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INTRODUCTION

Facilities in the security services, the army, health, trans-
port, energy, public services and many other organizations
benefit from the presence of a certain equipment: batter-
ies, which are essential for the functioning of the infrastruc-
ture and the economy of society.

We cannot imagine what would happen if the batteries
were discharged during the submersion of a submarine. Or,
what would happen if the telecommunication systems or the
air navigation systems were prevented from working at op-
timal parameters due to sudden discharges of the batteries
they contain? We have listed only few situations in which
batteries can affect the critical infrastructure of a country.

When Li-ion batteries are discussed, automatically we
think of LiCoO,/LCO batteries. But there are five different
types of Li-ion batteries, as follows: LiMn,O,/LMO, LiNiMn-
CoO, /NMC, LiFePO,/LFP, LiNiCoAIO,/NCA and Li,Ti,O,,/
LTO [1].

LCO batteries have a high specific energy, a quick
charging capacity and can be combined with other battery
systems in order to improve their characteristics. LMO is
defined by a good specific energy, but low performance
and life cycle. Batteries only on Li-Mn are not used any-
more in the usual applications; the majority of LMO are
combined with NMC to increase their specific energy.
NMC also has a high specific energy, a low auto-heating
rate and a good life cycle. LFP batteries are cells with the
following characteristics: low specific energy, high auto-
discharging capacity, and even if it is charged completely,
the battery is very stable. NCA is the battery with the high-
est specific energy compared with other Li-ion batteries,
having a good specific power and high costs. LTO based
batteries are characterized by a high life cycle, low spe-
cific energy, and the highest cost compared with other
systems [1].

Jelen tanulmany egy olyan kisérlet eredményeit mutatja be,
amelynek célja a szinesfémek (pl. Co, Li Cu és Al) kinyerése a mar elhasznalé-
dott, a mobiltelefon-iparban alkalmazott Li-ion akkumuldtorokbdl. Egy optimélis
eljaras keriilt kifejlesztésre a LiCoO, vegyiiletet tartalmazo aktiv paste (elektro-
lit) elvalasztaséra az aluminium katodtol. Enhez ultrahangos fiirdét hasznaltunk,
amelyben kiilonb6z6 savas oldatok (pl. citromsav, ecetsav, tejsav) szerepeltek
oldéanyagként. Az dltalunk kidolgozott eljaras a kovetkez6 elényokkel ren-
delkezik: alacsony koltségigény, nagyfokl hatékonyséag (90%), kérnyezetbarat.

Ujrahasznosités, Li-ion akkumuldtorok, kornyezetbarat,
ultrahangos fiird6

Li-ion batteries have their own place in the modern
economy: we find them in mobile phones, laptops, tablets,
video cameras, etc., and it is hard to imagine a world with-
out them. The LCO, NMC and NCA batteries have the
highest specific energy compared with others and a good
performance, but not a long life cycle. Each domain in
which the battery is used has his own requirements, and
even if LTO has a long life cycle compared with LCO, spe-
cific energy is far more important for electronic devices.

Li-lon BATTERIES TOMORROW

The use of Li-ion batteries in the automotive industry pres-
ents a new challenge. The electric vehicle (EV) is a transport
vehicle which uses an energy source that is either an exclu-
sive electric system or a hybrid electric system. This type of
vehicle has zero emission when powered by an electric
motor using a battery as power source. Tests have shown
that a Tesla car driven in the Midwest (US) produces 226 g
of carbon dioxide (CO,) per kilometer over its life cycle.
However, if all the manufacturing processes necessary for
the production of electricity are taken into account and not
only the pollutants eliminated on the exhaust pipe, this
quantity of carbon dioxide produced is greater than the total
quantity resulting from the traditional models of combustion
engines [3]. The manufacturing process of a battery requires
large amounts of energy, starting with the exploitation of the
raw materials to the energy consumed in production.

The electric vehicles sales registered a growth of 86% in
the past three years due to:

— High demand in China supported by government in-

centives;
— Launch of the Tesla 3 model, with 250,000 units sold
worldwide;
— Diesel crisis in Europe.

The paper presents the results of a research carried out with the goal
of recovering the useful non-ferrous metals (i.e. Co, Li Cu and Al) from spent Li-ion
batteries used in the mobile phone industry. An optimal process was developed
to separate active paste (containing LiCoO, compound) from the aluminium
cathode. For this purpose, an ultrasonic bath was used, in which different acid
solutions (i.e. citric acid, acetic acid, lactic acid) were introduced as a leaching
agent. This recovery process presents the following advantages: it has low costs,
the process has high recovery efficiency (90%), and is largely ecological.
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Figure 1. Worldwide registered electric vehicles, 2012-2016 [4]

The market for electric vehicles (Figure 1) is still in its
infancy and may ramp up significantly in the coming years.
It should not be forgotten that there are still large stocks of
unsold electric vehicles.

