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ARTICLE INFO ABSTRACT

Keywords: The exploration of alternative energy sources is inextricably linked with energy storage considerations. Current

Leaching high density energy storage options on the market rely heavily on lithium (Li)-based technologies. A projected

Lithium-ion batteries increase in energy storage technology demand has sounded the alarm on a need to develop suitable approaches

gﬁ:&i;ﬁg_core model for the recovery of the various constituent metals from spent Li-ion batteries (LIBs). This, coupled with urgent

Kinetics consideration for the environment has necessitated the investigation of various LIB metal recovery techniques. In
this work, we explore the novel application of the hydrohalic acids, hydrobromic (HBr) and hydroiodic (HI) acid,
as lixiviants in a series of leaching experimental investigations on LIB cathode powder. A methodology for
battery disassembly and cell cathode material recovery is presented leading up to the metal leaching. Our results
indicate that the lixiviants can be utilized in the absence of a reducing agent which is typically present in
conventional LIB leaching systems. The highest recoveries of the constituent metals, Co, Li, Mn and Ni in the HI
system were 92.9 %, 93.6 %, 93.1 % and 94.5 % respectively, at an operating temperature of 60 °C and with a
1.5 M HI concentration. The HBr system achieved metal recoveries of 90.6 %, 89.1 %, 83.1 % and 96.4 % for Co,
Li, Mn and Ni respectively, at 60 °C and using 2 M HBr. Kinetic studies showed that the leaching mechanism for
both acids follow a chemical reaction-controlled model.

Introduction (Ziegler et al., 2021; Philippot et al., 2019). Representative figures

The discussion around fully leveraging renewable energy technolo-
gies is one that has been synonymous with energy storage concerns.
Technological advancements focusing on portable devices and electrical
transportation such as electrical vehicles (EVs) have further spurred on
studies into improving energy storage technologies (Wei et al., 2017;
Berckmans et al., 2017; Harper et al., 2019; Mo and Jeon, 2018). Energy
storage technologies involving lithium (Li) as the platform [lithium
batteries (LBs) and lithium-ion batteries (LIBs)], which offer a high en-
ergy density, are long lasting and environmentally friendly (Duan et al.,
2020; Zhou et al., 2018), have been widely adopted. These technologies
feature a number of chemistries comprised of different key elements
such as cobalt (Co), nickel (Ni), manganese (Mn) and iron (Fe), aside
from Li (Nadimi and Karazmoudeh, 2021; Bhandari and Dhawan, 2022;
Ryu et al., 2021; Li et al., 2019). Proliferation of Li-based technologies
has also been largely driven by the vast amount of research and devel-
opment invested in improving the technologies, which has also resulted
in making them cost effective for commercialization over the years
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adapted from work by Ziegler and Trancik (2021), outlining the per-
centage decrease in lithium-ion cell prices of various cell types, are given
in Fig. 1. The figure shows a considerable decrease of ~73-93 % in the
cost of Li-based battery products over a span of 27 years. As a result, the
growing application of such technologies has led to an increase in de-
mand for the LIB constituent materials.

Predictions show a global LIB demand of 2400 GWh by 2030 and
various predicted LIB demand levels by 2040 based off various socio-
economic pathway framework models (Degen et al., 2023). The socio-
economic pathway framework outlines various possible futures for
humanity up until the year 2100 (Riahi et al., 2017). The models that
apply to LIBs chiefly focus on three possible pathways: the i) fossil fuel
dominant (SEP1), ii) middle way (SEP2) and iii) sustainable (SEP3)
pathway (Marscheider-Weidemann et al., 2021). The predicted LIB de-
mand and percentage LIB demand growth between 2030 and 2040 based
on each of the three highlighted pathways is given in Table 1. Such
predicted growth rate, especially for the SEP3 model, will require a large
amount of LIB raw materials. Several of the key LIB constituent
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Fig. 1. Percentage decline in lithium-ion cell prices for different cell types over
specific time periods (.
adapted from Ziegler and Trancik (2021))

Table 1
Predicted 2040 LIB demand and growth between 2030 and 2040 based on the
socioeconomic pathway framework (Degen et al., 2023).

SEP1 SEP2 SEP3
Predicted 2040 global LIB demand/(GWh)* 2900 3400 6100
Percent increase (2030-2040) in LIB demand/(%) 21 42 154

* Taking into consideration a mixed battery market with new, post lithium-ion
battery types.

materials, primarily the cathode metals, have an imbalanced
geographical distribution which draws in aspects of geopolitics ad global
supply chain concerns (Manjong et al., 2024). For example, a large
portion of the world’s Co is chiefly mined in the geopolitically unstable
Democratic Republic of Congo region, whereas the distribution of
extractable Li is also greatly polarized (Tembo et al., 2024; Yu et al.,
2022). Apart from the demand for raw materials, increased LIB uptake
will consequently result in large volumes of waste LIBs that would
require treatment at their end of life (EoL). It is estimated that by 2030
an upward of 5 million tons of LIBs will be at EoL (Quebec, 2019). The
combined need for alternative sources for LIB constituent materials and
approaches for addressing EoL LIBs has necessitated studies focusing on
the recovery and re-use of the different LIB constituents (Tembo et al.,
2024; Yang et al., 2017). Recycling has emerged as a possible solution
for supplementing the supply of much needed LIB constituent materials
while simultaneously providing a means for handling LIB waste (Tembo
et al., 2024; Abdalla et al., 2023).

