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Abstract: This study explored the selective recovery of Co, La, and Sr from end-of-life
solid oxide cells (SOCs) using ultrasound-assisted leaching in HCl. HCl concentration
(1, 5, and 10 M) and solid-to-liquid ratio (S/L, 100 and 200 g/L) were varied to optimize
the efficiency and the selectivity of Co, La, and Sr leaching. Then, they were recovered as
oxalates at pH 0.7, 1, and 4. Using 10 M HCl and an S/L ratio of 100 g/L on ball-milled
samples achieved 96–99% leaching efficiency but led to Ni impurities from the underneath
layers. Thermal pre-treatment at 800 ◦C decreased Ni leaching by 90% but decreased target
metals’ recovery by 9%. Direct leaching (without pre-treatments) with 1 M HCl and an
S/L ratio of 200 g/L achieved up to 91% leaching efficiency, recovering 42% of Co, 93% of
La, and 33% of Sr with minimal Ni impurities. A preliminary economic analysis indicated
that avoiding pre-treatments can cut expenses by 96%. An economic analysis indicated
that direct leaching is the most cost effective, reducing expenses by up to 96% compared to
thermal pre-treatment and high HCl concentrations. This study highlights the potential for
an efficient and cost-effective method for recycling Co, La, and Sr from EoL SOCs.

Keywords: end of life; hydrometallurgy; leaching; recycling; solid oxide cell

1. Introduction
Solid oxide cells (SOCs) are highly efficient electrochemical devices that convert

chemical energy in gaseous fuels directly into electrical energy [1,2]. SOCs contribute
to reducing greenhouse gas (GHG) emissions and provide high electrical efficiency [3,4],
making them an ideal technology for transitioning from fossil fuels to renewable energy
sources [5]. The fundamental components of SOC systems are an anode, a cathode, and a
solid electrolyte [6]. Anodes are made of porous composite ceramic materials conducting
oxygen ions and electrons as Ni-YSZ, where Yttria-stabilized Zirconia (YSZ) provides
physical, chemical, electrical, and mechanical stability [7–9] and Ni offers high electrical
conductivity and catalytic efficiency [10]. Cathodes are mostly based on strontium-doped
lanthanum-cobalt oxides (LSC), offering high electrical and ionic conductivity [11,12].
Co, La, and Sr are critical raw materials [13], thereby their recovery and recycling are
fundamental to secure the supply chains of strategic sectors and mitigate the environmental
impacts associated with mining activities [14–16]. SOCs are relatively less prevalent than
other fuel cell technologies, such as proton exchange membrane fuel cells, and dedicated
recycling strategies for end-of-life (EoL) SOCs are still underdeveloped [17]. The few
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available studies focused on the recovery of Ni and YSZ from anode components, as they
constitute most of the SOC mass balance [18,19]; direct recycling of the YSZ layer was
also recently proposed by reprocessing of the ceramic components into recycled sintered
substrate [20]. A multistep process was recently reported involving in-sequence ball milling
(6 h) and hydrothermal treatment (at 200 ◦C for 4 h) to promote the effective disintegration
and pulverisation of the sintered Ni-YSZ composite, followed by 2 M HNO3 leaching at
80 ◦C for 2 h, enabling the quantitative recovery of Ni while preserving the YSZ crystalline
structure [21]. Another study applied ball milling in ethanol for 5 h followed by 65 %wt.
HNO3 leaching at room temperature, achieving recovery efficiency > 90% for Ni and
YSZ [20,22]. Both studies involved a pre-removal of the LSC layer from the EoL SOC by
mechanical scratching before the application of the proposed process [21,22]. More recently,
ultrasonic de-coating was recommended as a potentially automatable process to separate
the LSC layer from the SOC [23]. The primary drawback of these recycling processes,
despite the high recovery efficiency achieved for anodic materials, is that the mechanical
detachment of the LSC layer entails high energy demand. This results in significant
associated costs and GHG emissions [24]. Indeed, a key challenge in SOC recycling is
contamination from use, which impacts the quality of recovered materials, requiring
the development of cost-effective separation methods to ensure economic feasibility of
recycling processes [18].