THE MARKET OF RAW MATERIALS NEEDED FOR ELECTRIC VEHICLES

Lithium (Li) is one of the most wanted metals nowadays.
Lithium-ion batteries store the energy that powers mobile
phones, electric cars and grids. By 2025, Li demand is
expected to triple. 54% of the world’s Lithium resources
can be found in the so-called “Lithium triangle”, a region
that covers large areas of Chile, Argentina and Bolivia (Fig-
ure 2).

Another metal used in the production of Li-ion batteries
(more expensive than Lithium) is Cobalt (Co), which sup-
plies smart phones, laptops and electric cars produced by
companies such as Apple, Samsung and major car manu-
facturers. Demand for Cobalt has tripled globally over the
last five years and it is estimated that this growth rate will
continue in the future, especially as result of the accelera-
tion of the production of electric cars. World Cobalt re-
serves are estimated at ca. 7,100,000 metric tons. The
Democratic Republic of Congo (DRC) currently produces
63% of the world’s Cobalt need. By 2030, global demand
of Co could be 47 times higher than in 2017, Bloomberg
New Energy Finance estimates [7].

Although EVs are presented as super-clean vehicles,
consumers should also consider the following:

1.How is electricity charging the battery of the electric

cars produced? Is it hydropower (the happy case of
Norway) or produced in coal-fired power plants (see
air pollution in northeastern China due to coal-fired
power plants);

2.The impact on the environment caused by the exploita-

tion of Cobalt mines in the Democratic Republic of
Congo (causing dust emissions, wastewater.) (Figure 5);
3. Child labor used in the exploitation of artisanal cobalt
deposits in the Democratic Republic of Congo, a situ-
ation unanimously condemned in all economic forums;

I £ LEPaz Lithium mining
; Selected salt flats, 2017
o y Source: Apex 150 km
Potost
()
s BOLIVIA

OCEAN

Lithium CHILE

Atacama—

o.]uj uy

ARGENTINA

Pedernalles

—Maricunga

Figure 2. The Lithium triangle [5]

4.Environmental risks arising in Latin America in the
Lithium triangle (water shortage, toxic discharges from
Lithium exploitation, etc.);
5.Pollution caused by the exploitation of Nickel in Russia
(Figure 6).
The battery is a consumable item with a limited service
life. The logical question here is what will be done with tons

and tons of used batteries after they have served their ->
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Figure 3. The price evolution of Lithium, 2002-2018 (metric ton) [6]
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purposes. According to a Financial Times estimate, 11 mil-
lion tons of used Li-ion batteries will be on the market by
2025.

WHAT CcAN BE DONE?

EV batteries have an estimated life cycle of up to 10 years;
when the battery capacity drops below 70% they are no
longer suitable for an EV, but they are powerful enough to

Figure 5. Cobalt mining in DR of Congo (courtesy of
foreignbrief.com) [9]
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support many other applications
(in households as energy sourc-
es). Thus, their life cycle could
be extended to about 20 years.
Battery recycling is the sec-
ond solution. As mentioned be-
fore, the Li-ion battery is made
from expensive and rare materi-
als. Obviously, battery recycling
is a complex and expensive pro-
cess. For example, in order to
recover 1 ton of Lithium, about
30 tons of batteries need to be
recycled. But, in order to extract
a ton of raw Lithium from a
mine, 1.375 tons of ore must be
excavated and processed.

PROBLEMS IN RECYCLING Li-lon
BATTERIES

Li-ion batteries present several
unresolved problems: due to the
electrolyte, under certain condi-
tions, they can ignite. In this
field, research is being carried
out assiduously, but the prob-
lem is not fully solved. Tradition-
ally, the electrolyte is an organic
solvent. In conditions of intense
use it initially produces heat
(thermal leaks) and can even ig-
nite. Even used batteries, if not
completely discharged, degrad-
ed (broken) can cause fires in
the trash pit, fires that are very
difficult to extinguish (Figure 7).
Until solid, non-flammable
electrolytes are discovered, the

Figure 6. Pollution in the Nickel exploitation area (Russia) [10]

Figure 7. Garbage pit in flames [11]
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Figure 8. The technological applications of ultrasounds in
liquid medium [13]
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final experiments), immersed in acidic solution (lactic acid
C,H,0=) and subjected to ultrasonic cleaning. Once all the
active cathode material was detached from the Aluminum
foil, it was filtered and washed with alcohol, and filtered
again. Figure 9 illustrates the steps of the recovery process.

The ultrasonic cleaning installations consist of the fol-
lowing elements: the casing, the washbasin, and the trans-
ducer. The ultrasonic cleaning machine (Emmi12-HC) used
has the following technical specifications: housing — stain-
less steel, cleaning frequency = 45 kHz; cleaning time =
1-60 min; volume = 1.2 [; heating temperature = 20-80 °C;
bath dimension 200x100x65 mm; ultrasonic power =
50/75/100 W. The main advantages of the ultrasonic clean-
ing process are reduced working time, low cost of the
whole process, high productivity and lack of superficial
microfiches [16].

The ultrasonic cleaning process is based on the phe-
nomenon of ultrasonic cavitations [16], which can be seen
in Figure10. This process can be explained as follows:
changes in pressure and fluid breakage favor the formation
of cavitations bubbles, which once penetrated into the
pores of the adhering layer increase in size and produce a
gradual detachment of this layer.