Various process approaches addressing the recycling of LIB constit-
uents have been developed with application of different treatment
procedures (Sommerville et al., 2020; Huang et al., 2018; Saleem et al.,
2023). These LIB recycling approaches can be broadly divided into
direct and indirect recycling, while indirect recycling can be further
subdivided into pyrometallurgical and hydrometallurgical treatment
procedures (Tembo et al., 2024). Mechano-chemical processing may be
included as a pretreatment step in either direct or indirect recycling
(Tembo et al., 2024). Focusing on indirect recycling, mechano-chemical
treatment has mostly been used prior to conducting pyrometallurgical
and hydrometallurgical treatment procedures. Mechano-chemical
treatment is associated with comminution operations that result in
mechanically induced changes in the material which consequently in-
fluences the material chemical and physical properties (Yang et al.,
2017). Through a combination of mechanical forces such as impact,
friction and collision, a portion of the applied mechanical energy is
converted into internal energy which improves the material chemical
reaction activity and simultaneously changes the material
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physiochemical properties (Tan and Li, 2015; Beyer and Clausen-
Schaumann, 2005; Wang et al., 2018). The main processes that have
been highlighted to occur during mechano-chemical treatment are
chemical reaction, polymorphic transformations and bond breakage,
which all result in an increase in reaction activity and a decrease in
activation energy (Maghsoudlou et al., 2016). Pyrometallurgical pro-
cesses utilize substantially elevated temperatures for the selective
extraction and separation of metals or other compounds. They produce
negligible to no liquid waste which allows for scale up and large-scale
processing of materials and as a result, they are mostly applied at
commercial scale (Makuza et al., 2021; Zhou et al.,, 2021). Major
drawbacks associated with the pyrometallurgical techniques include
pollutant generation as well as high energy demand (Liu et al., 2019;
Yadav et al., 2020).

In contrast to pyrometallurgical techniques, two significant benefits
of the hydrometallurgical processing route are: i) this approach offers
relatively less pollutant generation and ii) has a lower energy demand
making the process a very promising one from a sustainability stand-
point (Lv et al., 2018; Chan et al., 2021). Hydrometallurgical techniques
are utilized in conventional metal production processes (well-known
and thoroughly investigated) (Guo et al., 2019; Guo et al., 2017; Rosales
et al., 2016; Amer, 2008; Yan et al., 2012; Vu et al., 2013), and this has
been extended to the recovery and recycling of LIB constituent metals
(Meshram et al., 2015; He et al., 2017; Gao et al., 2017; Yue et al., 2018;
Verma et al., 2020).

Hydrometallurgical treatment of LIBs

The hydrometallurgical recovery of materials from LIBs chiefly in-
cludes pretreatment stages which are preceded by a leaching operation
and lastly recovery of the dissolved constituent metals by precipitation
or a combination of solvent extraction and precipitation. One could
highlight the leaching of the LIB constituents as the main operation in
the hydrometallurgical treatment process (Yao et al., 2018). The con-
stituent leaching process directly affects the downstream processing and
therefore, if performed optimally could simplify the subsequent sepa-
ration processes. LIB leaching operations can utilize i) acidic (organic
and inorganic), ii) ammoniacal, iii) alkaline or iv) salt solutions
(Musariri et al., 2019; Zhang et al., 2018; Chu et al., 2021; Wu et al.,
2019; Ku et al., 2016; Zheng et al., 2017; Liang et al., 2021; Dai et al.,
2022). Conventional LIB leaching operations apply a combination of
acid media and a reducing agent to act as a lixiviant (leaching liquid
media) (Pinegar and Smith, 2019; Vishvakarma and Dhawan, 2019). A
typical, 7 step, LIB acid-based hydrometallurgical treatment process
flow diagram to obtain pregnant leach liquor is given in Fig. 2.

On focusing on the application of inorganic acids, which have proven
to be efficient lixiviants in LIB recycling, various configurations have
been investigated with results showing that the major acids of choice are
sulfuric (H2SO4), hydrochloric (HCI) and nitric (HNO3) acids (Fan et al.,
2021; Guimaraes et al., 2022; Li et al., 2017; Barik et al., 2017; Xuan
et al., 2021; Aaltonen et al., 2017; Aannir et al., 2023). These acidic
leaching systems have shown some advantages and disadvantages,
which are summarized in Table 2. Examples of reducing agents that have
been adopted are hydrogen peroxide (H02), sodium metabisulphite
(NasS,0s5) and sodium bisulfite (NaHSO3) (Vishvakarma and Dhawan,
2019; Aannir et al., 2023; Meshram et al., 2016; Vieceli et al., 2018;
Tanong et al., 2017). The most common acid/reducing agent lixiviant
combination is H2SO4/H204 (Harper et al., 2019; Wang et al., 2016; Gu
etal., 2023). The acid/reducing agent chemical synergistic combination
is preferred since: i) the acid directly dissolves the metal constituents
from the cathode material and ii) the reducing agent lowers the transi-
tion metal oxidation states, aiding the dissolution process (Zhao et al.,
2020; Zhang et al., 2018).

The conditions used for the major inorganic acid leaching systems
are of particular interest and are highlighted in Table 3. The tabulated
data shows the use of elevated temperatures in each instance with
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Fig. 2. Process flow diagram for the treatment of LIBs to obtain pregnant leach liquor (adapted and customized from Xu et al. (2008)).

