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Spent LiFePO, batteries are gradually increasing in popularity and interest, and their stable and insoluble olive-
shaped structure poses a great challenge for the sustainable recycling of Li. In this study, a simple and sustain-
able Ca(ClO), system was proposed for the recovery of spent LiFePO,4 battery cathode materials. The effects
of both mechanochemical activation and hydrometallurgical enhanced leaching on the deconstruction of
LiFePO,4 and the leaching rates of Li and Fe in the Ca(ClO), system were studied. Compared with mechano-
chemical activation, Ca(ClO),-assisted hydrometallurgical enhanced leaching can simultaneously achieve the
separation and enrichment of the target components Li* and Fe** and the Ca®* impurities. The transformation
path and reaction mechanism of LiFePOy, in the Ca(ClO), system were proposed based on the phase compo-
sition and micromorphology of the reaction products. In addition, the economic evaluation results show that
Ca(ClO),-assisted hydrometallurgical enhanced leaching has a high recovery economy. The developed Ca
(ClO), system realizes the strong dissolution of spent LiFePO, battery cathode materials and the sustainable
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1. Introduction

Lithium-ion Dbatteries are a valuable energy storage
technology."” Lithium iron phosphate (LiFePO,) battery
cathode materials are considered to be one of the main
choices for lithium-ion batteries in new energy electric vehicles
because of their low cost, high energy density, good reversibil-
ity, and stable thermodynamic properties.> The manufactur-
ing capacity of LiFePO, battery cathode materials has been
increasing in tandem with the rise in the electric vehicle
market demand and the ongoing enhancement of lithium-ion
battery electrode material performance.®” According to the
2023 white paper published by EV Tank, China Battery
Industry Research Institute and China YiWei Institute of
Economics, active materials for LiFePO, battery cathode
materials in China accounted for 58.65% of the lithium
battery market share in 2022.%

“Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences (CAS),
Guangzhou 510640, PR China. E-mail: yuanhr@ms.giec.ac.cn

bGuangdong Provincial Key Laboratory of New and Renewable Energy Research and
Development, Guangzhou 510640, PR China

“School of Engineering Science, University of Science and Technology of China, Hefei,
230026, PR China

Institute of Circular Economy, Beijing University of Technology, Beijing 100124,
China. E-mail: wuyufeng3r@126.com

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3gc04418a

This journal is © The Royal Society of Chemistry 2024

comprehensive recovery of valuable components.

The necessity for safe disposal and comprehensive recovery of
spent LiFePO, battery cathode materials (SLFPB-Ms) is growing
along with the production of LiFePO, battery cathode materials.’
Although SLFPB-Ms are thought to be environmentally benign,
improper handling can result in significant environmental pro-
blems, such as the leakage of fluorine-containing electrolytes,
which can lead to organic and fluorine pollution.’®'" Moreover,
SLFPB-Ms have a very high recovery value and a concentration of
the valuable metal lithium that is significantly higher than that
of the source mineral.”'* As a result, recycling SLFPB-Ms can
help the lithium battery industry grow sustainably while also pre-
venting pollution.”*'* Compared with the recycling of spent
LiNi,Co,Mn;_,_,0, and LiCoO, batteries, which are enriched
with large amounts of precious metals, the economic driving
force for recycling SLFPB-Ms is weak.'>'® Developing low-carbon,
efficient, and sustainable extraction technologies suitable for
SLFPB-Ms recycling has proven to be a daunting challenge for
scientists and technologists.'’*®

Typically, direct regeneration and hydrometallurgical pro-
cesses are conventional methods for recovering SLFPB-Ms.' %>
The direct regeneration approach has the advantages of a short
process flow and low consumption of acid and alkali reagents,
but the regenerated LiFePO, usually contains impurity com-
ponents, resulting in poor electrochemical performance.’”** The
hydrometallurgical method is widely used for the comprehensive
recovery of SLFPB-Ms due to its good selectivity and high recovery
rate for target elements.>® In hydrometallurgical systems, a range
of inorganic acids (such as H,SO,, HCl, HNO; and H3PO,)***®
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and organic acids (such as citric acid, oxalic acid, acetic acid, etc.)
are employed to recover precious metals from SLFPB-Ms. To
improve the leaching rates and recovery rates of important
metals, the hydrometallurgical recovery of SLFPB-Ms usually uses
microwaves, field strength, or powerful oxidants, which leads to
further increases in energy consumption and secondary pollution
ﬂsk.26’27