To the best of our knowledge, the recovery of La, Co, and Sr from EoL SOCs without
preventively detaching the LSC layer has not been considered yet. Therefore, this study
aimed at optimising a novel and efficient route to recover Co, La, and Sr by exploiting
ultrasonic-assisted HCl leaching on EoL SOCs at room temperature without prior detaching
of the LSC layer. Compared with previous studies, which required manual or mechanical
detachment of the LSC layer [21,25], often affecting the overall economic profit of the
recycling process, this work proposes a novel solution to selectively recover Co, La, and Sr
while preserving the YSZ layer [20]. The literature reports 12 M HCl leaching efficiency
towards Co and La at room temperature [26,27] and YSZ preservation [28]. In this study,
operative parameters, such as HCl concentration (1, 5, and 10 M) and solid-to-liquid
ratio (S/L, 100 and 200 g/L), were varied to optimize La, Co, and Sr leaching efficiency
and selectivity. In addition, selective leaching operations were conducted by following
three different pathways (Figure 1): (i) EoL SOCs as dismantled from exhausted stacks
were manually fragmented and ball milled before applying HCl leaching (1 and 10 M) in
an ultrasound bath at room temperature; (ii) the same procedure as reported in (i) with
an additional thermal treatment at 800 ◦C of milled samples to investigate the effect on
leaching efficiency; (iii) ultrasound-assisted HCl leaching applied directly to the EoL SOC
samples, without scratching, ball milling, or thermal pre-treatment, adopting an S/L equal
to 200 g/L and varying HCl concentration (1 and 5 M). Then, Co, La, and Sr were selectively
recovered from the leachate by chemical precipitation as oxalates at different pH values.
Finally, a preliminary economic analysis compared the operative costs (energy demand
and reagents) of the investigated processes.
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Figure 1. Concept of the study.

2. Materials and Methods
2.1. Samples’ Preparation and Characterization

The samples considered in this study were EoL SOCs provided by Elcogen (Elcogen
AS, Tallin, Estonia) after stacks’ dismantling. The cells were ball milled for 5 min in
a Retsch MM200 ball mill with 50 mL zirconia jars and two 10 mm beads in each jar.
Before characterization, the milled samples were rinsed with deionized water and dried at
60 ◦C overnight in an ARGO LAB TCN 30 oven. The milled samples were characterized
through X-ray fluorescence (XRF) spectroscopy (Rigaku, NEX-DE), X-ray diffraction (XRD)
spectroscopy (PANanalytical X’Pert), scanning electronic microscopy (SEM) equipped with
energy-dispersive spectroscopy (EDS) detector (Phenom XL, Alphatest), and inductively
coupled plasma atomic emission spectrometry (ICP-AES, Thermoscientific, Waltham, MA,
USA, ICAP Q) after digestion in aqua regia. XRF spectroscopy was used to analyse Al, Ca,
Ce, Cl, Co, Cr, Cu, Fe, Gd, La, Ni, P, Si, Sr, Ti, V, Y, and Zr, and ICP-AES was used to analyse
Ce, Co, Gd, La, Ni, Sr, and Y.

2.2. Ultrasound-Assisted Selective Leaching

Ultrasound leaching of La, Co, and Sr from the ball-milled samples employed HCl at
room temperature (20 ◦C) for 10 min, varying HCl concentration (1 and 10 M) and 100 g/L
solid-to-liquid ratio (S/L). The effect of thermal pre-treatment at 800 ◦C for 60 min
(Figure 2) in a ZE V220 Prederi furnace was also explored. The reagents used were hydrochloric
acid (37% vol. Carlo Erba Reagents CAS:7647-01-0), sodium hydroxide (≥98% Honeywell/Fluka
CAS:1310-73-2), and oxalic acid (≥99% Sigma-Aldrich CAS:6153-56-6).

