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In this research work, the bio-leaching of Co and Ni from an iron-rich laterite ore is
assessed using the acidophilic heterotrophic (Delftia acidovorans) and autotrophic
(Acidithiobacillus ferrooxidans) bacteria. The metabolic products of the acidophilic
bacteria play an important role in bio-leaching. The results obtained from the indirect
bio-leaching indicate the highest nickel recoveries of up to 83.65% and 80.18%,
respectively, by the supernatants of Acidithiobacillus ferrooxidans and Delftia
acidovorans, both measured at 90 °C for 3 h with a stirring speed of 370 rpm and S/L
of 0.1, while the corresponding cobalt recovery rates have reached 86.93% and
83.94%, respectively. The iron dissolution rates in these conditions for the two studied
bacteria are 64.34% and 54.41%, respectively. The nickel and cobalt extractions by
the indirect bio-leaching of Delftia acidovorans are, respectively, 29.84% and 23.75%
higher than those for the direct bio-leaching, performed at 30 °C and 150 rpm of an
incubator shaker for 30 days. For the indirect bio-leaching, the chemical control has a
larger influence on the dissolution rate of the iron-rich laterite compared to the
diffusion control. The activation energies of nickel and cobalt in the chemical control
model are 40.07 and 39.08 kJ/mol, respectively.

1. Introduction

In the nature, nickel can be found in both the
sulfide and oxide/laterite forms [1]. The demand
for nickel is increasing worldwide [2]. About 85%
of the world's total nickel reserves has been found
in the laterite ores, which highlights the importance
of this ore as nickel deposits for the future [1, 3].
Nickel and cobalt are incorporated into the network
structure of precipitated-hydrated iron oxides
through either absorption or substitution with iron
[4]. In order to extract the nickel of goethite or
other host minerals, the strong bond between
oxygen and ferric iron should be broken [1, 5, and
6]. Regarding the disadvantages of the traditional
methods used for extraction of nickel and cobalt
from laterite ores (e.g. pyrohydrometallurgy and
hydrometallurgy), bio-leaching has recently gained
more attention in mineral processing. This is
mainly due to its eco-friendly, energy efficient, and
economic process. Importantly, bio-leaching can
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also be used for extraction of metals from low-
grade ores [1, 6].

The use of bacteria has been shown to facilitate
the reductive dissolution of ferric iron-bearing
minerals in laterite ores, and thereby, releases the
metal content (including nickel) along with the
ferric iron-bearing minerals into the solution. The
previous studies have assessed the effects of
several parameters including the pH, sulfur
content, substrate type, cell nature of the bacteria,
and temperature on the nickel dissolution process
[7, 8]. In particular, the rate of metal dissolution has
been found to be influenced by the rate of acid
production as well as the physical contact between
the metal and the bacterium [9]. In an acidic
medium (e.g. by acidophilic microorganisms), a
low pH accelerates the dissolution of nickel [10-
12]. In addition, the organic acids generated by the
acidophile cells can help feeding the
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microorganism by producing carbon dioxide [10].
In addition, the metabolic products of acidophiles
(mainly sulfuric acid) have been proved to play an
important role in bio-leaching [9]. The produced
sulfuric acid keeps the pH at an optimum level, and
thereby, improves the leaching of nickel laterites
[6]. Amongst the commonly used bacteria in bio-
leaching, Acidithiobacillus ferrooxidans
(At.ferrooxidans), as an acidophile bacterium has
been considered as the only pattern microorganism
for investigation of the biochemical cycle and
electron transport in the iron oxidation phenomena
[13-15]. This bacterium uses several sources of
energy including molecular hydrogen, H>S, S°, as
well as Fe*" and inorganic sulfur compounds in
order to oxidize iron and sulfur [13, 16, and 17].
Importantly, oxidation of sulfur by Az.ferrooxidans
produces sulfuric acid, which accelerates the
dissolution of metals [14]. Moreover, reduction of
the soluble ferric iron by the bacterium accelerates
the dissolution rate of the minerals [5, 12, and 18].
The reductive dissolution of some of ferric iron-
containing minerals (including goethite) using
heterotrophic acidophilic bacteria has been
previously reported [19-23]. However, for the first
time, Hallberg et al. (2011) have shown that
At.ferrooxidans can facilitate the reductive
dissolution of ferric iron-containing minerals [12].
In a later study, Johnson (2012) has reported that in
anaerobic bioreactors, At.ferrooxidans could
enhance the reductive dissolution of asbolane (an
oxyhydroxide mineral in the laterite containing
manganese and cobalt) [4].