A simplified recovery strategy using direct oxidation has
been developed by scientists and technicians in response to
the challenging dissociation of the SLFPB-Ms in recent years.
This strategy has the advantage of achieving the efficient
release of lithium and the directed conversion of iron phos-
phate without destroying the crystal structure of lithium iron
phosphate.”® It has been reported that Na,S,04,>°
(NH,4),5,05,>° H,0,°'and NaClO**?** as oxidation additives
can achieve the directed decomposition of lithium iron phos-
phate and the efficient recovery of lithium under mild con-
ditions. However, it is challenging to encourage the wide-
spread use of these compounds in industrial production due
to their highly oxidizing, poisonous, and costly chemical
characteristics. Therefore, it is urgent and necessary to develop
a green, inexpensive and sustainable hydrometallurgical
system to realize the efficient recovery of SLFPB-Ms. Ca(ClO),
is one of the most widely used disinfectants in the water treat-
ment industry and is also used extensively as an oxidant in
industrial production because of its high efficiency, low tox-
icity, and low cost.>*® An innovative and interesting experi-
ment is the use of Ca(ClO), as a clean, green oxidant in the re-
cycling of SLFPB-Ms.

This paper proposes a sustainable approach for the recovery
of SLFPB-Ms based on a Ca(ClO),-enhanced dissociation system.
Compared with the traditional enhanced leaching system, Ca
(ClO), acts as both an oxidizing agent and a purifying agent in
the recovery process of SLFPB-Ms. This allows for the simul-
taneous release of Li* ions and the precipitation of impurity ions,
thereby cutting down on the processing workflow time. We exam-
ined the effects of Ca(ClO),-assisted mechanochemical activation
and hydrometallurgical enhanced leaching on the phase conver-
sion of the lithium iron phosphate ore. A single-factor experiment
was used to determine the directed conversion efficiency of the
impurity as well as the recoveries of the target elements Li and
Fe. By combining characterization techniques such as phase and
microscopic morphology, the reaction mechanism of LiFePO, in
the Ca(ClO), system has been proposed. Furthermore, the pro-
posed technology was analyzed from both an economic and tech-
nological standpoint, yielding positive results. The results of this
research may provide insight for the directional transformation of
target elements and high-efficiency recovery of SLFPB-Ms.

2. Experimental
2.1 Materials and reagents

The spent LiFePO, battery used in this work came from a new
energy end-of-life vehicle dismantling enterprise in Huzhou,
China. The initial predischarge of the SLFPB-Ms was con-
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ducted in a saturated sodium chloride solution. After manual
dismantling, crushing, and sorting, the organic separator,
copper foil, aluminum foil, steel shell, and electrode powder
were obtained. The obtained electrode powder was finely
ground and sieved to obtain 200 mesh SLFPB-Ms as the raw
material for this study. SLFPB-Ms (0.2 g) was dissolved in aqua
regia, and the solution was measured for each metal element
with an inductively coupled plasma-optical emission spectro-
meter (ICP-OES), and the results are shown in Table S1.7 All
reagents used in the experimental procedures were of analyti-
cal grade and were purchased from MACKLIN (Shanghai,
China). All solutions were prepared with deionized water
obtained from a Dura Pro 24FV (Shanghai, China).

2.2 Experimental procedures

Fig. 1 illustrates the process flow for the enhanced dissociation
of SLFPB-Ms and the directed conversion of Li, Fe, and P in
the Ca(ClO), system.

