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ABSTRACT

Nickel metal hydride (NiMH) batteries are used today for applications that can assist in the adaptation
toward carbon-neutral energy sources (i.e. hybrid vehicles and smart grids). Recovery of metals such as
nickel, cobalt and rare earth elements (REEs) from discarded NiMH batteries is important for economic
and/or technological reasons. Recirculation of valuable materials back into society can be achieved by
the production of pure concentrates of elements from waste, or by regenerating and reusing materials.

Recycling of NiMH batteries can be done through pyro- and hydrometallurgical methods, which
produces pure and valuable metal fractions. The current work focuses on the separation of three
different types of material from NiMH waste: (1) metallic nickel powder, (2) reusable hydrogen storage
alloy (i.e. ABs) and (3) cobalt-enriched surface compounds.

Bipolar NiMH batteries were investigated in this work, which are different in design compared to
previous investigations on recycling of batteries. In these batteries the conductive nickel network is
made up of nickel powder, instead of conventional nickel foam grids.

Previous investigations suggest that spent electrode materials are not completely degraded. Reusing
parts of the discarded NiMH battery has however not yet been commercially realized. For the current
work spent NiIMH batteries were characterized separately. Corrosion products form on the anode
particles during battery cycling, and in this work rare earth hydroxides (i.e. REE(OH)s) were identified.
The hydrogen storage alloy can potentially be reused if corrosion products are removed.

In the current work it was re-confirmed that nickel, even in powder form, can be recovered by
dissolution of the waste matrix using hydrochloric acid. Cyanex 923 was briefly considered for treating
the leachate solution. The extraction of REEs and aluminum from the leachate was affected by the
amount of acid present, which was attributed to preferential extraction of acid. Controlling the acid in
the dissolution step is therefore important in order to further treat leachate solutions.

The relatively novel recycling approach of recovering ABs alloy using carboxylic (malonic, maleic, acetic
and citric) acid was considered. An interesting result was that REE(OH)s could be removed using acetic
and citric acid, without dissolving much of the remaining spent ABs alloy. The practical uses were
otherwise limited due to similar dissolution rates of the ABs alloy and other waste matrix.

A novel recycling approach of using ascorbic acid was suggested and tested. Separation of the cobalt
layers from the cathode hydroxide particles is possible because these cobalt layers have different
oxidation states (higher than 2) compared to the waste matrix. The ascorbic acid treatment does not
dissolve the anode material. Ascorbic acid can therefore potentially be used as a pre-step to chemically
separate the anode material from the cathode material in a mixed electrode waste flow.



LIST OF PUBLICATIONS

This thesis is based on the work contained in the following paper:

Paper I:

Holmberg F., Gutknecht T., Cao, Y., Ekberg C., Steenari B.M. Selective dissolution of cobalt from spent
nickel metal hydride (NiMH) batteries using ascorbic acid, Manuscript.

Contribution Report:

Major experimental work, data treatment, evaluation and major part of writing the manuscript



Table of contents

ABBREVIATIONS ...ttt ettt sttt e ete s ee et et e e et e st e st e s b e s se s st e e st e eneeeaeeeaee e teessnesanesabesanenanenansenane vii
1. INTRODUCTION ....ooiiriireiieeee ettt ettt ettt et sbe s b s st st e et e et e e aeeeaeeesee e seesanesatesanesasesanenaneaaneenases 1
2. BACKGROUND ..ottt ettt ettt sttt s bt st e st e sses st e saee e e e e b e e sbeesaaesanesabe s bt e st eaneesneseneeenseenrenas 1
2.1 Economic and environmental values of metals in nickel metal hydride (NiMH) batteries ............ 1
2.2 Fundamentals of the NIMH Dattery ..o 2
2.2.1 Hydrogen storage ABsalloy used in the anode ..., 3
2.2.2 Nickel hydroxide Ni(OH), used in the cathode.........cccoeiiiiiiiiiiii e, 4
2.2.3 Metallic powders nickel and CoDalt ........oooviiiiiiii e 6

2.3 Degradation mechanisms of battery cells and materials........ccccovveeiiiiiiiiiie e, 6
2.3.1 L0SS OF @lECTIOIYTE ..o e 7
2.3.2 PUIVEIIZATION 1ottt ettt et ettt et e et te e e 7
2.3.3 COMTOSION it 7
2.3.4 Cross contamination between cathode and anode .........occeevviiiiiiiiiiic e 8

2.4 Hydrometallurgical recycling methods to treat NiMH Waste..........coooviieiiiiiiiiiieeeee e 9
D R D 1 1Yo T [U) o] o IR URURPPRN 9
2.4.2 NIMH metal separation by solvent extraction .........cccccooeeiiii i 10
2.4.3 RECOVEIY Of MELAIS c..iviiiiiiiiie e 11
BUTHEORY ettt ettt ettt b e bt e e e e et e et e et e e bt et e e bt e s ae e s bt s b e e be e saresanenares 11
3.1 OXIdation Of METAIS. . cuii ettt ettt 11
3.2 RECOVEIY OF NMICKE ... e 12
3.2.1 Recovery of metallic nickel using hydrochloric solutions.........c.ccooviiiiiiiiicce e 12
3.2.2 Distribution into the organic phase in solvent extraction ........c.ccoocvveviiiiiii e 13
3.2.3 Extraction of chloride complexes with CyaneX 923 .......coooiiiiiiiiiiiee e 14

3.3 Recovery of reusable anode using carboxylic aCids .........oooviiiiiiiii i 14
3.4 Recovery of cobalt Using ascorbiC aCid ...........cooiiiiiiiiiii e 16

4 EXPERIMENTAL....coittiterteete st st st st e et e e ee s ee e ee et s et e e sae e s at e st e s b e s s e s st s neeeneeeneeeneeenteesnessnesanesanensns 18
O o= aTa =T ) = o UL o 1= PP PR TP 18
4.2 Battery diSASSEMbDIY ..o 19
N @ oo =T (T 2= T o TP PS TSR 20
4.4 RECOVEIY OF NICKE ..o e e 21
4.4.1 Dissolution rates of metals at PH L..ooouiiiiiiic e 21
4.4.2 Nickel dissolution rates at 1-8 M HCl ....couiiiiiiiiiiiii e 22
4.4.3 Leachate treatment with solvent extraction ... 22

4.5 Recovery of anode material (including ABs alloy) ......ooiioeiiiiie e 23
4.5.1 Dissolution experiments using carboxylic aCids ........coovviiiiiiiiiiiiiic e 24

4.6 Recovery of cobalt using ascorbiCc acid ........oooiiiiiiiiiic e 25
4.6.1 Dissolution experiments Using ascorbic acid.........cooouviiiiii i 25



5. RESULTS AND DISCUSSION ...outiiiiiiiiiiiiiiniiniinicnicnicsiisnisnie sttt eis et sanssanessanesanesanesanes 26

ST ROl a Y= (ot 4T 2= f [o ] o FO SR OUSSRRPRI 26
5.2 RECOVETY OF NICKEL...iiiiiiiiieie et et a e aaree s 31
5.2.1 Effect of acidity on NICKEl rECOVEIY .......cooiiiiiiii e, 31
5.2.2 Extraction of metals using Cyanex 923 and the effect of acidity ...........ccoeoiiiiiiiiiii 34

5.3 Recovery of reusable anode using carboxylic acids ..........ccoovviiiiiiiiiiiiee e 36
5.3.1 Chemical separation of anode and cathode ..........cooiiiiiiiiiiii e 36
5.3.2 Separation of corrosion products from ABs hydrogen storage alloy........cccccoovviiiiiiiiien, 39

5.4 Recovery of cobalt using ascorbiC aCid .......couviiiiiiii e 42
5.4.1 Cathode Material ....ee ettt 42
5.4.1.1 Leaching Of CathOd@.....couiiiiiiiiii e e 42

5.4.1.2 Characterization of undissolved cathode materials.........cccoocieiiiiiiiiiie 45

5.4.2 AN0AE MATEIIAL ittt 48
5.4.2.1 Leaching Of @NOE . ....coiiiiiiiiie e 48

5.4.2.2 Characterization of undissolved anode material .........ccocceeiiiiiiiiiiiee e 49

6. CONCLUSIONS ...ttt ettt ettt sttt st e et e et e et e et e e b e et e e sbeesaeesanesaresane s neeaneesares 50
6.1 Characterization of spent NIMH Datteries ........cccooiiiiiiiiii e 50
6.2 Recovery of Metallic MKl .......c.vii e 50
6.3 Recovery of reusable ABs @llOy .......oouiiiiii e 50
6.4 RECOVEIY OF CODAIT ...t et e e e stvae e 51

7. FUTURE WORK ...ttt ettt ettt sttt et et et e e et e s bt e sat e st e sabesane s neeameeemres 52
8. ACKNOWLEDGEMENTS.......etiitieteeitestest et sit e ste s tesbe s bt e it e st e st e e ateeteeeeesbaesaeesabesabesabesbeaseenseanaeas 53
9. BIBLIOGRAPHY ...ttt ettt ettt sttt st s e s bt e bt e bt e et e e aeeeate et e e teasbaesatesabesabesabesabeaseenseanares 54
APPENDIX I: ANALYSIS TECHNIQUES ......eiiiiiieeteete ettt ettt st s eeee e s et e sen e san e sanesne e e 60
[. A Qualitative analysis of crystalline compounds by X-ray diffraction (XRD).........ccccovverviiiieniininns 60

[. B Scanning electron microscope (SEM) imaging of particles .......c.ccccoviiviiiiiiiiii e 60

I. C Elemental composition using inductively coupled plasma optical emission spectroscopy (ICP-OES)

........................................................................................................................................................... 60
I. D Solid sample surface area measurement using Brunauer-Emmett-Teller (BET) method ............ 60
l. E X-ray photoelectron spectroscopy (XPS) analysis of surface Species .........cccoccevvvveiiiiieirenieenins 60

Vi



ABBREVIATIONS
Battery cycling
Ni(s)

ABs alloy

Ni(OH),

REE

REE(OH)s
SHE

S/L

O:A ratio
D

At%

Leachate

TBP
Cyanex 923
ICP-OES
XRD

EDS

SEM
D2EHPA
TOA
Cyanex 272
PC-88A
TBP
Alamine 336
Tween 80
PAM

continuous charge and discharge of battery cells
metallic nickel
hydrogen storage alloy. In this work this refers to the ABs type

the cathode active material consisting of nickel hydroxide that has been
doped with Co and Zn. The particles of this material have been coated with
cobalt and this is also included in the abbreviation. Conductive nickel
network is not included in this abbreviation.

rare earth element. In this work REE refers to lanthanum, cerium,
praseodymium and neodymium

rare earth element (La, Ce, Pr, Nd) hydroxides
standard hydrogen electrode potential

solid to liquid ratio (g/L)

organic phase (volume) per aqueous phase (volume)
distribution ratio

atomic percent

the produced aqueous solution containing elements that have been
dissolved from a solid sample

tributyl phosphate

commercial blend of four tri-alkylphosphine oxides
inductively coupled plasma optical emission spectroscopy
X-ray diffraction

energy dispersive X-ray spectroscopy

scanning electron microscopy
bis(2-ethylhexyl)phosphoric acid

tri-octylamine
bis(2,4,4,-tri-methylpentyl)phosphinic acid
2-ethylhexyl 2-ethylhexyphosphonic acid

tri-butyl phosphate

tri-octyl/decylamine

surfactant

polyacramide

Vii






1. INTRODUCTION

The nickel metal hydride (NiMH) battery was commercialized at the end of the 1980s and has since then
been used in various applications [1-5]. Today, niche markets are energy back-up and smart grid
applications [6]. NiMH technology is a part of the present technologically diverse battery market that is
growing to meet the needs for adaptation to lower carbon footprint energy sources.

In the European Union (EU) the legislation demands general recycling of batteries in order to avoid
pollution by environmentally hazardous elements [7]. All types of batteries, from small button to large
industrial batteries, are collected, sorted and recycled.

Recycling of disposed NiMH batteries sustains the global markets with economic and technologic
important metals, i.e. nickel, cobalt and rare earth elements (REEs). These elements are used in various
applications, from common stainless steels to high tech alloys (i.e NiMH alloy) [8]. Examples of recycling
companies that treat discarded NiMH batteries are Nickelhttte Aue GmbH and Umicore [9, 10]. Both
pyro and hydrometallurgical methods are currently used today in order to produce pure metal fractions
from NiMH waste.

Sustainable production of metals and components through recycling is needed in order to decrease the
life cycle impact of these commodities. To increase sustainability of recycling it is necessary to selectively
recover metals and components, while minimizing the consumption of energy and chemicals.

NiMH components do not completely degrade throughout the battery lifetime and can potentially be
reused in new batteries. Reusing NiMH materials would add additional value to the waste, as producing
NiMH materials consumes high amounts of chemicals, energy and/or uses highly toxic compounds.
However, reusing spent NiMH electrode materials in new batteries has still not been practically
demonstrated.

The aim of the present work was to contribute to the development of selective and sustainable recycling
methods for NiMH electrode materials, thus making important parts of the electrodes reusable. The
first goal was to characterize the materials in respect to degradation of materials, in order to evaluate
the recycling option of reusing material. Further goals of the practical work were to investigate the
selective recovery of (1) metallic nickel, (2) reusable NiMH alloy and (3) cobalt.

2. BACKGROUND
2.1 Economic and environmental values of metals in nickel metal hydride (NiMH) batteries

Batteries are important products for the overall goal of making our energy consumption more
sustainable by storing energy from carbon-neutral energy sources. There are, however, economic and
environmental costs that are associated with the production of materials that are used in batteries. The
present work focuses on NiMH batteries and the emphasis on such material costs are therefore included
here.

Most NiMH battery components consist of inorganic materials. It is energy efficient to design the battery
as compact as possible. NiMH batteries therefore contain high concentrations of metals. As an example,
these batteries may contain 17.9 wt% nickel, 4.4 wt% cobalt and 17.3 wt% REE [11].

The most economically important metals used in NiMH batteries are nickel and cobalt. The metal
exchange market prices of 99.8-99.9 wt% purity nickel and cobalt are currently approximately 13000
and 33400 USD/tonne (respectively, in 2017) [12]. The energy consumption associated with the
production of a concentrate of nickel from sulfide (0.5-7 wt%xi) and laterite (1-3 wt%u;) ores are high
(60-1300 and 125-400 GJ/ton, respectively) [13]. The different energy consumptions are related to the



concentration of nickel in the ore. As can be expected, the subsequent refinement methods to produce
pure nickel (99 wt%) are much less energy demanding (10-38 GJ/ton).

Cobalt is a byproduct from primary production of copper and nickel ores, which are used for the
production of 35% and 55%, respectively, of global cobalt production [14].

Although REEs are not of immediate economic concern their general availability has been frequently
discussed in relation to the development of important technologies and growth of clean energy
economies [8, 14, 15]. Examples of applications where REEs are important are batteries and magnets.
Battery alloys, such as the ones used in NiMH batteries, have been reported as a significant market for
the consumption of REEs in the last decade [16, 17]. According to Binnemans et al. [16] global recycling
of REEs is low (< 1% in 2011). Recycling rates for REEs need to be improved as the primary production
of REEs (La, Ce, Pr, Nd) is an energy intensive process (687 GJ/ton) [18, 19].

An assessment by Majeau-Bettez et al. [20] showed that the production of NiMH batteries contribute
significantly more (> 55%) to the overall environmental impact of NiMH batteries compared to the use
phase. Unsurprisingly, the metal depletion potential was the highest score for the considered
environmental impacts.

