration of protons (lower than 0.11 g L−1) and sulphate ions
in solution, which corresponded to the limited drop in the pH
(from 2.2 to 1.5) during the first four days and the subsequent
pH stabilisation. In contrast, the highest agitation rate led to a
rapid decrease in pH to 1.0, since this rate favoured the homogeni-
sation of the system and bacterial colonisation at the sulphur
particles. This difference might be explained by the sedimentation
of elemental sulphur in the reactor with the lowest agitation rate,
which would limit contact between the bacteria and the energy
substrate.

The effect of the pH decrease in experiments carried out at
500 rpm was augmented with 20% (v/v) inoculum, because the
presence of higher bacterial population facilitates sulphur-bacteria
contact and, as a consequence, the production of bioacid was aug-
mented.
When the pH reached a value of close to 1.0 in the bioreactor
with A. thiooxidans (20% inoculum, 500 rpm), a semi-continuous
system was established as these chemical conditions are very suit-
able for leaching metals [25]. The bioreactor was fed with sterile 0 K
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ig. 3. Percentage of metal solubilised (w/w) in the residue from the CARON process
sing bioacid in the two-stage batch system (x ± �, n = 3).

edium, which allowed bioacid with a pH ≤ 1 to be continuously
ed into the stirred-tank reactor (either the leaching or column
eaching system).

.3.2. Stirred-tank reactor leaching
The semi-continuous feeding system of Reactor 2 (stirred-

ank reactor) was connected after 9 days of culture (Reactor 1)
ith the generated bioacid (pH 0.9, 22 g L−1 SO4, 0.4 g L−1 H+,

.2 × 109 cell mL−1) (Fig. 4). During the first days of bioleach-
ng in the reactor, the initial solid–liquid ratio (80 g residue:
0 mL bioacid) was diminished through the addition of 60 mL of
ioacid/day until day 13, when the pulp density was stabilised (10%
w/v)). At that point, 26% Co, 20% Ni, 5% Fe, 33% Mg and 21% Mn had
een solubilised (Fig. 5).

The presence of Mg ions in fractions F1–F3 of the sequential
xtraction protocol (Table 1) demonstrates the high bioavailability
f this element compared with the other metallic species analysed.
he precipitation of this metal at 12 days may be due to the forma-

ion of compounds with other dissolved metallic ions that cause
recipitation by supersaturation between the Mg and Fe ions.

Once a pulp density of 10% (w/v) had been reached (day 13),
0 mL of the bioacid leaching liquor was replaced every day by fresh
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Fig. 5. Concentration of metal solubilised during the stirred-tank reactor leaching
with a culture of A. thiooxidans from Reactor 1.

bioacid. This operation, which lasted 18 days, allowed the recovery
of nearly double the amount of Ni, Co, Mn and Mg and prevented
depletion of the leaching agent, a phenomenon that was seen dur-
ing the second stage of leaching at the Erlenmeyer level. By the end
of the experiment, 60% of the Mg and between 40 and 50% of the Co,
Mn and Ni had been recovered. However, the methodology applied
was still insufficient to solubilise Fe (12%), due the high concen-
tration present in the residue, and Cr (1%), since this metal is the
least bioavailable in the residue due to its high concentration in the
residual or lithogenic fraction (Table 1).

A comparison between the results obtained in the two-stage
batch system and the semi-continuous system shows higher levels
of solubilisation in the latter case; however, a longer operation time
was required. It is feasible that the magnetic agitation of the leach-
ing residue during this study was insufficient to retain the amount
of solid added to the reactor in suspension, since CARON process
residue is typically a very fine powder that adheres readily to the
reactor walls, causing a non-homogeneous, low-efficiency system
[32].

3.3.3. Column leaching
Although stirred-tank reactor bioleaching is a technology used

in the mining industry [33], the high manufacturing and mainte-
nance costs limit its current use to bioleaching concentrates [34,35]
and biooxidation [21,36,37]. One of the largest capital investments
in industrial processes and highest operating costs are the stir-
rers [38] needed by the reactors to keep solids in suspension and
facilitate mass transfer in the system.