Nickel ions strongly inhibit sulfur dioxygenase,
which could otherwise accelerate the oxidation of
elemental sulfur to sulfite. They also prevent sulfite
oxidase, and therefore, limit the oxidation of sulfite
to sulfate. Nickel surrounds the plasma membrane,
and therefore, blocks the entry of both sulfite and
sulfate, which consequently prevents the cell
growth [24]. Although nickel inhibits the bacterial
physiological functions, some bacteria can be
readily adapted to high concentrations of nickel
[2]. It is known that in the bio-leaching process, the
mesophiles are more tolerant to nickel than
thermophiles and moderate thermophiles [2].
Simate and Ndlovu (2008) have shown that
bacteria from the Acidithiobacillus genus can be
used to efficiently extract nickel from the minerals
[6]. Moreover, At.ferrooxidans has been proved to
be more tolerant to nickel than Acidithiobacillus
thiooxidans [2]. It has also been reported that
between 30 ‘C and 37 °C the cultivation media
containing At.ferrooxidans can more effectively
dissolve nickel than the media containing the
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Aspergillus species [1]. Interestingly, they showed
that adding a ferrous iron supplement could
considerabely enhance the leaching process by
At.ferrooxidans in the cultivation media. Another
important factor that can affect the bio-leaching
process is the concentration of the metal in the
medium. Natarajan and Iwasaki (1983) gradually
increased the Ni** concentration from 5 g/L to 50
g/L, and could successfully adapt At.ferrooxidans
to higher metal concentrations in the media
containing ferrous ions [25]. Johnson et al. (2000)
have shown that most heterotrophic acidophiles
have the ability to reduce the ferric irons [26].
Leaching of metals using the heterotrophic
microorganisms can generally produce the
metabolites containing organic acids and amino
acids [27]. The leaching recovery, while using the
heterotrophic microorganisms, mainly depends on
the organic metabolites that can decrease the pH of
the cultivation medium [1]. Amongst different
heterotrophic acidophiles, the Delftia genus has a
particular importance in biotechnology [28, 29]. It
belongs to the PB-proteobacteria group that is
metabolically diverse and can be isolated from
various nutrition sites including soil, seawater,
activated sludge, and mineral sites [30]. Delftia
acidovorans shows phenotypic similarities with
the Pseudomonadaceae family [31]. It is a nickel-
tolerant species [32], which is also able to
withstand high concentrations of chromium and
lead [29]. Importantly, this bacterium is able to
oxidize elemental sulfur and thiosulfate to sulfate
[33]. In very few studies including Garcia-Moyano
et al. (2015) and Heinzel et al. (2009), the Delftia
acidovorans strain has been found while
investigating the microbial population of AMD
(Acid Mine Drainage), and has been identified
using the gene libraries prepared from the 16S
rRNA gene [34, 35]. However, the application of
Delftia acidovorans in mineral processing is very
new. Das ef al. (2015) have used the secondary
metabolic products of Delftia acidovorans
(delftibactin) in order to synthesize the gold
nanoparticles from electronic waste [36]. The
Delftia acidovorans AR has also been used for the
bio-treatment of metal-containing wastewater in
fixed bed bioreactors, showing promising
capabilities for removing the Cd(Il), Zn(Il), and
Cr(VI) ions. Moreover, Delftia acidovorans is
capable of destroying complex organic materials
including 2-(4-sulfophenyl) butyrate (SPB) [37].
However, the application of chemolithotrophic
bacteria to recover nickel from the laterite ores has
been less well-investigated. This is probably due to
the lack of sulfide content in the ore in order to



Hosseini Nasab et al

produce the required amount of sulfuric acid [6,
18]. In addition, to date, Delftia acidovorans or its
metabolic products have not been used to leach
nickel or cobalt, and therefore, the kinetics of these
processes are unknown.

In the previous investigations, the researchers
have used different boi-leaching procedures and a
varity of different bacteria in order to extract nickel
and cobalt from the laterite ores. Ghosh et al. have
reported 53% and 65% Ni recovery from double-
step and indirect bio-leaching of the chromite
overburden using Aspergillus humicola SKP102
[38]. Marrero and co-workers found the reduction
of iron, nickel, cobalt, and manganese from laterite
overburden more efficient when At.thiooxidans
was used in an aerobic process compared to the
anaerobic reduction using At.ferrooxidans [39].
Some studies have also used the two species of
Aspergillus and Penicillium fungi for bio-leaching
of laterites [40-42]. Moreover, the mineral type in
the ore has been found to be a major determinant
of the adsorption capacity, and the pH control
during bio-leaching is critical for achieving an
optimized leaching process [43].

Hosseini Nasab et al. have performed a series of
design of experiments and kinetic studies in order
to assess the dissolution of nickel and cobalt from
the iron-rich laterite when using different organic
acids or sulfuric acid. These investigations have
revealed an optimal condition when using 5 M, 0.1,
370 rpm, 90 'C, and 2 h, respectively, for the
concentration of sulfuric acid, solid to liquid ratio,
stirring speed, temperature, and process time. This
resulted in the highest recovery rates of nickel and
cobalt (95% and 86%). The design of experiments
identified the optimal concentrations of the acid
compound (1 part of gluconic acid, 2 parts of lactic
acid, and 3 parts of citric acid) to be 3.18 M, with
S/L =0.1, pH = 0.5, and stirring speed = 386 rpm.
Moreover, the kinetic studies have suggested a
120-minutes process time at 75 "C as the conditions
resulting in the highest nickel and cobalt recovery
rates (25.5% and 37.6%) [44, 45]. Hosseini Nasab
et al. have also investigated the kinetics of the
double-step bio-leaching of Ni and Co from the
iron-rich laterite when using the supernatant
metabolite products of Salinivibrio kushneri as a
halophilic bacterium. They reported that the nickel
and cobalt recovery rates could reach 58.40% and
60.6%, respectively, after 3 h bio-leaching at 90 'C
[46].

In this work, we aimed to assess the effect of
adding Fe*" and Fe** ions on the dissolution of the
iron-rich laterite samples using sulfuric acid as the
solubilizing agent. In addition, the influence of

473

Journal of Mining & Environment, Vol. 12, No. 2, 2021

using the two new strains of At.ferrooxidans and
Delftia acidovorans on the biological dissolution
of the iron-rich laterite was investigated. For the
first time, the performance of Delftia acidovorans,
as a heterophropic acidophilic bacterium, for the
dissolution of nickel and cobalt from an iron-rich
laterite  sample was  compared  against
At.ferrooxidans as one of the most common
acidophilic autotrophic bacteria. A comparison
was made during the direct and indirect (spent
medium) bio-leaching based on the recovery rates
of nickel, cobalt, and iron. For the indirect
bioleaching, the kinetics of the process at different
times and temperatures was studies in order to
determine the optimum parameters. Moreover, the
activation energy and type of the controller model
for each bacteria during the indirect bio-leaching
were determined.

