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Abstract

In this present work lithium and cobalt recovery from spent lithium-ion batteries (27.5% LiCoOz) by bioleaching was investigated.
The experiments were carried out using the consortia of acidophilic bacteria of Acidithiobacillus ferrooxidans and Acidithiobacillus
thiooxidans. For the Li and Co bioleaching two different media were used. A rich nutrient medium was consisted of all minerals
needed for bacterial growths, whereas a low nutrient medium contained only sulphuric acid and elemental sulphur as an energy
source. In the rich nutrient medium the overall lithium and cobalt bioleaching efficiency was 80% and 67%, respectively, whereas in
the low nutrient environment only 35% Li and 10.5% Co were released. The experimental results revealed that the presence of nutri-
ents in the bioleaching medium influenced, to a large extent, lithium and cobalt dissolution from LIBs.
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Introduction

Lithium-ion batteries (LIBs) are ubiquitous in
advanced economies, sensors, computers, elec-
tronic and medical devices. Due to their favourable
properties such us a high energy density, high cell
voltage, long store life, low self discharge rate and
wide temperature range of use they have gradual-
ly replaced Ni-Cd and Ni-MH (nickel-metal-hy-
dride) batteries (Swain et. al., 2007). Worldwide,
rechargeable lithium batteries power about 60% of
cellular telephones and about 90% of laptop com-
puters (Smith, 2010). Lithium batteries are and will
also continue to be needed for powering all electric
and hybrid vehicles. There is concern that demand
for battery metals could increase, possibly to the
point at which a shortage of these metals will occur
(Goonan, 2012). Scarcity of primary resources of
metals and awareness of environmental problems
associated with a high amount of wastes containing
heavy metals and other toxic matters forces us to
seek economic and environmentally friendly pro-
cesses on metal recovery from various materials.

The conventional techniques for treatment and
recycling of metal-bearing wastes, mainly pyro-
metallurgy, hydrometallurgy or combination both
of them, encompass several inherent constraints
like, high energy and capital costs and serious sec-
ond pollution as well (Xin et al., 2009). As envi-
ronmental regulations become ever more stringent,
particularly regarding the disposal of toxic wastes,
the costs for ensuring environmental protection will
continue to rise. Therefore there is a need to utilize

more efficient technologies to recover heavy metals
from secondary sources in order to minimize capi-
tal outlay, environmental impact and to respond in-
creased demand (Hoque and Philip, 2011, Zelena-
kova and Zvijakova, 2011).

Biological techniques, which utilize microbi-
ological activities to recover metal ions, are con-
sidered as one of the most promising and fast de-
veloping technologies (Ehrlich, 2004, Brandl and
Faramarzi, 2006). Nowadays, microbial leaching
plays a crucial role in recovery of metals from vari-
ous sulphide minerals and low grade ores. The ma-
jor microorganisms, which play a significant role
in metal bioleaching from waste, belong to the ac-
idophilic group. These acidophilic bacterial strains
help in dissolution of metals from solid phase of
waste into the aqueous phase (Luptakova et al.,
2002, Mishra and Rhee, 2010, Willner and For-
nalczyk, 2013). They generate the leaching agents
and create a space in which the leaching reactions
take place. In general, two types of major bioleach-
ing mechanisms have been proposed (Sand, 2010,
Brandl, 2008). In the direct mechanism the micro-
bial cells have to be attached to the mineral surface
and consequently can oxidize metal sulfides by ob-
taining electrons directly from the minerals (Eq. 1)

Direct bioleaching mechanism:

MS + 02 Acidithiobacillus sp. N MSO4 (1)

where: M — a bivalent metal
In the case of indirect mechanism the oxidation
of reduced metals is mediated by ferric iron (Eq. 2)
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formed during oxidation of ferrous iron present in
the mineral. Consequently, ferric iron is converted
into ferrous one which, in turn, is oxidized by bac-
teria again (Eq. 3). These reactions are expressed
as follows:

Indirect bioleaching mechanism:

2Fe,(S0,), + MS +2H,0+0,
M* +80,> + 4FeSO, + 2H,S0, 2)

chemical oxidation

2FeSO, + 0,50, + H,SO, __bacteria
Fe,(SO,), + H,O 3)

where: M — a bivalent metal

Apart from metal sulphides, the spent second-
ary batteries are characterized by metal oxides and
metal hydroxides. Therefore the bioleaching mech-
anisms may differ from described above.