Table 2
Advantages and disadvantages of conventional inorganic acids.

Leaching Advantages Disadvantages Ref

agent

H,S04 Direct leaching, fast H,0, required to (Dutta et al.,
kinetics, low convert some metal 2018; Zhu
concentration, high ions to more favorable et al., 2012)
leaching efficiency. valency states.

Selective leaching for
Co(11) and Li(I) over
others.

Low cost and avoidance
of volatility and
corrosion problems.

HCI Direct leaching, fast High cost, poisonous (Porvali et al.,
kinetics, high leaching gas emissions (Cly), 2019; Guo
efficiency. volatility and corrosion et al., 2016)
Promotes the problems.
dissolution of metals
because of chloride
ions.

HNO3 Direct leaching, fast Larger amounts of (Lee and Rhee,
kinetics, low reducing agents 2002; Jung
concentration. required to increase etal., 2021; Lee
Selective leaching for Li ~ leaching efficiency. and Rhee,

(I) over others. Poisonous gas 2003)

emissions (NOy).

optimal leaching being reported at temperatures between 60-80 °C with
a reducing agent added to the leaching system. The reducing agent ac-
celerates the leaching kinetics and improves cathode metal recoveries
particularly for the transition metals (Zhang et al., 2018; Cerrillo-
Gonzalez et al., 2022). However, this translates to a cost associated
with i) energy requirements to achieve high temperatures and ii) the use
of reducing agents. In addition, these systems result in the evolution of
toxic gaseous compounds such as Clp, NOy and SOs3 (Li et al., 2013; Zou
etal., 2013; Yao et al., 2015). With these key points, we have focused on
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investigating the application of alternative acids, particularly the halide
group acids, hydrobromic (HBr) and hydroiodic (HI) acid. Both HBr and
HI are stronger acids as compared to HCL. The acidity of the hydrogen
halides increases in the order: HFl (pKa = 3.14) (Zumdahl and DeCoste,
2012), HCl (pKa = —7.45) (McGrath et al., 2013), HBr (pKa = —9)
(Brownstein and Stillman, 1959), HI (pKa —10) (Brownstein and
Stillman, 1959), as the bond strengths of the hydrogen halides deter-
mine the relative strengths of the hydrogen halides (Busch, 2018). The
larger halides are less charge dense upon solvolysis, causing less solvent
order. This is considering the acidity as related to the reaction given by
Eq. (1).

HA-H " +A"

€8]

HI simultaneously acts as an acid and reducing agent (Andrés et al.,
1996) and would reduce or potentially eliminate the need for addition of
areducing agent during the leaching process, contributing to energy and
cost savings. The use of this conceptual change to leaching is presented
in the area highlighted in Fig. 2 (dotted line), which is the focus of this
study. We have expanded and explained these details in Fig. 3. The
suggested alternative acids are hypothesized to have superior opera-
tional considerations, namely, no reducing agent requirement, good
kinetic efficiency, which could possibly result in less lixiviant re-
quirements and lower emissions reducing the consequential environ-
mental implications.

This work investigates the application of halide group acids that have
to the best of our knowledge not been investigated as potential lixiviants
for the recovery of constituent metals during LIB recycling operations.
Further, LIB disassembly and recovery of cathode materials from waste
LIBs was carried out as a pretreatment stage. A comparison of leaching
commercial cathode powder and leaching recovered cathode powder is
also provided.

Materials and method

American Chemical Society (ACS) grade HI (55-58 %), HBr (65 %),
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Table 3
Conditions used for the various inorganic acid LIB cathode material leaching
systems.

Leaching Composition Conditions Ref
agent
Solvent Recovery
H,S04 Waste LIB scraps 2 M H3SOg4, Li 95.7 %, Co (Peng et al.,
containing Li, 0.11 M CgHgOg 93.8 %, 2018)
CO, Ni, Mn at 80 °C for 1.5 Cu 0.7 %.
h
LiCoO, 2 M H,SO0y4, 5 Li 99.1 %, Co (Jha et al.,
% Hy0,v/v, S/ 70 % 2013)
L 10 % w/v at
75 °C for 1 hr.
Mixed cathode 1MH5S04,S/L  Li93.1 %, Co (Meshram
materials 5% w/v at 66.2 %, Ni etal., 2015)
containing Li, Co, 95°C for4h 96.3 %, Mn
Ni, Mn 50.2 %
Reduced LiCoO, 2.25 M H,S04, Li ~ 100 %, (Yue et al.,
S/L 10 % w/v Co ~ 100 % 2018)
at 80 °C for 0.5
h
HClL LiCoO, 4 M HCI at 80 Li 97 %, Co (Li et al.,
°C for 2 h 99 % 2009)
LiCoO, + 4 M HCL S/L5 Li, Ni, Co, (Wang
LiMn,0,4 + LiNi; , % w/v at Mn > 99 % etal., 2009)
3C01,3Mn; 302 80 °C for 1 hr.
LiCoO, 3MHCL3.5% Li, Co89 % (Shuva and
Hy0, v/v, S/L Kurny,
5% w/v at 80 2013)
°C for 1 hr.
HNO;3 LiCoO, 1 M HNO3, 1.7 Li, Co >95% (Lee and
% H,0,v/v, S/ Rhee,
L1-2%w/v at 2003)
75 °C for 0.5 h
Mixed cathode 2 M HNO3 at Li ~ 100 % (Castillo
materials 80°Cfor2h etal., 2002)
containing Li, Mn
Cathodes
-
Cell outer protective
casing removed
Cells from - |
disassembled LIBs T
-. -V% % Separator
A 24

Outer protective ca

Anodes

sing

Fig. 3. The a) conventional acid leaching process and b) our proposed acid
leaching process for LIBs. Note the differences between a) and b) are not only
the type of acids used for leaching but also the presence and absence of
reducing agent(s) in a) and b) respectively.