2. Materials and Methods
2.1. Sample and characterization studies

The laterite sample used for this research work
was obtained from the Kanshargh mine (located in
the east of Sarbisheh, South Khorasan Province,
Iran, with an estimated reserve of 3,700,000 tons).
The average grades of nickel, cobalt, and iron in the
sample were 1.74%, 0.14%, and 40.83%,
respectively. This sample is known to be rich in
nickel and cobalt with a high iron content. The
results obtained from the particle size analysis
(Micro Tec Plus Analyzer Particle Size) showed
that the laterite sample used in this work was finer
than 38 microns. The pre-calcined sample was used
as the feed in all the leaching experiments for two
main reasons. It is known that pre-calcination
converts goethite (FEOOH) to hematite (Fe;O3). It
also develops nickel in the fine pores or cracks,
which can be more easily dissolved by the
microorganisms [1]. Before pre-calcination, dss,
dso, and dgo of the sample were 2.5 pm, 8.6 um, and
25.2 um, which were changed to 5.6 um, 15.1 pm,
and 30.1 pm after calcination. The elemental
analysis of the laterite sample after pre-calcination
in the furnace at 500 'C for 2 h showed that the
average grades of nickel, cobalt, and iron in this
sample were 2.3%, 0.17%, and 32.66%,
respectively. The XRD analysis (MPD 3000)
indicated that goethite, calcite, hematite, and quartz
were the most important crystalline phases. The
results of XRF analysis (MAGIX-PRO) showed a
high iron content (61.4% of Fe;Os) together with
3% NiO, 0.2% Co0304, 9.2% SiO,, and 5% Al,Ozin
the sample.
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2.2. Bacteria and cultivation

The Delftia acidovorans and At.ferrooxidans
bacteria were extracted from the acid drainage
(bottom of the tailing dump) of the Sungun copper
mine located in the east Azerbaijan Province, Iran.
The microbial population of the acid drainage was
low due to the high toxicity of the environment. A
sample was taken using 50 mL of region water in
50 mL sterile falcon, which was then centrifuged in
4000%g for 20 min. For the initial cultivation, 5 mL
of the falcon bottom liquid was inoculated to 100
mL of an acidic culture medium. Doublly distilled
water was used in order to prepare all the culture
media, while sulfuric acid was used for the pH
adjustment. The compounds and sterilization

Journal of Mining & Environment, Vol. 12, No. 2, 2021

conditions of each culture medium as well as the
reason for choosing them are described in Table 1.
The flasks containing the inoculated culture media
were shaken at 150 rpm in the refrigerated
incubator shaker for 3-5 weeks, while the
temperature was set at the optimal value (Table 1).
After the growth was confirmed, lams were
prepared in order to perform the gram staining. To
do this, 5 mL of the growth medium was
centrifuged at 11500 rpm for 20 min in order to
produce the required biomass. The lam was
prepared from the settlements of the falcon. Then
the gram staining was done based on the Hucker
method [47] using x100 optical magnification of
the microscope.

Table 1. Culture media used for At.ferrooxidans and Delftia acidovorans.

Components of culture medium

Culture media (@/L)

Heating
conditions ('C)

Sterilization

. Microorganism
conditions g

(NH4):S04: 3
MgSO4.7HzO: 0.5

20 psi-15 min

9K KCIL: 0.1 30-34 (Iron sterilization At. ferrooxidans
KoHPO4: 0.5 Ca(NO3),: 0.01 using 0.22 pm filter)
FeSO4.7H,0: 44.4 (50)
Glucose: 10
(NH4)2804: 3 2015
. . psi-15 min
9K+Glucose FeS04.7H:0: 0.01 MgS04.7H:0: 0.5 27-30 (Tron sterilization Delfiia acidovorans
KCI: 0.1 .
using 0.22 pm filter)
KH,PO4: 0.5

Ca(NO3)2: 0.01

In order to preapare 1 L of the 9K+Glucose
medium, two samples (each of 50 mL) were used
to dissolve the glucose and the ferrous iron sulfate.
These samples were filtered using a 0.22-um filter,
and added to the solution made from all the
components of the culture media (that were
autoclaved). Since the optimal pH levels for the
At.ferrooxidans and Delftia acidovorans growth in
the 9K and 9K+Glucose mediums were 1.8-2 and
3.5, respectively [34, 48], the pH of the culture
medium was adjusted to the proper level using 5
mol/L of sulfuric acid. When using At¢.ferrooxidans
for the laterite bio-leaching, the energy source
(sulfur, also ferrous iron oxide in the form of iron
sul fate) was provided.

In the presence of the reducing agents (for
example Fe’"), the electron transport at the surface
of the oxidized material produces an oxidized Fe**
species that can be more easily attacked by the acid
[49]. The nickel-bearing laterite ores do not contain
sulfur, and therefore, it should be added to the
chemolithotrophs for leaching the laterite ores [6,
50]. A culture medium with 1% sulfur and 5%
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ferrous iron sulfate, as the energy source for
At.ferrooxidans [1], was prepared at the initial pH
of 1.8. All the direct leaching experiments as well
as the preparation of the supernatant were
performed in 250 mL flasks under sterile
conditions. 10 mL of the incubated liquied
containing the bacteria grown in the culture media
(with around 1x10° cells/mL) was used as an
inoculum liquid in order to prepare 100 mL of the
final volume. To do this, 10 mL of the no-filtered
suspension (containing the bacteria) as well as 90
mL of the culture medium of each bacterium were
added to each flask. The flasks were then placed in
an incubator shaker (150 rpm and 30 “C) for 3-5
weeks for the medium containing At.ferrooxidans,
and about 2 weeks for the medium containing
Delftia acidovorans. The pH, ORP, and bacterial
counts in the flasks were measured on a daily basis.
The pH and ORP were measured using a portable
Eh/pH-meter (METTLER TOLEDO, MP120
Basic Portable pH/mV/'C Meter). After reaching
the pH of 1-1.2, the flasks were placed in the
refrigerator for use as the inoculum liquid for the



Hosseini Nasab et al

direct experiments, whereas the filtrates of the
solutions were used as the supernatant in the
indirect experiments. It should be mentioned that
both bacteria could tolerate 10 g of laterite in 100
mL of the solution, and thus there was no need to
adapt the bacterium in the Ilaterite sample
(containing nickel and cobalt).