2.2.1 Ca(ClO),-assisted = mechanochemical activation.
SLFPB-Ms (2.0 g) and 5 zirconia balls 5 mm in diameter were
placed into a corundum ball mill jar. The oxidation activators
Ca(ClO), and SLFPB-Ms were mixed in a mass ratio of Ca
(C10),/LiFePO, = 0.2-1.2 g g~ for mechanochemical activation
in a planetary ball mill. The ball milling speed was adjusted
between 250 and 500 rpm, and the reaction time was
5-60 min. Following the reaction, deionized water was added
to the activated material at a ratio of 50:1 g mL™" to dissolve
it. The slurry was filtered through a Brinell funnel to obtain
the Li-rich leachate and leached residue. The leached residue
was washed with deionized water three times, and the washing
solution was mixed with the Li-rich leachate, and the concen-
tration of elements was measured by ICP-OES after achieving a
constant volume with 5% dilute nitric acid. The average value

Spent LiFePO, batteries
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Fig. 1 Schematic diagram of the enhanced deconstruction pathway
and process optimization of SLFPB-Ms in the Ca(ClO), system.
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of three test results was taken. The leaching rates of Li, Fe and
P were calculated using the following equation:

a= (1 - %) x 100% (1)

oMo

where m, is the mass of the raw material, m, is the mass of the
leached residue, C, is the content of the target element in the
raw material, and C; is the content of the target element in the
leached residue.

2.2.2 Hydrometallurgical enhanced leaching. The hydro-
metallurgical enhanced leaching reaction was carried out in a
200 mL triangular bottle. The oxidation activators Ca(ClO),
and SLFPB-Ms were mixed in a mass ratio of Ca(ClO),/LiFePO,
=0.6-1.4 g ¢”', and deionized water was added in accordance
with the liquid-solid ratio of 50:1 mL g '. The slurry was
stirred at a speed of 500 rpm, and the pH of the system was
adjusted with H,SO, at a reaction temperature of 25-75 °C for
10-110 min. Following the reaction, the slurry was filtered
through a Brinell funnel to obtain the Li-rich leachate and
leached residue. The leached residue was washed three times
with deionized water, and the washing solution was mixed
with the Li-rich leachate, and the concentration of elements
was measured by ICP-OES after achieving a constant volume
with 5% dilute nitric acid. The average value of the three test
results was calculated. The leaching rates of Li, Fe, and P were
calculated by eqn (1).

2.2.3 Purification of lithium salt. Following mechano-
chemical activation-water leaching, a Li-rich leachate was pro-
duced. This leachate contained impurity calcium ions, which
were eliminated and separated by adding precipitant
(NH,4),CO; to enrich the lithium salt. After heating the Li-rich
leachate to 60 °C in a water bath, saturated (NH,),CO; solution
was added, and the mixture was stirred magnetically to bring
the pH level down to 8.0. Following the precipitation reaction,
the slurry was filtered to obtain a Li-rich solution. A LiCl con-
centrate was obtained by evaporation and crystallization of the
Li-rich solution. To obtain the LiCl product, the LiCl concen-
trate was repeatedly washed with ultrapure water and dried in
a 105 °C oven for 24 hours.

2.3 Analysis and characterization

The contents of Li, Fe and P in the raw materials and other
solid phase-products were determined by inductively coupled
plasma emission spectrometry (ICP-OES, Perkin Optima 8000,
America), and the crystal structures of the target components
were analyzed by X-ray diffractometry (XRD, X' Pert PRO MPD,
Netherlands). The surface morphology of the products was
observed using a scanning electron microscope (SEM, Hitachi/
SU-70, Japan), and the surface chemical composition was ana-
lyzed using energy dispersive X-ray spectroscopy (EDS). In
addition, X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Fischer, America) was used to characterize the
valence states of the elements in the solid phase-products.

This journal is © The Royal Society of Chemistry 2024
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3. Results and discussion
3.1 Ca(ClO),-assisted mechanochemical activation

Fig. 2 illustrates the effect of various factors on the leaching
rates of Li, Fe, and P in Ca(ClO),-assisted mechanochemical
activation. Fig. 2a shows that the mass ratio of Ca(ClO),/
LiFePO, has a significant effect on the leaching rate of valu-
able elements after mechanochemical activation. When the
mass ratio of Ca(ClO),/LiFePO, is less than 1.0 g g~*, the leach-
ing rate of Li increases linearly. The leaching rate of Li is main-
tained at approximately 98.32% when the mass ratio of Ca
(Cl0),/LiFePOy is more than 1.0 g g¢~*. The introduction of oxi-
dizing agents facilitates the transition of Fe** to Fe**, thereby
enhancing the disintegration of LFP and the formation of
FePO,. This process ultimately promotes the release of Li"
ions.’” Conversely, the leaching effect of Fe and P is inversely
proportional to the leaching rate of Li.