HNOj3 (70 %), HCI (37 %) and NaCl (>99 %) were purchased from
Thomas Scientific. Cathode material (LiNiCoMnO5 [Ni:Co:Mn = 5:2:3])
in powder form was purchased from MTI Corporation. Spent LIBs were
obtained from a local waste management facility. All solutions were
freshly prepared using deionized water (resistivity > 18 MQ.cm at
25 °C) obtained from a Millipore Direct-Q® 3 UV Water Purification
System. Collected samples were analyzed by inductively coupled plasma
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mass spectroscopy (ICP-MS) using a Shimadzu 2030 inductively coupled
plasma mass spectroscope. A Beckman-Coulter LS 13 320 particle size
analyzer was used for powder particle size analysis. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDXS)
were conducted using a Thermo Scientific™ Scios™ 2 FIB-SEM. A
Bruker D8 ADVANCE X-ray diffractometer (Cu Ka radiation, 40 mA, 40
kV) was used for X-ray crystallography. Thermal analysis was conducted
using TA Instruments’ TGA Q500 with platinum (Pt) pans.

Cathode material recovery

The collected LIBs, which were made up of cylindrical and pouch
cells, were initially pretreated through discharging and disassembly
before the cathode material was recovered. The cells were disassembled
in a manner to maintain the integrity of the different components,
minimizing cathode powder contamination. To safely conduct cell
disassembly, the LIB cells initially required discharging to a safe state of
charge (SOC) to prevent short-circuiting (Tembo et al., 2024). Aqueous
discharging using a 10 wt% NaCl solution was utilized as it is easy to
implement and control. To prevent corrosion of the LIB cells by CI ions,
the cells were discharged ex-situ by connecting the cell leads (via Cu
wires) to sacrificial Fe electrodes which were immersed in the prepared
NaCl solution. The cell voltages were tracked over a 24-hour period,
until they were under 2 V, which was ascertained as a safe voltage for
cell disassembly.

A scalpel was used to manually cut open the pouch cells’ outer
covering to expose the rolled electrode assembly. Disassembly of the
cylindrical cells was initiated at the cell cathode end, wherein the cy-
lindrical cells were unsealed at the seam followed by unrolling the steel
casing from the rolled-up electrode assembly. Subsequently, the anodes,
cathodes and separators were then recovered separately after unrolling
the rolled electrode assemblies. Thermal treatment was used to recover
the cathode powder from the aluminum (Al) foils. Thermogravimetric
analysis (TGA) was conducted on the cathode foils to determine the
appropriate temperature for binder decomposition which would enable
the recovery of the cathode powder from the Al foils. The temperature
was raised at 10 °C/min from 25 to 600 °C under a constant air flow rate
of 60 ml/min. Upon determination of the appropriate operating tem-
perature to enable cathode powder recovery, the cathode foils were
thermally treated in a muffle furnace for 30 min at 580 °C after which,
the cathode powder was lightly scrapped off the Al foils and collected for
further treatment.

Leaching experiments

Initial leaching experiments to determine proposed acid perfor-
mance were performed in flat bottomed flasks utilizing commercial
cathode material, with heating accomplished using heating plates with
stirring capabilities. The stirring was achieved by use of magnetic stir-
rers at 200 rpm. Upon establishing the performance of the proposed
lixiviants on utilizing commercial cathode materials, subsequent ex-
periments were conducted to determine the effective leaching condi-
tions for leaching metals from spent cathode material. A jacketed reactor
with an overhead stirrer assembly operating at 300 rpm with installed
pH and temperature probes was utilized for the spent cathode material
experiments.

Determination of lixiviant concentration

Three different concentrations were selected for each acid: 1, 2 and 3
M for HBr and 1, 1.5 and 2 M for HI. These concentrations were selected
based on the relative strength of each acid in comparison to conven-
tionally utilized acids. With a high pKa value, the selected HI concen-
tration range was narrower, while that of HBr was relatively broader
than that of HI but lower than that of the conventionally used inorganic
acids. The lowest S/L ratio that would be investigated (30 g/L) was used
for the optimum concentration determination while system temperature
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was maintained at the highest temperature of 80 °C that would be
considered during this study.

Determination of optimum solid to liquid ratio

The solid to liquid (S/L) ratio is the mass of solids that come in
contact with a given volume of lixiviant. The S/L ratio has a significant
impact on the leaching operation as this determines the amount of lix-
iviant that is available to optimally leach the desired metal. Since the
leaching operation is a mass transfer process, it heavily depends on the
availability of lixiviant to effectively carry the leached-out component.
Different cathode material masses were added to a fixed volume of lix-
iviant (100 mls) to give the different S/L ratios. The investigated S/L
ratio range was 30-60 g/L. Previously established acid concentrations
were used, while the temperature was maintained at 80 °C for each of
the optimum S/L ratio determination experiments. Each experimental
run was conducted for an hour.