Each leaching experiment was performed in triplicate on 10 g of ball milled SOC
samples. Leaching tests were executed in a Bandelin SONOREX DIGIPLUS DL 514 BH
ultrasonic bath (720 W ultrasonic peak power, 180 W ultrasonic nominal power, 35 kHz
ultrasound frequency), setting the ultrasound power to 100% in all leaching tests. Ultra-
sound leaching tests were performed also directly on EoL SOC samples, without manual
removal of LSC layer, ball milling, and thermal pre-treatment. The SOC samples were
partially immersed for 10 min in HCl (1 M and 5 M) applying 200 g/L S/L, with the LSC
cathode side facing downwards. The direct leaching tests were performed in triplicate.
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2.3. Recovery of Co, La, and Sr via Chemical Precipitation

Co, La, and Sr were recovered as oxalates from the leachates. Chemical precipitation
was achieved in three sequential steps (Figure 2) by adding stoichiometric amounts of oxalic
acid (OA) to recover La, Co, and Sr at increasing pH values, according to the literature [29].
Initially, a stoichiometric amount of oxalic acid (OA/La = 2.3) and 10 M NaOH were added
until pH 0.7, stirring for 1 h. Then, a stoichiometric amount of oxalic acid (OA/Co = 2) and
10 M NaOH were added until pH 1, stirring for 3 h. Finally, a stoichiometric amount of
oxalic acid (OA/Sr = 2) and 10 M NaOH were added until pH 4, stirring for 2 h. Chemical
precipitation experiments were conducted on an AREX-6DIGITAL PRO magnetic stirrer
using a benchtop pH meter (GEASS PH8+DHS). After precipitation, the solid residues
were recovered through a Z206A Hermle Labor Technik centrifuge, rinsed with deionized
water, and dried at 60 ◦C for 10 h in an Argo Lab TCN 30 oven. The recovered products
underwent the same characterization described for the ball milled EoL SOC samples. The
total recovery efficiency was calculated considering the recovery rate of Co, La, and Sr
during the three steps of chemical precipitation compared to the concentration of metals
detected in the ball milled EoL SOC samples.

2.4. Preliminary Economic Analysis

A preliminary economic assessment was conducted to compare the explored pro-
cesses, accounting for the operative costs (EUR) associated with energy and reagents’
consumption. The assessment was based on a functional unit equal to 10 g of EoL SOC
sample. Energy consumption of the laboratory equipment was directly measured during
the experimental activities through a PM10 Maxcio power meter and then normalized
considering the maximum processing capacity of each appliance. The prices for energy
and reagents were retrieved from Ecoinvent database [30] for reagents (deionized water,
hydrochloric acid, oxalic acid, and sodium hydroxide) and from Eurostat [31] for energy for
non-household users.
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3. Results
3.1. Characterization of SOC Milled Powder (Pre- and Post-Thermal Treatment)

The XRD pattern of the EoL SOC samples after fragmentation and milling (see
Appendix A, Figure A1) revealed a mixture of crystalline phases, as expected due to
the composite nature of the powders. The observed reflection peaks (Figure A1a) are
those typical of the crystalline ZrO2, metallic Ni (due to the reduction in NiO during cell
operation), and perovskite phase. The sample after oxidation at 800 ◦C confirmed the
re-transformation of the Ni metallic phase to NiO and the overall retention of the other
crystalline phases.

SEM images (see Appendix A, Figure A2) of the SOCs after ball milling at low
(Figure A2a) and high (Figure A2b) magnification showed the efficient comminution
of the cells to micronized particles, where a relatively small fraction of aggregates in the
range of 20–80 µm were found.

The elemental composition of the SOC sample as revealed by ICP measurements after
digestion resulted in 49.2 ± 2%wt. of Ni, 24.7 ± 1.1%wt. of Zr, 3.7 ± 1.6%wt. of Co,
3.5 ± 0.3%wt. of Y, 1.9 ± 0.7%wt. of Sr, 1.0 ± 0.1%wt. of La, 4523 ± 259 ppm of Gd,
and 2113 ± 359 ppm of Ce. The elemental composition after thermal pre-treatment was
55 ± 0.7%wt. of Ni (as NiO), 22.1 ± 0.3%wt. of Zr, 4.2 ± 0.1%wt. of Co, 3.1 ± 0.1%wt. of Y,
2.2 ± 0.1%wt. of Sr, 1.1 ± 0.1%wt. of La, 3730 ± 262 ppm of Gd, and 2113 ± 42 ppm of Ce.