Fig. 2b shows the effect of ball milling speed on the leach-
ing rate of valuable elements under other fixed experimental
conditions. It is evident that the leaching rate of Li displays a
gradual increase when the ball milling speed is less than 400
rpm and a declining trend when the speed is larger than 400
rpm. The potential explanation lies in the fact that the elevated
ball milling speed induces a higher shear force, expediting the
deconstruction of LFP and facilitating the release of Li"
ions.”®*® However, the high speed of ball milling can also lead
to material agglomeration, impeding the dissolution of Li and
causing a continuous decline in the leaching rates of Fe and P.
The effect of ball milling time on the leaching rate of Li, Fe
and P is displayed in Fig. 2c. The leaching reaction of Li can
approach equilibrium in a shorter time (<30 min), and Fe and
P can be optimally enriched in the solid phase at this time.

As seen in Fig. 2d, the physical phases of the activated
material following mechanochemical activation under varying
mass ratios of Ca(ClO),/LiFePO, can be compared to observe
that LiFePO, oxidizes to FePO, as the Ca(ClO), addition ratio
increases. This could be explained by the oxidant Ca(ClO),
linking several mechanical forces, including impact, shear,
and friction, to facilitate the release of Li and the conversion
of FePO,. In the LiFePO, ore phase, the addition of the oxidant
Ca(ClO), changes Fe*" to Fe®", which facilitates the release of
Li* while preserving its original crystal structure. Fe** oxidized
during the ball milling process, causing Ca(ClO), to eventually
break down. During the ball milling process, Ca(ClO), was
gradually decomposed as Fe*>* was oxidized. A small number
of CaClOH (PDF#73-1885) characteristic diffraction peaks
appeared in the XRD patterns of the activated materials, which
could be attributed to the decomposition of Ca(ClO), with
moisture in the air during mechanochemical activation to
produce the intermediate product CaCIOH, as shown in the
following equation:

Ca** +ClI” + OH™ = CaClOH (2)

It was discovered by comparing the leached residue
obtained after the activated materials were leached by water

Green Chem., 2024, 26, 3317-3328 | 3319
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water leaching.

that the distinctive peak of FePO, was more notable in the
leached residue with a mass ratio of Ca(ClO),/LiFePO, of 1.0 g
g~! than with other mass ratios (Fig. 2e). Additionally, a faint
LiFePO, signal was observed, which can be attributed to the
inadequate oxidant addition of the mechanochemical acti-
vation reaction.®® The fact that there was no calcium-contain-
ing chemical phase in the leached residue as opposed to
before the leaching could be the cause of the compounds’ ade-
quate solubility in the aqueous solution of CaCIOH and other
compounds.

The activated materials and the residue after water leaching
were characterized by SEM and XPS, and the results are shown
in Fig. 3. It is evident that following Ca(ClO),-assisted mechan-
ochemical activation, the material’s surface is comparatively
smooth (Fig. 3a), which favors the formation of favorable reac-
tion conditions for Li" release. However, after Li" leaching, the
crystal structure shifted from LiFePO, to FePO,, but the shape
of the residue following water leaching did not significantly
alter (Fig. 3b), suggesting that lithium iron phosphate has a
high level of structural stability.

Furthermore, XPS analysis was carried out to identify the
surface chemical composition and valence states of the target
elements in the solid phase. The Li, Fe, P, Ca, Cl, and O
signals are clearly visible in the activated material (before
leaching), while the Cl signal is clearly diminished and the Li

3320 | Green Chem., 2024, 26, 3317-3328

signal is obviously weakened in the leached residue (after
leaching), according to the XPS spectra of Fig. 3c. This indi-
cates that Cl and Li are dissolved in the solution as soluble
matter. The Fe 2p high-resolution XPS spectra (Fig. 3d)
confirm the presence of the FePO, phase in the XRD results by
demonstrating that the Fe** peak strength and peak width of
Fe 2p in the solid phase increase during the leaching reaction.
After leaching, a noticeable shift to the left was observed in
the Fe 2p characteristic binding energy of the leached residue.
This phenomenon can be attributed to the reduction of peaks
associated with interfering elements coupled with the
increased prominence of Fe®" characteristic peaks after leach-
ing.*® These observations are consistent with the results of the
XRD analyses. The high-resolution XPS spectrum of Ca 2p is
shown in Fig. 3e. Calcium salts from the activated material
enter the solution as soluble matter because the binding
energy signal of Ca 2p in the leached residue is weaker than it
was prior to the leaching reaction.