Treating NiMH waste that has high concentrations of nickel and REEs can have a significant impact on
the life cycle energy consumption for these metals. Consequently, the environmental impacts of NiMH
components, which are rich in these metals, should also decrease. Managing NiMH waste also
recirculates economic and technologically important metals back into society.

2.2 Fundamentals of the NiMH battery

The fundamental components for a NiMH battery are the active anode (hydrogen storage ABsalloy) and
cathode (Ni(OH),) electrode materials, separator and electrolyte (KOH/LiOH). The NiMH battery is
discharged by the coupled anode (M=ABs) and cathode reactions,

MH+OH 2M+H,0+¢e Eg. 1 (anode) E°=-0.83 V
NiOOH + H,0 + e 2 Ni(OH), + OH" Eqg. 2 (cathode) E°=0.52 V
MH + NiOOH 2 M + Ni(OH), Eg. 3 (total cell reaction) E°=1.35V

As can be seen in Eg. 1 and Eq. 2 water carries hydrogen ions between the electrodes. Hydrogen is
reduced during charge and oxidized during discharge which results in a zero net consumption of water
(Eq. 3). The reduced hydrogen does not combine into hydrogen gas but diffuses into the ABs alloy until
released during discharge (Eq. 1).

There are also other reactions that occur inside a NiMH battery during practical operation that need to
be addressed when designing these batteries. In principle, as soon as any current is applied in the cell
several temperature, concentration, voltage and current gradients are created [21]. These variations
promote some competing reactions to occur depending on the charge/discharge conditions [21-23].
The reactions that are of concern during the charge and discharge processes are shown in Figure 1.

The cathode and anode interact with each other not only via the electrolyte but also through the gas
phase [22]. Gas pressure may increase, due to evolution of oxygen and hydrogen at the cathode and
anode (respectively) [24]. Excess anode capacity does not allow hydrogen gas to be evolved at the anode
during overcharge, because the cathode has already been completely charged. The excess anode also
allow recombination of oxygen and hydrogen gases at the anode surface; a reaction that produces
water. Using a starved electrolyte design allows some porosity in the separator and gases are able to



pass between the electrodes. As a precaution the closed cells are also equipped with a safety vent.
Although releasing the overpressure may be necessary, this quickly dries out the cell.

Anode reactions (M = ABs)

preferential: M+ H,0+e 2 MH+OH™

reserve: 0.50; + 2MH — 2M + H,0
0,+ 2H,0 + 4e” = 40H
H, + 20H™ = 2H,0 + e~

e
R
[

2
Q}Q
t,

(Qr

Anode, ABs f
KQ/

c'_* 4
-
H, = 0, H, 0/0H
el

™

Cathode, Ni(OH),

Cathode reactions

preferential: Ni(OH), 2 NiOOH +H' + e~
overcharge: 40H™ = 2H,0 + 0, + 4e”
overdischarge: 2H,0+ 2e  — H, +OH™

Figure 1. The principal reactions during charging and discharging of the sealed NiMH battery cell [24].

2.2.1 Hydrogen storage ABs alloy used in the anode

There are many different formulations of the hydrogen storage alloy used in NiMH batteries. One of the
common types is the hexagonal ABs with CaCus crystal structure (see Figure 2). The amount of A (e.g.
La, Ce, Pr, Nd) atoms are proportionally less than B (e.g. Ni, Co, Mn, Al) elements [25]. The type of
element and/or amount used for A and B can vary between producers.

The starting materials for the ABsalloy are pure metal ingots, except for the ingot containing REEs (La,
Ce, Pr and Nd). A mixture of REEs is acceptable to use since these elements have similar chemical
properties. The similar chemical properties of REEs is due to the lanthanide contraction where the
atomic and ionic radii, respectively, are relatively constant from lanthanum to lutetium [26]. Avoiding
the need for elemental separation during primary production result in a much cheaper ABs alloy.

Producing ABs alloys involves the following steps: mixing of ingots, melting in inert atmosphere, rapid
cooling and finally reducing particle size by either mechanical crushing or hydrogen sorption/desorption
cycles [27]. In order to produce a material with strictly homogeneous composition it is also useful to
post-anneal the as-cast ingot before the particle size reduction [28]. This process has been reported to
proceed for 10 h at 1000 °C, according to Fetcenko et al. [25].

Clean surfaces of metals are needed for dissociative chemisorption and associative desorption of
hydrogen, according to Schlapbach et al. [29]. The necessary surface properties of the ABs alloy particles
have also been discussed by Ye et al. [21]. The surface has to form a dense layer that inhibits corrosion
in the alkaline electrolyte during battery applications. However, it also needs to remain catalytically
active to create and break O-H bonds in the water molecules. Additionally, some hydrogen permeability
is needed in the ABs bulk/surface interface as hydrogen atoms are moved between the interface during
battery cycling. Finally, it is also important that the surface is electrically conductive. As pointed out by
Ye et al. [21] there is little knowledge of the reactions that take place on the particle surfaces.



It is generally accepted that high-rate discharge of the negative electrode is influenced by the reaction
kinetics at the ABs alloy surface [30]. A large reaction surface and a uniform particle size are important
for the high-rate performance [31]. These two properties lead to a minimization of various gradients in
the cell [21].

Producing the ABs alloy material used for NiMH batteries from ingots is an energy intense process. It is
therefore of interest to reuse this material in new batteries.

Hexagonal, P6/mmm

a=b=4992A
c=4.057A
a=p=90°

y =120°

Figure 2. The principal crystal structure of hydrogen storage alloy ABs hexagonal P6/mmm. Constituents of A and B may vary in
elements and amounts, and between producers. Here, an example of formulation is A = La, Ce, Pr, Nd (blue) and B = Ni, Co, Al,
Mn (gray and green).

2.2.2 Nickel hydroxide Ni(OH), used in the cathode

The aim of this section is to review the properties of nickel hydroxide used for the NiMH cathode active
material.

Due to the low conductivity of nickel hydroxide efforts have been made to improve its conductivity. A
specific focus has been how the nickel hydroxide material behaves during cycling. The simplified
sequence of phase transitions (see Figure 3) was first described by Bode et al. [32]. Since then the
understanding of the complexity of nickel hydroxide has increased and a good review has been
published by Hall et al. [33].

charge
B_Nl(OH)Z discharge B_NIOOH
dehydration T \Lovercharging
a-Ni(OH), <" > y-NiOOH
discharge

Figure 3. Phase transitions of nickel hydroxide in alkaline media and battery applications [34]. According to Hall et al. [33] the a-
Ni(OH), is better described as a-Ni(OH)2:xH20 (0.41>x>0.7). Dehydration refers to the removal of intercalated water between the
Ni(OH); planes.

As can be seen in Figure 3, different phase transitions in each charge and discharge state are possible
[35]. The crystal parameters of these phases can be seen in Table 1. The crystal lattice parameter (c) for
a-Ni(OH); (8.0) and y-NiOOH (6.9) are large compared to B-Ni(OH), (4.6) and B-NiOOH (4.8). Preferably,
the cathode electrode should only operate in B-Ni(OH)./B-NiOOH cycling, because the lattice volume
change between this pair is lower compared to that of the a-Ni(OH),/y-NiOOH pair. According to Chen
et al. [36] the lattice volume increases by 44 vol% during the transition of -NiOOH to y-NiOOH.

4



The increased cathode volume due to cycling between the two oxidized/reduced forms of nickel
hydroxide can cause the electrolyte balance in the cell to shift, and electrolyte is redistributed toward
this electrode. As a consequence the internal resistance of the cell increases [37, 38]. According to
Shinyama et al. [39] this is one of the dominating factors for battery failure.

Table 1. Parameters for crystal structures of different phases of nickel hydroxide [40, 41].

Phase a=b(A) c (A)
B-Ni(OH), 3.13 46
a-Ni(OH); 3.02 8.0
B-NiOOH 2.81 4.84
y-NiOOH 2.82 6.9

Partial substitution of nickel ions with zinc and cobalt ions is a common procedure to improve the nickel
hydroxide performance in batteries. In particular, it is believed that zinc suppresses formation of y-
NiOOH, and that cobalt increases conductivity of the material by formation of CoOOH during the
charging process [36, 42, 43]. It has also been reported that co-precipitation of cobalt minimizes oxygen
evolution [44]. Oxygen evolution may cause oxidation of the metallic anode components, e.g. ABs alloy.

To manufacture a spherical form of nickel hydroxide to be used in NiIMH batteries it is necessary to
control the growth of particles during synthesis. A popular method is to feed a stirred reactor with nickel
salt solution and an alkaline chemical. The addition of dopants (Co and Zn) is easily achieved by adding
salts of these elements into the nickel solution. Complexing agents temporarily enhance solubility that
assist the Ostwald growth process to produce spherical particles [45, 46]. After filtration the collected
particles are dried and can be used without further treatment. A summary of suggested process
parameters used by various authors can be seen in Table 2. The resulting tapping density of the
produced particles refers to how efficiently the particles can be packed.

Table 2. A summary of process parameters for the synthesis of Ni(OH); particles used in NiMH batteries.

Temp. Chem. time Drying Size Tapping density
Metal salts (°C) pH Atm. Base additive (h) (°C) (um) (g/cmd) Ref.
5 max 5M 10M .

SO4 60 114 N2 NaOH NH.OH 10-20 n/a n/a 1.8 [47]
S04%, NOs, CI- | 50-60* 11t n/a NaOH Not used n/a 120t 2-30 2.2 [48]
©Hs02, NOs, | g nfa | Ar n/a NH.OH 3 80 n/a n/a [43]

Cl, SOq4
4M
CoH30yz, SO4* 50 9-13 N2 NaOH Tween 80 14 n/a 5-100 n/a [49]?

Norty 50 n/a n/a am PAM 14 120 27 2.3 [50, 51)?
NaOH ’

SO4* 50-55 1111;5 n/a NaOH NH4OH 60 105 n/a n/a [46]

SO4* n/a n/a n/a NaOH n/a n/a n/a 13 2.3 [52]

] 12-
SO4? 55 13 n/a NaOH NH.OH n/a 80 8 2.1 [53]

n/a not stated or not described in detail.
Istated as optimum parameters.
2non spherical particles were produced.

Cobalt is also applied as a coating on the nickel hydroxide particle surface in order to increase the
conductivity, which results in higher utilization of the electrode material. Utilization refers to the
amount of B-NiOOH that is discharged compared to the theoretical amount (289 mAh/g) [43]. Oshitani
et al. [54] first reported a method to coat the particles with cobalt, and since then other methods to
coat the particles have been suggested [55-58]. Most authors seem to be in agreement that the final



compound is CoOOH, although the reduction-oxidation reactions that would produce these surface
layers do not appear to be well understood. Compared to less conductive NiOOH (10" mho/cm) the
CoOOH has higher conductivity (50 mho/cm) [59].

2.2.3 Metallic powders nickel and cobalt

Metallic nickel is used to increase the electron transfer between particles in both electrodes, as well as
to the current collector. The active materials are pressed into foam nickel substrates or mixed with
nickel fibers [24], i.e. Ni(s). These conductive networks are important for the discharge performance,
and nickel fibers can be used for ultra-high power discharge.

Cobalt metal powders can also be added to the cathode formulation. It has been reported that the
metallic cobalt re-precipitates as CoOOH during the first charge/discharge cycle, which then improves
the life-cycle stability of the cell [60].

There are several methods to produce cobalt powders. The common industrial processes are the Sheritt
process, solid phase reduction, the amalgam technique and electrolytic deposition [61, 62]. The
carbonyl process (Mond Process) can be used to produce cobalt powders. The reaction with cobalt and
carbon monoxide occurs at 150-170 °C [61]. This process is however commercially restricted for cobalt
due to low capacity and poor quality of the obtained powder [62]. In the Sheritt process a sulfide
concentrate is leached under pressure at 90 °C with ammonium sulfate. High pressure hydrogen is
injected and cobalt is recovered as a metallic precipitate.

In the production of nickel powders used in NiMH batteries the carbonyl process is the most important
commercial production method [62]. Nickel tetra carbonyl is formed by allowing carbon monoxide to
pass over metallic nickel at 50 °C [63]. Nickel tetra carbonyl is liquid at room temperature. The
decomposition into metallic nickel occurs in heated atmospheres at around 230 °C. By controlling the
process parameters it is possible to recover particles with various shapes (i.e. fibrous or spheres) and
size (less than a few microns). More information about the process can be found in the original research
paper by Mond et al. [64] and other references [65, 66].

2.3 Degradation mechanisms of battery cells and materials

NiMH batteries are eventually discarded when the required standard for application is no longer met.
The overall degradation of the cell is a complex process that involves different phenomena, e.g. loss of
electrolyte, increased internal resistance, corrosion of the ABs alloy, pulverization and contamination
between the electrodes. There are numerous scientific papers that discuss NiMH battery degradation
[21-23, 30, 31, 37-39, 67-78].

To simplify this review, the main degradation aspects of the electrode materials are separately
considered in the following sections. However, it should be emphasized that battery degradation
includes all the separate processes described above. For this reason references will reoccur in the
following subsections.



2.3.1 Loss of electrolyte

One of the main causes of NiMH battery degradation is that the cell dries out, i.e. the electrolyte liquid
is lost. The purpose of the electrolyte is to provide ionic conductivity and the optimal concentration is
approximately 6 M KOH [68]. Above this concentration the discharge capacity of the anode electrode
decreases.

During charge and discharge of the battery the electrolyte redistributes between the electrodes, causing
the separator to dry out. As a consequence, the internal resistance of the cell increases [37, 38]. As
previously mentioned, increased internal resistance is believed to be one of the dominating factors for
battery failure [39]. In agreement with this notion Li et al. [38] replenished the electrolyte of spent
batteries and demonstrated that the discharge capacity could be partially restored to 10% of the original
values. This demonstration indicates that there are other causes for battery failure. However, it is
reasonable that a lack of electrolyte plays an important role by promoting unwanted reactions in the
electrodes, due to increased temperature caused by increased internal resistance.

2.3.2 Pulverization

Pulverization refers to particle size reduction through mechanical (i.e. grinding) or chemical treatment.
The effect of chemical treatment is that the lattice volume contracts or expands unevenly, which results
in parts of the particle bulk cracking. An example of chemical treatment that results in pulverization is
hydrogen intercalation into lattices of strong hydride forming elements (i.e La, Ce, Pr, Nd) [79].

Both cathode and anode materials are pulverized during continuous charge/discharge of the battery. It
is the phase transitions that occurs during cycling that are the main cause of this degradation process.

Pulverization of the cathode electrode material increases with increasing number of cycles [38, 69]. Li
et al. [38] noticed an increase of y-NiOOH phase formation in the cathode electrode during cycling. As
mentioned previously, this phase is associated with high (44%) lattice volume change.

Pulverization of the ABs alloy has been observed by many authors [23, 30, 38, 69, 71]. According to
Bauerlein et al. [23] both the chemical composition of the alloy and the amount of intercalated hydrogen
affects the increase of lattice volume during charge. Pulverization is caused by mechanical stress within
the alloy, which builds up during cycling. As a final result, the alloy particles crack. Since consecutive
cycling reduces the ABs alloy particle size, the ABs alloy surface area also increases. Both preferable
electrochemical and corrosion reactions are promoted as a consequence of these physical changes.
Interestingly, it has been demonstrated that a decreased ABs alloy particle size increases the discharge
capacity of the anode electrode [23]. Although the cycle stability of the anode is also decreased, spent
ABs alloy can potentially be reused for high-discharge rate applications.

