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Abstract: A sustainable approach for recovering battery grade FePO4 and Li>COj3 from Al/F-bearing spent LiFePO4/C
powder was proposed, including acid leaching, fluorinated coordination precipitation, homogeneous precipitation, and
high-temperature precipitation. Under the optimal conditions, the leaching efficiencies of Li, Fe, P, Al, and F were
97.6%, 97.1%, 97.1%, 72.5%, and 63.3%, respectively. The effects of different parameters on the removal of Al/F
impurities were systematically evaluated, indicating about 99.4% Al and 96.4% F in the leachate were precipitated in
the form of Nas;LizALF», and their residual concentrations were only 0.0124 and 0.328 g/L, respectively, which could
be directly used to prepare battery grade FePOs (99.68% in purity). Lithium in the Al/F-bearing residue could be
extracted through CaCO3;—CaSOs roasting followed by acid leaching, ultimately obtaining 99.87% purity of Li>COs.
The recovery rates of Li and Fe were 96.88% and 92.85%, respectively. An economic evaluation demonstrated that the
process was profitable.

Key words: Al/F-bearing spent LiFePO4/C powder; sulfuric acid leaching; impurities removal; battery grade iron

phosphate; battery grade lithium carbonate

1 Introduction

In light of the strategic objectives of achieving
carbon peaking by 2030 and carbon neutrality by
2060 [1], the widespread utilization of LiFePO4
batteries (LFPs) with high energy density and
environmental benignity has been significantly
advanced in the fields of electric vehicles and
energy storage [2]. It is reported that the projected
number of electric vehicles on the global scale is
expected to reach 145 million by 2030 [3], and the
energy storage development will exceed 1095 GW
by 2040 [4]. Currently, LFPs are successfully used
in Tesla’s model 3, BYD’s Han EV, and other
electric vehicles [5]. However, given the limited life

cycle of lithium batteries of 3—5 years [6], about
780000 t of spent lithium batteries are likely to be
generated by 2025, and China will hold 400000 t of
spent LFPs [7-9].

For the recovery of spent LFPs, traditional
direct regeneration methods based on defect-
targeted repair involve restoring the electrochemical
properties by subjecting them to thermal treatment
with additional lithium sources at 600—800 °C
[10,11]. Nevertheless, electrochemical performance
of regenerated LiFePO4 is always unsatisfactory,
owing to the presence of high contents of impurities
and great differences in their degree of damage [12].
In comparison, the hydrometallurgical process,
including pretreatment, leaching, purification, and
product preparation, can effectively address the
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aforementioned drawbacks [13,14]. Due to the
non-selectivity of the acid leaching stage, F and
Al impurities originated from the fluorinated
electrolyte and current collector Al foil entered the
leachate. The ecosystem would be contaminated
by F-containing wastewater without appropriate
disposals, further causing severe threats to
human-beings through the accumulation of the food
chain [15]. Moreover, Al impurity would enter the
final FePOs products, ascribing to the similar
solubility product between AIPO4 (Ky=9.84x1072")
and FePOs2H,O (Kyp=1.3x102%) [16] and the
formation of aluminum-doped solid solutions
(Fe1+ALPOy4) [17-19], thus adversely affecting the
electrochemical performance of regenerated LFPs if
the content of Al exceeds 0.05 wt.% [20].

Generally, F is typically removed in the form
of HF gas through a high-temperature calcination
pretreatment process [21], while the corrosive
gas poses serious damage to equipment [22].
Additionally, though the conventional Al(OH)s
precipitation process is cheap and simple to operate,
the pH value for Al precipitation is about 3.41
according to the solubility product constants of
Al(OH)3 (Ks,=1.3x107%) [23], which would easily
result in the formation of LiFePO4 precipitates. As a
result, studies on the recycling of spent LiFePO./C
powder primarily focus on the recovery of lithium
through oxidative leaching in consideration of
economic cost and technical feasibility [24—26],
while Fe and P are remained as Fe/P residues (Table
S1 in Supporting Information (SI)). The premise of
Fe/P recovery from Al-bearing FePOs residue is
the reduction of Fe*' to Fe*', since the separation
of Fe** and AI’" is extremely difficult due to the
similar physiochemical properties, thus resulting
in the high reagent cost and the extended process
flow. In our recent work, a sulfuric acid leaching
followed by solvent extraction process was
proposed for the removal of Al to overcome its
non-selective leaching behavior for valuable
components and impurities [27], but its industrial
applicability was limited due to pungent odors and
non-fluorinated spent LiFePO4/C powder.