2.3. Methodology of bio-leaching experiments

The control tests of the direct bio-leaching were
performed for both bacteria. 10 g of the autoclaved
laterite sample was added to 100 mL of the
bacterial culture medium with bactericide. Here,
HgCl, was used as bactericide in the control tests
of the laterite sample and the 9K culture medium.
For the tests where the laterite sample and the
9K+Glucose culture medium were used, the
eukaryotic antibiotic served as the bactericide. The
pH was initially adjusted at 1.8 using 5 mol/L of
sulfuric acid. Throughout the whole direct
experiments (for 30 days), no further adjustment of
the pH was performed. Sampling for the control
tests was identical to that of the main direct
experiments, which were performed on the 5™, 10,
15" 20" and 30" days of the tests. Then the
samples were analyzed by atomic absorption
spectrometry (Varian Spectr AA.20) in order to
determine the nickel, cobalt, and iron contents. To
determine the Fe'* content, the amount of Fe*" in
the sample was subtracted from the total iron
detected by atomic absorption analysis. The
concentration of Fe** was determined using
potassium dichromate and following the titration
technique. The volumes extracted for sampling and
titration of the tests were compensated using the
same volume of the culture medium. The pH, ORP,
and bacterial counts were performed regularly over
30 days of treatment. Every day, the decrease in the
solution volume due to the measurements and
evaporation was compensated by distilled water.
The required acid to recover the initial pH of the
sample (1.8) was determined and considered as the
acid was consumed by the laterite.

The turbidity and discoloration of the inoculated
liquid media were assessed within 3-5 weeks (or
longer, if necessary). The reddish-brown color as
well as the formation of iron species in the medium
containing high concentrations of iron(Ill) sulfate
were used as the indications for oxidation of
iron(Il) ions to iron(Ill) ions, and growth of the
iron-oxidizing microorganisms. In the medium
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containing Delftia acidovorans, the turbidity
observation was used to determine the optimum
growth. Meanwhile, during the bacterial growth,
the pH and ORP as well as the bacterial counts
were measured by biological microscopy (Axiostar
Plus model) every other days. When the bacterial
count reached 5x10® cells/mL, the bacteria were

isolated by centrifugation (Heraeus model) at
4000xg for 20 min, and the supernatant products
were extracted and used for the indirect (spent
medium) bio-leaching experiments. The direct and
indirect parallel experiments were repeated for
three times, and the results obtained were averaged.
At the end of the leaching experiments, the flask
contents were filtered, and the biomass together
with the ore residue were washed with 2% sulfuric
acid. The samples obtained during the experiments
were properly diluted in order to determine the
percentage of the leached nickel and cobalt as well
as the dissolution rate of iron by the studied
bacteria using an atomic absorption spectrometer.
The surface analyses were performed in order to
evaluate the changes in the laterite surface during
the bacterial leaching. The SEM analysis (FEI
QUANTA 450) and EDX elemental mapping
(BRUKER XFLASH 6/10) for Si, Ni, Co, Fe, Al,
and O were performed on the feed sample as well
as on the leached residue obtained under the
optimum conditions.

The indirect leaching experiments were carried
out in a 1-L glass reactor at the atmospheric
pressure (No. 1 in Figure 1). It was floated in an
electrically heated silicone oil bath (No. 2 in Figure
1). The reactor was equipped with a mechanical
stirrer (Heidolph, HPS-55, Germany) that had a
digital control unit and a Teflon impeller (No. 3 in
Figure 1). A magnetic stirrer (Multi-stirrer DM-8
Scinics, Japan) was used as the base of the device
(No. 4 in Figure 1). The temperature was measured
continously by a thermometer (No. 6 in Figure 1).
Using a thermostat (No. 9 in Figure 1), the reactor
temperature was controlled within a 0.1 C
accuracy. A reflux condenser was also installed in
order to prevent the evaporation of the solution,
especially at high temperatures (No. 8 in Figure 1).
The periodic sampling was performed from the
access point 7 depicted in Figure 1. In order to
place the laterite sample into the reactor, the Pyrex
glass lid was removed, and the feed was added into
the solution by a glass funnel (No. 5 in Figure 1).
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Figure 1. A schematic layout and a real photo of the reactor used for the indirect bio-leaching experiments.

2.4. Kinetic mechanism of dissolution process
for indirect bio-leaching experiments

Leaching of the minerals can be represented
using different models. The shrinking core model
is one of the main models developed in order to

describe the kinetics of the dissolution process in a
non-catalytic solid-liquid environment [51, 52].
Table 2 lists different reaction rate constants that
can be used to describe different mechanisms of
dissolution for the minerals using the shrinking
core model [53].

Table 2. Reaction rate constant for different mechanisms of mineral dissolution [53]. X is the reacted fraction, k
is the kinetic constant of the reaction, and t is the reaction time.

