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Abstract

This piece of work is focused on the evaluation of an alternate route to recover nickel from NiMH residual batteries beginning
from the mechanical stage of disassembly, fragmentation and conditioning of powders by means of the process of mechanofusion
and the stage of extraction of nickel from acidic electro deposition. By means of the process of mechanofusion, the properties of
the particles are modified with a view to increasing the efficiency of the electrolytic treatment via the size control, particle form
and the dispersion of species on a particle bed. The obtaining of metallic nickel was made at 50 mA/ m? ata temperature of 21°C
via electrolysis with a constant potential producing a deposit of 295 ppm Ni.
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Resumen

Este trabajo se orienta a la evaluacion de una ruta alternativa para recuperar Ni a partir de baterias de NiIMH de desecho partiendo
de la etapa mecdnica del desensamble, la fragmentacién, acondicionamiento de polvos por el proceso de mecanofusion y la etapa
de extraccién de niquel por electrodeposicion dcida. A través del proceso de mecanofusion, las propiedades de las particulas son
modificadas con vista a aumentar la eficiencia del tratamiento electrolitico, via el control del tamafio, forma de las particulas y la
dispersion de especies en un lecho de particulas. Los polvos obtenidos pueden entonces ser utilizados en disoluciones acuosas,
a presién ambiente y temperaturas por debajo de 50 °C para formar depdsitos por la reduccién de los iones de Ni presentes en
la solucién electrolitica. La obtencién de Ni metlico se realizé a 50 mA/ m? a 21°C, por electrdlisis a un potencial constante
produciendo un depdsito de 295 ppm de Ni.

Palabras clave: NiMH, niquel, mecanofusién.

1 Introduction others that stand out are hybrid and electric vehicles
currently available on the market, all of which use
exclusively batteries type NiMH (Nathira et al., 2008;
Li, 2004). On the other hand, electronic devices like
cellular and other domestic applications incorporate
nanomaterials (NMs) that improve the dissipation of
heat and electric conduction, among other properties.
When these articles ended the shelf life, the child
collected and sent them to a final disposal site where
they concentrated a large amount of nanocontaminants
in the environment that are transported mainly by
the water currents (Cervantes-Avilés et al., 2017).This
market is at present on the increase and will cause

Rechargeable batteries type AB, also known as NIMH
are fabricated with metallic components such as
nickel, cobalt and rare earths ( Pietrelli er al., 2002;
Lupi and Pilone, 2002). The consumption of this type
of batteries has had a constant increase worldwide
in the last years due to the ever increasing use of
portable devices like telephones, mobiles, portable
computers also known as laptops, digital cameras
as well as music and video players (Kopera ,2004; . !
Miiller and Friedrich, 2006; Tang ef al., 2006). Also, a production of an even larger number of NiMH
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batteries (Lam and Louey, 2006; Fetcenko et al.,
2007). At the end of their working life and when
they are disposed of, the metals are susceptible of
being recovered, all this can turn them into alternate
forms of raw materials in the production of alloys
based on Ni (Gavilan et al., 2009; Wiaux et al.,2001).
This can lead to the development of manufacturing
routes with the purpose of recycling the huge quantity
of batteries that are disposed of thus recovering the
economic benefit of extraction and reutilization of
nickel (Lupi and Pasquali, 2005; Romano et al., 2004;
Correia and Martin, 2004; Jovic et al., 2006). Due
to all this, this piece of work is oriented towards the
evaluation of an alternate way to recover Ni from
NiMH batteries found as waste. All this consisting of
the mechanical stage of the disassembly of batteries,
the fragmentation and conditioning of powders via the
mechanofusion process and the stage of extraction of
nickel from acidic electrodeposition.

Through the mechanofusion process, the
properties of particles are modified with a view to
increasing the efficiency of the electrolytic treatment
via the size control, particle form and the dispersion
of species on a particle bed (Zhu et al., 2008; Chen
et al., 2001; Reg, 2001). The powders obtained can
then be utilized in aqueous solutions under ambient
pressure and temperatures below 50 °C in order to
form deposits by the reduction of nickel ions present
in the electrolytic solution (Mohamedi et al., 2002).