Determination of temperature effects

Temperature greatly influences the leaching kinetics and overall
metal recoveries. The cathode material was subjected to leaching within
the temperature ranging from 40 to 80 °C, at the optimum established
lixiviant concentrations and S/L ratios to investigate the kinetics of the
leaching process. Solution samples were collected at various intervals
for a total of 2 h.

Results and discussion
Cell disassembly and cathode powder recovery

Each cell was discharged to under 2 V after which any plastic
wrappings were removed, and each cell was disassembled as described
earlier. The product flow diagram realized during the cell disassembly
process, leading to cathode recovery, is given in Fig. 4.

On recovering the cathode foils, TGA was utilized as a means of
determining the temperature for effective decomposition of the cathode
binder thereby allowing for cathode powder recovery. Samples of
recovered cathode foils from the spent LIB cells were initially analyzed.
The TGA results are given in Fig. 5. Changes in the sample weights were
pronounced for the cathode foils relative to the cathode powders. It has
been reported that binder decomposition typically begins at 350 °C
(Hanisch et al., 2015). From Fig. 5 the visible onset temperature for
marked decomposition can be highlighted at 220 °C for the pouch cell
cathode foils and 310 °C for the cylindrical cell cathode foils. It has been
determined that a decrease in the onset temperature for binder
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Fig. 4. Li-ion cell disassembly process.
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decomposition may be attributed to binder exposure to the electrolyte
organics which may consist of mixtures of diethyl carbonate, dimethyl
carbonate, ethylene carbonate, possibly affecting the binder and the
binder-Al foil adhesion (Chen et al., 2013).

Upon onset of the binder decomposition, both pouch and cylindrical
cells show a sharp loss in weight owing to volatilization of the binder.
The pouch cell foils showed a reduction in mass loss at 400 °C and
similarly, the cylindrical cell foils experienced a reduction in mass loss at
400 °C. Pouch cell cathode foils exhibited an increase in mass loss at 470
°C while that of the cylindrical cells remained constant up to 550 °C.
Weight decrease of both foils ceased above 560 °C, which can be taken as
the end point for the binder decomposition. The temperature was further
raised to 600 °C and kept constant, which did not result in further
cathode foil weight loss. It was therefore determined that based on
literature and current TGA results from the studied samples, thermal
treatment to recover the cathode powder from the Al foils would be
conducted at 580 °C for a 30-minute period. On thermal treatment of the
recovered LIB cathode foils, cathode powder was recovered from the Al
foils, subjected to TGA treatment, and compared with pristine,
commercially sourced LIB cathode powder. The pristine and recovered
cathode powders exhibited somewhat similar trends, retaining most of
their mass throughout the TGA testing. A slight difference was observed
between the two cathode powders which was attributed to the recovered
cathode powder initially undergoing thermal treatment during the re-
covery process.

Characterization

The different sample morphologies were analyzed using SEM oper-
ated in secondary electron mode. The recovered cylindrical and pouch
cell cathode foil images are given in Fig. S1 and clearly show the dis-
integrated structure of the cathode layer with presence of artifacts which
can be attributed to exposure to the electrolyte. The cathode material
grain sizes and orientations are irregular, as shown in Fig. S2, which can
be due to the repeated cycling of the LIB cells ultimately affecting the
morphology. SEM images of the recovered LIB cathode powder and
pristine LIB cathode material were compared in Fig. 6. Pristine cathode
material SEM images showed particles of regular spherical shapes while
the recovered cathode powder particles were irregularly shaped.
Furthermore, the surface characteristics differed between the different
cathode powders. The pristine cathode powder particle images showed a
rough particle surface while the recovered cathode powder images
pointed to a smoother particle surface with signs of contour presence.

EDXS was performed on both the recovered and pristine cathode
powders. The pristine cathode powder EDXS mapping results given in
Fig. S3 show a uniform distribution of the metals Co, Mn and Ni in the
cathode powder. While the EDXS mapping of the recovered cathode
powder given in Fig. S4 shows a less uniform distribution of the cathode
metals. X-ray diffraction (XRD) performed on the cathode powder
samples provided the results shown in Fig. 7 which indicates that the
powders conformed well to the NMC LIB chemistry, as referenced using
the crystallography open database (COD). The metal content in the
pristine and recovered cathode powders was determined by aqua regia
(HCI:HNO3 molar ratio of 3:1) digestion of the cathode powders and the
results are given in Table S1. Particle size analysis was conducted on the
pristine and recovered cathode powders and the particle size distribu-
tions are given in Fig. 8. The pristine cathode powder had a narrower
size distribution with a mean particle size of 12.5 um and 90 % of the
powder had a particle size of less than 18.5 pm. The recovered cathode
powder had a broader size distribution as evidenced by a mean particle
size of 17.3 um while 90 % of the powder had a particle size less than
30.4 pm.

Owing to these differences in the morphological structure and par-
ticle size of the cathode powders, it was determined that while pristine
cathode powder could be leached, the leaching mechanisms and kinetics
could be different from those of the recovered spent LIB cathode powder.
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Fig. 5. TGA results of recovered cathode foils from spent LIBs, pristine and recovered LIB spent cathode powder.
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Fig. 6. a)-b) Pristine and c)-d) recovered LIB cathode powder SEM SE images.

A study was therefore performed on both the pristine commercial
cathode powder and on the recovered LIB cathode powder.