Eq. No. Model Mechanism
1 K=1-(1- X)% Chemical reaction control
P 2 Mixed control model by shrinking core model (diffusion
K=1-(1-X)3 control; chemical reaction control)
3 K=[1-01- X)%]Z Diffusion through product layer
_ _ Mixed control model (surface reaction control; diffusion
4 K; = -In(1 -X) through sulfur layer)
2 2
5 K. =1- §X -(1-X)3 Diffusion control
1 -1
6 K, = §ln(l -X)+ [(1 -X)3 — 1] Interfacial transfer and diffusion across the product layer
2 Diffusion of hydrogen ions through a product layer by the
7 K, =1-3(1-X)3+2(1-X) shrinking core model
8 K, =1—(1-045 X)% Surface chemical reaction by the shrinking core model

In order to determine the kinetic mechanism
governing the microbial dissolution of the laterite
sample, the shrinkage model (equations in Table 2)
was fitted to the experimental data obtained from
the microbial leaching. Here, the model resulted in
the best fit (with the highest correlation coefficient)
was selected in order to determine the dissolution
mechanism. The shrinking core model assumes
that the solid particles retain their initial volume,
while their inactive cores continuously shrink with
the reaction time and form a porous layer [54]. The
bio-leaching process requires four consecutive
steps: (1) diffusion of the attacking species from
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the solution into the reactant; (2) diffusion of the
reactants into the solid matrix; (3) chemical
reaction; (4) transformation of the resultant species
to the solution [35, 55, 56]. The slowest step will
determine the rate of the leaching reaction [56].
The severe shacks during the process prevent the
first and last steps to considerably impact the
reaction rate [7]. Therefore, in this work, the
diffusion control (Eq. 5 in Table 2) and the
chemical reaction control (Equation 1 in Table 2)
mechanisms were investigated in order to describe
the reaction using the shrinkage core model.
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3. Results and discussion
3.1. Molecular identification and phylogenetic
analysis of bacterial strain

The complementary identifications of the Delftia
acidovorans and Atferrooxidans strains were
performed by amplification and sequencing of the
16S rRNA gene. For this purpose, a bacterial clone
was first isolated from the acid drainage, and the
required biomass was prepared. After extracting
the genomic DNA of the strain, gene amplification
of the small ribosomal subunit was performed
using the 16S rRNA primers in a polymerase chain
reaction. The genomic DNA extraction and 16S
rRNA gene amplification were confirmed using the
agarose gel electrophoresis (EV243 model). The
final product of the polymerase chain reaction
(PCR) was sequenced, and the results obtained
were used for the phylogenetic analysis [46].

In order to assess the quality of the extracted
genomic material, 5 pL of the PCR product of the
extracted DNA was loaded on 0.8% agarose gel
using the 27F and 1492R primers. A single band at
around 1200 bp was selected as the appropriate
band, and was then sequenced. This stage was
repeated for three different clones of the gene
(numbers 1, 2, and 3 in Figure 2).

The results of the Delftia acidovorans strain were
identical to those for Delftia acidovorans 2167"
(JOUBO01000005). However, the complementary

Delftia acidovorans

3.2. Leaching of sample by sulfuric acid in
presence of Fe** and Fe** additives

In order to investigate the role of the ferric and
ferrous iron on the dissolution of the studied
laterite sample, a number of experiments were
performed at 30 “C, S/L = 0.1, stirring speed = 370
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identification of the At.ferrooxidans strain showed
99.33% similarity to At.ferrooxidans
ATCC23270"  (CP001219).  Both  Delftia
acidovorans and At.ferrooxidans were gram-
negative bacteria (see the microscopic image in

Figure 3).

GeneRuler DNA Ladder Mix
bp ng/0.5 pg %

00 00 00 CO00

8555538
°i\>i\>mr\>gc’mmmbm

~—~
PN

BB B 0000 W00 00O LD WD WLIOW
s

PSPSPSIST- 5
SSSS8N
ocooo

0.5 pg/lane, 8 cm length gel,
1XTAE, 7 V/cm, 45 min

(b)

(@)
Figure 2. An exemplary gel electrophoresis of 16S
rRNA of the extracted genomic bands and the
corresponding reference gel electrophoresis for the
polymerase chain reaction products. A) DNA
ladder; B) gel electrophoresis of 16S rRNA.

At.ferrooxidans

Figure 3. Microscopic images of Delftia acidovorans and At.ferrooxidans (1000x magnification).

rpm, and 5 mol/L of sulfuric acid. Ferrous iron
(FeS0O4.7H,0) and ferric iron (Fey(SO4); and
FeCl3) with 0, 25, and 50 g/L were used as the
additives.

As shown in Table 3, adding 50 g/L of Fe™ to 5
mol/L of sulfuric acid at 30 ‘C, S/L = 0.1, and
stirring speed = 370 rpm to 5 mol/L sulfuric acid
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resulted in 18.32% and 19.57% increase in the
nickel and cobalt recoveries and 62.7% increase in
the iron dissolution rate. This can be explained by
the fact that the Fe’" ion is a reducing agent, and
therefore, its higher concentration in the medium
decreases the oxidation/reduction potential, thus
shifting the condition towards reduction [13, 16,
and 17]. This enhances the dissolution of nickel
and cobalt since laterite is an oxidized ore and
requires a reductive medium to be dissolved.
Moreover, hematite and iron oxide minerals can be
more easily degraded in a reductive medium since
the oxygen of these minerals can be more readily

Journal of Mining & Environment, Vol. 12, No. 2, 2021

separated. The reductive medium can also help the
nickel and cobalt presented in laterite to be more
easily dissolved in the presence of acid [4, 39, and
26]. Here, the Fe’" ions produced by the
At.ferrooxidans bacteria can infiltrate into the
laterite and reduce it to Fe** [4]. This reduction
produces acid, which can help the dissolution of
cobalt and nickel [14]. The results presented in
Table 3 support the mechanisms explained above,
and thus endorse wusing the acidophilic
At.ferrooxidans bacteria in the biological
dissolution of nickel and cobalt from the iron-rich
laterite.

Table 3. Leaching of the laterite sample by 5 M sulfuric acid with different additives (30 "C, S/L = 0.1, stirring
speed = 370 rpm).