2.3.3 Corrosion

Corrosion of the ABs alloy material has been in focus for research into the causes of battery failure.
Authors [23, 37, 74] generally illustrate the corrosion of the ABs alloy as being similar to the following
reaction (M = ABs),

2M + H,0 - MH + MOH Eq. 4

It was suggested that the initial corrosion is enhanced by the lack of protective corrosion products on
the alloy particles [37]. Interestingly, it has also been reported that pre-treating the alloy in alkali
solution at elevated temperature improves the life-cycle of the ABs alloy by the formation of protective
corrosion layers [71]. These reports suggest that formation of metal oxide/hydroxide layers are
important for inhibiting further corrosion. However, the thickness and composition of these layers can
potentially retard e.g. hydrogen diffusion rates [23].



The reported compositions of the corrosion layers that form on the alloy particles during cycling appear
to be similar [37, 69, 71, 72]. Zhou et al. [69] detected three phases with different degrees of oxidation;
(1) low oxidized core of ABs particles, (2) partially oxidized with very little manganese and aluminum
content and (3) heavily oxidized with mostly REE and manganese. lkoma et al. [71] observed that
REE(OH)s; and manganese oxides were formed at the alloy surface and that nickel and cobalt existed in
metallic form near the surface. It was proposed that manganese initially dissolved and then re-deposited
as an oxide on the alloy surface. Similar observations of corrosion products were made by others [23,
72]. Furthermore, Maurel et al. [72] reported that grains of MnO(OH) (s), Mn(OH), (s) and CoOOH (s)
were randomly scattered over the alloy surface and covered the REE(OH)s needles. Based on the analysis
work of Young et al. [78] it can be approximated that the thickness of the surface layers are in the order
of 50-100 nm. According to Schlapbach et al. [29] it is corrosion products like the ones mentioned above
that inhibit the critical function of the ABs alloy to absorb and desorb hydrogen.

Removing corrosion products is important for the possibility to reuse the ABs alloy, in order to allow
sufficient hydrogen diffusion rate to and from the ABs bulk.

2.3.4 Cross contamination between cathode and anode

Contamination of metals from one electrode onto the other has been reported to occur during battery
cycling.

Leblanc et al. [37] suggested that measurements of aluminum in the cathode can be used as an indicator
of corrosion of the ABs alloy. Since that report was published this method has been adopted by others
[23, 72]. Of course, this method of quantifying ABs corrosion is only valid if all the oxidized aluminum
can be found in the positive electrode. Some authors state that as aluminum is dissolved it will end up
trapped in the Ni(OH); lattice [37, 69, 74, 75]. Aluminum is an unwanted contaminant that is known to
stabilize the unwanted a-Ni(OH); structure during cycling [69].

Contamination of manganese in the cathode electrode has also been observed [23]. According to the
investigation performed by Gerlou-Demourgues et al. [80] substitution of nickel with manganese can
also lead to the formation of a-Ni(OH),.

The anode is also susceptible to contamination of elements from the cathode. Zhou et al. [69] reported
contamination from the cathode, through observations of zinc on the spent ABs alloy material. This
element does not appear to have a detrimental effect on the anode electrode. Instead, it may even
inhibit further corrosion [74].



2.4 Hydrometallurgical recycling methods to treat NiMH waste
2.4.1 Dissolution

Dissolution of spent NiIMH waste is a method to produce an aqueous solution (i.e. a leachate), which
will be subsequently treated using separation and recovery methods. It is also the first opportunity for
chemical separation. Selective separation is economically interesting because it reduces the need for
subsequent treatment.

Interestingly, only mineral acids (hydrochloric, sulfuric and nitric acid) have been considered for
complete dissolution of the waste, in previous investigations (see Table 3).

Table 3. Optimal leaching conditions with respect to the dissolution of nickel and cobalt. Mixed refers to mixed cathode and
anode material. For the sake of comparison values have been adapted from references through both tables and graphs.
Differences in reported REEs leaching results are due to differences in consideration of the reaction yields (i.e. dissolution or

oxidation).

Electrode(s) Acid Temp. °C time S/L (g/mL) Ni Co REE Ref.
Mixed 15M HZ:;"; 4 vol% 50 1h 1/50 100% n/a n/a 81]
Anode, cathode 2 M H;S0, 20 2h 1/10 76.6% 97.6% >90% (82]
Mixed 3 M H S04 75 5h 1/10 >95% >95% >95% (83]
Mixed 3 M HS0s 95 4h 13/100 >95% >95% <5% [52]
Mixed 2 M H;S04 95 4h 5/100 97% 100% 96% (84]
Mixed 3 M HCl 95 3h 1/10 97.4% 100% 99.1% 85]
Mixed 1.5 M H,504 30 1h 1/20 97% | 95-100% 87% (86]
Anode 3 M H S0, 95 4h 1/10 99.5% 99.5% 94.5% (87]
Mixed 2 M H;S0, 20 2h 1/10 >76.6% | >97.6% | >91.8% | [88]
Mixed 12 M HClI 40 2h 15/100 n/a n/a n/a [89]
Mixed 4 M HCl 95 3h 1/10 98% 100% 99% [90]
Mixed 4 M HaS04 80 3h n/a 100% 98% 36% [91]
Anode, cathode, pH 21: H,504, HCl, HNO3 30 55 1/50 n/a n/a n/a (92]

mixed
Mixed 8 M HC 30 n/a 3.7/10 n/a 100% 100% (93]

n/a—not available or not presented in detail.

Some general observations can be from the work presented in Table 3. Firstly, mineral acids
(hydrochloric, sulfuric and nitric acid) have been extensively studied and it is expected that these acids
will efficiently dissolve the mixed electrode materials. Secondly, it is possible to separate REE sulfates
from sulfate solutions [52]. Thirdly, the S/L ratio can generally be kept high (1-3.7/10) in both
hydrochloric and sulfuric acid solutions. A high S/L is preferable, as the dissolution step produces less



secondary liquid waste that needs to be treated. No other acidic media than the above mentioned ones
have been found to have been extensively studied.

It is worth further mentioning the work by Larsson et al. [92] because these authors investigated in
detail the dissolution behavior of electrode materials in hydrochloric, sulfuric and nitric acid. At high pH
(= 1), treatment in these acids will result in different outcomes. In nitric acid all material is dissolved
after 14 hours at pH 1. Dissolution of metallic nickel is expected because nitric acid is an oxidizing acid.
In de-aerated hydrochloric and sulfuric solutions, the dissolution of metallic nickel is suppressed.

Interestingly, de-aereated conditions do not seem to be necessary in practice. The required time for
dissolution of the waste matrix was approximately 5.5 h in aerated solutions, using either sulfuric or
hydrochloric acid at pH 1 [92]. In the work by Larsson et al. [92] the metallic nickel was of the foam type,
and its dissolution did not appear to be complete even after 44 h in hydrochloric acid. Therefore, it may
be possible to practically separate the Ni(s) component even in aerated solutions.

2.4.2 NiMH metal separation by solvent extraction

Solvent extraction techniques have been used to treat leachate solutions that have been produced by
dissolution of NiMH waste into acidic solutions. In a solvent extraction separation of elements dissolved
in an agueous leachate, an immiscible organic phase is brought into contact with the leachate solution.
The organic phase contains an extracting agent, which is able to form a complex with the metal ion that
is more soluble in the organic phase than in the agueous phase. Thus, the metal ion is extracted, i.e.
transported to the organic phase.

Several extracting agents have been proposed for the extraction and separation of elements from
leachate solutions [52, 81, 84-87, 89, 90, 93-98]. Some of these suggested systems have been optimized
for practical recycling applications. A summary of some of these systems are given in Table 4. As can be
seen from this table there are several extraction agents that can be used to separate nickel, cobalt and
REEs from sulfate and chloride aqueous solutions.

Table 4. Recovery rates (%) of rare earth elements (REE), cobalt and nickel according to suggested extraction systems.

Leachate anion REE (%) Cobalt (%) Nickel (%) Extracting agent system Ref.
93,6 96 96 D2EHPA, Cyanex 272 [84]

S0u 97,8 98,1 98,1 D2EHPA, Cyanex 272 [52]
98,9 98,5 98,4 PC-88A [87]

99,5 99,5 99,6 Quaternary ammonium salts [97]

98 98 96 D2EHPA, TOA [85]

Cl 98,9 93,6 97 TBP, Alamine 336, PC-88A [89]

99,9 99 99 Cyanex 923 [93]

Recovery of metals from a loaded solvent can be made by stripping (i.e. back-extraction) [99]. For
stripping it is important to make extracted metals soluble in the aqueous phase, and approaches are
dependent on the system at hand. Examples of methods to strip metals are to vary the pH, amount of
aqueous phase, temperature and/or use counter-ions (e.g. nitrates). Stripping of metals can result in
elemental separation and therefore the stripping step is appropriately applied before recovering the
metals as solid compounds.
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2.4.3 Recovery of metals

Recovery of metals from leachate solutions produced through hydrometallurgical treatment of NiMH
waste has been investigated using different techniques. These methods include precipitation,
calcination and electrowinning of metals. Electrowinning refers to the extraction of metals from
compounds through the electrolysis of solutions containing metal ions [100]. Applying a current that
matches the reduction potential of a metal ion can reduce the metal ion into its elemental state.

Tzanetakis et al. [90, 95] investigated electrowinning of nickel and cobalt from aqueous chloride media
at pH 3. Depending on the current efficiency the composition of the nickel (76-83%) and cobalt (11-
14%) varied. Lupi et al. [101] also reduced nickel and cobalt, but from sulphate solutions at pH 4.3.

Recovery of metals can be made by adding precipitation agents into the leachate solutions. Metal ions
form insoluble complexes and precipitate out of solution. Once nickel, cobalt and REE have been
separated (using i.e. solvent extraction separation) these purified metal fractions may be recovered
using oxalic acid [84, 85, 89, 97]. To transform these solids into oxides, the recovered material can be
calcined at 850-900 °C [84, 85]. Nayl [97] reported that the calcination of oxalates of REE, cobalt and
nickel can be performed also at lower temperatures (700, 500 and 400 °C, respectively). Precipitation
using alkaline solutions has also been discussed by others [52, 83, 86, 91, 94, 96, 102-104].

3. THEORY
3.1 Oxidation of metals

The current work discusses the recovery of Ni(s) and ABs alloy using acidic media. It is difficult to recover
metallic NIMH components due to the generally low reduction potentials, which are shown in Table 5.

Consider the half cell reactions of the least reactive system of Ni(s) and water,
Ni(s) @ Ni**(aq) + 2e~ Eq. 5
2H*(aq) + 2e~ 2 H,(g) Eq. 6

Here, the reduction of hydrogen (Eg. 6) represents the splitting of water and is not associated with acid
consumption. The Nernst equation can be used to calculate the cell potential of Eq. 5 and Eq. 6 [105],

E=Ey+23-1log(Q™") Eq.7

where the constants R, T and F represents the gas constant (8.3141 J mol? K1), temperature (K) and
Faradays constant (96.485 J mol ! V1), respectively. The variable n is the number of electrons transferred
per mole reaction. Eo is the standard reduction potential. The reaction quotient Q is defined as,

at af
Q =—— whenaA+ bB 2 cC+dD Eq. 8

a b
apap

For an ideal gas, ideal solution or pure solid/liquid, the activity (a) can approximated by its partial
pressure (P/Po, Po = 1 bar), molar concentration (M/Mo, Mo = 1 mol/L) or by unity, respectively [106].
The hydrogen partial pressure is per definition at unity, in order to compare cell potentials with the
standard hydrogen electrode (SHE).

To determine oxidation of metals it is conventional to choose metal concentrations of 10° M [105]. The
cell potential of nickel and water in the least acidic system available (pH = 7) can be calculated,

RT
E =Ey+ — Eype+ + Z.BE(log(aNi(s)) + 2log(ay+) — log(ay2+) —log(ay,)) = [Table 5] =

11



0.059V
+0V —(-0.26)V + T(log(l) — 2pH(=7) —log(107%) —log(1)) =

0V +0.26V—-0236V =0.024V

The cell potential is positive which means that nickel will oxidize in any aqueous media at pH < 7.

The ABs alloy contains elements (Co, Al, Mn, REEs) with reduction potentials below that of nickel.
Therefore it is reasonable to also assume that the ABs alloy component will also oxidize in acidic media.

It can be concluded that the recovery of ABs alloy and Ni(s) using acidic media relies completely on the
difference in dissolution rates of the NiMH battery components.

Table 5. Standard reduction potentials for elements found in NiMH batteries vs the standard hydrogen electrode [105, 107].

Oxidized 2 Reduced E° (V) vs SHE
Lit+e 2L -3.04
Kt+e 2K -2.93

la’*+3e 2 Lla -2.38
Pr3*+3e 2 Pr -2.35
Nd3++ 3e- 2 Nd -2.32
Ce3*+3e 2Ce -1.72
AP+ 3e- 2 Al -1.66
MnZt+ 2e" 2 Mn -1.19
Zn%*+2e 2 7n -0.76
Co?*+2e 2 Co -0.28
Ni2*+2e 2 Ni -0.26
2H* +2e 2 H, -0.059pH [105]*
0, +4H* + 4e- 2 H,0 +1.23

INot to be confused with the hydrogen reduction associated to acid consumption.

3.2 Recovery of nickel
3.2.1 Recovery of metallic nickel using hydrochloric solutions

Recovery of Ni(s), i.e. the conductive nickel particle network used in the electrodes, from NiMH waste
using acidic solutions can be achieved if competing surface processes limit the oxidation of Ni(s). In the
system considered here, the most important process that can protect the metal surface is adsorption
of hydrogen.

Nickel is expected to dissolve into acidic media, e.g. hydrochloric acid, through two general reactions,
Ni(OH), + 2HCI (aq) — NiCl,(aq) + 2H,0(1) Eq.9

Ni(s) + 2HCI (aq) — NiCl,(aq) + H,(g) Eg. 10

These reactions (Eq. 9-10) are also expected to occur for other metals found in the NiMH waste.

Hydrogen adsorbs strongly only to nickel surfaces, and the nickel hydride bond can be approximated to
-96 kJ/mol [108, 109]. The strong nickel-hydride bond constitutes chemisorption (< -40 kJ/mol), which
is a binding strength that is characterized by less reversibility compared to physisorption (= -40 kJ/mol)
according to McCafferty [110]. That is to say, the hydride bond will block further acidic attacks. As
thermodynamics do not consider the kinetics of processes, one can only speculate that strong
chemisorption will results in a slow hydrogen desorption rate from metallic nickel surfaces.

The Ni(s) used in the current work is in the form of powder, and therefore has a high specific surface
area (m?/g). A high surface area can potentially compensate slow desorption rates of hydrogen, which
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can result in a dissolution of Ni(s). Therefore it is not known if the nickel-hydride bond is sufficiently
strong to allow Ni(s) powder to be extracted using acidic media.

From practical considerations, hydrochloric acid is preferred over other conventional acids (sulfuric and
nitric acid). The practical properties of conventional acids can be seen Table 6. The NiMH waste consists
of predominantly nickel in the form of Ni(s), ABs alloy and nickel hydroxide. In order to reduce leachate
volumes it is necessary that the nickel solubility is high in the leaching solution.

Between the different acids in Table 6, hydrochloric acid has the second highest solubility of nickel. The
chloride (1) anion cannot be further reduced due to a completed outer electron configuration shell
(3p®). Since no reduction of the chloride can occur, the nickel hydride cannot be oxidized. However,
sulfates and nitrates do have reduction potentials above SHE, which suggests that these acids can
oxidize the nickel hydride. Therefore hydrochloric acid is preferred over sulfuric and nitric acid.