2 Experimental

2.1 Materials

In order to identify the different elements present in the
NiMH batteries, only one brand and the same model
were selected.

2.2  Mechanical separation

The disassembly of batteries was made in an
autogenous mill brand Stoneware model 010E-027,
with an engine of 0.25 HP; it makes a container
(internal diameter - 21 cm, internal height - 20cm)
spin at 1725 revolutions per minute rpm. Due to
this rotation, a chaotic action or flow is generated
between the batteries leading to the rupture and
removal of the plastic cover. By means of the
magnetic separation, the metallic components are

Table 1. Operational parameters for the
mechanofusion process

Parameter Value
Powder Mass 50g
Processing Time 120 min
Compression Gap 1.1 mm
Scraper Gap 0.7 mm
Rotating Speed 1400 rpm

extracted for their fragmentation in the blade grinder
(Oster, motor 2HP at 37000 rpm).

The magnetic separation is done again to remove
the remnants of non-metallic materials.

2.3 Conditioning of particles

The functionalization of particles is done making
use of a mechanofusion reactor (described in a
different part{fMF Cuenca]), which consists in a static
assemble of hydraulic hammers and drag blades
located concentrically inside a cylindrical chamber
in rotation ( Brieones, 2006; Veldzquez, 2009). The
powder introduced is dragged by the rotating chamber
and form a bed of particles on the walls forcing it to
pass through the air gap separation existing between
the wall and the hammer. The powder is then subject to
the effects of fragmentation by friction and lamination
(Jartych et al., 2000).

Table 1 shows the operational parameters of the
mechanofusion reactor to process the metallic powder
got from the fragmentation of the batteries.

2.4 Electrodeposition

The process of nickel electrodeposition is done in
accordance with the following reactions:

Ni2* +2¢~ - Ni° (1)
2H30 + +2¢~ — Hy +2H,0 )

In this study we will evaluate the development of these
reactions in correlation to different electrolytes, (HCI,
HNOj3; and H,SOy4) in concentrations (0.1, 0.5 and
0.7M) over different substrata AISI 360L, aluminium,
vitreous coal Pd and Pt (Egberts et al., 2006; Cheung
et al., 1995; Kim et al., 2005).

In this way, the phenomena that take place are
monitored by means of the following techniques:
linear sweep voltammetry, cyclic voltammetry and
static potentiometry.

The electrodeposition takes place at a constant
temperature of 21 °C in electrochemical cells made of
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Pyrex glass or Teflon. It consists in graphite electrodes,
reference electrodes (Ag/AgCl) and counter electrode
(susbtratum) in a electrolytic solution of HySOj4. This
solution has the functions of being the electrolyte of
the cell and dissolving the powder that comes from the
mechanofusion reactor.

The influence of the chemical nature of the
substrate as stainless steel (AISI 316L), aluminium,
vitreous coal, palladium and platinum require that the
surface of these substrates be prepared by conventional
techniques of metallography like polishing using a flap
SiC and mirror finish polishing (Ra=0.01 ym) with
alumina powder; everything is cleaned by means of
ultrasound for 5 minutes in distilled water and washed
off in deionised water.

The  electrochemical  measurements  take
place utilizing a potentiostat/galvanostat with
electrochemical impedance brand Autolab model
PGSTAT 302 and controlled by the programme
GPES/FRA.

The microstructure of the deposits, the form and
the particle size are observed through a metallographic
microscope brand Nikon model Eclipse. The analysis

of images was realised with the programme Matrox
Inspector version 2.2.

3 Discussion of results

3.1 Battery fragmentation

With a view to obtaining a comparison, the manual
disassemble of an NiMH battery was done. The table 2
presents the recovery of metallic material in a battery
after each fragmentation process (Assumpc et al.,
2006; Wu et al., 1999).