Commercial cathode powder leaching

To establish the performance of the chosen lixiviants for LIB cathode
material leaching, commercial cathode powder was initially used for the
leaching process. Metal recoveries were evaluated for each lixiviant
system utilizing the conditions given in Table 4. The system operating
conditions were independently evaluated for the commercial powder
and the recoveries obtained for the different metals under the conditions
given in Table 4 are given in Fig. 9. It can be noted that the lixiviants
achieve good metal recoveries from the commercial cathode material
with Li recovery being the highest in the given time frame. Owing to the
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rapid rate of leaching of the cathode powder, EDXS was performed on
commercial cathode powder that had been leached for 10 min and the
mapping is shown in Figs. S5 and S6 for the HBr and HI system
respectively. The EDXS mapping results show more rapid leaching of the
metals in the HI system compared to the HBr system. The results from
the initial leaching tests utilizing the commercial cathode material
proved that the lixiviant systems could effectively be used for leaching of
the metals from LIB cathode powder and so the question that needed to
be answered next was, how would these systems perform in the case of
leaching metals from cathode material recovered from spent LIB cells.

Recovered cathode powder leaching

Determination of lixiviant concentrations

Investigations related to the operating lixiviant concentrations for
the lixiviant systems were conducted utilizing a fixed S/L of 30 g/L and a
temperature of 80 °C. 30 g/L was selected as an average S/L based on the
HCI lixiviant system whereas 80 °C was selected as this was the
maximum operating temperature selected for this study. The results
given in Fig. 10, showed an increase in the metal recoveries with an
increase in the lixiviant concentration. The effect of concentration on
the metal recoveries can be explained by considering Fick’s law of
diffusion, which quantitatively explains the diffusion rat (Seliverstov,
2016) and in its simplest form is given by Eq. (2) (Griskey, 2005).

dc

J= 7Da

In Eq. (2), J is the diffusion flux, D is the diffusion coefficient
(diffusivity), C is the volume concentration of the diffusing component
in the x direction and dC/dx gives the concentration gradient. Therefore,
the diffusion of species depends on the concentration gradient with the
diffusion direction of the diffusing component being in the opposite
direction to the concentration gradient (Fan et al., 2020). Considering a
spherical solid particle from which the component is leaching from, the
concentration of acid influences the ion diffusion velocity and the con-
centration of proton (H™). As the lixiviant concentration increases in the
leaching system, so does the concentration of H' present. This results in
a large difference in concentration between the solid-liquid interphase,

(2
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Table 4
Summary of conditions utilized for metal leaching from the HBr and HI systems.
System  Concentration (M)  S/L ratio (g/ Temperature Time
L) (§®) (mins)
HI 2 12 60 30
HBr 3 9 60 30

where the reaction occurs, and the bulk of the solution which in turn
increases the diffusion rate. This explains the trend seen, wherein an
increase in acid concentration increases the metal leaching efficiency
and consequently, the metal recovery. The optimum metal leaching for
the four metals under investigation was achieved at concentrations of 2
M HBr and 1.5 M HI. Although in the case of HBr, maximum recoveries
were achieved using the 3 M HBr, the differences in the recoveries owing
to the change in the acid concentrations would not warrant the use of the
higher acid concentration. As such concentrations of 2 M HBr and 1.5 M
HI were selected for the preceding investigations.

Optimum solid to liquid ratios

The S/L ratio experiments resulted in the establishment of an opti-
mum leaching S/L ratio for each lixiviant system. Fig. 11 shows the
results from the HBr (a-d) and HI (e-h) S/L ratio determination exper-
iments. In each instance the metal recoveries steadily increased with an
increase in the S/L ratio until a maximum metal recovery was achieved.
This increase in metals recovery is to be expected as more metal is
accessible for leaching per given volume of lixiviant. After the optimum
metal recovery point, the metal recoveries dropped with an increasing
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S/L ratio. The most likely reason for the decrease in recoveries on
increasing the S/L ratio past the optimum could be attributed to mass
transfer resistance and solid-liquid contact. Literature suggests that an
increase in the S/L ratio past the optimum increases the mass transfer
resistance at the solid/liquid interface which in turn affects the metal
recoveries (Sitando and Crouse, 2012). The concentration gradient
existing at the interface boundary builds up and slows down the con-
stituent leaching kinetics from the bulk of the material which results in
less recoveries than optimum for the given leaching period. An increase
in the S/L ratio also decreases the amount of lixiviant present to react
with the cathode material per unit mass of cathode material (Zheng
et al., 2017; Nayl et al., 2017). Taking into consideration the leaching
efficiencies, preceding leaching experiments were carried out at the
optimum S/L ratios of 40 g/L for the HBr and HI systems.