This present work is focused on lithium and
cobalt recovery from spent lithium — ion batteries
using the consortia of acidophilic bacteria of Acid-
ithiobacillus ferrooxidans and Acidithiobacillus
thiooxidans. The main aim of this study is to exam-
ine the influence of the environment on dissolution
of both metals from LIBs.

Material and methods
Characteristics of spent lithium-ion battery (LIBs)
Spent Li-ion batteries used in laptops of differ-
ent manufacturers were collected for this study. The
LIBs were manually cut up into different portions;
anode and cathode were uncurled manually, sep-
arated and dried for 24h at 60°C. Black material
covering the cathode was separated from the copper
foil, analysed and used for the bioleaching experi-
ments. Based on the AAS results the content of Li
and Co was 5% and 58%, respectively.

Microorganisms

The acidophilic bacteria of Acidithiobacillus
ferrooxidans and Acidithiobacillus thiooxidans
were obtained from the Institute of Geotechnics
of Slovak Academy of Science in Kosice, Slova-
kia and cultured in the 9K medium (Silverman
and Lundgren, 1959) and the medium proposed
by Waksman and Joffe (1922), respectively. The
mixed bacterial strains were cultured in the rich
nutrient medium composed of K-HPOs+ — 0.1 g,
(NH4)2S04 — 2.0 g, KCI — 0.1 g, MgS04.7H20 —
4.0 g, FeSO4.7H-0 — 44.2 g, elemental sulphur —
4 g/, and distilled water, 1000 ml at the initial pH
= 1.5. Prior the bioleaching experiments the mix-
ture of the bacteria were acclimated in presence of
cathode powder for four weeks and consequently

used as bioleaching bacteria for lithium and cobalt
extraction. The microbial activity was monitored by
pH and ORP changes.

Bioleaching experiment

The experiments were carried out in 250 ml Er-
lenmeyer flasks containing 200 ml of the bioleach-
ing media. As the bioleaching medium two kinds of
media were used, a rich and low nutrient medium.
The rich nutrient medium, which chemical compo-
sition is described in the previous section, contained
all minerals needed for bacterial growths. The low
nutrient medium was composed only of sulphuric
acid and elemental sulphur. The initial pH of both
media was adjusted to 1.5. To the bioleaching me-
dia 10 ml of waste-adapted bacterial strains and 2 g
cathode powder were added. Sterile abiotic controls
were performed under the same conditions as those
in bioleaching, however, in absence of bacteria. The
samples for analysis were withdrawn on days: 1,
3,7, 10, 14, 21, 28 and 35. All experiments were
conducted in triplicates.

Analytical methods

The pH value was measured periodically
throughout the experimental period by a pH meter
Gryf 208 L using a combine electrode. The leachant
(6 ml) was periodically taken out, filtrated and con-
sequently Li and Co concentrations were deter-
mined at 670 nm and 240.7 nm, respectively, by an
Atomic Absorption Spectroscopy (AAS) (Perkin
Elmer 3100). Chemical composition of the initial
cathode material and the final leaching residues
were determined by AAS and X — ray diffraction
(XRD). XRD diffraction patterns were collected
using the Cu, Ko wavelength of a D8 Advance
diffractometer (Brucker, Germany). The generator
was set-up at 40 kV and 40 mA. The divergence and
receiving slits were 0.3° and 0.1 mm, respectively