Figure 1 shows the spectrum of X-ray diffraction
of each of the metallic components of the battery.
The electrodes constitute nickel (JCPDS: 004-0850)
and the separator of a mixture mostly rich in nickel
with a nickel-iron compound (Kamacita, JCPDS: 037-
0474), whilst the cover is constituted by the phases
Alj peLaNiz 94 (JCPDS: 033-024), ZrNiMn (JCPDS:
037-1200) and La(OH)3 (JCPDS: 006-0585). In this
way, the nickel is present in the 3 components of
batteries and is susceptible of being extracted.

Table 2. Percentage in weight of the components of the battery before and after the fragmentation.

Metallic [% Weight] Non-metallic [% Weight]

Pila unitaria (manual disassemble) 90.44 8.66
Autogenous mill 78.6 20.5
Blade grinder 80.5 15.3
¥ AlrsLaNizsa
0O ZrNiMn
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Fig. 1. DRX spectra of different components of batteries.
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Table 3. Percentage in weight of the battery components before and after the fragmentation.

Time MF processing [min]

H,S0O4 Concentration [Mol]

0.1 05 0.7
0 54 71 74
30 22 31 29
45 14 12 11
60 8 5 3
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Fig. 2. Concentration 0.5 M; substratum: stainless
steel AISI 316L.

3.2 Electrochemical extraction

The powder obtained has to be dissolved into a
solution of H>SOy4 for the electrochemical extraction
to take place (Pingwei et al., 1998). Nevertheless,
the dissolution time works in function of the
characteristics of the particles obtained by the
fragmentation and the process of mechanofusion.
Table 3 shows the variation in the dissolution time
with respect to the time of the mechanofusion.The
oxidation mechanism was a function of pH, by
means of the generation of oxidants derived from the
generation of hydroxyl radicals from water electrolysis
(Lépez-Ojeda et al., 2015).

3.3 Voltammetric study

3.3.1 Influence of the electrolyte

The dissolution of the NiMH powder in a particular
way over the substratum AISI 360L in an acidic
medium 0.5M of HCI, HNO3 and H>SO4, is exposed
in the voltammogram (figure 2) in which the oxide-
reduction is presented.

606

Table 4. Flow density values and point of origin of the
reduction for the different electrolytes.

Electrolite I (mA/cmz) P. of origin
E=-0.75V reduction
Ni** — Ni
E (V)
HNOs3, -15.678 -0.550
H,S04 -53.678 -0.453
HC1 -16.653 -0.516

In HCl and H;SOg4 electrolytes peaks can be
observed due to the effect of the oxidation in -0.35 to
0.5V and a reduction of -0.45 to -0.75 of nickel. The
tendency for nickel reduction between -0.5 and -0.75
in the HNOj is well defined by showing the cathode
electrolysis of the nickel reduction.

The values of the cyclic voltammetry of the
different acidic electrolytes in a concentration of 0.5M
substrata is reported in table 4 in which it can be
determined that in the HySO4 generates a larger flow
while requiring less energy for the reduction of the
nickel (Muifioz et al., 2003).

3.3.2  Influence of electrolyte concentration

The coeflicient of transference was evaluated in the
different substrata; (a) AISI 360L, (b) Al, (c) vitreous
coal, (d)Pt and (e) Pd in which the oxide-reduction
behaviour in the electrode-electrolyte system is
realised with a cyclical sweep with a start potential of
1.4 ending in -1.4 with a speed of 50 mV /sec. The
electrolyte used was H>SO4 at 0.1, 0.5M, and 0.7M
in which a density of flow intensity J is registered, the
same that varies due to the substratum utilized against
the potential applied.