Inspired by the low solubility of lithium-
containing aluminum electrolyte (i.e., Na;LizAl,F2)
and the considerable amounts of Al and F in
Al/F-bearing spent LiFePOs; powder [28], the
fluorinated coordination precipitation was proposed
to selectively remove Al and F impurities, thus

promoting the comprehensive recovery of Li/Fe/P
from LFPs. Batch experiments were carried out
to determine the operating variables for leaching
and fluorinated coordination precipitation, and
corresponding characterizations were performed
to elucidate the mechanisms. The appropriate
temperature for the precipitation of FePO4 2H,O
from low-Al filtrate was evaluated, and the
recovery for lithium in the Al/F-bearing residue was
also investigated. A preliminary economic analysis
was investigated to determine the economic profits.
This study provides a forward-looking guidance
for Li/Fe/P recovery from Al/F-bearing spent
LiFePO4/C powder sustainably and economically.

2 Experimental

2.1 Materials

The Al/F-bearing spent LiFePO4/C powder
was obtained from Shenzhen Zhongjin Lingnan
Technology Co., Ltd. (Guangdong, China), and its
composition (wt.%) was Al 0.86, Cu 0.002, Fe
21.61, P 11.91, Li 2.73, C 29.85, and F 0.89. All the
chemical reagents, including H>SOs, NaF, NH3-H,0,
NaOH, Fez(SO4)3, CaSO4, CaCO3, NazCO3, H,0;
(30 wt.%), and NaH,PO4, were of analytical grade
and purchased from Macklin Co. Ltd. Deionized
water was used throughout the experiments.

2.2 Procedures

The proposed flow sheet of the comprehensive
recovery process for Al/F-bearing spent LiFePO4/C
powder is presented in Fig. 1. The comprehensive
recovery for Al/F-bearing spent LiFePO4/C powder
included sulfuric acid leaching, fluorinated
coordination precipitation, synthesis of iron
phosphate, and the recovery for lithium carbonate.
Firstly, the valuable components in the Al/F-bearing
spent LiFePO4/C powder were transferred into the
solution through sulfuric acid leaching. Then,
appropriate amounts of NaF were added into the
leachate for the removal of F and Al impurities.
Next, the low-Al filtrate can be directly used to
prepare battery grade FePOs, and the Al/F-bearing
residue can be recovered in the form of Li,COs
through CaCO3;—CaS0O; roasting followed by acid
leaching. Three parallel tests were conducted and
the average value was reported, and error bars were
derived based on the values calculated from
standard deviation.
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Fig. 1 Schematic illustration of process for regeneration of FePO4 and Li,CO; from Al/F-bearing spent LiFePO4/C

powder

The detailed descriptions for each experimental
protocol are supplemented in Text S1 of SI.

2.3 Analytical methods

The concentrations of elements were measured
by inductively coupled plasma—optical emission
spectrometer (ICP—OES, SPECTRO BLUE SOP,
Germany). The fluoride concentration was
measured by the fluoride-selective electrode
(ORION STAR A324, Thermo Fisher Scientific,
MA, USA) according to GB 7484—87 Standard.
The crystalline phases of the solid were determined
by X-ray diffraction with Cu K, radiation (XRD,
PANalytical/Empyrean 2, Netherlands), and the
patterns with 260 ranged from 5° to 90°. The
precipitate was also characterized by Fourier
transform infrared spectroscopy (FT-IR, NEXUS-
Thermo Nicolet Company, USA), X-ray photo-
electron spectroscopy (XPS, Thermo Fisher-VG
Scientific ESCALAB250Xi, USA), atomic force
microscopy (AFM, Bruker Dimension Icon),
scanning electron microscopy (SEM, MIRA3
LMH) and energy-dispersive X-ray spectroscopy
(EDS, One Max 20).