Additive (g/L) Ni recovery (%) Co recovery (%) Fe dissolution (%)
0 16.81 19.58 9.42
25 Fe'? (FeS04.7H,0) 30 37.96 48.37
50 Fe*? (FeS04.7H,0) 35.13 39.15 72.12
25 Fe*3 (Fex(S04)3) 14.83 18.59 24.17
50 Fe*3 (Fex(S04)s) 14.41 20.04 39.57
50 Fe*? (FeCl3) 17.48 21.49 49.10

3.3. Direct bio-leaching of sample by two studied
bacteria

The direct bio-leaching experiments were
performed in the incubator shaker at 150 rpm and
30 ‘C for 30 days. For both bacteria, the control
tests (2.3) were also carried out in order to provide

100 T —@-Ni

—@=—Ni in Control Test

Delftia acidovorans

90 4
—&—Co
80 4 .
—& Coin Control Test

70 4 —o—Fe

=4 Fein Control Test

60 1

50 4

Extraction (%)

40

30 4

20 4

10 1

Extraction (%)

a basis for comparison of the main test results. The
results of dissolution of Ni, Co, and Fe for both the
main and control tests are presented in Figure 4. It
is clear that for both bacteria, the amounts of
dissolved mnickel and cobalt in the main
experiments are three times greater than those in
the control tests.
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Figure 4. Nickel and cobalt recovery and iron dissolution versus time for both studied bacteria during direct bio-
leaching.

The highest recovery rates of nickel and cobalt
by Delftia acidovorans at the end of the

experiments were 57.09% and  60.19%,
respectively, while the iron dissolution rate at this
stage was 16.84%. However, the highest

dissolution of iron (30.62%) was observed after 15
days. When using At.ferrooxidans, the terminal
recovery rates for nickle and cobalt were 59.41%
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and 64.85%, respectively, with the iron dissolution
of 43.60%. Here, the highest dissolution rate of
iron (69.55%) was observed after only 9 days.
These results obtained indicate very simillar nickel
and cobalt recovery rates for both species;
however, the iron dissolution was much lower
when using Delftia acidovorans compared with
At.ferrooxidans. This shows the superiority of
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Delftia acidovorans over At.ferrooxidans for the
dissolution of iron-rich laterite containing nickel
and cobalt. A possible reason for the low iron
dissolution when using Delftia acidovorans may
originate from the lower amount of iron used in
order to preparare the culture medium for this
bacterium.

The concentration of Fe’ can be determined by
comparing the total amount of Fe obtained from the
atomic absorption analysis vs. the amount of Fe**
obtained from the titration technique (Figure 5).

Compared with the control tests of
At.ferrooxidans, the amount of released ferrous
iron was much higher in the main experiments,
which was caused by the acid produced by the
bacteria. For the main experiments, the higher Fe**
level at the first sampling day (day 5) when using
At.ferrooxidans can be explained by the use of 50
g/L of hydrated ferrous sulfate in order to prepare
the culture medium. However, over time, Fe*" was
gradually converted to Fe’”, as shown for both
bacteria. Conversion of Fe’" to Fe** enhances the
production of biological sulfuric acid, which
concequently decreases the pH. For Delftia
acidovorans, the concentration of the ferrous iron
decreases between the days 5 and 9, possibly due
to iron absorption in the ore. For the two bacteria,
the concentration of Fe’* was gradually increased
by time until 15 days of bio-leaching for Delftia
acidovorans and 9 days of bio-leaching for
At.ferrooxidans, and after that, the iron deposition
resulted in a decline in Fe’*. Generally, the ORP
and pH followed the opposite trends, indicating a
decrease in pH due to an increased ORP. Here, for
both bacteria, the oxidation of Fe** to Fe** due to
the bacterial activity increases the ORP; however,
compared with Delftia acidovorans,
At.ferrooxidans was more successful in pH
reduction. This is mainly due to using 50 g/L of
hydrous ferrous sulfate in the culture medium of
At.ferrooxidans, which facilitates the reduction
reaction producing biological sulfuric acid.

Journal of Mining & Environment, Vol. 12, No. 2, 2021

The bacterial population decreased during the
first period of the experiments (Figure 5), which
may be due to the bacterial uptake of the laterite
surface. However, the number of bacteria generally
increased until the end of 30 days, which was
accompanied by a pH decrease. Nickel is mainly
bounded with goethite [57]. The bacteria reduce
the ferric iron content of the goethite minerals in
the laterite ore, and consequently, destruct the
goethite and release the nickel [12]. Due to the
higher bacterial activity at lower pH values, the
acid concentration (H" ions) is also expected to be
high (pH = -logio [H']). The H" ions cause the
nickel dissolution (Equation (1)):

FeO(OH) + 3H* - Fe3* + 2H,0 (1)

Since both the studied bacteria were acidophilic,
any changes in the pH (or H") can affect the
bacterial growth, and thereby, the leaching
efficiency, and thus assessment of the pH in this
research work was crucial. It should be mentioned
that laterite is an alkaline ore, and this is why the
pH of the pulp increased immediately after adding
the laterite sample; however, it decreases again
after adaptation of the bacterium (Figure 5).

The acid consumption as well as the pH changes
over time are presented in Figure 6.

The laterite sample had a higher acid absorption
at the beginning; however, after 2 weeks, it did not
consume any acid. Simate and Ndlovu (2008) have
found that regardless of the amount of the bacterial
inoculation, the rate of acid production through
sulfur oxidation is higher than the rate of acid
consumption by the bacteria [6]. Here, the extreme
rate of acid consumption at the beginning of the test
can be due to the alkaline pH of the laterite and the
presence of the acid-consuming minerals. Acid
consumption in the reductive dissolution (Equation
2, 1.67 mol per one mole of goethite) was
significantly lower than the non-reductive acid
dissolution (Equation 1, 3 mol per one mole of
goethite) [5, 18].

6a — Fe0.0H + S° + 10H* - 6Fe?* + 8H,0 + SO2~

)

The release of the ferric iron from the ferric-
bearing oxides in an acidic solution using
acidolysis (Equation 1) is a very slow reaction. It
has been shown that the release of ferric iron (by
the chelating agents or by the reduction of ferric
iron to ferrous iron), and thus the imbalance
between ferric iron in the solution and the solid
phase can accelerate the release of ferric iron [18].
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The accompanied nickel and cobalt can be
dissolved by H" (Equations (3) and (4)) and remain
in the aqueous phase in the form of a sulfate
complex.