In the voltammogram (Fig. 3a and d) of stainless
steel and platinum, a peak from 1 to 1.5 V is observed,
which can be attributed to the oxygen evolution in the
baseline of oxidation while the peak of reduction is not
present. In figure (b) in the substratum of aluminum
the oxide reduction is not defined and in figure (c) the
vitreous coal presents a capacitive current that does
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Fig. 3. Cyclic voltammogram in a potential of -1.4 a

1.4 V in different working electrodes (a) AISI 316 L,

(b) Al, (c) vitreous coal, (d) Pt and (e) Pd in a solution

0.1M of H,SOy at a sweep speed of 0.05Vseg™!.

not imply any chemical reaction (charge transfer), it
only causes accumulation (or removal) because of the
electric charges in the electrode and in the electrolytic
solution that are close to the electrode, also known
as ’non-faradic’ current or ’double-layer’ current. In
figure 4 the nickel oxide-reduction in which a quasi-
reversible reaction happens in the range between 0 and
1.5V; in this range, the oxidation of Ni*2 and from 0
to -1.5 the reduction to Ni°. We can establish that the
palladium when in an electrolytic concentration is the
best substratum for the oxidation-reduction of nickel.

The electrolyte HpSO4 at a concentration of
0.5M was evaluated (figure 4) showing a maximum
value which can be interpreted in the appearance
of a maximum electronegative potential in figure Sa
between 1.25 V and -0.5V for stainless glass and
from -0.25 to -1 palladium fig.(e). Apart from an
intersection of cathodic and anodic parts which is
found from -0.5V to 1V and from -0.25 to 1.5V
respectively; this one vanishes to zero where there is
no electrolysis; among these slopes of curves, these
curves represent the transition of the oxidised state to
a reduced one in which the formation of a state of
passivation of Ni(OH); and NiO, characteristic of the
deposits of Ni (Chang-Wei et al., 2009).

Table 5 summarizes the values of quantity of
charge transferred in the substrata (Q), potential of

200

-200 +

-400 -

JimAcm™2

-600 +

-800

EN
Fig. 4. Cyclic voltammograms obtained in the different
types of working electrodes (a) AISI 316 L, (b)Al,
(c)vitreous coal, (d) Pt and (e) Pd in a solution 0.5M
of H,SOy4 at a sweep speed of 0.05Vseg™!.
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Fig. 5. Cyclic voltammograms obtained in different
types of working electrodes (a) AISI 316 L, (b)Al, (c)
vitreous coal (d) Pt and (e) Pd in a solution 0.7M of
H,S0y at a sweep speed of 0.05Vseg ™.

cathodic peak (Epc) and the intensity of cathodic
current (Ipc) in which the nickel reduction establishes
stainless steel as the best substrate.

In the equation of the concentration 0.7M of
H,SOy4 in the voltammograms (Fig. 5a,b,c and e) it is
recognizable a hydrogen evolution that does not enable
the appreciation of nickel reduction; in figure 5d two
peaks can be observed and attributed to the two states
of nickel oxidation with an interval of E from 0 to 1.5
V.
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Table 5. Performance of the substrates in the electrolyte medium at 0.5M of H>SO4.

Substrate

Q Coulomb EpcV  Ipc mA/cm™>

AISI 316L
Al -
cv -

Pt

2.108e-02

Pd 3.769e-03

-1.00 -22.97

-0.58 -29.51

Table 6. Linear voltammetry HoSO4 0.5M with a potential of -1.4 a 1.4 V.

Substratum  Q Coulomb Epc V  Ipc mA/cm™>

-1.00 -27.18
-0.68 -50.71
-0.58 -34.94

AISI316L  2.118e-02
Al i
CV ]
Pt 3.58e-0.4
bd 3.607-03
204
] ponagmozmmmtn -
20
£ 401
E — AL
S 60+ P e
. ) PT
-80 - ; -
-100 A /,'
120 44— . | | | | I
15 10 05 00 05 AN -
EN

Fig. 6. Kinetic reaction (linear voltammetry)
V=2mv/sec.

3.3.3 Kinetic reaction by linear voltammetry

In figure 6, it is represented the kinetic reaction
in the electrolyte 0.5M H;SO4 followed by linear
voltammetry of cathodic reduction for the working
electrodes of AISI 316L aluminium, vitreous coal,
palladium and platinum at a sweep rate from 1.40 to
-1.4 with a flow relation of V=2mv/sec.