3.2. Ultrasound Selective Leaching

The results of the leaching tests performed on the ball milled EoL SOC samples
confirmed that HCl is an effective leaching agent for Co, La, and Sr. However, varying
leaching parameters and applying a thermal pre-treatment affected both efficiency and
selectivity (Figure 3). Ten M HCl without thermal pre-treatment resulted in the highest
leaching efficiency for the target metals (98 ± 1% for Co, 96 ± 18% for La, and 99 ± 2% for Sr)
but also for Ni (68 ± 1%). These results are consistent with the literature, reporting average
HCl leaching efficiency equal to 94% for Co and 97% for La from lithium-ion and nickel
metal hydride batteries [29]. Indeed, HCl was reported to be effective in leaching up to
99% of Co from lithium-ion batteries [32], especially during ultrasound-aided leaching [33],
and above 90% of Co and La from spent nickel metal hydride batteries [34]. The extremely
low leaching efficiency of Y and Zr were justified by the selective behaviour of HCl, which
dissolved the perovskite structure of the SOC electrode, leaving unaltered the ceramic YSZ
phase of the anode and electrolyte components, as reported by a previous study [28].

However, the high leaching efficiency of HCl for Ni, as reported by the literature [35],
compromised the selectivity of the leaching process. Thermal pre-treatment at 800 ◦C was
performed, aiming at Ni oxidation into NiO, as confirmed by XRD spectra (see Appendix A,
Figure A1), and achieving 7 ± 1% Ni leaching efficiency (90% decrease compared to the
untreated samples). Despite thermal treatment improving the selectivity of leaching by
decreasing the solubility of Ni from the NiO phase, it also slightly negatively impacted
the leaching efficiency of La (decreased from 96 ± 18% to 92 ± 30%) and Sr (decreased
from 99 ± 2% to 94 ± 12%) and more significantly of Co (from 98 ± 1% to 61 ± 2%). The
significantly decreased leaching efficiency of Ni after thermal treatment, when present
as NiO, can be attributed to a different solubilization mechanism, which significantly
affected the dissolution kinetics by HCl at RT [36]. Indeed, the formation of NiO created a
passivation layer that hindered the acid dissolution of Ni [37,38] and significantly altered
the leaching kinetics, requiring more aggressive conditions, such as higher temperatures or
longer leaching times, to dissolve the oxide [39]. The decreased leaching efficiency observed
for Co upon thermal treatment suggests modification of the chemical environment for a
large fraction of Co sites into the LSC structure. Based on in situ microscopic analyses on
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electrode stability when exposed to temperature > 800 ◦C, this can be tentatively attributed
to the pronounced mobility of Co ions along the perovskite structure and their tendency to
agglomerate at phase interfaces [40].
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Figure 3. Leaching efficiency achieved on EoL SOC samples for (A) target metals from LSC elec-
trode (Co, La, Sr); (B) other metals from the barrier layer (Ce, Gd) and from electrolyte/anode
electrode (Y, Zr); and (C) Ni from the anode electrode (TT: thermal pre-treatment). The tests applying
100 g/L involved ball-milled samples, while 200 g/L regarded direct leaching on cells without
any pre-treatment.

Decreasing the HCl concentration from 10 M to 1 M, lower leaching efficiencies were
observed for all metals, consistent with a recent study [41] that identified HCl concentration
as a key factor influencing the Ni leaching rate, especially at low temperatures and for
short leaching times. A total of 52 ± 11% of Co, 55 ± 7% of La, 61 ± 10% of Sr, and
2 ± 1% of Ni were leached with HCl 1 M, while 30 ± 1% of Co, 75 ± 21% of La, 81 ± 8%
of Sr, and 0 ± 1% of Ni were leached with HCl 1 M after thermal pre-treatment. Similarly
to the results obtained during leaching with 10 M HCl, the effect of thermal treatment
diminished the leaching efficiency of Ni (almost 100% decrease compared to the samples
without thermal pre-treatment) and Co (42% decrease compared to the samples without
thermal pre-treatment). It is worth noticing that decreasing the HCl concentration from
10 M to 1 M without thermal treatment was more effective in limiting Ni leaching (almost
99% reduction) than performing thermal treatment while keeping the HCl concentration
at 10 M (90% reduction in Ni leaching efficiency). However, a lower HCl concentration
compromised also the leaching efficiency of Co, La, and Sr.