Notably, as shown in Fig. S2a,7 the characteristic peak of Ca
2p in the leached residue was more noticeable when Ca(ClO),
was in excess (mass ratio of Ca(ClO),/LiFePO, = 1.4). We
deduced the existence of CaCO; in the solid phase based on
the combination of the high-resolution XPS spectra of C 1s
produced under these reaction conditions (Fig. S2bf). This
may be caused by the reaction of Ca(ClO), with CO,, and H,O

This journal is © The Royal Society of Chemistry 2024
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in air during the mechanochemical activation to produce in-
soluble CaCOj3, and the reaction is given in eqn (3).

Ca(ClO), + H,0 + CO, = CaCO; | +2HCIO (3)

Furthermore, the high-resolution XPS spectrum of Li 1s
(Fig. 3f) demonstrates that the activated material possesses a
distinct characteristic peak of Li 1s prior to water leaching,
whereas the intensity of the same peak in the leached residue
is noticeably weakened.”' This provides evidence in favor of
the successful separation of Li in SLFPB-M after mechano-
chemical activation and water leaching.

FePO, is also present in the leached residue and the activated
materials, as evidenced by the high-resolution XPS spectra of P
2p and O 1s in Fig. S3.1 The P 2p spectra at 133.25 eV and 134.15

This journal is © The Royal Society of Chemistry 2024

eV were decomposed into P 2p;), and P 2p,,, indicating the pres-
ence of P in the solid phase as phosphate.”” In the O 1s spec-
trum, the characteristic peak at 531.12 eV was attributed to P-O.*

3.2 Hydrometallurgical enhanced leaching

The aforementioned experiments on Ca(ClO),-assisted
mechanochemical activation and water leaching demonstrate
that Ca, Li, and Cl are combined as soluble ions in Li-rich lea-
chate. To produce a pure lithium salt product, Ca ions must be
eliminated since the target elements and contaminant com-
ponents coexist in the Li-rich leachate. It may simplify the re-
cycling process and reduce the loss of Li during the decalcifi-
cation process to apply a one-step method to achieve both
efficient leaching of Li and selective separation of the impurity

Green Chem., 2024, 26, 3317-3328 | 3321
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component Ca. To achieve this, a hydrometallurgical enhanced
leaching experiment for SLFPB-Ms in a Ca(ClO), system was
designed. The effects of the mass ratio of Ca(ClO),/LiFePOy,,
PH, reaction temperature and time on the leaching rate of Li
were examined in the hydrometallurgical enhanced leaching
experiment. Furthermore, the concentration variations in
impurity Ca ions within the system were analyzed, and the
results are shown in Fig. 4.

Under the experimental conditions of pH 6.0, 50 min and
55 °C, Fig. 4a shows the effect of the mass ratio of Ca(ClO),/
LiFePO, on the leaching rate of Li and the concentration of Ca
ions. The leaching rate of Li increased steadily to 96.6%, and

1000
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the concentration of Ca ions in the slurry was 145.0 mg L™
when the mass ratio of Ca(ClO),/LiFePO, was 1.0 g g~*. The
leaching rate of Li exceeded 98.5%, and the concentration of
Ca ions increased to 302 mg L' when the mass ratio of Ca
(Cl0),/LiFePO, increased to 1.2 g g~ '. The above results show
that the Li-rich leachate is not only enriched in Li ions but
also mixed with a large number of impurity Ca ions, which is
not conducive to the enrichment of Li.