NiO(OH)4 + 3H* > Ni2* + 2H,0 3)

CoO(OH), + 3H* - Co?* + 2H,0 @)



Hosseini Nasab et al

Journal of Mining & Environment, Vol. 12, No. 2, 2021

—o— Delftia acidovorans 12 + b AL ferrooxidans
= @= Control Test .| == A== Control Test
9
=X
=
- 6
i)
=
3
0.00 + "' ey — = ~ [ S S ]
0 5 9 15 19 30 0 5 9 15 19 29
Time (Dav) Time (Day)
12 ¢ 12 -+
9 4 9+
= =
- 0 =~ 6+
] ')
= _ . =
-
34 Pl 34+
. g
- - e . .
—_ - - —- - _—— i
0 < 0 = —y
0 5 9 15 19 30 0 s 9 15 19 29
Time (Day) Time (Day)

100 4
0
0.25 2 5 7 9 13 15 19 23 26 28 29
Time (Day)

o +————+————+—+—
9 13 15 19 23 26 28 29
Time (Day)

1.0 .0 4
025 2 5 7 9 13 15 19 23 26 28 29 0.25 3 S 10 12 14 17 19 21 25 27 31
Time (Day) Time (Day)

100 100 T
] g

=)
= 80 4 =80+
g g
S60 1 S60 ¢

- i)
H =

g 40 ¢ 240 ¢

= L]
| =

- =
22 ¢ 220 ¢+

=3 =

=3 3
-] =

0 + + + + + + + + + + 1 0

2 5 7 9 13 15 19 23 26 28 29 3 5 10 12 14 17 19 21 25 27 31
Time (Day) Time (Day)

Figure 5. Growth curves of the two studied bacteria versus time in direct bio-leaching (at 30 °C and 150 rpm).

3.4. Indirect bio-leaching of sample by two
studied bacteria

The results of the indirect bio-leaching tests
showed that both species were well able to extract
cobalt and nickel from the laterite structure (Figure
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7). The highest nickel recovery by the
At.ferrooxidans  and  Delftia  acidovorans
supernatants  were 83.65% and  80.18%,

respectively, while the highest cobalt recoveriy
rates were 86.93% and 83.94%, all observed at 90
°C. The corresponding iron dissolution rates were
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64.34% and 54.41%, respectively. At this
temperature, the nickel and cobalt recoveries
reached a plateau after 2 h. Therefore, for the
studied laterite sample, 2 h and 90 °C were
considered as the optimal time and temperature for
the nickel and cobalt dissolution in the indirect bio-
leaching.
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Figure 6. Acid consumption and pH changes
throughout the process for the laterite sample.
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Figure 7. Nickel and cobalt bio-leaching from the laterite sample by Delftia acidovorans (left diagrams) and
At.ferrooxidans (right diagrams) metabolites (stirring speed = 370 rpm, solid percentage = 10%, w/v).
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The results obtained showed that for both
At.ferrooxidans and Delftia acidovorans, the
indirect bio-leaching at high temperatures and
short time periods can more efficiently dissolve
nickel and cobalt from the studied laterite sample
compared to the direct bio-leaching at low
temperatures for a long time. In the spent medium
bio-leaching by the Delftia acidovorans
supernatant, the nickel and cobalt extractions at 90
°C for 2 h were 29.84% and 23.75% higher than
those for the direct bio-leaching at 30 °C and for 30
days. It should be mentioned that due to the use of
high temperatures in the indirect bio-leaching, the
iron dissolution rate is 23.79% more than the direct
bio-leaching, which is a disadvantage for the
indirect bio-leaching technique. However, for the
industrial applications, the indirect bio-leaching
method can be used at higher temperatures in order
to accelerate the dissolution of metals, while the
disolved iron can be removed using the well-
known techniques [58-60].

3.5. Kinetic studies of indirect bio-leaching

From the models presented in Table 2, the
diffusion and chemical control models (Equations
5 and 6) had the most appropriate fits with the
highest correlation coefficients for the nickel and
cobalt dissolution data obtained for the two studied
bacteria (Figure 8).

2 2
kt=1—§X—(1—X)§ (5)

(6)

The first part of the diagrams in Figure 8 with the
highest slope (reaction rate constant) can be used
in order to determine the activation energy. The

1
ke=1-(1-X)3
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reaction rate constants as well as the correlation
coefficients of the kinetic models used to describe
nickel and cobalt dissolution by At.ferrooxidans
and Delftia acidovorans at different temperatures
are listed in Table 4.

Based on the data presented in Figure 8 and Table
4, both the diffusion and chemical control
equations fit well to the experimental data. The
reaction rate constants increase with an increase in
temperature (Table 4), which indicates a highly
temperature-dependent and thus a chemically
controlled process [52].

The Arrhenius equation (k = A exp(-E+/RT)) was
used in order to calculate the activation energy (Ea)
for the process, where £ is the rate constant, R is
the ideal gas constant (8.314 J/mol.K), T is the
absolute temperature (K), E. is the activation
energy (kJ/mol), and A is the coefficient of the
exponential function. In order to calculate the
activation energy, -In k was plotted against 1/T to
obtain a line with the slope of E./R. This was
performed for the two control models, and thereby,
the corresponding activation energies were
calculated (Figure 9).

The chemical control models for the nickel and
cobalt dissolution using Delftia acidovorans had
acceptable correlation coefficients (Figure 9, R* =
0.999 for nickel and R?= 0.9997 for cobalt). For
the chemical control model, the activation energy
values for nickel and cobalt were E,=40.07 kJ/mol
and E, = 39.08 kJ/mol, while for the difusion
control model, the corresponding values were E, =
75.82 kJ/mol and E., = 70.67 kJ/mol. Similarly,
when using the At.ferrooxidans supernatant, in a
chemical control model, R? for nickel and cobalt
were 0.999 and 0.9867, respectively, while the
corresponding activation energies were E, = 39.66
kJ/mol and E,= 40.66 kJ/mol.