3 Results and discussion

3.1 Sulfuric acid leaching of Al/F-bearing spent

LiFePO4/C powder

The impact of H»SOs4 concentration on the
leaching efficiencies of valuable components was
firstly investigated. As shown in Fig. 2(a), the
leaching efficiencies of Li, Fe, and P presented
a positive correlation with H,SOs concentration,
attributing to an enhancement in dissolution of each
element under high acidity. As the concentration of
H,SO4 was 2.1 mol/L, the leaching efficiencies of
Al, Li, Fe, and P were 72.5%, 97.6%, 97.1%, and
97.1%, respectively, and the concentration of F
was approximately 1878 mg/L. Further increasing
H,SO. concentration had negligible impact on the
leaching performance of Li/Fe/P, but facilitated the
leaching of Al and F impurities. Consequently, the
optimal concentration of H.SO4 was determined to
be 2.1 mol/L, that is, the dosage of H.SOs was
0.5 mol. Additionally, the leaching -efficiencies
of Li/Fe/P and Al initially increased as the
liquid-to-solid ratio increased (Fig. 2(b)), due to the
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Fig. 2 Effects of (a) concentration of H,SO4 (liquid-to-solid ratio of 3 mL/g, 298 K, 120 min) and (b) liquid-to-solid
ratio (0.5 mol H»SO4, 298 K, 120 min) on leaching efficiency; (c¢) XRD patterns and (d) XPS spectra of spent

LiFePO4/C powder before and after leaching

promotion of the efficient contact area for the
solid and liquid phases. However, the leaching
efficiencies decreased when the liquid-to-solid ratio
exceeded 4 mL/g, because a higher liquid-to-solid
ratio resulted in a decrease in acidity. Considering
the high viscosity of the slurry at low liquid-to-
solid ratios, a liquid-to-solid ratio of 3 mL/g was
selected.

Under the optimal conditions of 2.1 mol/L
H,SO4, liquid-to-solid ratio of 3 mL/g, 298 K, and
120 min, three parallel industrial-scale pilot
leaching experiments were conducted using 1000 g
Al/F-bearing spent LiFePO4/C powder. The results
are presented in Table S2 of SI, and no copper was
detected in the leachate. The XRD patterns of the
spent LiFePO4/C powder were well-matched with
the olivine-structured LiFePOs4 (PDF# 83-2092)
and graphite (PDF#41-1489), and only the
characteristic peaks of graphite were observed in
the leaching residue (Fig. 2(c)). In addition, XPS
analyses were performed to identify the chemical
composition of the spent LiFePOs/C powder and
leaching residue (as presented in Fig. 2(d)). The
peaks of Li, Fe, and P almost disappeared in the
leaching residue, and the peaks of F and O were
drastically reduced. In comparison, the graphite C

peak was enhanced in the leaching residue. These
findings were consistent with the results presented
in Fig. 2(c), indicating that LiFePOs was almost
completely leached.

3.2 Selective fluorinated coordination precipitation
for AI/F removal

The leachate generated from sulfuric acid
leaching process contains considerable amounts of
Al and F impurities, which should be removed prior
to the recovery of Li/Fe/P. As shown in Fig. 3(a),
the forms of Al-F complexes vary distinctively
with the changes of pH wvalue. The thermo-
dynamical feasibility of the reactions for NaszAlF
and Li3AlFs is confirmed by the Gibbs free energies
AG® (Table S3 in SI), implying that the formation
of NasLi3Al,F1, composite can occur spontaneously.
Consequently, NaF was selected as the precipitant
to provide sufficient amounts of Na and F, thus
achieving the removal of Al and F in the form of
NasLizAlLFi, from the leachate. As depicted in
Fig. 3(b) [29], Li*, Fe*" and PO; in the solution
could be precipitated as LiFePO4 at high pH value.
Therefore, the effects of initial pH, precipitant
dosage, reaction temperature, and reaction time on
the removal of Al/F impurities from the leachate
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and the loss of Fe/P/Li were systematically
evaluated.