Table 6. Solubility of nickel salts produced by dissolution of nickel compounds into mineral acids [111].

Mineral acid Salt Solubility (water, 20 °C) [g/100 gwater] Ligand reduction [107]
H2S0s NiSO4 40.1 $0,%7/505* +0.17V
HCl NiCl2 60.8 None
HNO3 Ni(NOs), 94.2 NO;~/ NO,~ +0.93V
N0~/ NO  +0.96V

NO,~/ N,0, +0.80V

3.2.2 Distribution into the organic phase in solvent extraction

Separation of elements and compounds using solvent extraction is a technique that is used in
pharmaceutical and biochemical industries, analytical chemistry, metallurgy and industrial recycling of
inorganic waste [112].

By contacting a non-miscible organic phase with an aqueous phase (i.e. leachate), neutral complexes
distribute between the phases. A schematic representation of the solvent extraction technique is
illustrated in Figure 4. In the current work the extraction agent Cyanex 923 is used, and its extraction of
metals found in NiMH batteries is discussed in the following section.

Organic phase . Organic phase
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Figure 4. lllustration of the solvent extraction technigue. One metal (blue) is preferentially distributed in the organic phase over
another (red), after physical mixing and phase separation. The difference in distribution results in elemental separation.

The distribution of a metal A can be quantified using the distribution ratio at equilibrium,

_ [A]org

- Eq. 11
A Alag a
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If Dy >> 1 the metal is mainly distributed in the organic phase. Separation of metals from a mixed
leachate solution occurs when the distribution ratios of the metals are different.

3.2.3 Extraction of chloride complexes with Cyanex 923

Nickel is the most abundant metal in NiMH batteries and extracting agents are relatively expensive. It is
therefore economically beneficial to extract all other elements except nickel from leachate solutions.

The commercial mixture of tri-alkylpshosphine oxides sold under the name Cyanex 923 can be used to
extract, for example, lanthanides and zinc from aqueous phases. This extracting agent is especially
useful for chloride based leachates.

The chloride-Cyanex 923 extraction system for separation of metals from NiMH waste was investigated
by Larsson et al. [113] at great lengths. In a first step zinc was extracted and separated from the other
metals by low (8 vol%) concentration of Cyanex 923. Extraction of remaining metals other than nickel
(Al, REE, Co and Mn) was then made by increasing the extractant concentration to 70 vol%. Recovery of
metals in groups from the organic phase was possible by contacting the organic phase with different
aqueous phases (i.e. stripping). In the first strip step cobalt and manganese were recovered with a
nitrate solution (0.1 M Na(NOs)3). The other elements (Al and REE) were subsequently recovered with
hydrochloric acid (1 M).

The extraction of metal chlorides with Cyanex 923 (B) follows the solvating mechanism [113],
M**(aq) + xCl~ (aq) + yB(org) 2 MCL.By(org) Eq. 11

The aqueous metal chloride complex is associated with water, and it is more accurately described as
MCIx(H20),. The water molecules are not co-extracted. Importantly, the extraction of i.e. lanthanum is
enhanced by increased chloride ion concentrations in the solution [93]. A complete neutralization of the
H*-ions from the acid in the dissolution of NiIMH waste in 8 M HCI solution will create a chloride-rich
solution and thus promote extraction of the REEs.

In media that is too acidic the extraction of REEs may be low. According to Alguacil et al. [114] acid can
also be extracted by Cyanex 923 and that reduces the amount of ligand that is available for binding to
REEs,

H*(aq) + Cl™(aq) + B(org) 2 HCIB(org) Eq. 12

The practical implication of Eq. 12 is that stripping of aluminum and REEs will be affected by the co-
extracted acid. Any aqueous solution used for stripping metals (i.e. Co and Mn) from the loaded organic
phase will also strip the acid. Consequently, aluminum and REEs are also stripped from the organic
phase. For this reason alone, controlling the addition of acid in the prior dissolution step is important in
order to avoid excess acid remaining in the leachate.

3.3 Recovery of reusable anode using carboxylic acids

Carboxylic acids were chosen for this work to investigate the recovery of reusable anode (containing
ABs alloy) material from NiMH waste. Here the intention was to dissolve other components, such as
nickel hydroxide and REE(OH)s, but leave the ABs alloy relatively undissolved.

Trial experiments indicated that the spent ABs alloy component was not immediately oxidized in
carboxylic acid solutions, which otherwise occurred in mineral acids. Smith et al. [115] suggested that
the ABs alloy can be recovered selectively from a mixture of ABs alloy and nickel hydroxide, by selective
dissolution of nickel hydroxide in carboxylic acid(s). In the work for the current thesis a demonstration
of the dissolution of NiMH waste in carboxylic acids has not yet been found.
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Carboxylic acids have the functional group COOH, which results in the ability of these acids to
deprotonate in agueous solutions and form metal complexes. Deprotonation of carboxylic acids
depends on the pH of the solution,

R-(COOH)y + xH,0 = R-(COO ")y + xH30* Eq. 13

Deprotonation is suppressed at low pH values, which relates to the weak acid character of carboxylic
acid. As a practical example, in a 1 M carboxylic acid solution at pH 1 only 10 mol% of the acid is
deprotonated. This means that the acid solution will contain both COOH and COO™ functional groups.

The stability constants for some carboxylic acids and metals from a critical survey by Martell et al. [116]
are presented in Table 7. This table shows the stability constants for deprotonation of some carboxylic
acids and their complex formation for nickel and lanthanum (major waste constituents). The fact that
stability constants have been quantified suggests that nickel and lanthanum carboxylates are soluble to
some degree.

Ultimately, the dissolution rates cannot be approximated by stability constants and need to be
investigated experimentally.

It is expected that dissolution of NIMH components in carboxylic acids is slow. Lone pair electrons on
the functional COOH group can interact with metallic surfaces through adsorption [110]. Inhibition of
carboxylic acids on metallic surfaces in mineral acids has been previously demonstrated using e.g.
malonic, ascorbic, citric and succinic acid [117-120]. The ability to donate electrons is an important
parameter for inhibition, and the greater the pK, the greater tendency for electron donation [110]. The
pK; of the carboxylic acids used in the current work can be seen in Table 7.

The effect of adsorption processes can result in a slow dissolution. Potentially, the adsorption onto
metallic surfaces, i.e. ABs alloy, is stronger than onto hydroxide surfaces, thus resulting in a slower

dissolution of the ABs alloy.

Table 7. Equilibrium guotients (e.g. stability constants) for the formation of metal complexes in different carboxylic acids. Values

are adapted from Martell et al. [116] for the range of 20-25 °C and 0.1-0.5 M.
Carboxylicacid | pKa(1,2,3) | Formula | Equilibrium quotient Log K (Ni?*) Log K (La®)
Acetic 4.6 CoH40, K = [ML]/[M][L] 0.7 1.8
K= [ML]/[M][L]? 2.8
K= [MLs)/[M][L]3 35
Citric 29,4.4,5.7 CeHsO7 K = [ML]/[M][L] 5.4 7.6
3.3 [MHL/[M][HL] 10.2 [ML)/[M][L]2
1.8 [MH,L]/[M][HaL] 2.2 [MHL,J/[ML][HL]
Malonic 2.7,5.3 C3H404 K = [MLI/[M]IL] 3.2 3.7
K = [MHLI/[M][HL] 1.0
K = [ML)/[M][L]2 49 5.9
Maleic 1.8,5.8 C4H404 K = [MLI/IMI[L] 2.0 35
K = [MLJ/[M][L]? 5.4
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3.4 Recovery of cobalt using ascorbic acid

Cathode materials used in NiMH batteries are surface engineered with a conductive cobalt enriched
surface layer. It is believed that this layer still exists on (spent) cathode surfaces after battery cycling,
which consists of cobalt in oxidation states higher than 2. Ascorbic acid has both reducing and acidic
properties, and was chosen for the investigation of removing the cobalt layers selectively. It is expected
that the acidic property will react also with other battery components. To achieve selective dissolution
of cobalt it is therefore important that the simultaneous reduction and dissolution of cobalt is faster
than the dissolution of other components.

A practical challenge of selective dissolution in acids is the general dissolution reactions of both
electrode materials (Eq. 9-10). Since those reactions involve oxidation of the metals, it appears more
likely that a selective dissolution of cobalt-enriched surface layers will happen when using an acidic
reducing agent, namely ascorbic acid, than when using a common mineral acid.

Ascorbic acid can both dissociate its proton and become oxidized. According to Du et al. [121] the
dissociation of hydrogen ions and oxidization to dehydroascorbic acid are coupled, which can be seen
in Figure 5.
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Figure 5. The oxidation of ascorbic acid to dehydroascorbic acid is coupled to hydrogen dissociation in aqueous solutions. The
image has been adapted and reconstructed from Du et al. [121].

If no oxidation of ascorbic acid occurs the formation of ascorbate ions is only dependent on the pH of
the solution. Speciation modelling of ascorbic acid in aqueous solution show that at pH 7 the dominant
species for ascorbic acid is AscH™ (99.9%) and there are low concentrations of the other forms AscH,
(0.1%) and Asc® (0.005%) [121].

The reduction potential of ascorbic acid has been reported to be in the range of —0.283 and -0.066 V, in
the corresponding pH range of 2-7 [122]. These reducing potentials do not raise any suspicion that
metals associated with NiMH batteries will be reduced from metal ions to elemental state in ascorbic
acid solutions. Common oxidation states of the metals used in NiMH batteries (see Table 5) does not
allow a significantly large positive cell potential to be formed between the metal ion and ascorbic acid.
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The rate of redox reaction between ascorbic acid and cobalt is important for selective dissolution.
Ascorbic acid has not been tested previously for recycling NiMH materials. The ascorbic acid oxidizing
rate is therefore evaluated by broadening the discussion.

Buettner et al. [123] found that aerated and room-temperature aqueous solutions of ascorbic acid in
50 mM phosphate buffers (pH 7) experienced up to 30% loss of an original 125 uM ascorbate within 15
min. When care was taken to remove transition metals the loss of ascorbate was decreased to 0.05%/15
min. This reaction was not described in detail, but it is indicated that the oxidation rate of ascorbic acid
in the presence of transition metals is fast. In addition, the ascorbate ion can also oxidize by reaction
with soluble oxygen to produce superoxide through the following reaction,

CeHgO0g?™ + 0, » CoHg0g ™ + 0,7 Eq. 14

The observed pseudo-first-order rate constants of autooxidation of AscH™ is k = 10® Ms? and that of
Asc? is k = 10> M1st [121]. This mean that the oxidation rate of ascorbic acid in the presence of oxygen
is most dependent on the presence of Asc? ions.

There are reasons to suspect that simultaneous reduction and dissolution of solid cobalt (iii) into
solution should also be fast. According to Li et al. [124] the dissolution of cobalt from mixed lithium
cobalt oxide in ascorbic acid solutions is completed after 20 minutes of dissolution at room temperature
(20 °C).
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4. EXPERIMENTAL
4.1 Experimental outline

This work focuses on characterization of the NiMH electrode materials and the feasibility of recovering
three different components, and these goals are listed in the following order:

(1) Characterization of unspent and spent cathode and anode.

(2) Recovery of Ni(s) from the conductive nickel network.

(3) Recovery of reusable anode material. Specifically, this is a mixture of ABs alloy and Ni(s).
(4) Selective recovery of cobalt from cobalt-enriched surface layers on cathode materials.

These recovery processes involve the use of different chemical systems, which are discussed separately.
A schematic overview of the experimental work is shown in Figure 6.

The materials used for the manufacturing of the cathode electrode are powders of Ni(s), metallic cobalt
and nickel hydroxide. The anode is made only from Ni(s) and ABs alloy. The respective electrode
mixtures had been pressed onto polymeric carrier sheets.

Batteries were charged and discharged (i.e. cycled) by the battery producer Nilar AB [6]. The batteries
were considered spent when the internal resistance was twice that of the initial resistance, below 80%
of capacity and/or due to miscellaneous aspects causing battery failure.

Unspent materials were assembled in the same process as the cycled batteries. However, unspent
materials were not subjected to electrolyte (25-30% KOH).

Atotal of 5 different types of samples were produced, namely unspent cathode and anode, spent anode
and cathode, and spent mixed electrode materials. One spent cathode and one spent anode batch were
produced by collecting the respective separated material from at least 3 batteries. These batches were
used to produce mixed electrode samples.
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Figure 6. Process flow diagram for experimental work and samples presented in this thesis. Unspent materials originate from
batteries that have been assembled and disassembled. Spent materials refers to batteries with charge and discharge properties
that are considered below standards for battery applications.

4.2 Battery disassembly

Discharged bipolar NiMH batteries of the size 12 V and 10 Ah were provided by Nilar AB. A schematic
overview of this type of module is shown in Figure 7. The modules had been cycled differently for various
application purposes.

Prior to disassembly the spent batteries were discharged in the laboratory using a 50 Q resistor until
less than 2 V and 3 mA could be measured using a conventional multimeter. The active materials were
manually separated from the casing, separator, terminal and current collector into separate anode and
cathode fractions. Depending on the use phase of the battery the disassembled anode fractions can
react with oxygen in normal atmosphere and self-ignite, and therefore this fraction was immediately
immersed into water (>18 MQ/cm, Milli-Q, Millipore).

Water was used to rinse the fractions in order to remove the remaining KOH-rich electrolyte. During
this procedure the electrode substrate (polymeric carrier sheets) was removed. The produced materials

were dried at 55 °C and normal atmosphere until no further weight loss could be detected.

A reference battery with no addition of electrolyte was built, disassembled and used without further
work up procedures.
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A
Figure 7. Schematic overview of NiMH battery module illustrating the bipolar stack design [6]. The illustrated components (left
to right) are casing, terminal, current collector, anode, separator, cathode, separator, inner and outer stack frame.

4.3 Characterization

Characterization of spent cathode and anode materials was done to investigate the chemical and
physical state of the spent materials in order to develop specific treatment methods. In addition,
characterization of unspent and spent materials was necessary to identify degradation, in order to
evaluate the feasibility of recovery and reuse of the ABs alloy. Several characterization techniques were
used to investigate degradation of the electrode material and are listed in Table 8.

Table 8. Investigated chemical and physical property with respective analysis technique. Four types of materials were
characterized separately: unspent cathode, spent cathode, unspent anode and spent anode. Analysis techniques are described
in Appendix [.

Property/ Degradation aspect Analysis method
Foreign crystalline compounds XRD
Cross-contamination between cathode and anode ICP-OES
Morphology and pulverization SEM

Specific surface area (m?/g) for pore formation and pulverization BET

No further work up procedures were made related to X-ray diffraction (XRD), scanning electron
microscopy (SEM) and the Brunauer-Emmett-Teller (BET) method, except conventional preparation
methods (e.g. mounting of sample and desorption of water). Analysis techniques are described in
Appendix I.

For elemental composition determination of solid samples the inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis technique was used. Samples were dissolved in aqua regia,
which was prepared from hydrochloric acid (37 wt%, Sigma Aldrich) and nitric acid (65 wt%, Merck) at
a ratio of 3:1. Complete digestion was achieved by prolonged dissolution time (minimum 18 h) and
periodical addition of hydrogen peroxide (30 wt%, Sigma Aldrich). The liquids were then heated to 70
°C for two hours and allowed to cool down. Finally, the solutions were transferred into volumetric flasks
and the volume was corrected for with pure water (>18 MQ/cm, Milli-Q, Millipore).