Ultrasound leaching tests were also performed directly on EoL SOC samples, without
the manual scratching of the LSC layer, ball milling, and thermal pre-treatment, with HCl
5 and 1 M and applying an S/L equal to 200 g/L. Results were as follows: 91 ± 1% of Co,
92 ± 1% of La, 92 ± 2% of Sr, and 1 ± 1% of Ni were leached with HCl 1 M, and 95 ± 2%
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of Co, 95 ± 1% of La, 95 ± 2% of Sr, and 2 ± 1% of Ni were leached with HCl 5 M. The
SOC samples showed signs of corrosion (see Appendix A, Figure A3), particularly from
5 M HCl, which, according to the obtained results, led to Ni leaching. Nonetheless, direct
leaching tests achieved the highest selectivity of Co, La, and Sr leaching with minimal
Ni leaching. Ni leaching efficiency with HCl 5 M directly applied on EoL bulk cells was
lower than with HCl 1 M on the milled samples, suggesting that the increase in contact
area caused by milling facilitates the exposure of metallic Ni to acidic solution and, thus,
its extraction, which greatly hinders the selectivity of the leaching process. Remarkably,
increasing the HCl concentration from 1 M to 5 M slightly improved the leaching efficiency
of the target metals (4% increase for Co leaching efficiency, 3% for La and Sr); however, it
also significantly increased the Ni leaching efficiency. Therefore, the direct leaching applied
to the EoL SOC samples allowed a reduction in the HCl concentration.

In conclusion, the performed leaching experiments demonstrated that 10 M HCl
without thermal pre-treatment achieved the highest efficiency for Co (98 ± 1%),
La (96 ± 18%), and Sr (99 ± 2%) but also caused significant Ni dissolution (68 ± 1%).
While thermal pre-treatment effectively reduced Ni dissolution, it had a detrimental effect
on the leaching efficiency of the target metals, particularly Co (−42%). Reducing the HCl
concentration and increasing the S/L ratio in the direct leaching tests improved selectivity,
also avoiding thermal treatment and milling. This approach reduced Ni leaching by almost
100% while still achieving the efficient recovery of the target metals, e.g., up to 95% for Co,
La, and Sr with 5 M HCl and 91% for Co, La, and Sr using 1 M HCl. The residues remaining
after the ultrasound HCl leaching tests applied to the EoL SOC samples can be involved in
further processes aimed at the recovery of Ni and YSZ.

3.3. Recovery via Chemical Precipitation

After leaching, three chemical precipitation steps at pH 0.7, 1, and 4 were carried
out to recover Co, La, and Sr oxalates, which, upon calcination, are easily converted into
the metal oxides used for manufacturing the LSC electrodes of novel SOCs. The recovery
efficiencies achieved for Co, La, and Sr (Figure 4) were strongly influenced by the different
leaching efficiencies discussed in Section 3.2 and the efficiency of recovery itself. Specifically,
the increase in the HCl concentration during leaching enabled the dissolution of greater
amounts of Co, La, and Sr, which could then be recovered through precipitation. However,
a higher HCl concentration during leaching also increased the H3O+ concentration in
the solution, which made the pH control during the precipitation more challenging and
consequently hindered both the recovery efficiency and purity of precipitates.