Figure 9. The separation process of the cathode material [15]

collect Li-ion batteries for the

purpose of complete discharge
and then for their proper storage
for the purpose of recycling the
useful metals contained.

MATERIALS AND METHODS

Spent LIBs batteries
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Discharging and physical separation

Our experiments aimed at es-
tablishing a recovery technology
of the cathode (Co-containing)
paste from the Aluminum (Al)
foil. We used ultrasounds in a
weak acid environment [12]. Ul-
trasounds have found numerous
technological applications due
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to their specific properties: short
wavelength, high particle accel-
eration (can reach values higher
than 10° times the acceleration
of gravity), and the possibility of
targeting and focusing of acous-
tic energy in inaccessible areas.
Figure 8 presents some of the
technological applications [13]
of ultrasounds in liquid medium.
The spent Lithium-ion batteries
used in this study come from
mobile phones and were dis-
mantled manually in order to ex-
tract the cathode material [14].
The spent LIBs were discharged
completely in a salt solution for
1h and dismantled manually to
separate the cathode materials
coated on the Aluminum foil.
The Al-foil was cut into small
pieces initially (kept intact for

Ultrasound treatment in lactic
acid solution

Recovery of copper
foli

Filtrate solution

=
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Figure 10. Visualization of cavitations effect on cathode foils [15]

The samples were analyzed by Scanning Electron Mi-
croscopy using a Quanta Inspect F50, with a Field Emis-
sion Gun (FEG) with a resolution of 1.2 nm, and an EDX
analyzer having a resolution of 133 eV at MnK.

RESULTS AND DISCUSSIONS

The ultrasonic process (in acidic environment) is very com-
plex, and there are many factors that can influence the ef-
ficiency of the process of stripping / detaching the active
paste from the Aluminum foil (cathode). In all tests the ul-
trasound frequency was kept at 45 Hz and the concentra-
tion of oxygenated water at 5%. The temperature inside

Figure 11. Influence of pH on separation efficiency

the ultrasonic bath represents the controllable variable and
was increased from 20 to 50 °C.

Several attempts were made in order to obtain the
proper parameters for a maximum recovery potential.
Since the amount of foils used for experimentation was
limited, the foils were cut into equal pieces (12 pieces),
being used for each preliminary experiment. Once the op-
timal parameters of the ultrasonic separation process had
been established, whole foils were used to separate the
active paste.

The first set of experiments took place at different lactic
acid concentrations. Figure 11 shows the evolution of
separation efficiency at different concentrations (1.34...1.7
M) of lactic acid.
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Figure 12. Influence of ultrasonic power on the separation efficiency
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Figure 13. Influence of temperature on separation efficiency

Separation efficiency was calculated with the following
equation:

_m-m;
n= o 100

i

7 — separation efficiency; m, — initial weight of cathode;
m, - final weight of cathode piece.

The second set of experiments took place at different
ultrasonic power levels. Figure 12 illustrates the effective
removal of active cathode paste from Al film at different
ultrasonic power levels.

The third set of experiments took place at different tem-
peratures. Figure 13 illustrates the evolution of the separa-
tion time during the recovery process of active paste at
different temperatures.

It can be observed that lactic acid concentration and the
power and temperature of the ultrasonic bath play a major
role in the separation of the cathode material. The proper
concentration for maximum efficiency (reduced ultrasonic
time) was reached at a concentration of 1.7 M for lactic
acid. The data shows that the ultrasonic power influences

recovery time; a higher ultrasonic power applied decreases
the process efficiency (increases cleaning time). A tem-
perature around 50 °C greatly shortens the recovery time
of the active paste on the cathode sheet.

The SEM images of the samples after separation are
presented in Figure 14.

CONCLUSIONS

¢ In this paper an environmentally friendly way for the re-
covery of active cathode material from spent Li-ion bat-
teries was investigated. The ultrasound technology has
the advantages of being easy to use, working at different
temperatures without the need for additional heat, and
low working times.

e The solution used, i.e. lactic acid - C,H,O,, was used to
completely detach the cathode material from Al-foil with-
out degrading the material. The results obtained have
shown that the technique presents good results at the
established parameters. The concentration of oxygenat-
ed water has no significant influence on the process.
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Figure 14. SEM images of the foil after separation (x500; x2000 and x10000)

e The optimal parameters for the ultrasonic process and
obtaining a high separation efficiency of the active paste
were the following:

— Concentration of lactic acid solution: 1.7 M;

— Concentration of oxygenated water: 5%;

— Temperature of the ultrasonic bath: 50 °C;

— The power of ultrasonic bath: 80 W;

— Time range of recovery between 1.5 to 2.5 minutes.

¢ Once the optimal parameters had been established, the
process was tested using an entire cathode foil. The re-
sult was a maximum separation efficiency of 7 = 88.08%.

e In the future, we propose to further process the cathode
powder of LiCoO, and clean PVDF (polyvinylidene fluo-
ride) material using a hydrometallurgical method in order
not to degrade the active material.
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