Effect of leaching temperature

After establishing the optimum concentration and S/L ratios for each
system, the metal recovery studies were conducted at a temperature
range of 40-80 °C. Fig. 12 a)-d) and e)-h) show the metal recovery
results that were obtained in the HBr and HI systems respectively for
each metal. The initial 40 min of contact time showed the highest
leaching rate in both systems, and the highest metal recoveries were
achieved at 80 °C for the HBr system and 60 °C for the HI system. The
highest recoveries of the constituent metals, Co, Li, Mn and Ni in the HI
system were 92.9 %, 93.6 %, 93.1 % and 94.5 % respectively, at an
operating temperature of 60 °C and with a 1.5 M HI concentration. The
HBr system achieved metal recoveries of 93.8 %, 92.0 %, 83.7 % and
99.7 % for Co, Li, Mn and Ni respectively, at 80 °C and using 2 M HBr.
Even though the HBr system achieved the highest recoveries at 80 °C,
the metal recoveries in the 60-80 °C temperature range were compar-
ative, such that, lower operating temperature could be used to achieve
good metal recoveries. Therefore, a temperature of 60 °C was selected
for optimal operation in the HBr system, wherein the achieved metal
recoveries on using a 2 M HBr solution were 90.6 %, 89.1 %, 83.1 % and
96.4 % for Co, Li, Mn and Ni respectively. EDXS mapping and XRD were
conducted on the recovered cathode powder after leaching for 10 min
and the results are given in Figs. S7, S8 and S9. It can be noted that the
leached recovered cathode powder EDXS mapping shows a similar trend
as that of the leached commercial cathode powder, wherein, the rate of
metal leaching is faster in the HI system than the HBr system. The XRD
patterns clearly show a reduction in peak intensities with leaching and a
disappearance of some of the peaks, as compared to that of the recovered
cathode powder pre-leaching.

The proposed cathode material leaching reaction in a hydrohalic
acid medium can be expressed by Eq. (3) (Xuan et al., 2019).
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2LiMOx(5) 4+ 8HAC (qq) <> 2LIAC oq) + 2MACs(aq) + 4H20() + Acag) 3) was an increase in the percent metal recoveries with an increase in the
operating temperatures.
for Ac = Br, I and M = Ni, Mn and Co. Brown Br, and violet I, vapors As the temperature increases so does the reaction rate constant
were observed during the experiment. Clear capture of the halide vapors meaning that there is an increased propensity for the reaction to proceed
was observed in the clear glass condenser as the color gradient within to form the products. The rate constant can be a function of parameters
the condenser went from the characteristic vapor color to clear up along such as ionic strength, however, it is strongly dependent on temperature
the condenser length. In the case of iodine, dark crystals, characteristic such that the general assumption that the rate constant only depends on
of solid iodine, developed at the condenser surface closest to the vessel, temperature holds very well (Westmoreland, 1993). As such, the in-
as seen in Fig. S10. The general trend observed from the leaching data crease in temperature increases the rate kinetics which in this case
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Fig. 13. Shrinking core model pictorial depiction.
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results in greater metal recoveries at higher temperatures for the same
lixiviant concentrations. On a micro level, an increase in temperature
increases the motion of molecules present in the system which in turn
promotes the reaction (Fan et al., 2020). This increased molecule motion
contributes to bond distortion and stretching which contributes to bond
breakage and new bond formation.

Kinetics

Kinetic analysis can offer mechanistic insights into the extraction
process. To this end, an attempt to elucidate the kinetics associated with
LIB cathode powder leaching by HBr and HI using the leaching results
obtained at the various temperatures, ranging from 40 °C to 80 °C, was
systematically conducted. The shrinking core model, which has been
applied to numerous investigations (Peng et al., 2018; Jha et al., 2013;
Xing et al., 2021; Lin et al., 2021; Zheng et al., 2018) involving LIB
leaching studies from LIB materials, was utilized. A pictorial depiction of
the shrinking core model steps when treating an unreacted core is given
in Fig. 13. The shrinking core model divides the leaching reaction into
the following steps: i) diffusion of lixiviant through the fluid-solid
interface; ii) diffusion of lixiviant molecules to the unreacted core sur-
face through the fluid-solid interface and adsorption of the lixiviant
molecules by unreacted solid; iii) reaction of adsorbed lixiviant mole-
cules with unreacted solid and product release; iv) diffusion of reaction
product to the solid—fluid interface through the reaction product ash
layer; v) diffusion of reaction product into the fluid (Setiawan et al.,
2019). Furthermore, according to the shrinking core model, the reaction
product may completely, partially or not dissolve in the fluid, which
gives rise to models describing a shrinking particle, shrinking core
(constant particle size) and shrinking core (shrinking particle).

Elucidation on the rate-determining step was conducted using
models defining the earlier highlighted scenarios describing the disso-
lution of a crystal structure considering ash layer diffusion (boundary
layer) control (Egs. (4), (5) and (6)), chemical reaction (chemical re-
action at partial surface) control (Eq. (7), parabolic product layer
diffusion control (Eq. (8)), Stoke’s regime (Eq. (9)) and crystal dissolu-
tion (Eq. (10)) (Xuan et al., 2021; Dickinson and Heal, 1999). Further-
more, the function of the recovery [f(X)] can be related to the particle
size through Eq. (11). (Xuan et al., 2021)

kt=1-2X5—(1-X)73 )
2
kint= |1-(1-x)73 (5)
kt=1-31-X)73+2(1-X) 6)
kt=1—(1-x)73 %)
kt = X* (8)
kt=1-(1-x)73 ©
kt = [—In(1 - x)]73 10
FX) = ke = 3pHAC)/psR, an