The recovery efficiency was calculated for La, Co, and Sr (based on their concentrations
detected in the SOC samples) after leaching in HCl followed by recovery via chemical
precipitation. The recovery efficiencies after leaching with 10 M HCl were 85 ± 20%
for Co, 82 ± 24% for La, and 15 ± 4% for Sr from milled samples without thermal pre-
treatment, while 47 ± 3% of Co, 69 ± 15% of La, and 52 ± 20% of Sr were recovered after
thermal pre-treatment. Lower recovery efficiencies were found after leaching with 1 M HCl:
46 ± 16% of Co, 18 ± 7% of La, and 35 ± 14% of Sr were recovered without thermal
pre-treatment, while 2 ± 3% of Co, 49 ± 3% of La, and 55 ± 18% of Sr were recovered from
thermally pre-treated samples. The recovery efficiencies obtained after direct leaching tests
were 42 ± 5% for Co, 93 ± 6% for La, and 33 ± 9% for Sr after leaching with 1 M HCl and
47 ± 7% for Co, 76 ± 10% for La, and 62 ± 8% for Sr after leaching with 5 M HCl. The
mentioned challenges in pH control during chemical precipitation occurred; applying more
concentrated leaching solutions was confirmed by the higher standard deviations observed
in the recovery efficiency values.
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Figure 4. Recovery efficiencies achieved for (A) Co, (B) La, and (C) Sr in the sequential precipitation
steps from milled EoL SOC samples.

Based on the results in Figure 4 and the characterization of the recovered precipitates
(see Appendix A, Figures A4–A9), chemical precipitation did not allow a selective recovery
of distinct Co, La, and Sr oxalates. However, a trend can be observed, since lanthanum
oxalates were identified at pH 0.7, lanthanum and cobalt oxalates at pH 1, and strontium
oxalates at pH 4. Chemical precipitation at pH 1 was less efficient and selective than at
pH 0.7, particularly increasing the HCl concentration during leaching. Specifically, in
the precipitates obtained at pH 1 from 5 M HCl leaching, which dissolved 2 ± 1% of Ni,
also nickel oxalate was identified. The coprecipitation of Co-Ni oxalates was due to the
competing behaviour of Co and Ni during precipitation [42]. Biphasic precipitates may
find various industrial applications, e.g., La-Co oxalates could be used in the manufacture
of SOC cathodes [43], while Co-Ni oxalates might be used in the production of lithium-ion
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batteries [44]. However, the presence of La, Co, and Ni in the same precipitate poses a
challenge for potential applications.

Conversely, purification of the recovered fraction may be achievable through solvent
extraction [45]. Specifically, Cyanex 272 can be used to separate Co and Ni from acid
solutions and recover CoSO4·H2O with 99.9% purity [46]. However, it is important to note
that La also exhibits a significant affinity for Cyanex 272 [47]. Therefore, a tailored solvent
extraction approach for the recycling of Co, La, and Sr from end-of-life SOCs should be
further developed.

While the results obtained in this study show promising outcomes, the efficiency of
metal recovery, particularly during the precipitation phase, could be further enhanced
by optimizing operational conditions, such as pH, temperature, and the molar ratio of
precipitation agents for each target metal [48]. Additionally, combining leaching with
advanced techniques, such as solvent extraction [46,47] or electrochemical methods [49]
for metal separation during precipitation, offers promising strategies by ensuring precise
control over the recovery of specific metals. In conclusion, recovery exhibited different
efficiency towards La, Co, and Sr depending on the leaching conditions applied. The
highest La recovery was achieved with HCl 200 g/L 1 M (93%), 5 M (76%), and 100 g/L
10 M (82%). The greatest Co recovery was obtained with HCl 100 g/L 10 M (85%), while
other leaching conditions limited recovery to 45–47%. Sr recovery was higher (62%) after
leaching with 200 g/L HCl 5 M, while 200 g/L HCl 1 M achieved 33% and other leaching
conditions obtained recovery in the range of 15–55%.

3.4. Preliminary Economic Assessment

The preliminary economic assessment, based on the operative costs (energy and
reagents) associated with recycling 10 g of EoL SOC samples and comparing the different
processes applied, was broken down into three major steps: pre-treatment (milling and
eventually thermal treatment), leaching, and recovery via chemical precipitation (including
centrifugation). The results ranged between EUR 0.05 and EUR 1.47, and energy demand
was the main contributor (Figure 5). Specifically, when thermal pre-treatment was applied,
the operative costs were EUR 1.47 for leaching with 10 M HCl and EUR 1.46 for leaching
with 1 M HCl. In contrast, without thermal pre-treatment, the operative costs were cut by
38% and were EUR 0.91 and EUR 0.90, respectively. Also, milling represented a significant
cost driver; while this can be ascribed to the small scale of the laboratory milling equipment
and scaling up, the process could significantly reduce the associated energy demand. This
preliminary economic assessment was based on a functional unit of 10 g of EoL SOC
samples, corresponding to the amount of material effectively treated in the experimental
activities of this study. However, it is important to note that scaling up the process,
particularly the milling stage, could significantly reduce energy demand, as industrial-
scale milling equipment tends to be more energy efficient than laboratory-scale equipment.
Similarly, although thermal pre-treatment resulted in higher operational costs, optimizing
thermal treatment conditions and implementing continuous processes could further reduce
energy consumption and lower operational costs in larger-scale operations. The lowest
operative costs are represented by direct leaching without milling and thermal treatment
and were equal to EUR 0.05 with 1 M HCl and EUR 0.06 with 5 M HCl.