The above described method was used to determine elemental concentrations of all types of samples
in this work.

Samples were diluted in 0.7 M suprapure nitric acid (65 wt%, Merck) and compared to external
calibration, prepared from standard stock solutions (1000 ppm, Ultra Scientific), using ICP-OES.
Determined metal concentrations were used as references for characterization purposes and/or
dissolution experiments.
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4.4 Recovery of nickel

Recovery of nickel was investigated by dissolution of materials in hydrochloric acid solution, with
subsequent leachate treatment carried out using solvent extraction. The experimental details are
described in the following subsections, respectively. The effect of acidity on nickel dissolution was
studied. One solvent extraction system was tested for leachate treatment by varying the O:A ratio at
two recommended extraction concentrations [93]. Determination of appropriate O:A ratio following
metal extraction was also necessary, in order to study the effect of acidity on the same extraction.

The amount of acid present in solution can affect both the dissolution of nickel and the subsequent
treatment of the leachate solution, using solvent extraction. The aspect of acid concentration was
therefore a focus for the goal of recovering Ni(s). A list of the nickel recovery experiments performed is
shown in Table 9.

Table 9. Experiments used to investigate recovery of Ni(s) from mixed electrode materials using hydrochloric acid.

Practical goal Investigation Sample

a) Dissolution rates at pH 1
Ni (s) recovery b) Characterization of undissolved Mixed electrode material

material

a) Mixed electrode material
Ni (s) recover Nickel dissolution rates at 1-8 M HCl )
(s) Y b) Unspent Ni(s)
Leachate treatment Metal extraction by variation of O:A
Chloride leachate

Leachate treatment Effect of acidity on metal extraction

4.4.1 Dissolution rates of metals at pH 1

Dissolution rates of metals from mixed electrode materials (0.5 g cathode and 0.6 g anode) were
studied using hydrochloric acid solutions corresponding to pH 1. The materials were immersed into
solutions and the suspensions were stirred using plastic propellers (Metrohm). Acid was continuously
added to the solution to compensate the decrease of acidity due to dissolution of metals.

The agueous potential was measured using a pH glass electrode (Metrohm), calibrated with buffer
solutions corresponding to pH 1, 4 and 7 (Radiometer Analytical, Metrohm). No compensation for
changes in ionic strength were made. Reported pH values should therefore only be regarded as
approximate.

The initial solution was prepared from sodium chloride salt (VWR) and the aqueous potential was
preset to pH 1 and kept constant by addition of titrant (1 M HCI). The titrant was prepared from pure
water (>18 MQ/cm, Milli-Q, Millipore) and hydrochloric acid (37 wt%, Sigma Aldrich). Addition of
titrant was measured and controlled through a Titrando (905, Metrohm) titrator which was
connected to a computer. The aqueous potential was measured continuously and kept constant.

Samples were taken periodically in small volumes (1.5 mL), and immediately filtered (PP, 0.45 um).
Recorded volumes and concentrations determined using ICP-OES allowed calculations of the amounts
of dissolved metal (%), with the comparison to metal concentrations in samples established previously
(section 4.2).

Characterization using XRD and SEM was carried out on undissolved mixed materials (5 g) that had been

produced by separate experiments using 5 M HCl solution, which had been terminated after 5 h. The
solid materials were washed in three steps using fresh hydrochloric acid (pH 1), followed by three steps
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of pure water (>18 MQ/cm, Milli-Q, Millipore) rinsing. The washed material was collected and dried in
a normal atmosphere at 55 °C until no further weigh loss could be recorded.

4.4.2 Nickel dissolution rates at 1-8 M HC|

Investigations of nickel dissolution rates from mixed electrode samples in 1-8 M HCl solutions were
carried out at room temperature (20 °C). Magnetic stir bars were used to mix the suspensions in
vials. Unspent powders of nickel metal, supplied by the battery manufacturer Nilar AB, were also
used in these experiments.

According to previous research the appropriate S/L ratio for dissolution of NiMH batteries is 1/10 [82,
83, 85, 87, 88, 90]. The amount of ligand (here chloride ion) to form metal complexes in solution is a 4
times excess for complete dissolution, assuming a 1:2 metal:ligand ratio. Samples were immersed in
acidic solution at S/L ratio of 1/20 (nickel powder) and 1/10 (mixed 0.5 g cathode and 0.5 g anode).

Acid solutions were prepared from pure water (>18 MQ/cm, Milli-Q, Millipore) and hydrochloric acid
(37 wt%, Sigma Aldrich).

Small aliquots (0.5 mL) of samples were withdrawn periodically from the stirred solutions and
immediately filtered using a 0.45 um filter (PP). No compensation for withdrawn volumes was made.
Nickel concentration in reference samples had been previously determined according to the procedure
in section 4.2. The amount of dissolved nickel was calculated assuming a constant S/L ratio.

4.4.3 Leachate treatment with solvent extraction

Organic phases and leachate solutions were added to vials, and the vials were sealed and shaken at
1500 vpm (vibrations per minute) using a shaking machine (IKA Vibrax VXR Basic) for 2 h. The
temperature was kept constant (25 °C) by a connected water bath. Subsequently, the vials were
centrifuged at 3500 rpm for 10 minutes (radius equal to 9 cm corresponding to 1231 g-force) with a
Labofuge 200 (Heraeus). Aqueous samples were collected before and after the extraction, and prepared
according a typical procedure (section 4.2) and analyzed using ICP-OES.

Extraction of metals from chloride leachate solutions was investigated with varied O:A ratios, using two
different concentrations of extractant Cyanex 923, with 8 vol% used to separate zinc and 70 vol% used
to extract all metals, except nickel.

Stock solutions with 8% or 70 vol% Cyanex 923 (95%, Cytec), respectively, containing the phase
modifiers 10 vol% tri-butyl phosphate (97%, Sigmal Aldrich, i.e. TBP) and 10 vol% n-decanol (99%, Sigma
Aldrich) in diluent solvent 70 (Statoil) were prepared. The organic phases were pre-equilibrated with
pure water (>18 MQ/cm, Milli-Q, Millipore).

The chloride leachate solution was prepared by dissolution of mixed electrode material in 8 M HCI. The
acid solution was prepared with pure water (>18 MQ/cm, Milli-Q, Millipore) and hydrochloric acid (37
wt%, Sigma Aldrich).

Acid neutralization of the 8 M HCIl solution was carried out in a series of stepwise additions of mixed
electrode material. The solid-liquid dispersion was allowed to react under magnetic stirring and cooling
(ice bath) until hydrogen gas evolution could no longer be observed. The aqueous potential was
measured with a glass pH electrode (Metrohm). Additional material was added until no further change
in agueous potential could be measured. When the potential was stable the acid neutralization process
was complete.
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The 8 M chloride leachate solution produced was filtered (0.45 um, PP) and sampled. The results from
ICP-OES analysis of sampled leachate are presented in Table 10.

Table 10. Concentrations (103 mol/L) of leachate solutions after dissolution of mixed electrode materials in 8 M HCI solutions.
The aqueous potential was measured to 310 mV.

Metal 1073 mol/L

Al 78
Ce 60
Co 227
La 179
Mn 104
Nd 31
Ni 2902
Pr 11
Zn 57

The effect of acidity on the extraction of metals was investigated using 8 M chloride leachate solutions
at different acidities (i.e. aqueous potentials) and 70 vol% Cyanex 923. An O:A ratio of 1.4 was used and
had been previously determined as sufficient for metal extraction, but below the point of loading. Under
these conditions the metal extraction becomes dependent on the acidity of the solution.

The leachate solution presented above (Table 10) was further diluted in steps using the same stock
solution of 8 M HCl that had been used for the leachate preparation. Between each step the aqueous
solution was sampled and the aqueous potential was measured with the same electrode mentioned
above.

4.5 Recovery of anode material (including ABs alloy)

Recovery of reusable anode material was investigated by dissolution experiments where 4 carboxylic
acids (malonic, maleic, acetic and citric acid) were used. Here, the main goals were to chemically
separate the anode material from the cathode material by dissolution of the cathode, and to remove
corrosion products from the anode.

To be precise, anode samples consist of both ABs alloy and Ni(s), which can potentially be reused as a
mixture. Corrosion products only need to be removed from the ABs component in order to reuse the
ABs and Ni(s) mixture as anode material.

Chemical separation relies on different dissolution rates of the cathode and anode. There are no
theoretical indications that the ABs alloy is immune to oxidation in acid solutions. Determining
dissolution rates of both cathode and anode material is therefore essential for the evaluation of
chemical separation. The results from experiments on separate material types can be used to evaluate
the dissolution of electrode mixtures.

Characterization of undissolved samples containing anode components is important for the
determination of selective removal of corrosion products from the ABs alloy surface.

A list of experiments done in this work for the recovery of reusable anode is shown in Table 11, and the
details of the experiments are described in the following subsections. The same results from
experiments using 4 different carboxylic acids were used to evaluate chemical separation of
cathode/anode and removal of corrosion products. 1 M maleic acid was further chosen for separation
of cathode/anode by increasing the dissolution time and temperature, in order to increase the amount
of metal dissolution from the cathode.
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Table 11. Experiments for the recovery of reusable anode material using carboxylic acids.

Practical goal Dissolution condition Sample Investigation 1.
L cathode
4 carboxylic acids
anode
i L cathode
Chemlc?al maleic acid /10 h
separation anode Dissolution .
Investigation 2.
rates
cathode
maleic acid / 50 °C anode Characterization
mixed electrodes of undissolved
Corrosion material
products 4 carboxylic acids Anode

removal

4.5.1 Dissolution experiments using carboxylic acids

Dissolution experiments were carried out on cathode and anode samples (respectively). The samples
were suspended in 1 M carboxylic acid (malonic, maleic, acetic and citric) solution at a S/L of 1/10
through magnetic stirring at room temperature (20 °C). The same experiment was also prolonged to 10
h in the case of maleic acid.

Spent cathode and anode samples, respectively, and a mixture thereof (0.5 g cathode and 0.5 anode)
were immersed in 1 M maleic acid at 50 °C for 75 minutes. The S/L ratio was 1/10 for the separate
fractions, and 2/10 for the mixed sample. The temperature was kept constant using a double-walled
glass vial connected to a heating bath, and a plastic propeller was used for stirring.

Fresh 1 M acid solutions were prepared prior (< 48 h) to the experiments by dissolving appropriate
amounts of malonic, maleic respectively citric acid salts (Sigma Aldrich) in pure water (>18 MQ/cm, Milli-
Q, Millipore), in a volumetric flask. A volumetric flask was also used for the dilution of concentrated
acetic acid (99%, Sigma Aldrich).

The pH was measured using a pH glass electrode (Metrohm) before and after dissolution experiments
that were conducted at room temperature. Buffer solutions at pH 1, 4 and 7 (Radiometer Analytical,
Metrohm) were used for calibration. Variations of agueous potentials due to ionic strength were not
considered, and therefore reported pH values can only be regarded as approximated values.

Small aliquots of samples (0.75 mL) were withdrawn periodically from solutions and immediately filtered
using a 0.45 um PP-filter. Metal concentrations were determined by ICP-OES measurements, according
to procedures described in section 4.2. Dissolution of metals (%) was calculated by the assumption of
constant S/L ratio and previously determined metal concentrations of reference samples. No
compensations for withdrawn volumes were made.

In dissolution experiments for the anode samples the experiment was terminated, and undissolved
material was rinsed using respective fresh 1 M carboxylic acid in three steps. Three steps of pure water
(>18 MQ/cm, Milli-Q, Millipore) rinsing followed. The residual material was dried in a normal
atmosphere for 24 h at 55 °C, and analyzed using XRD and SEM. EDS analysis was carried out on
undissolved mixed electrode samples from experiments at 50 °C using the same sample work up
procedure.
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4.6 Recovery of cobalt using ascorbic acid

Separation of cobalt enriched surface layers from the spent cathode materials were investigated using
ascorbic acid. The feasibility of selective dissolution of cobalt was initially investigated, and most
subsequent experiments were carried out to further investigate the effects of reactions observed in the
initial experiments.

The undissolved material remaining after each experiment was characterized to evaluate the effect of
acid treatment on the anode material.

The list of experiments in Table 12 follows the order of presented results. The details of the experimental
work are described in the following subsections.

Table 12. Separation of cobalt enriched surface layers from cathode material

Ascorbic . . Analysis
Sample treatment Practical goal Investigation technique
1M/4h feasibilit
/ casiollity Dissolution
Decoupling of redox/acidic rates ICP-OES
pH 2-5 .
Spent properties
cathode
Scale up and s§mp|e s/L ratio
1M/2h homogeneity
non-destrgctlvg method Morphology SEM
confirmation
Cathode
a) unspent a) untreated Removal of cobalt surface
P b) untreated . Surface species XPS
b) spent enrichment
c)I1M/2h
c) treated
non-destructive method Dissolution rate ICP-OES
Spent anode 1M/4h confirmation and residual XRD, SEM

characterization

4.6.1 Dissolution experiments using ascorbic acid

Dissolution experiments using ascorbic acid were carried out on spent cathode and anode samples,
respectively, at an S/L ratio of 1/10. Solutions were stirred with magnetic stir bars and the room
temperature was monitored (20 °C) and kept constant. The same conditions were adopted for
experiments with varied S/L ratios or pH.

Fresh acid solutions (1-1.5 M) were prepared (< 48 h) prior to the experiment by dissolution of L-ascorbic
acid salt (Sigma Aldrich) in pure water (>18 MQ/cm, Milli-Q, Millipore). For the investigations of the
effect of pH, 1.5 M buffer solutions of acid respective conjugate base (sodium L-ascorbate, Sigma
Aldrich) were mixed, based on approximations according to Henderson-Hasselbalch [106]:

[base]initiai
H = pK, + log ——= Eqg. 15
p Pfa g lacid]initial q
Measurements of pH, sampling, calculations and further sample work up procedures for
characterization of undissolved material were similar to those previously described (sections 4.4.1 and

4.2).

25



5. RESULTS AND DISCUSSION
5.1 Characterization

Identification of crystalline compounds by XRD analysis was used as a first indication of how the
electrode materials had changed during the battery use phase. Figure 8a-b shows the cathode material,
both unspent (black) and spent (red), and anode electrode fractions, respectively. The XRD peaks of the
cathode material did not indicate the presence of any foreign crystalline phases within samples, only
phases of B-nickel hydroxide (doped with cobalt and zinc) and metallic nickel that are consistent with
JCPDS Card No: 00-059-0459 [125] and 01-070-1849 [126], respectively. No difference was noticed
between the spent and unspent cathode samples. According to the manufacturer, these samples
contain both metallic nickel and cobalt. Due to the similar scattering properties of these metals it was
not possible to differentiate between these elemental phases.

Results from XRD analyses of unspent and spent anode samples can be seen in Figure 2b. The two phases
that were identified in unspent samples correspond to metallic nickel and ABs alloy, due to the
consistency with JCPDS Card No: 01-070-1849 [126] and 04-009-7537 [127], respectively. The spent
anode sample showed a similar diffraction pattern, however the corrosion product that corresponds to
REE(OH)s (e.g. JCPDS Card No: 01-074-0665 [128]) was also detected. It is reasonable to assume that
the corrosion product includes a mixture of four REEs (La, Ce, Nd and Pr). These elements are chemically
alike due to the lanthanide contraction phenomena [26], and all these REEs are used in the alloy
formulation.
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Figure 8. XRD lines for (a) cathode and (b) anode. Both spent (red) and unspent (black) diffraction patterns are shown. X-ray
diffraction spectral lines of (a) unspent (red) and spent (black) cathode samples and (b) unspent (red) and spent (black) anode
samples. The suggested phases Ni, B-nickel hydroxide, ABs alloy and REE(OH); are consistent with JCPDS Card No: 01-070-1849
[126], 00-059-0459 [125], 04-009-7537 [127] and 01-074-0665 [128], respectively.