Results and discussion

The time-course for Li and Co dissolution from
cathode powder during bioleaching in the rich and
low nutrient medium is plotted in Fig. 1. As it can be
seen, the presence of nutrients in the environment
exhibited evident difference in dissolution behaviour
and the bioleaching efficiency of lithium and cobalt.
The metal bioleaching efficiency was the highest in
the rich nutrient medium, where ferrous ions and el-
emental sulphur as well were present. The overall
lithium and cobalt bioleaching efficiency was 80%
and 67%, respectively, in the rich nutrient medium,
whereas in the low nutrient environment only 35%
Li and 10.5% Co were dissolved.
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Fig. 1. Percentages of lithium and cobalt extraction in the rich and low nutrient medium

Rys. 1. Procent odzyskanego litu i kobaltu w o$rodkach o wysokiej i niskiej zawartosci substancji odzywczych
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Fig. 2. The pH changes over the leaching time in the rich and low nutrient medium

Rys. 2. Zmiany pH w czasie lugowania w o$rodkach o wysokiej i niskiej zawartosci substancji odzywczych

In the rich nutrient medium lithium and cobalt
bioleaching rates were the fastest in the first sev-
en and ten days, respectively, when majority of the
metals released into the solution.

The pH changes over the leaching time during
the metal bioleaching in the rich and low nutrient
environment is plotted in Fig.2. During the metal
bioleaching in the rich nutrient medium a rapid pH
increase from the initial value of 1.5 up to 2.4 in
the first three days was observed. After that it re-
mained more or less stable. A higher pH increase
was observed during the metal bioleaching in the
low nutrient medium. The pH gradually increased
in the first ten days up to 3.1 and afterwards it start-
ed decreasing up to value of 2.6 measured on the
last day of the experimental period.

According to the literature ((Swain et al., 2007),
a higher consumption of protons is related to faster
Li* a Co*" dissolution from LiCoOs2. The reaction is
presented as follows Eq (4):

2LiCo0, +3H,50, —
Co,0, (s)+2Li,SO, (aq) +CoSO0, (aq) +H,0+0, )

Since in the rich nutrient medium not only ele-
mental sulphur, but also ferrous ions were present it
might be assumed that ferrous ions are responsible
for dissolution of lithium and cobalt as well. Based
on the results it is obvious that not only sulphuric
acid is responsible for lithium dissolution since de-
spite rather low pH during the metal bioleaching
process in the low nutrient environment too low Li
bioleaching efficiency was reached.

Conclusions

The results showed that the highest Li and Co
bioleaching efficiency and bioleaching rates were
achieved in the rich nutrient medium. This present
fundamental study demonstrates that the extraction
of both metals depends not only on sulphuric acid
but also ferrous ions are responsible for dissolution
of lithium and cobalt from LIBs.
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Biotugowanie metali z baterii litowo-jonowych za pomocg bakterii kwasolubnych
W prezentowanym artykule zbadano odzysk litu i kobaltu ze zuzytych baterii litowo-jonowych (27.5% LiCoOz) za pomocg biotu-
gowania. Eksperymenty zostaly przeprowadzone za pomocg kultur bakterii kwasolubnych Acidithiobacillus ferrooxidans oraz
Acidithiobacillus thiooxidans. Dla biotugowania Li i Co zastosowano dwa rézne osrodki: osrodek bogaty we wszystkie mineraty
potrzebne do wzrostu bakterii oraz osrodek o niskiej zawartosci substancji odzywczych, ktorym byt osrodek zawierajgcy jedynie kwas
siarkowy oraz siarke pierwiastkowgq jako Zrédto energii. W pierwszym osrodku ogélna efektywnos¢ biotugowania litu i kobaltu wyn-
iosta, odpowiednio, 80% i 67%. Dla drugiego osrodka wyniki te byly, odpowiednio, 35% Li oraz 10.5% Co. Wyniki eksperymentalne
ukazaty, ze obecnos¢ substancji odzywezych w biotugowaniu wplywa znaczgco na odzyskanie litu i kobaltu z baterii litowo-jonowych.

Stowa klucze: biolugowanie, zuzyte baterie litowo-jonowe, Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans, odzysk Li i Co
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