In an effort to overcome the limitations outlined above, col-
umn leaching was evaluated as an alternative to the stirred-tank
reactor operation. In this system, CARON process residue with
a higher particle size was used (0.75–2.50 mm particle diame-
ter). Small particles could favour the contact between bioacid and
metal but particles of this size could settle and clog the conven-
tional pile leaching process, resulting in slow percolation rates and
poor recovery of metals [38]. As a result, the system was oper-

ated with a higher particle size and recirculation to promote the
residue–bioacid contact.

A. thiooxidans culture was maintained in a discontinuous regime
for eleven days until it reached a pH close to 0.8. At this moment,
a semi-continuous system was established in a column with 80 g
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09 cell mL−1). From this time on, there was a steady rise in H+

oncentration and, consequently, the pH dropped as the alkaline
esidue was acidified during this period, a situation that benefited
he gradually rising concentration of metals in solution from day
ne – except for Fe and Cr, which began to leach at 7 and 14 days,
espectively (Fig. 6). After 31 days of leaching, approximately 50%
f the Mg and Co and 40% of the Mn and Ni had been solubilised,
alues similar to those obtained in the reactor leaching for the same
eriod (Fig. 5), although the particle size of the residue treated was
igher.

After 34 days of leaching, recirculation of bioacid in the col-
mn was started in order to increase contact between the bioacid
nd residue. The possible adhesion of A. thiooxidans, from the
iological reactor, to the solid residue and its presence in the
ioacid in the column explains the increasing proton concentration
nd decreased pH of the leach liquor, which remained practi-
ally constant in the recirculation phase (Fig. 7) with a continuous
eneration–consumption of the bioacid. This system favoured the
olubilisation of metals and had a marked effect on the leaching
f Fe (22.7%) and Cr (6.6%) ions, values that had not been achieved
ith the previous systems tested.

The high level of association of the metals to the Fe oxides in the
ARON process residue may explain the slow leaching of Fe with

espect to Co, Ni, Mg and Mn, a situation that required a higher
oncentration of the leaching agent and increased contact time for
ts solubilisation. This explanation is supported by the presence
f iron oxides as major phases in the mineralogical composition of
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the residue. The system tested (column leaching with recirculation)
seems to favour the leaching of iron present in these oxides.

Given that the recovery percentages at 65 days (86% Co, 83% Mg,
72% Mn and Ni, 62% Fe and 23% Cr) were close to those achieved
after 83 days of bioleaching (89% Co, 85% Mg, 75% Mn, 74% Ni, 68% Fe
and 25% Cr), a period of 65 days could be considered as the optimum
time as the work during the last twenty three days in the latter
system is not advantageous.

4. Conclusions

The three leaching methods used in this study (two-stage batch,
stirred-tank reactor and column) are feasible for the treatment
of residue at a pulp density equal to or greater than 10% (w/v).
Bioleaching is an attractive method from the hydrometallurgical
point of view for residue from the CARON process, which cannot be
treated for recycling because of its mineralogical composition. The
results of this study demonstrate the feasibility of using A. thiooxi-
dans in treating oxidised residue with an alkaline pH (8.0) and high
pulp densities. The percentages of recovery in the column bioleach-
ing system and stirred-tank reactor system were similar at 31 days
of leaching, with approximately 50% of the Mg and Co and 40%
of the Mn and Ni being recovered. The column leaching system
with recirculation of the bioacid allowed the solid–liquid ratio to
be significantly increased, the pH of the system to be maintained
at levels below 1.5 and led to the solubilisation of larger amounts
of the metals present.

Future work will be focused on the column bioleaching system
– specifically establishing recirculation of bioacid before 34 days,
once pH and proton concentration are stabilised in the column (day
20 approximately). This modification could contribute to solubilise
the metals and to reduce the operation time.
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