SEM analysis was done to observe changes in particle size, shape and morphology of both electrode
materials during battery cycling. Cathode particles appeared to not have been changed by battery
cycling, as can be seen by comparing SEM images of unspent and spent samples in Figure 9a-b,
respectively. Independent of sample type (unspent and spent) there was a mixture of completely
spherical and cracked and shattered particles.
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Figure 9. SEM images of (a) unspent and (b) spent cathode material.

ABs alloy particles from unspent and spent anode samples are shown in Figure 10. ABs particles in spent
samples were generally smaller, and had crevices, compared to equivalent unspent particles.
Furthermore, on the ABsalloy particles a needle shaped configuration could be detected, as can be seen
in Figure 11. Based on the literature and the XRD analysis these compounds are identified as REE(OH)s,
which formed as a result of alloy corrosion in the electrolyte [69, 71, 72].

Det | Spot 20.0pm—
mm|ETD 5.0

Figure 10: SEM images of (a) unspent and (b) spent anode material.
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Figure 11. High resolution SEM image of spent anode material.

The metal composition of both spent electrode materials as determined by ICP-OES is shown in

Table 13. In the cathode nickel, cobalt, zinc and low concentrations of aluminum and manganese were
observed. Aluminum and manganese were not detected in the equivalent unspent cathode samples and
are believed to be present in the spent cathode due to cross contamination from the anode. This is not
unexpected and contaminants on the spent cathode material have been observed by others [23, 37].
For the spent anode samples, no zinc could be detected.

Table 13. Composition of spent cathode and anode electrode samples.
Spent Cathode  Spent Anode

mg-g” mg-g*

Al 21+0.1 14.5+0.1
Ce 44.4+0.3
Co 41.9+0.1 55.0+0.4
La 166.2+ 1.0
Mn 05+0.1 37.0+0.2
Nd 28.7+0.2
Ni 605.2 +2.1 564.9 +3.7
Pr 10.3+0.1
Zn 20.7+0.1

Total 670.4+2.5 921.0+ 6.0

The detected metal content of the cathode (670.4 mg/g) is an expected result, as the main components
are metal (Ni, Co and Zn) hydroxides. If the cathode reference sample would only consist of pure nickel
hydroxide, the amount of nickel should correspond to 633 mg/g. The deviation from this value (37.4
mg/g) is probably most affected by the presence of Ni(s) powder that has been mixed into the cathode
electrode.

The degree of oxidation of the spent anode appears to be low as only 79 mg/g of the reference sample
weight was not accounted for, which indicates that most of this weight fraction is oxygen. The amount
of oxidation of the anode can be approximated to 5.5 wt% based on the following assumptions:
homogeneous oxidation of elements, their common oxidation states and the formation of only
hydroxides. This approximation is, however, dubious.

The surface area of both materials was determined using BET measurements. The results from these
measurements are shown in Table 14.

29



Table 14. Surface area of electrode samples using BET method kept isothermal at 77 K and with N;.

Electrode Battery Surface Area (m2-gt) Increase Factor
cathod Unspent 6.12+£0.10 16
athode Spent 2834 +8.28 '
Unspent 0.20+£0.01
Anode 12.3
Spent 2.42+091

The cathode surface area increased from 6.12 to 28.34 m? g from the unspent to spent battery. The
nickel hydroxide material can undergo several phase transitions (a, B, y) that result in increased surface
area, leading to pulverization and/or pore formation. Therefore, this is an expected result.

For the anode material the specific surface area had increased from 0.20 to 2.42 m? gX. This is expected,
because pulverization of the anode material is expected to have occurred with changes in lattice volume
during intercalation of hydrogen into the ABs alloy lattice [23].

From the results of the characterization presented here some conclusions can be drawn about the
degradation of the two spent electrode materials. Degraded qualities will effect strategies to recycle the
materials.

For the cathode material it was not possible to detect any foreign crystalline compounds in the samples,
which indicates that the material has not been changed by the battery cycling. However, low amounts
of the contaminants aluminum and manganese were detected in the analysis of elemental composition.
The presence of these two elements can affect the preferred cycling between -Ni(OH),/B-NiOOH. BET
measurements showed that the cathode had degraded through increased surface area. A change in void
size distribution and/or pore formation can affect electrolyte diffusion, which indirectly can cause
increased internal resistance. Thus, charge/discharge characterisistics are degraded. Analysis with SEM
did however not raise suspicions of severe size or morphology changes during cycling.

In the anode material the original ABs alloy and Ni(s) crystal structures were detected using XRD, and
also a foreign REE(OH)s; phase. Through SEM analysis this phase was observed as needle-shaped
configurations on the ABs alloy surface. Several different corrosion scales that reside underneath these
needles have been observed by others [69, 71, 72]. All corrosion products can interfere with the
functions of the alloy surface. Specifically, the functions are to catalytically react with the electrolyte
and transport hydrogen to and from the alloy bulk [21]. Thus, it is only reasonable to assume that
corrosion products such as REE(OH)s affect the charge/discharge rate of the anode electrode.

The elemental composition of the anode was analyzed using ICP-OES. The experimentally calculated
weight of metals in the spent anode material was close to 1000 mg-g?, which suggested that only a part
(79 mg-g™) is oxygen and/or hydroxide. No contamination of zinc could be observed on the spent anode
material. The amount of corrosion products was not substantial, and was estimated to be approximately
~ 5.5 wt%.

An increase in surface area was noted for the spent anode material using the BET method. Increased
surface area will increase both preferred and parasitic reactions on the ABs alloy surface. Removal of
corrosion products from the spent ABs alloy can potentially produce a material that can be used in
applications where high discharge-rates are preferred. Therefore, it is interesting to further investigate
treatment methods that recover reusable ABs alloy from spent anode materials.
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5.2 Recovery of nickel
5.2.1 Effect of acidity on nickel recovery

Results from dissolution experiments of mixed electrode materials at pH 1 are shown in Figure 12a, and
are in agreement with those obtained by Larsson et al. [113]. From analysis of elemental composition >
90% of Al, Co, Mn, La and Zn were dissolved after 5 h. At this time less (80%) of the nickel was dissolved.
After 30 h of dissolution the amount of dissolved Al, Co, Min, La and Zn had not changed much compared
to the change in the amount of dissolved nickel (100%). This indicates that nickel is mainly dissolving
during the period between 5-30 h. Lanthanum is only found in the ABs alloy and zinc is only found in the
nickel hydroxide. Therefore one can expect that the dissolution rate of ABs alloy > Ni(OH); (s) in
hydrochloric acid solutions at pH 1.

According to the added titrant rate (Figure 12b) the dissolution rate of the waste appears to be divided
into a fast (0-5 h) and a slow regime (5-30 h). These two regimes have very different dissolution rates
and indicate that the different components ABs alloy, nickel hydroxide and Ni(s) are dissolving at
different rates.

The dissolution rate of the remaining 17% nickel (approximately) after 5 h acid treatment is slower
compared to those of the other elements. Nickel exists in mixed electrode materials in three main forms,
namely Ni(s), ABs alloy and nickel hydroxide. It is expected that Ni(s) is only a small fraction of the
samples. Therefore, the 17% nickel that is dissolving slowly is attributed to Ni(s). This is a reasonable
conclusion since hydrogen desorbs slowly from nickel surfaces.
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Figure 12. Dissolution of 1.1 g mixed electrode fraction in pH 1 HCl solution at 25 C. The results show (a) dissolved amount of
elements (%) and equivalent (b) 1 M volume acid addition to maintain pH.

Undissolved material after 5 h of dissolution of mixed electrode materials in hydrochloric acid at pH 1
was characterized. An interesting observation during the practical work was that the undissolved
material was magnetic and could easily be collected with the use of a magnet. The nickel content of
these collected residuals was high (96.6 1 1.0 wt%) and they also contained some cobalt (0.3 0.1 wt%).
No other elements could be quantified > 0.1 wt%. The unaccounted amount (= 3 wt%) is believed to be
related to oxygen present. Analysis results from XRD and SEM can be seen in Figure 13 and Figure 14,
respectively.
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Figure 13. Results from XRD analysis of residual material collected from three replicates (red, black and blue) obtained from
dissolution of mixed electrode material, using pH 1 hydrochloric acid solutions at 25 C, after 5 h. The suggested phase Ni is
consistent with JCPDS Card No: 01-070-1849 [126].

Figure 14. SEM images using Quanta 200 FEG ESEM of unused nickel powder (left) and spent nickel powder (right) collected after
dissolution experiments at pH 1.

Results from dissolution of mixed electrode materials in 1-8 M hydrochloric acid solutions are shown in
Figure 15a-b. The dissolution rates of the ABs alloy and Ni(OH); (s) components are illustrated with the
amount of dissolved lanthanum and zinc, respectively. Dissolution rates of these two components are
complete after 0.5 h in 2-8 M hydrochloric acid solutions. The corresponding dissolution rate of nickel
can be seenin Figure 15b. Itis an expected result that the dissolution rate of nickel is different compared
to that of lanthanum and zinc, since some of the nickel originates from the Ni(s) component.

The dissolution rate of nickel from pure Ni(s) powder samples in hydrochloric acid solutions (1-8 M) can

be seen in Figure 16. Interestingly, the dissolution rate of nickel in 1-4 M hydrochloric acid is similar and
in 8 M solution almost complete dissolution of nickel is achieved after 5 h immersion time.
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Figure 15. Dissolution of (a) lanthanum, zinc and (b) nickel from 0.5 mixed electrode material initially in 1-8 M hydrochloric acid
solutions.
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Figure 16. Dissolution of nickel from 0.25 g pure Ni(s) powder samples initially in 1-8 M hydrochloric acid solutions.

Recovery of Ni(s) can be made by dissolving mixed electrode materials in hydrochloric acid. In a practical
recycling process the mixed electrode materials are immersed in e.g. 8 M hydrochloric acid in order to
dissolve the materials. The dissolution rate of components follows the decreasing order ABs alloy =
Ni(OH); (s) >> Ni(s) in 2-8 M hydrochloric acid concentration and ABs alloy > Ni(OH); (s) >> Ni(s) in 1-0.1
(i.e. pH 1) M acid concentration. That is to say, the acid is rapidly consumed by the ABs alloy and Ni(OH),
(s) components. Therefore one should expect to recover the majority of Ni(s) powder component even
when mixed electrode materials are immersed in 8 M hydrochloric solutions.
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5.2.2 Extraction of metals using Cyanex 923 and the effect of acidity

When the logarithmic distribution ratio of a metal exceeds zero the metal is more concentrated in the
organic phase compared to the aqueous phase. The separation of one metal from others is increased
when the differences in distribution ratios between the metals are increased.

The distribution ratio of zinc from the leachate solution increases with increasing O:A ratio, as can be
seen in Figure 17. The distribution ratio of zinc is at least 1.75 higher order of magnitude compared to
distribution ratios of the other metals (Al, REE, Mn and Co) at O:A = 3. Thus, zinc can be separated from
the other metals. The extraction and separation of zinc from similar leachate solutions, by keeping a low
concentration (8 vol%) of Cyanex 923, is in agreement with the results of others [93].

Variation of general metal extraction with respect to O:A ratio can be seen in Figure 18. All metals except
nickel were extracted, because the concentration of Cyanex 923 was high (70 vol%). Above a 3.5 O:A
ratio the extraction of metals does not increase. As anticipated, Cyanex 923 can be used to extract and
separate metals from nickel [93].
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Figure 17. Extraction of zinc and other metals from 8 M chloride leachate solution using 8 vol% Cyanex 923 in Solvent 70. Nickel
was not extracted.
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Figure 18. Extraction of metals from 8 M chloride solutions using Cyanex 923 (70 vol% in Solvent 70). Zinc was quantitatively
extracted and nickel was not extracted.

34



The results from experiments at different aqueous potentials can be seen in Figure 19. For the sake of
reference, 440 mV corresponds to approximately 0.12 M HCl concentration. At a measured aqueous
potential up to 440 mV the extraction of all metals does not vary with the amount of HCl concentration.
The Log (D = -0.25) corresponds to approximately 40% extraction of lanthanum. Above 440 mV the
extraction of aluminum and REEs decreases. It was described by Larsson et al. [93] that the extraction
of REEs and aluminum benefits from a high chloride concentration but not from increased acidity. The
amount of available extracting agent (Cyanex 923) that can extract REEs and aluminum are instead
consumed by the extraction of acid. Therefore, the results obtained from these experiments are
expected.
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Figure 19. Extraction of metals from 8 M chloride solutions, at varied aqueous potentials. An 8 M chloride solution has been

diluted with 8 M hydrochloric acid, which resulted in an increase of aqueous potential registered with a glass electrode. The
organic phase consists of Cyanex 923 (70 vol% in Solvent 70). The experiments were carried out at a constant O:A ratio of 1.4.

Experimental results from varied O:A ratio experiments confirm the Cyanex 923-chloride system as
appropriate for the separation of zinc, aluminum, cobalt, manganese and REEs from nickel.

The experimental results presented here demonstrate that controlling the acidity is important for
maintaining extraction of REEs and aluminum from 8 M chloride solutions using Cyanex 923. A
concentration of 0.12 M HCl was identified as a threshold value for acceptable REE and aluminum
extraction at 70 vol% Cyanex 923. This threshold implies that 15 mL 8 M HCl is the tolerated level of acid
overshooting when producing 1 L of leachate solution. This accuracy (15 mL) can be achieved on an
industrial recycling scale. However, further work is needed to determine the target level.
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5.3 Recovery of reusable anode using carboxylic acids
5.3.1 Chemical separation of anode and cathode

A summary of the amounts of dissolved metals from cathode respectively anode materials after 4 h
treatment in carboxylic acids (acetic, citric, maleic and malonic acid) are shown in Figure 20. From these
results one can expect no chemical separation of the electrode materials to be achieved without losses
of anode. Possibly, the investigated dissolution period (4 h) was not sufficient for complete dissolution
of the cathode material.
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Figure 20. Summary of the amount dissolved of the main constituent metals (%) in the electrode materials in the respective 1 M
carboxylic acids, after 4 h dissolution at room temperature (20 °C). The pH values before and after the experiments were similar
and approximated with the indicated values.

In trial experiments at 50 °C only maleic acid appeared useful (between the 4 carboxylic acids) with
respect to achieving separation of cathode and anode material, and maleic acid was selected for further
experimental tests.

Dissolution rates of metals from cathode and anode material in 1 M maleic acid solutions are shown in
Figure 21a-b, respectively. The amount of dissolved metals from cathode as well as from anode
increases with time. After 10 h the dissolution of the cathode material was still not complete. However,
itisindicated in Figure 21a by the dissolution curve that the amount of metals released from the cathode
appear to converge. Therefore, separation of cathode and anode is possibly coupled to a limited
solubility of zinc, cobalt and nickel.

Dissolution of all metals from anode samples was high (> 30%) after 10 h, as can be seen in Figure 21b.
This indicates that the ABs alloy material was dissolving.
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Figure 21. Dissolution of 0.5 g (a) anode and (b) cathode samples in 50 mL 1 M maleic acid solutions at 20 °C.

The effect of elevated temperature (50 °C) on the dissolution rates of metals from cathode and anode
in 1 M maleic acid is shown in Figure 22a-b, respectively. With respect to room temperature (20 °C), the
amount of dissolved metals from both cathode and anode were increased.