In table 6, data Q (charge) is extracted from the
graph shown in figure 8; in this graph the minimum
potential and least quantity of energy is followed by Pt
while in third position in terms of quantity of energy
required for the reduction of Ni.

; a & > A » :
- B Wy Las i’ r -

Fig. 7. Aspects of Ni deposits obtained by means of
potentiometry.

3.4 Nickel deposit

Although the analysis by voltammetry reveals that
the Palladium is the most efficient material for the
nickel deposit, it is preferable to employ the iron
substrate AISI 360L for a number of reasons such
as: accessibility of cost, the fact that it presents an
acceptable behaviour in terms of mass transfer and,
finally, the Ni deposits are easily removed with a view
to an easy recovery of the metal (Velazquez-Garcia,
2009).

At a flow density of 50 mA/cm®> with a flow
intensity of 0.17 A in a time lapse of 15 mins, the
electrolysis takes place at 25°C in a solution without
agitation in 0.5M H,SO4 of an adjusted electrolyte

WWW.rmiq.org
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Fig. 8. Micrograph of Ni deposit.

in a pH=3 with NH4OH, 295 ppm of Ni are obtained.
Figure 7, presents a photo obtained with an optical
microscope in which the electrodeposited material
is observed with an homogeneous, compacted and
globular-like deposit.

Figure 8 shows a micrograph obtained by a
scanning electron microscope MEB brand JEOL JXA-
8200WD/ED in order to appreciate the morphology
which ratifies a scaled and irregular form with
superimposed layers.

The more the number of magnifications (5000), the
more defined the limits of grains can be perceived,
figure 9A and at 25000 magnifications figure 9B

A)

2006V X5000  1pm WD 8.0mim

Fig. 9. Micrograph of the deposit of Ni at 5000 and 25000.

a spongy morphology can be appreciated with a
heterogeneous deposit with particles of up to 200nms.

Figure 10 presents the analysis of EDS (punctual
microanalysis) of the nickel deposit obtained in
the substrate AISI360L table 7 shows the semi-
quantitative where it can be observed that the deposit
consists of approximately a 100% of weight of nickel
with a few impurities of Zn and S.

Figure 11 presents the spectrum of X-rays from
the previous deposit with nickel detraction peaks only
present in the interval 5 ° <26 <80 ° .

Conclusions

The metallic parts of the batteries of NiMH were
obtained by means of defragmentation in mechanical
systems with a performance of efficiency of 85.5% in
metallic parts.

The conditioning of particles by means of
mechanofusion reduces the dissolution time up to a
50%.

Although the reduction-oxidation of Ni works in
function of the substrate and the potential interval
applied, the electrolyte of sulphuric acid generates
a larger deposit flow and less energy for the nickel
reduction to take place.

B)

)
1gm WD B80mm
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Fig. 10. Micrograph of the nickel deposit EDS.

Table 7. Analysis of the nickel deposit EDS

Element Line  Weight % Weight % Weight % Atom %
SK 1 0.47 0.58 0.93 -
Ni K 2 98.83 98.44 97.89 98.62
Zn K 3 0.70 0.88 1.18 1.38

Total 100.00 100.00

100.00 100.00

® Ni ,

Intensity [A.U.]

by
']
Electrodos

20 40 60
20 [Degree]
Fig. 11. DRX nickel deposit spectrum.

The Pd requires less energy to take place, followed
by Pt and stainless steel in a solution of H,SO4 0.5 M.

In a solution of HySO4 0.5 M better results can
be perceived for the nickel reduction in comparison
with 0.1 and 0.7M of H>SO4. With 0.1M no reduction
peak can be observed and with 0.7M the reaction of
hydrogen generation is favoured masking the reaction
of nickel reduction.

Stainless steel is an alternative to be used as
substratum in order to make the deposit at a large scale
due to the fact that the cathodic activity is compared to
that of Pd and Pl, which are better catalysts for the
electrochemical reactions, yet more economical.

The obtaining of metallic Ni was made at 50

80 100

mA/ m? a 21°C by electrolysis at a constant potential
producing an Ni deposit low in contaminants leaving
295 ppm.
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