Thus, avoiding pre-treatments, reducing the HCl concentration, and increasing the
solid-to-liquid ratio appear to be the optimal strategy for the selective recycling of LSC
from EoL SOCs. Decreasing the HCl concentration is significant from economic and
environmental points of view. Indeed, decreasing HCl concentrations leads to lower reagent
consumption for neutralizing the solution pH during precipitation and reduced operational
costs of the process. Moreover, the use of HCl during hydrometallurgical recycling should
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be limited as it can result in the emission of toxic chlorine gas [50]. Additionally, alternative
leaching agents could offer a viable solution to reduce the environmental impact of the
recycling processes. For instance, organic acids or more environmentally friendly chelating
agents might offer the selective recovery of target metals while reducing the environmental
footprint [51,52]. Moreover, optimizing the leaching parameters such as temperature,
leaching time, and stirring conditions could potentially increase the dissolution rate of the
target metals without compromising selectivity. Studies showed that mild temperature
elevations and extended leaching times may enhance the leaching efficiency of metals like
Co, La, and Sr, and it is possible that such conditions could be adapted to the specific needs
of LSC recycling [29].
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Figure 5. Operative costs required to recycle 10 g of EoL SOC sample by applying different leaching
conditions (TT: thermal pre-treatment).

In conclusion, the optimal selective recycling strategy for SOCs’ samples, which
reduces costs by up to 96% (from EUR 1.47 to EUR 0.05) and minimizes the envi-
ronmental impact, involves avoiding energy-intensive pre-treatments and lowering
reagent consumption.

4. Conclusions
This study presents a selective ultrasound leaching process based on HCl to recycle

Co, La, and Sr from EoL SOCs, comparing different strategies to increase leaching and
recovery efficiency and selectivity and assessing the economic viability. The main results of
the leaching tests are as follows:

• Leaching tests on ball-milled SOC samples with 10 M HCl and a 100 g/L solid-to-
liquid (S/L) ratio achieved the highest efficiencies for Co (98%), La (96%), and Sr (99%)
but also for Ni (68%), limiting selectivity.

• The thermal pre-treatment of milled powders re-oxidized metallic Ni into NiO, in-
creasing selectivity by reducing Ni leaching by 90%. However, this also resulted in a
reduction in Co leaching efficiency by 42% and La and Sr by 9%.

• Leaching tests with a lower concentration of 1 M HCl reduced Ni leaching by 97% in
the milled SOC samples without thermal pre-treatment but also decreased the leaching
of target metals by up to 60%. For SOC samples oxidized by thermal pre-treatment,
Ni leaching was completely avoided during 1 M HCl leaching, while the leaching
efficiencies for La, Co, and Sr were 75%, 30%, and 81%, respectively.
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• The direct leaching of EoL SOCs (not subjected to any milling and thermal treatment)
employing 200 g/L of HCl obtained minimal Ni leaching and 95% of Co, La, and Sr
when 5 M HCl was applied and 91–92% of Co, La, and Sr with 1 M HCl.