Zinc had been dissolved completely (100%) after 60 min in 1 M maleic acid at 50 °C, which is an
important observation to make from the results shown in Figure 22a. The amount of dissolved nickel
and cobalt are approximately the same (70%). The current dissolution experiment can potentially still
constitute a separation of the cathode and anode material. Nickel exist as powder, and cobalt exists as
both powder and cobalt-enriched surface layers. The amount of these three compounds in the cathode
samples have not been determined. However, these should only exist at low amounts. Thus, the
remaining undissolved 30% of nickel and cobalt can possibly be attributed to these three components.
Based on these assumptions it is indicated that the nickel hydroxide has reacted completely with maleic
acid.

It can be estimated that 50% of the ABs alloy had been dissolved from the anode sample immersed in 1
M maleic acid at 50 °C, as shown in Figure 22b. A lower fraction of the nickel was dissolved (40%). This
is expected, because metallic nickel powder also exists in the anode samples.
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Figure 22. Dissolution of 0.5 g (a) anode and (b) cathode samples in 50 mL 1 M maleic acid solutions at 50 °C.

Samples treated with 1 M maleic acid at 50 °C for 75 min were characterized with XRD, and the results
are shown in Figure 23. In agreement with the conclusion drawn from the dissolution investigation
(Figure 22a-b) diffraction peaks corresponding to Ni(OH), (s) could not be detected. Instead, only
crystalline phases corresponding to anode constituent materials ABs alloy and Ni(s) were detected.
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Figure 23. Results from XRD analysis of collected solid residual material from dissolution experiments with 1 M maleic acid
solution at 50 °C for 75 minutes. Note that the diffraction peaks corresponding to the anode components ABs alloy and Ni(s)
originate from a mixed cathode and anode sample. The phases Ni and ABs alloy are consistent with JCPDS Card No: 01-070-1849
[126] and 04-009-7537 [127], respectively.

A SEM image and EDS map of mixed cathode and anode sample that had been treated with 1 M maleic
acid for 75 min at 50 °C is shown in Figure 24. The coupled SEM/EDS analysis illustrates that patch-wise
corrosion layers (purple) rich in nickel (red) and carbon (blue) covered the ABs alloy particles. These
layers possibly consist of nickel complexes that were not dissolved during dissolution experiments.
There are no signs of REE(OH); needle formation on the ABs alloy particles. Signs of pitting corrosion
were generally observed on the ABs alloy particles.

Figure 24. SEM images taken with Ultra 55 FEG SEM showing an anode particle separated from mixed electrode material, using
1 M maleic acid at 50 °C for 75 min. Images (left and right) are of the same surface area from one particle and illustrate patch
wise surface layers. EDS analysis uses the following colors: nickel (red), oxygen (green), carbon (blue) and nickel-carbon (purple).

An industrial and practical method, using carboxylic acids, does not appear to be feasible for the
chemical separation of cathode and anode. These acids would only be practically useful in the case
where the dissolution behaviors (rates and amounts) of cathode and anode are very different in the
same solution. Such differences in properties were not observed for any of the investigated carboxylic
acids (malonic, maleic, acetic and citric acid).

It was demonstrated that increasing the temperature from 20 °C to 50 °C for the 1 M maleic acid
solution could achieve a chemical separation of cathode and anode material. However, the anode was
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significantly dissolved (50%). Dissolution of ABs alloy is coupled to the electrochemical oxidation where
hydrogen ions are reduced and hydrogen gas evolves. This is a general drawback for the chemical
separation of NiMH electrode materials using acidic solutions.

5.3.2 Separation of corrosion products from ABs hydrogen storage alloy

Dissolution rates of elements from anode samples using 1 M carboxylic acids (malonic, maleic, acetic
and citric acid) are shown in Figure 25 and Figure 26, respectively. The dissolution of the main anode
constituent elements nickel and lanthanum decreases in the order of malonic > maleic > acetic = citric
acid. The practical pH of the solutions did not vary before and after the experiment, and has been
presented previously in Figure 20.

As previously pointed out it can be roughly approximated that 5.5 wt% of the sample was corrosion
products, i.e. lanthanide hydroxides. Due to the high (> 50%) amounts of dissolved metals it is therefore
indicated that the ABs alloy was dissolving as well in the malonic acid solutions.

The amounts of dissolved metals from anode material were different with respect to the different
solutions used (maleic, acetic and citric acid), as shown in Figure 25a-b and Figure 26a-b. The amount
of dissolved metals into maleic acid were low (< 20%). Interestingly, the amount of dissolved metals into
acetic and citric acid was even lower (< 10%), and also appeared to converge. Previous investigations of
the corrosion products on the spent ABs alloy surface suggest that many different oxidized compounds
(Ni, Co, REE, Mn) can exist. Therefore, the observed different dissolution rates indicate that some of the
corrosion products may have been removed.
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Figure 25. Dissolution of 0.5 g anode material in 50 mL 1 M (a) malonic and (b) maleic solutions.
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Figure 26. Dissolution of 0.5 g anode material in 50 mL initially 1 M (a) acetic and (b) citric acid solutions.
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The results from the characterization of the collected anode samples (subjected to 4 h treatment in
malonic, maleic, acetic and citric acid) using XRD can be seen in Figure 27a. For all samples the same
crystalline phases corresponding to the ABs alloy and Ni(s) were detected. For the sake of comparison,
the highest relative intensities of REE(OH); phases, which occur between 27-29, 39-41 and 48-50 26
angles are shown in Figure 27b. As far as can be seen from XRD analysis the REE(OH)s has been removed
by the treatment of malonic, maleic, acetic and citric acids.
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Figure 27. XRD diffractograms of spent and untreated anode and anode samples subjected to 4 h treatment in different 1 M
carboxylic acids (a). The resolution of relative intensities at some 20 intervals has been increased (b). The phases Ni, ABs alloy
and REE(OH); are consistent with JCPDS Card No: 01-070-1849 [126], 04-003-7537 [127] and 01-074-0665 [128], respectively.

SEM analysis was conducted on anode samples that had been treated with 1 M carboxylic acids for 4 h
and the results are shown in Figure 28a-b (malonic acid) and Figure 29a-b (acetic respectively citric acid).
The effect of treatment with maleic acid that can be expected has been previously presented in Figure

24. The images that are shown here represent the most important observations that were made during
analysis.
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In all analyzed samples the characteristic irregular anode particle shape that resembles the shapes of
unspent ABs alloy particles was detected. This indicates that neither treatment completely destroyed
the particle shape.

In samples subjected to the aggressive leaching solution (malonic acid) the surfaces of particles were
visually alike. Particles subjected to malonic acid appeared to have been subjected to uneven corrosion,
e.g. pitting corrosion (Figure 29a). In addition, the surfaces of the examined particles had patch-wise
surface layers (Figure 29b). In comparison to the EDS analysis of samples treated with maleic acid at
50 °C (Figure 24) these patch-wise surface layers are visually similar. Therefore it is reasonable to
assume that the patch-wise surface layers seen here are also nickel-carbon enrichments.
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Figure 28. SEM images taken with Ultra 55 FEG SEM. Anode particles treated with 1 M malonic acid for 4 h. In the left hand Figure
(a) patch-wise corrosion products are observed. In the right hand Figure (b) pit formation (i.e. pitting corrosion) is seen.

For the least aggressive treatment media (acetic and citric acid) the visual appearances of particles were
similar regardless of treatment solution. Most of the ABs alloy particles in these samples were covered
with irregular disc-like crystals (see Figure 29a-b). These surfaces do not resemble the surface of
unspent ABs alloy. It is therefore believed that the observed surface layers are acetate or citrate metal
complexes, respectively, or remaining undissolved corrosion products from battery cycling (i.e.
nickel/cobalt oxides).
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Figure 29. SEM images taken with Ultra 55 FEG SEM of anode particle treated with (a) acetic and (b) citric acid for 4 h. The surface
morphologies of observed particles were comparably similar regardless of the acid (acetic and citric) used to treat the anode
samples. The image to the right (b) is at high resolution.

It was not possible to recover an ABs alloy material completely free from inorganic and/or organic
corrosion product from spent anode material using the carboxylic acids chosen for the current work.
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Carboxylic acids contain oxygen in the functional group (COOH) that can interact with the surfaces of
the solid samples. These interactions can result in kinetically slow surface processes. In fact, the
dissolution rates of the anode material (in carboxylic acids) presented in the current work are generally
low compared to previous investigations (in mineral acids) [113]. Therefore, the attempt to use
carboxylic acids to slow down the dissolution of ABs was to some extent successful.

The practical usefulness of the investigated carboxylic acids is, however, limited. An interesting
conclusion that can be drawn is that acetic and citric acid can be used to remove the REE(OH)s
compounds from the surface without significantly dissolving the ABs bulk. This was not observed for the
two other acids (malonic and maleic acid). From electrochemical considerations it is predicted that the
ABs alloy will eventually also react with acetic and citric acid, due to the hydrogen evolution potential.
Therefore, it is probable that the relatively selective removal of REE(OH)s is associated with slow
dissolution rates of the remaining corrosion products.

5.4 Recovery of cobalt using ascorbic acid
5.4.1 Cathode material
5.4.1.1 Leaching of cathode

The results from preliminary dissolution experiments in 1 M ascorbic acid are shown in Figure 30.
Dissolution of cobalt was approximately 63% after 60 minutes. At this time the dissolution of nickel
(1.4%) and zinc (3.1%) were both low. Relatively selective dissolution of cobalt using ascorbic acid was
expected, due to the reducing properties of ascorbic acid and the elevated oxidation state of cobalt at
the cathode surface.

Itis difficult to determine the cause of selective dissolution of cobalt in these experiments. Interestingly
only a fraction of the cobalt was dissolved. The total concentration of cobalt in cathode material is low
(4.2 wt%) and it is suspected that cobalt exists in the following three different components: elemental
cobalt powder, cobalt hydroxide and surface enriched cobalt in oxidation states higher than 2. It is
therefore difficult to estimate the amount of cobalt that exists on the surface of the nickel hydroxide
material. Since the cathode material is complex, further experiments are needed to elaborate on the
observed selective dissolution phenomena.
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Figure 30. Dissolution of the main elements cobalt, nickel and zinc from cathode samples using 1 M ascorbic acid solutions, at 20
°C and S/L ratio of 1/10.

The effect of pH on the dissolution of metals from cathode samples was investigated, and the results
have been summarized in Figure 31 and Figure 32. Aluminum and manganese that had been observed
in spent cathode samples were also considered in these experiments. The results show that the solution
pH has only a slight effect on the dissolution rate and amount (60-70%) of dissolved cobalt. The effect
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of pH on the dissolution of other elements (Al, Ni and Zn) was similar, but the amount of dissolved
metals was generally low (> 2-4.5%). Interestingly, the dissolution behavior of manganese is similar to
that of cobalt with one exception; manganese dissolves completely (100%).

The hypothesis that a redox reaction responsible for selective cobalt dissolution was a general
statement in section 4.5. The hypothesis was confirmed by decreasing the acidity of leaching solutions
in which ascorbic acid still had a negative reduction potential.

A variation in pH did not have a significant effect on the dissolution of nickel hydroxide particles, as can
be seen in Figure 31. Nickel and zinc are constituents of the spent nickel hydroxide bulk particles, and
the dissolution of these metals was low (> 2-4.5%). Other researchers suggest that aluminum is
intercalated into the nickel hydroxide bulk [37, 69, 74, 75]. In the current results (Figure 31) it is also
suggested that aluminum is intercalated in the nickel hydroxide bulk, since aluminum dissolves with
similar rates to the bulk-constituent metals nickel and zinc.

Both cobalt and manganese dissolved fast, and manganese completely, in ascorbic acid. Thus, it is
reasonable to assume that both these metals exist at the surface of the cathode material. The reduction
potential of the pairs Mn*/Mn?* (1.54 V) and Co*/Co? (1.92 V) are both positive [107], and the
reduction potential of ascorbic acid is negative in acidic solutions. Dissolution of these metals is
therefore thermodynamically reasonable.
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Figure 31. Dissolution of (a) aluminum (b) nickel and (c) zinc in 50 mL 1.5 M ascorbic acid/sodium hydrogen ascorbate solution at

20 °C, from 0.5 g cathode material. The acidities (pH) of the initial and final solutions were similar and have been approximated
to the indicated pH values.
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Figure 32. Dissolution of (a) cobalt and (b) manganese in 50 mL 1.5 M ascorbic acid/sodium hydrogen ascorbate solution at 20
°C, from 0.5 g cathode material. The acidities (pH) of the initial and final solutions were similar, and have been approximated to
the indicated pH values.

Results from investigation of S/L ratio on the dissolution of cobalt and manganese are shown in Figure
33. Both the amount of manganese and the targeted cobalt are homogeneously distributed in the
cathode material, as indicated by the similar amount of dissolved material. Existence of manganese in
spent cathode material is a result of ABs alloy corrosion. It is therefore only logical that also manganese
resides at the surface of the nickel hydroxide particles.
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Figure 33. Dissolution cobalt, manganese, nickel and zinc in initially 1 M ascorbic acid solutions for 2 h at 20 °C, while varying the
solid to liquid ratio (kg cathode/Liter solution).

With the results presented above it is indicated that ascorbic acid is useful for producing a concentrated
cobalt solution from NiMH electrode waste. However, there are yet some aspects that need to be
further investigated. In solutions with the highest amounts of dissolved metals (249 mmol/L Co, 10
mmol/L Mn, 56 mmol/L Ni and 3 mmol/L zinc) precipitation occurred during storage of the solution.
Elemental analysis of the residual and filtered solutions showed reduced concentrations of all metals:
cobalt (30.3%), manganese (7.6%), nickel (19.3%) and zinc (27%). From a recycling point of view this is
an interesting result. It suggests that cobalt-enriched surface layers can be extracted relatively
separately and then conveniently recovered as a solid compound.
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5.4.1.2 Characterization of undissolved cathode materials

Cathode material was analyzed with SEM after ascorbic acid treatment (1 M for 2 h) and images of these
samples are shown in Figure 34. These images show that spherical particles are still observed after
treatment with ascorbic acid. In agreement with previous characterization of unspent and spent
cathodes there are also observations of particles that have been shattered and/or cracked. Therefore
the treatment using ascorbic acid cannot be regarded as a destructive method with respect to the shape
of the particles.

Figure 34. SEM images of cathode particles from analysis using Quanta 200 FEG ESEM. Both images show particles that have been
treated with 1 M ascorbic acid for 2 h. The image to the right is at higher resolution.

A survey XPS spectrum was produced by analysis of several different cathode samples. In Figure 35 the
results from analysis of unspent and spent cathode samples, and spent cathode sample, treated with 1
M ascorbic acid (2 h) can be seen. For the current result only the indicated peak Co 2ps,; is of interest,
which occurs at approximately 779.6 eV. The oxidation state of cobalt that is associated with this peak
is discussed in more detail in the following paragraph, in which the results of narrow scans are
presented. For now it is pointed out that this peak (779.6 eV) corresponds to certain cobalt
compound(s). The peak position shows that such cobalt compound(s) only exist on samples that have
not been treated with ascorbic acid.

Other peaks seen in Figure 35 are expected to be associated with other elements in the sample matrix
(i.e. Ni) or impurities obtained from sample work up (Si, C, Na etc.).
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Figure 35. XPS survey spectrum of the three different sample types spent, unspent, and spent and treated cathode samples.
Treated sample refers to treatment using 1 M ascorbic acid for 2 h.