Fig. 4b shows the effect of pH on the leaching rate of Li and
the concentration of Ca ions at a Ca(ClO),/LiFePO, mass ratio
of 1.0 g g7, 55 °C and 50 min. The leaching rate of Li was not
significantly affected by pH, and a high leaching rate of Li
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(>98.3%) was achievable in the pH range of 2-7. When the pH
was low, the concentration of Ca ions was kept at a high level
(>4230.0 mg L"), but when the pH was higher than 6.0, the
concentration of Ca ions rapidly dropped to less than 330 mg
L™'. As demonstrated by eqn (4), this is mostly caused by the
precipitation interaction of Ca** with SO,.>***°

Ca?*(aq) + S0,% (aq) — CaSO4(s) (4)

The effect of temperature on the leaching rate of Li and the
concentration of Ca ions is depicted in Fig. 4c. It is evident
that the leaching rate of Li increases with temperature in the
25-55 °C range and subsequently somewhat decreases after
reaching 98.74%. It is possible that raising the temperature
will help in increasing the Ca(ClO), activity, speeding up the
rate of reaction, and thus encouraging the leaching reaction to
proceed forward. On the other hand, a high temperature
reduced the oxidative characteristic of Ca(ClO), and promoted
its breakdown. Temperature had less of an impact on the Ca
ion concentration, which stayed between 302 and 312 mg L.

Fig. 4d shows the effect of time on the leaching rate of Li
and the concentration of Ca ions. The trend of the Li leaching
rate was inversely linked with the Ca ion concentration when
the reaction time was less than 50 minutes. As the reaction
time was further increased, both the leaching rate of Li and
the concentration of Ca tended to stabilize. After 50 min, the
maximum leaching rate of Li was 98.74%, while the concen-
tration of Ca ions was kept at less than 310 mg L™".

In summary, the optimal conditions for the selective leach-
ing of Li from SLFPB-Ms through hydrometallurgical enhanced
leaching were determined as follows: a mass ratio of Ca(ClO),/
LiFePO, at 1.2 g g~ ', pH maintained at 6.0, leaching time set
at 50 minutes, and leaching temperature held at 55 °C. Under
these optimized leaching conditions, the Li leaching rate
reached 98.74%, with the concentration of Ca ions remaining
below 310 mg L.

XRD analyses of the leached residue obtained under
different mass ratios of Ca(ClO),/LiFePO, were performed, and
the results are shown in Fig. 4e. As the mass ratios of Ca
(Cl0O),/LiFePO, increases, the characteristic peaks of LiFePO,
(PDF#40-1499) gradually disappear, whereas the diffraction
peaks of CaSO, (PDF#43-0606) and FePO, (PDF#34-0134)
emerge in the leached residue. Local enlargement of the plots
shows that when the mass ratio of Ca(ClO),/LiFePO, is 0.8 g
g~', the characteristic peaks of LiFePO, at 17.3°, 32.3° and
49.3° disappear, whereas the characteristic peaks of the FePO,
signal appear at 18.1° and 30.8°. When the Ca(ClO),/LiFePO,
mass ratio is further increased to 1.2 g g™, the characteristic
peaks of CaSO, appear at 31.9° and 49.2°.

The micromorphology of the leached residue was analyzed
by SEM, and the results are shown in Fig. 5a. The surface
boundary of the leached residue is clear, and the particle size
is uniform. The EDS analysis of the leached residue surface
elements is depicted in Fig. 5b. The findings indicate that the
major components are C, Fe, O, P, Ca, and S, of which C may
originate from the amorphous carbon coating on the surface

This journal is © The Royal Society of Chemistry 2024
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of the particles. Fig. 5c-f shows the distribution analysis of the
major elements. The distribution of each element is uniform,
and there is no elemental segregation, which further proves
that the solid-phase products formed by the hydrometallurgi-
cal enhanced leaching process are rich in CaSO, and FePO,.

3.3 Purification of Li from lithium-rich leachate

It is necessary to eliminate the Ca ion impurities from the Li-
rich leachate produced by Ca(ClO),-assisted mechanochemical
activation-water leaching to further enrich the lithium salt
product. After heating 50 mL of the Li-rich leachate to 60 °C in
a water bath, the pH was adjusted by adding saturated
(NH,),CO3 solution dropwise until no precipitate was formed
while the mixture was stirred with a magnetic device.
Following 30 min of reaction, the slurry was divided into
liquid and solid phases using a Brinell funnel, and the phase
and microscopic morphology of the precipitated slag obtained
are shown in Fig. 5 and 6.