Chemical precipitation recovered Co, La, and Sr as mixed oxalates, with efficiency
and selectivity affected by leaching conditions. Ten M HCl dosed at 100 g/L on ball-milled
samples provided the greatest La (82%) and Co (85%) recovery efficiency but introduced
challenges in pH control during precipitation, resulting in lower purity of the recovered
precipitates and low recovery for Sr (15%). Direct leaching with 200 g/L of 1 M HCl
followed by chemical precipitation produced oxalates of higher purity with a recovery
efficiency of 42% for Co, 93% for La, and 33% for Sr, while 5 M HCl led to recovery
efficiencies equal to 47% for Co, 76% for La, and 62% for Sr. A preliminary economic
assessment revealed that the operational costs of the investigated processes ranged between
EUR 0.05 and EUR 1.47 per 10 g of EoL SOC sample, with the lowest value corresponding
to direct leaching in 200 g/L 1 M HCl and the highest to 10 M HCl leaching of ball-milled
samples after thermal pre-treatment. Direct leaching in 200 g/L 1 M HCl followed by
chemical precipitation offered the best trade-off, also considering the purity of recovered
oxalates, reducing the costs by up to 96% compared to the most expensive option involving
thermal treatment and 100 g/L 10 M HCl. Direct leaching not only lowered operational
costs but also minimized environmental impacts by reducing reagent consumption and
energy use.

In conclusion, this study investigated EoL SOC recycling at lab scale, with specific
interest for the recovery of La, Co, and Sr from the LSC layer, overlooked by the existing
literature. Scaling up these processes could potentially alter cost dynamics, and more re-
search is needed to evaluate their feasibility and cost effectiveness. Further research should
address the optimization of leaching and precipitation conditions, including alternative,
more environmentally friendly reagents, such as leaching based on mild organic acids.
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800 ◦C for 3 h. The diffraction patterns of the expected crystalline phases and related reference codes
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Figure A4. XRD spectrum of precipitate obtained at pH 0.7 after leaching with HCl 1 M, an S/L ratio
of 200 g/L for 10 min at room temperature.
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Figure A5. XRD spectrum of precipitate obtained at pH 0.7 after leaching with HCl 5 M, an S/L ratio
of 200 g/L for 10 min at room temperature.
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Figure A6. XRD spectrum of precipitate obtained at pH 1 after leaching with HCl 1 M, an S/L ratio
of 200 g/L for 10 min at room temperature.
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Figure A7. XRD spectrum of precipitate obtained at pH 1 after leaching with HCl 5 M, an S/L ratio
of 200 g/L for 10 min at room temperature.

Batteries 2025, 11, 124 14 of 17 
 

 

Figure A7. XRD spectrum of precipitate obtained at pH 1 after leaching with HCl 5 M, an S/L ratio 

of 200 g/L for 10 min at room temperature. 

 

Figure A8. XRD spectrum of precipitate obtained at pH 4 after leaching with HCl 1 M, an S/L ratio 

of 200 g/L for 10 min at room temperature. 

 

Figure A9. XRD spectrum of precipitate obtained at pH 4 after leaching with HCl 5 M, an S/L ratio 

of 200 g/L for 10 min at room temperature. 

 

20 30 40 50 60 

Position (2 ) 

In
te

n
si

ty
 (

a
.u

.)
 

C
2
CoO

4
·H

2
O (00-001-0296) 

C
2
Ni

6
O

4
·H

2
O (00-001-0299) 

C
2
La

2
O

12
·10H

2
O (00-005-0164) 

 

20 30 40 50 60 

Position (2 ) 

In
te

n
si

ty
 (

a
.u

.)
 

70 

C
2
O

4
Sr·H

2
O (00-001-0145) 

C
2
O

4
Sr (00-019-1279) 

C
12

Na
2
O

24
Sr

5
·12H

2
O (00-019-1286) 

C
2
CoO

4
·2H

2
O (00-048-1068) 

 
Position (2 ) 

In
te

n
si

ty
 (

a
.u

.)
 

20 30 40 50 60 70 

C
12

Na
2
O

24
Sr

5
·12H

2
O (00-019-1286) 

C
2
CoO

4
·2H

2
O (00-048-1068) 

Figure A8. XRD spectrum of precipitate obtained at pH 4 after leaching with HCl 1 M, an S/L ratio
of 200 g/L for 10 min at room temperature.
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Figure A9. XRD spectrum of precipitate obtained at pH 4 after leaching with HCl 5 M, an S/L ratio
of 200 g/L for 10 min at room temperature.
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