Table 4. Reaction rate constants and correlation coefficients of the kinetic models used to describe the nickel and
cobalt dissolution by Delftia acidovorans and At.ferrooxidans at different temperatures.

1st period: Chemical

2" period: Chemical

1st period: Diffusion 2" period: Diffusion

Temperature

2 2 2 2
C0) R K R K R K R K
§ 30 0.9460 0.0008 0.9656 0.0001 0.9950 0.00002 0.9836 0.00001
§ Ni 75 0.9168 0.0059 0.9919 0.0003 0.9993 0.0009 0.9877 0.0001
y_; 90 0.9441 0.0114 0.9920 0.0003 0.9999 0.0030 0.9922 0.0001
E 30 0.9794 0.0009 0.9540 0.00004 0.9708 0.00003 0.9630 0.000003
§ Co 75 0.9558 0.0069 0.9585 0.0002 0.9952 0.0012 0.9611 0.00008
ﬁ 90 0.9184 0.0115 0.9892 0.0006 0.9966 0.0030 0.9910 0.0003
- 30 0.9926 0.0010 0.9939 0.0005 0.9490 0.00003 0.9981 0.00007
.=:= Ni 75 0.9425 0.0081 0.9271 0.0004 0.9995 0.0017 0.9335 0.0002
2 90 0.9033 0.0130 0.9354 0.0002 0.9890 0.0037 0.9366 0.0001
§ 30 0.9551 0.0010 0.9963 0.0004 0.9910 0.00003 0.9951 0.00006
% Co 75 0.9006 0.0100 0.9535 0.0004 0.9920 0.0024 0.9551 0.0002
A 90 0.9174 0.0130 0.9561 0.0005 0.9947 0.0037 0.9572 0.0002
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Figure 8. Kinetic modeling of the nickel and cobalt dissolution from the laterite sample by the two studied
bacteria at different temperatures.

The activation energy for the diffusion control
models is generally lower than 20 kJ/mol, whereas
for the chemical control models, it is higher than 40
kJ/mol [61, 62]. In this work, both the chemical and
diffusion control equations fitted well to the laterite
dissolution data obtained at different temperatures.
However, the activation energy is well within the
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range of a chemically controled reaction, and
therefore, it can be concluded that the chemical
control model is more descriptive for the studied
bio-leaching process than the diffusion control.
This can be justified by the relatively low rate of
acidolysis, which can be caused by the structural
changes of laterite and deposition of metals [7].
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Figure 9. —In k plotted against 1000/T to calculate the activation energy of the cobalt and nickel dissolution for
both studied microorganisms; left: chemical control, and right: diffusion control models.

3.6. SEM/EDX analysis

The results obtained for the SEM and EDX
elemental mapping of Ni, Si, Co, Al Fe, and O for
the feed sample as well as for the solid product
leached under the optimum conditions are reported
in Figure 10. As it could be seen, in the SEM
graphs, most of the particles were flat; however,
some round particles were also observed. The
surface of the particles in the feed was not very
different from that of the solid product leached
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under optimum conditions; however, there were
small differences in their brightness.

The results obtained from the EDX elemental
mapping of Si, Ni, Co, Fe, Al, and O in Figure 10
show a drastic decline in the Ni and Co contents of
the residual solids after bio-leaching. However, the
Si content did not change considerably after bio-
leaching, which indicated that bio-leaching with
sulfuric acid was able to dissolve most of the Co
and Ni without dissolving Si and any gel
production.
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Figure 10. Left EM analys1s, right: EDX mappmg A)

feed sample calclned at 500 °C; Direct and indirect

bioleaching, respectively, under optimal conditions by B and C): Delftia acidovorans; D and E): At.ferrooxidans.

4. Conclusions

The results presented in this work indicated that
the laterite dissolution under an acidic condition
could effectively dissolve nickel and cobalt. In
particular, adding hydrous ferrous sulfate to
sulfuric acid could increase the nickel and cobalt
recovery rates in the bio-leaching of iron-rich

laterite using At.ferrooxidans and Delftia
acidovorans. More importantly, however, this
work showed that using Delftia acidovorans and its
metabolites could be used as better alternatives to
At.ferrooxidans due to their lower iron solubility,
while the nickel and cobalt recovery remained
identical. The maximum nickel recoveries obtained
were 83.65% and 80.18% by the supernatants of
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Acidithiobacillus  ferrooxidans and  Delftia
acidovorans, respectively, while the corresponding
cobalt recovery rates reached 86.93% and 83.94%
at 90 C for 3 h with stirring speed = 370 rpm and
S/L = 0.1. The iron dissolution rates in these
conditions for the two studied bacteria were
64.34% and 54.41%, respectively. The highest
recovery rates of nickel and cobalt by Delftia
acidovorans at the end of the direct bio-leaching
experiments (at 30 ‘C and 150 rpm of the incubator
shaker for 30 days) were 57.09% and 60.19%,
respectively. When using the At.ferrooxidans
supernatants, the terminal recovery rates for nickle
and cobalt were 59.41% and 64.85%, respectively.
For the indirect bio-leaching, the chemical control
was shown to have a larger influence on the
dissolution rate of the iron-rich laterite compared
to the diffusion control. The activation energies of
nickel and cobalt in the chemical control model
were 40.07 kJ/mol and 39.08 kJ/mol, respectively.
In general, the economic process and the higher
metal recovery rate when using the acidophilic
bacteria compared to the use of other bacteria types
highlights the advantages of using the acidophilic
bacteria in the nickel and cobalt dissolution from
the laterite in the future applications.
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