(NH,),CO;3(aq) = 2NH,"(aq) + CO;3* (aq) (5)

Ca’**(aq) + CO;* (aq) = CaCO;(s) (6)

From the precipitation reaction (Fig. 6a), it can be seen that
milky white sediments are produced. The white precipitates are
made up of two crystalline phases of CaCO3, as can be observed
from the precipitates’ XRD patterns (Fig. 6b), which match the
standard maps of CaCO; (PDF#72-1937) and CaCO; (PDF#72-
0506). This may be related to external factors such as pH, the
heating technique and the stirring speed, which require more
discussion in terms of microscopic thermodynamics and macro-
scopic dynamics. The microscopic morphology of the precipitates
is shown in Fig. 6¢, and its appearance is spherical with a dense
and homogeneous structure. The energy spectrum analysis
(Fig. 6d) reveals that the main components are C (20.75%), O
(53.79%) and Ca (23.88%), which is in agreement with the
results of the XRD phase analysis. A trace amount of impurity F
ions (<1.58%) was also detected, which may be caused by the
small amount of F ions doped into the active material powder
during the leaching process, which is enriched in the precipi-
tated slag in the form of insoluble CaF,.

To enrich the lithium salt by evaporation crystallization, the
solution after removal of calcium ions was mixed with the
solution after acid leaching. The crystallization reaction takes
place in an evaporating dish. 50 mL of the mixture solution
was heated in an electric oven at 150 °C. The solution was con-
tinuously stirred with a glass rod until crystallites formed. The
crystallites were washed three times with ultrapure water and
then dried in a drying oven at 105 °C for 24 h to obtain
lithium salt products, and their morphology and phase com-
ponents are shown in Fig. 6e. The XRD pattern of the LiCl
crystal is in good agreement with that of the standard PDF
card. The characteristics of the produced LiCl product and
industrial grade LiCl are compared in Table S2.1*¢ LiCl has a
higher moisture content and purity than industrial grade LiCl.
However, more research and testing are needed to fully under-
stand its electrochemical performance.
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Fig. 5 Leached residue of the hydrometallurgical enhanced leaching process: (a) SEM image, (b) EDS spectra, and element mapping images of (c)
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Fig. 6 (a) Precipitation reaction process, (b) XRD, (c) SEM, and (d) energy spectrum of the precipitated slag, (e) XRD images of the LiCl products.
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3.4 Transformation pathways/mechanism of target elements
in the Ca(ClO), system

Based on the aforementioned investigations, we hypothesize
that Fig. 7 depicts the LiFePO, conversion process and reaction
path in the Ca(ClO), system.

Process 1 (mechanochemical activation). Fe(u) is converted
to Fe(m) when Ca(ClO), oxidizes LiFePO, during the mechano-
chemical activation process. After the activation transform-
ation, PO,*>” can retain its stable structure and capture Fe(m)
to form a stable FePO, crystal phase because of the strong
bonding energy of the P-O bond. During the activation
process, the Li-O bond in LiFePO, breaks and releases Li',
and ClO™ is reduced back to Cl~.*’ The released Li* then reacts
with free C17, which is dissolved in the solution by water leach-
ing, and the LiCl product is produced through evaporation
and crystallization. The reaction process is shown in eqn (7)
and (8). The Ca*" in the system comes from the deconstruction
of Ca(ClO), and is enriched in the solution during water leach-
ing. The free Ca®>" is converted to insoluble CaCOj; by a neutral-
ization reaction with the decalcifying agent (NH,),COs3.

4LiFePO,4+Ca(ClO),+2H,0 = 4FePO,(s)+4Li" (aq)
+2Cl ™ (aq)+Ca*(aq)
+40H™ (aq)

(7)

Mechanochemical activation

Process 1

LiFePO,

Process 2

Hydrometallurgical leaching

View Article Online

Paper

Lit(aq) + Cl™(aq) = LiCl(s) (8)

Process 2 (hydrometallurgical enhanced leaching). In the
process of hydrometallurgical enhanced leaching, the oxidant
Ca(ClO), is hydrolyzed to produce more oxidizing hypochlorite
and release Ca>". In a liquid-solid reaction, LiFePO, is oxidized
by ClO™ to the more insoluble FePO,, releasing Li" and CI~
into the leach solution.*? The free Ca®" in the leaching system
is converted to insoluble CaSO, by neutralization reaction with
the decalcifier SO,>~, which is enriched in the leached residue.
The reaction process is shown in eqn (9). The leached solution
can be evaporated and crystallized to obtain LiCl products
after liquid-solid separation.