In the above equations, k is specific rate of reaction or rate constant, t
is the time, X is the fractional recovery, p is the mass transfer coefficient,
[HAc] is the acid concentration, ps is the solid density and R, is the initial
particle (core) radius. The experimental data was fitted into each of the
above highlighted model equations (after linearization) to ascertain
which model best described the metal leaching kinetics for each lix-
iviant. The initial data fit for each acid was performed using the re-
coveries at varying temperatures and the leaching conditions (acid
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concentration and S/L ratio) identified as the most ideal for each acid.
Using the recovery data from leaching at different temperatures between
40-80 °C, a S/L ratio of 40 g/L and concentrations of 2 M HBr and 1.5
HI, kinetic plots were generated. The data fit Eq. (7), and the resulting
plots that were generated are given in Fig. 14. Applying statistical
regression, the HBr (Fig. 14a-—d-) and HI (Fig. 14e-h) systems indicate a
good data fit since the value of the coefficient of determination [R?) is
close to 1 (>0.99) for the data fitted into the kinetic equation. This R?
value indicates that most of the variability in the response variable is
explained by the fitted model. Based on the obtained kinetic data, metal
leaching for both systems can be surmised to be chemical reaction
controlled. Using the Arrhenius equation (Eq. (12)) where k denotes the
rate constant, A is the pre-exponential factor, E, is the activation energy,
R is the ideal gas constant and T is the temperature, the activation en-
ergies for leaching of the metals in the leaching systems can be
determined.

k—A xe TYRT 12)

Yr 13)

Re-arranging Arrhenius’ equation to obtain a linear form (Eq. (13)),
the activation energies for the HBr and HI systems were determined by
plotting In (k) as a function of T~ in Fig. 15. The activation energies
were determined as for each metal in the HBr and HI leaching system
and are reported in Table 5. The apparent activation energy associated
with metal leaching in the HBr system was greater by an average of 8.9
% than that of the HI system. A greater activation energy translates to a
higher energy barrier to be overcome by the reaction, meaning that it is
more difficult for it to proceed (Xu et al., 2021). This explains the metal
recovery differences between the HBr and HI systems. The calculated
activation energies agreed well with the ascertained chemical reaction
controlled model (shrinking particle) as typically, the activation energy
for a diffusion controlled process is less than 40 kJ/mol while the acti-
vation energy for a chemical reaction controlled process is typically
greater than 40 kJ/mol (Espiari et al., 2006). The particle size influences
the leaching recovery as it directly determines the surface area available
for solid-liquid interaction. Furthermore, the initial particle size directly
contributes to the process kinetics as highlighted by Eq. (11). This, along
with the metal concentration gradient, explains the initial rapid leaching
of the metals.

The presented results show that HBr and HI can successfully be uti-
lized in leaching metals from LIB cathode powders, however, consider-
ation of the environmental and economic implications of their
utilization needs to be addressed. Like other inorganic acids, utilization
of HBr and HI requires adequate waste handling to prevent negative
environmental impacts (Sigma-Aldrich, 2024a,b). The environmental
implications of utilizing the proposed acid systems may be evaluated
using a life cycle assessment study (Tembo et al., 2024). Given the
presented leaching systems, an effective way of managing HBr and HI
environmental impacts would be the recovery and recycling of the acids.
A key area of consideration is post-leaching treatment, with solvent
extraction being proven to be a viable option for recovering acids for
recycling (Tembo et al., 2024; Tang et al., 2023; Vieceli et al., 2023).
Furthermore, use of solvent extraction would reduce the economic cost
associated with using the proposed hydrohalic acids which can have a
cost of an upwards of 7 times that of conventional inorganic acids uti-
lized (Chemanalyst, Hydrobromic Acid Price Trend and Forecast, 2024a,
b).

Ink = InA — ELyR

Conclusions

This work provides a detailed analysis into the recovery of Co, Li, Mn
and Ni (LIB cathode material metals) from LIBs, by application of the
hydrohalic acids, HBr and HI as novel lixiviants. Initial pretreatment of
collected waste LIBs, involving the discharging and disassembly of the
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Fig. 14. Kinetic data fit for the a)-d) HBr system and e)-h) the HI system corresponding to the respective model equation.
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controlled in both the HBr and HI systems. On establishing the appro-
priate models, the different values of the diffusion rate constant (k)
associated with the specific leaching process were then calculated. The
Arrhenius equation was used to evaluate the activation energies for Co,

Table 5
Activation energies for leaching of the different metals in HBr and HI system.

Activation energy (kJ/mol)

System Co Li Mn Ni Li, Mn, and Ni which were determined as 46.01 kJ/mol, 43.90 kJ/mol,
HBr 46.01 43.90 44.76 46.49 44.76 kJ/mol and 46.49 kJ/mol for the HBr system and 42.36 kJ/mol,
HI 42.36 40.19 41.07 42.73 40.19 kJ/mol, 41.07 kJ/mol and 42.73 kJ/mol for the HI systems

respectively. This work points to the applicability of the previously
unexplored halide-based acids, HBr and HI in the absence of a reducing

LIB cells, is presented. Studies into the recovery of cathode powder from agent in recovering constituent metals from LIB cathode materials.

the Al foil established a temperature of >560 °C for successful recovery
of the cathode powder. A probe into the morphology of cathode foils,
recovered cathode powder and pristine commercial cathode powder
highlighted structural differences believed to have an impact on relating
data from studies utilizing pristine cathode material versus studies uti-
lizing recovered cathode material. A systematic leaching study was
performed to determine the optimum lixiviant concentrations, solid to
liquid (S/L) ratios and operating temperatures. Optimum recoveries of
the constituent metals, Co, Li, Mn and Ni from the recovered cathode
powder in the HI system were 92.9 %, 93.6 %, 93.1 % and 94.5 %
respectively, at an operating temperature of 60 °C, S/L ratio of 40 g/L
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