At the immediate surface of both unspent and spent cathode particles a main peak at approximately
779.6 eV was detected, as can be seen in the narrow scan shown in Figure 36a. Binding energies at this
energy correspond to cobalt 2p,/3. According to the literature, at this binding energy (779.5 eV) several
cobalt compounds may give rise to the 2p,; spectral line, namely CoOOH, Co,0; and Cos04 [129].
Nonetheless, for these three compounds cobalt is at an elevated oxidation state, namely +2.7 (Co30.)
or +3 (CoOOH and Co,0s3). As can be seen in these narrow scans, the cobalt compounds with oxidation
states higher than 2 have been removed by treating the spent cathode samples in 1 M ascorbic acid
solution for 2 h.

Narrow acquisition scans around 860 eV for spent and unspent cathode, and treated spent cathode
samples are shown in Figure 36b. These results are presented in order to point out the presence of
nickel at the surface, which is the most abundant metal in the cathode samples. Different nickel
compounds (Ni(OH),, NiOOH and NiO) are associated with the peak broadening around the main peak
(Ni 2ps/2, at 855.5 eV) [130]. It can be concluded that the surface speciation of nickel also varies, which
can be expected due to complex surfaces. Interestingly, the nickel surface speciation does not appear
to have changed during the ascorbic acid treatment.
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Figure 36. Narrow scans of different cathode samples, namely spent and unspent cathode samples, and spent samples treated
with ascorbic acid (i.e. “treated”). In (a) spectral lines associated with Co 2py3 (779.5 eV) and Co 2py/» (794.2), on cathode
samples. It can be seen that the sample treated with 1 M ascorbic acid (2 h) does not have any Co 2p peaks in this range (eV). In
(b) spectral lines at around 855.5 eV correspond to Ni 2ps/,.

Detection of the contaminants aluminum and manganese was not possible with XPS. Aluminum is
difficult to detect due to its low concentration (2 mg/g) in the material and the only peaks (2s and 2p)
that could be expected in the measured range overlap with peaks corresponding to nickel 3s and 3p.
Although the manganese peak of 2ps/; also overlaps with the nickel auger line the Mn 2p1/, should be
detectable if the concentration is sufficiently high. However, the concentration is low (0.5 mg/g) in these
samples. Therefore it is concluded that no significant manganese enrichment on the cathode surface
could be detected using this method. Due to limited practical means of detecting manganese at such
low concentrations its existence can only be speculated.

To verify that cobalt is enriched on the surfaces of spent cathode samples it was of interest to also
analyze the depth profile. The result of this analysis is shown in Figure 37 and it can be seen that the
concentration of nickel and cobalt varies with the depth. At the immediate top surface the
concentration of cobalt is higher (25 at%) compared to deeper into the bulk, in which cobalt converges
to < 10 at%. This confirms that cobalt is more located at the surface region.

With the presented XPS results it can be concluded that the cobalt-enriched surface on spent cathode
materials can be removed by ascorbic acid. This also confirms the results obtained from dissolution
experiments. Because the cobalt-enriched surface can be selectively dissolved, the ascorbic acid
treatment may also be a practical means of evaluating the thickness of these layers.
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Figure 37. Depth profile (at%) of spent cathode sample using Ni 2ps/2 and Co 2ps/, binding energies (indicated by legends Ni2p3
and Co2p1, respectively). The etching rate calibrated on Ta,Os with these conditions is 4.76 nm/min.

5.4.2 Anode material
5.4.2.1 Leaching of anode

Dissolution of anode samples in 1 M ascorbic acid solutions are presented in Figure 38. The total amount
of manganese in anode samples was 3.7 wt% and is mainly found in the ABs alloy bulk. The observation
that only 4% of the total manganese content had dissolved suggests that only a little manganese (4% of
3.7 wt%) resides on the spent anode particle surfaces. This low amount makes it difficult to detect
manganese compounds on the surface of the spent anode material. However, according to the
observations made by Maurel et al. [72] manganese is solubilized in the electrolyte and then re-
precipitates on the alloy particle surfaces as MnO(OH) (s) and Mn(OH); (s). As previously pointed out,
the reduction potential of the Mn3*/Mn? pair is positive (1.54 V vs SHE) [107], and the reduction
potential of ascorbic acid is negative in acidic solutions. An electrochemical cell formed from manganese
(1) and ascorbic acid is therefore thermodynamically possible.

The results indicate that the physical and chemical properties of the hydrogen storage alloy particles
have not been affected by the ascorbic acid treatment.
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Figure 38. Dissolution of cobalt, lanthanum, manganese and nickel from anode materials using 1 M ascorbic acid solutions, at 20
°C and S/L ratio of 1/10.
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5.4.2.2 Characterization of undissolved anode material

XRD analysis was performed on the collected undissolved anode samples from 1 M ascorbic acid
treatment for 4 h (see Figure 39). As far as can be seen from the XRD analysis, only the REE(OH)s, ABs
alloy and Ni(s) phases can be detected. This result is in agreement with the insignificant dissolution that
has been quantified through ICP-OES analysis. More importantly this result also indicates that no
additional (crystalline) oxidation products have been formed during the treatment.
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Figure 39. The figure show the relative intensities of the disposed anode material and after 4 h dissolution treatment of ascorbic
acid. The suggested phases Ni, ABs alloy and REE(OH)3 are consistent with JCPDS Card No: 01-070-1849 [126], 04-009-7537 [127]
and 01-074-0665 [128], respectively.

SEM images of spent ABs alloy particles treated with ascorbic acid are presented in Figure 40. In
agreement with XRD analysis it was possible to observe the REE(OH)s needles covering particle surfaces.
Overall, the electron microscopy showed that the ABs particles remained in their original form. The
comparison with previous SEM images (Figure 10) of unspent and spent ABs particles indicate that the
ascorbic acid treated particles have not been completely destroyed. These results, coupled to results
obtained through XRD and ICP-OES analysis, do not raise any suspicions that the ascorbic acid treatment
destroys the ABs alloy material.

EHT =15.00 kV Signal A = SE2 Date :10 Apr 2017 EHT = 5.00 kv Signal A = InLens Date :26 Jan 2017
WD=10.0mm Mag= 1.00KX Time :11:01:43 WD= 3.1 mm Mag = 50.00 KX Time :17:40:07

Figure 40. SEM images of anode particles treated with 1 M ascorbic acid for 4 h, using Ultra 55 FEG SEM. To the left, three
different particle morphologies are observed. The particles in the background show two different morphologies, compared to

the particle in focus. The right images show REE(OH); needles at high resolution.
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6. CONCLUSIONS

Recycling of NiMH batteries is important in order to recover economically and technologically important
metals (Ni, Co, REEs), which can be used to sustain the needs of various markets, e.g. steel industry or
new NiMH batteries. The intention of this work was to contribute to the development of sustainable
recycling methods by investigating selective recovery of the components: (1) metallic nickel, (2) reusable
ABs alloy and (3) cobalt.

6.1 Characterization of spent NiMH batteries

The aim of characterizing NiMH materials was to evaluate the feasibility of reusing some of its
components. It was clearly shown from the characterization of spent bipolar NiMH batteries using ICP-
OES, XRD, SEM and BET that the components did not completely degrade through battery cycling.
Overall, the qualitative observations of degradation that were made are in agreement with previous
investigations.

Ultimately, the feasibility of reusing some of the spent NiMH components cannot be addressed without
practically testing new batteries made from recovered and regenerated components. Reusing the ABs
alloy material from spent NiMH batteries appears most interesting. The increased surface area can be
beneficial in further uses, and avoiding reproduction of this alloy from metal ingots reduces high
consumption of energy. However, corrosion products such as REE(OH); must be removed, in order to
restore charge/discharge properties.

6.2 Recovery of metallic nickel

The intention of using hydrochloric acid to treat NiMH waste had the separate goals: (1) recovery of
metallic nickel and (2) investigating compatibility of produced leachates with Cyanex 923 solvent
extraction separation of metals.

Recovery of Ni(s) powder relies on strong chemisorption of hydrogen onto nickel surfaces, thus slowing
down oxidation of nickel in acid solutions. At pH 1 the dissolution rate of Ni(s) powder is slower than
the corresponding dissolution of the ABs alloy and nickel hydroxide components. Ni(s) powder can
therefore be recovered by using a well-chosen leaching time. This is economically favorable for two
reasons. Firstly, less acid is consumed while a relatively pure (96.6 wt%) Ni(s) powder fraction can be
recovered. Secondly, extensive time to dissolve the Ni(s) powder can be avoided.

Compatibility of chloride leachates, with different levels of acidity, with Cyanex 923 was investigated.
The results of this work re-confirmed that Cyanex 923 is useful for the separation of metals (Zn, La, Ce,
Pr, Nd, Al, Mn, Co) from nickel, as has been stated previously by Larsson et al. [93]. It was demonstrated
that excess addition of acid in the dissolution step will result in inhibited extraction of rare earth
elements (La, Ce, Pr, Nd) and aluminum. Controlling the acidity of the produced leachate solution is
therefore important, because extracting agent is consumed through preferential extraction of acid
[114].

6.3 Recovery of reusable ABs alloy

This work set out to test carboxylic acids for the recovery of reusable ABs alloy, as had been previously
proposed [115]. The results from this investigation indicated that the chemical separation of cathode
and anode (including ABs alloy) was possible at 50 °C, using 1 M maleic acid for 60 min. However, much
(50%) of the ABs alloy was also dissolved. Therefore, for practical recycling applications the uses of
carboxylic (malonic, maleic, acetic and citric) acids are limited. Avoiding oxidation of ABs alloy in aqueous
solutions is difficult, due to the ABs alloys electrochemical reactions with acid and water.
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Another intention of using carboxylic acids was to slow down the dissolution of the anode material, in
order to remove corrosion products without dissolving significant amount of the ABs bulk. The
conclusions drawn from dissolution experiments as well as from XRD and SEM analyses were that it is
possible to selectively remove REE(OH)s corrosion products using acetic or citric acid.

6.4 Recovery of cobalt

The aim of using ascorbic acid was to investigate if cobalt could be recovered selectively from cobalt-
enriched surface layers on cathode nickel hydroxide particles. In a relatively short time (60 min) the
dissolution of these layers was complete. The pH of the solutions did not influence the dissolution rate.
Selective dissolution of cobalt-enriched surface layers is possible because the cobalt oxidation state(s)
are higher than 2 (+2.7, +3 or a mix thereof), which is different compared to those of the other metallic
or hydroxide components.

At a high S/L ratio (0.5 kg cathode material/L 1 M ascorbic acid solution) a concentrated leachate
solution (249 mmol/L Co) was produced. It was also found that precipitation of cobalt, nickel, zinc and
manganese compounds occurred in concentrated leachate solutions.

Aninteresting result was that manganese contamination, which had been detected in the spent cathode
materials, was indicated to exist in the outermost layers of the nickel hydroxide particles. Complete
dissolution of manganese was obtained after 40 min, in 1 M ascorbic acid solution.

The spent anode material was not affected by the ascorbic acid treatment, and therefore this treatment
can be used as a pre-step in a method to recover useable ABs alloy.
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7. FUTURE WORK

The work presented in the current thesis has suggested three different methods of extracting different
valuable materials (Ni(s), ABs alloy and Co) from spent NiMH electrodes. These three methods are
interesting to further investigate in order to develop and/or optimize practical recycling methods.

The feasibility of separating particles of metallic nickel from mixed electrode waste was demonstrated
using hydrochloric acid. For recycling purposes, it is necessary to further investigate a practical method
to control the amount of added acid. It is important to either completely dissolve the solid materials or
control the acidity of the leachate solution. Addition of oxidation agents, such as hydrogen peroxide,
may be useful to achieve complete Ni(s) dissolution. The effect of added chemicals to subsequent
separation and steps needs to be considered. Controlling the acidity would be another alternative,
which involves developing a practical method of measuring the rate of acid consumption.

Recovery of ABs alloy using aqueous method is challenging due to oxidation of ABs alloy through
hydrogen reduction from water or acid. It is necessary to inhibit the surface oxidation. Nitrogen
containing compounds (i.e. amines) have a high base strength and the free electron pairs on nitrogen
can associate and bind to the metal surface. Potentially, amines can inhibit oxidation more than similar
oxygen-containing compounds (i.e. carboxylic acids).

To separate cobalt using ascorbic acid in practical recycling it is recommended that further
investigations of this system focus on the aqueous system perspectives (i.e. complex solubility). This
recommendation is made due to observations of precipitation of cobalt, nickel, zinc and manganese in
some leachate solutions, while attempting to scale up this method. It is also recommended that further
investigations are designed to further evaluate the type of cobalt complex that is formed, in order to
develop leachate treatment methods, e.g. solvent extraction.
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APPENDIX I: ANALYSIS TECHNIQUES
I. A Qualitative analysis of crystalline compounds by X-ray diffraction (XRD)

Solid samples were analyzed using X-ray diffraction (XRD) instrument Bruker AXS. The samples were
exposed to characteristic Cu Ky irradiation and the diffracted X-rays were detected with a scintillation
detector. Identification of crystalline compounds was made by comparison with standards in the Joint
Committee of Powder Diffraction Standard database [131].

I. B Scanning electron microscope (SEM) imaging of particles

Imaging of solid sample surfaces was carried out using an Ultra 55 field emission gun (FEG) scanning
electron microscope (SEM) and Quanta 200 FEG environmental SEM (ESEM). Both these instruments
were equipped with Oxford Inca energy dispersive X-ray (EDX) detectors. Acceleration voltages were
between 5 and 15 kV.

I. C Elemental composition using inductively coupled plasma optical emission spectroscopy (ICP-OES)

An inductively coupled plasma optical emission spectrometer (iCAP6500) was used for determining
concentrations of elements in solutions. Samples were diluted in 0.7 M suprapure nitric acid (65 wt%,
Sigma Aldrich) and compared to external calibration, prepared from standard stock solutions (1000
ppm, Ultra Scientific). The limit of quantification was determined as 100 of the standard deviation of
the blank (matrix) solution.

I. D Solid sample surface area measurement using Brunauer-Emmett-Teller (BET) method

The specific surface area (m?/g) of samples was measured using the Brunauer-Emmett-Teller (BET)
method [132]. Nitrogen gas was used for adsorption determination, kept isothermal at 77 K using liquid
nitrogen, using a Micrometrics ASAP 2020. The temperature was ramped with 10 °C/min to 100 °C, and
kept at this temperature for 60 min under vacuum (300 umHg).

. E X-ray photoelectron spectroscopy (XPS) analysis of surface species

The X-ray photoelectron spectroscopy (XPS) analyses were carried out using a PHI 5000 VersaProbe IlI
instrument. The AlK, (1486.6 eV) X-ray source using monochromator was used to generate
photoelectrons. Acquisition conditions for the survey spectra (0-1100 eV) were 140 eV pass energy, 45°
take off angle with 0.5 eV/step. Selected region spectra were recorded covering the Ni 2ps, Co 2ps
and C 1s photoelectron peaks. The acquisition conditions were then 26 or 55 eV pass energy, 45° take
off angle and 0.1 eV/step. The samples were mounted on a removable tape and flooded with low energy
electrons and argon ions, in order to compensate for charge. C 1s (284.8 eV) was used for reference.

The depth profiling was carried out by successive ion etchings and XPS analyses using Ni 2ps/; and

Co2p12 peaks, using an argon beam of 2kV over an area of 2x2 mm?. The etching rate calibrated on
Ta,0s with these conditions is 4.76 nm/min.
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