4LiFePOy(s) + Ca(ClO),(aq) + SO (aq) + 4H' (aq)
= 4FePO,(s) + 4Li" (aq) + 2Cl~ (aq) + CaSO,4(s) + H,O (9)

3.5 Techno-economic evaluation

To demonstrate the advantages of the proposed technology for
the recovery of SLFPB-Ms in the Ca(ClO), system, an economic
benefit assessment analysis was performed.’**® As the recov-
ery method has not yet reached industrialization, the evalu-
ation is predicated on appropriate parameters derived from
the 1.0 kg spent LiFePO, battery recovery conducted in a lab-
oratory. For more details, see text S1. Utilizing the economic
analysis approach, the flow, material balance, reagent usage,

LOFRQOPOaQaQo@u s OcO

Fig. 7 Transformation mechanism of LiFePQO, in the Ca(ClO), system.
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Fig. 8 Techno-economic evaluation (a) input and output for disposal of 1.0 kg of spent LiFePO, batteries, (b) economic comparison of two pro-
cesses in the Ca(ClO), system, and (c) a graph of the inputs and outputs for our work versus the persulfate system.

energy consumption, and input-output costs of the recycling
process were meticulously documented. The input costs of
energy and chemical reagents are labeled in red font and the
output benefits of the recycled products are labeled in green
font, as shown in Fig. 8.

Fig. 8a and b show that process 1 (mechanochemical acti-
vation) and process 2 (hydrometallurgical enhanced leaching)
have the same pretreatment step and therefore have the same
input ($1.13) and output ($0.58) costs. Because process 1 takes
longer than process 2, it uses more energy and costs more
reagents during the separation step. Process 2 requires $4.744
while process 1 requires $3.914 in the purification step.

Furthermore, the benefits of recovering 1.0 kg of spent
LiFePO, batteries in the persulfate system proposed in our
group’s previous research were compared (Fig. S31).*° The
profits of the three processes are as shown in Fig. 8c: process 2
(5.0378) > persulfate system (4.768$) > process 1 (4.04$). This
demonstrates that it is economically possible to recover spent
LiFePO, batteries through hydrometallurgical enhanced leach-
ing in the Ca(ClO), system.

However, it is worth noting that the above data are from
small-scale laboratory experiments. It is only a guideline ana-
lysis for its industrial feasibility and has not been put into
large-scale commercial recovery, so it is not an accurate econ-
omic assessment.

4. Conclusion

A sustainable process to achieve enhanced dissociation of
spent LiFePO, cathode materials by both mechanochemical

3326 | Green Chem., 2024, 26, 3317-3328

activation and hydrometallurgical enhanced leaching in a Ca
(ClO), system is proposed. Compared with the traditional
enhanced leaching system, Ca(ClO), acts as both an oxidizing
agent and a purifying agent in the recovery process of
SLFPB-Ms. This allows for the simultaneous release of Li* ions
and the precipitation of impurity ions, thereby cutting down
on the processing workflow time. Compared with mechano-
chemical activation, Ca(ClO),-assisted hydrometallurgical
enhanced leaching can simultaneously achieve the separation
and enrichment of the target components Li* and Fe** and the
Ca®" impurities. LiCl products can be obtained by further evap-
oration and crystallization.

On the basis of XRD, XPS and SEM characterization, a reac-
tion pathway and mechanism of strong dissociation of
LiFePO, in the Ca(ClO), system were proposed. Furthermore,
the technical-economic evaluation showed that Ca(ClO),-
assisted hydrometallurgical enhanced leaching has higher
economic advantages. In summary, this recycling approach
shows great promise for industrialization planning and is a
low-cost, sustainable process that meets the needs for econ-
omic, environmental and efficient recycling of spent lithium-
ion batteries.
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