Figure 4(a) shows a remarkable influence of
initial pH on the precipitation. The precipitation
efficiency of Al reached 98.6% at an initial pH
value of 2.1, and remained relatively stable
thereafter. The precipitation efficiencies of Fe, Li,
and P sharply increased from 1.3%, 9.1%, and 0.9%
to 18.6%, 28.6%, and 17.7%, respectively, as the
pH value varied from 2.70 to 3.05, indicating a
higher pH aggravated the loss of lithium. This
can be attributed to the formation of LiFePOs, as
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evidenced in the XRD pattern of the Al/F-bearing
precipitate obtained at pH 3.05 (Fig. S1 in SI).
Therefore, considering the tradeoff between the
precipitation efficiency of Al and the loss of Li, the
optimal initial pH value was adjusted to be 2.4.
Figure 4(b)  presents the  precipitation
performance of Al under varying dosages of NaF
precipitant. As the dosage of NaF increased from 0
to 4.2 g, the precipitation efficiency of Al increased
from 17.6% to 99.4%, indicating the promotion
for the removal of Al with the addition of NaF.
Apparently, fluorinated coordination precipitation
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Fig. 4 Effects of different parameters for selective fluorinated coordination precipitation for Al: (a) Initial pH (NaF
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can significantly diminish the content of F in the
solution, which is beneficial to reducing the
subsequent environmental costs. Excessive addition
of NaF had a negligible promotion for the
precipitation of Al, but would increase the reagent
costs. The addition amount of NaF was determined
to be 4.2 g, and the equilibrium concentration of F
was 328.3 mg/L.

Figures 4(c, d) show the effects of temperature
and reaction time on the removal of Al from the
leachate. The reaction temperature had no obvious
effect on Al precipitation, while high temperature
would lead to the loss of Li, Fe, and P due to the
formation of LiFePO,4. Furthermore, the removal
for Al impurity in the first 3 h was rapid with
precipitation efficiency over 98.0%. Further
extension of reaction time had a negligible effect.
Therefore, the precipitation processes were carried
out at 298 K for 5 h in the subsequent experiments.

Furthermore, three parallel scale-up tests were
conducted using 2.5 L Al/F-bearing leachate under
the optimized conditions, indicating that the
precipitation efficiencies of Al and F were 99.4%
and 96.4%, respectively (Table S4 in SI). And the
concentration of Al in the filtrate was only
0.0124 g/L, laying a foundation for the regeneration
of Fe/P in the form of FePO4-2H,0.

Meanwhile, the generated residue (the
composition (wt.%): Al 12.1, Li 4.7, Na 15.5, Fe
5.1, and P 1.7) was characterized by XRD, FT-IR,
XPS, and SEM-EDS to further investigate the
precipitation mechanism. The diffraction peaks
presented good crystallinity and matched nicely
with the standard PDF card of NasLizAlFi,
(#75-1571) (Fig. 5(a)). The crystal structure of
cryolithionite NasLizALFi>» consists of [AlFs]
octahedron connected with the [LiF4] tetrahedron
by sharing the same vertex, and sharing an edge
with the [NaFs] dodecahedron, forming a three-
dimensional network with numerous voids and
channels [30].

The peaks at 344840 and 1631.07 cm™!
corresponded to the stretching vibration and
bending vibrations of O—H bands in the molecules
[31], respectively (Fig.5(b)). The telescopic
vibration of P—O was observed at 1079.75 cm™!
[32], while the bending vibration around
588.75 cm™! corresponded to the F—AIl—F bond
[33]. Based on electronegativity difference, the
strong vibrations at 1351.02 and 1385.68cm™ were

ascribed to Na—F and Li—F, respectively.

As shown in Fig. 5, the presence of Li, Fe, P,
O, C, and F with no impurity peaks was identified,
which supported the XRD and FT-IR analyses. The
C s at 284.8 eV was used as the binding energy
reference. The F 1s spectrum was fitted into three
peaks corresponding to Na—F (685.51 eV), Li—F
(684.99 eV), and Al—F (683.94 ¢V) bonds, with
peak area ratio of 4:2:3, which was consistent with
the cryolithionite structure [34]. The Al 2p spectrum
was deconvoluted into two peaks of Al—F and
Al—O, while O Is peaks at 524.78, 531.48, and
536.98 ¢V arose from oxygen atoms in various
structural bonds: O—Al, O—H, and O—P,
respectively [35]. The Na 1s (1071.18 eV) and Li 1s
(56.48 eV) spectra were fitted to a single broad
peak, suggesting that only one type of bonding was
possible in the compound. The SEM images
(Fig. S2 in SI) demonstrated that the Al, F, and Na
elements were uniformly distributed.

3.3 Synthesis of iron phosphate

The standard Gibbs free energy changes
(AG®) for the precipitation of FePOs2H,O were
calculated using the HSC 6.0 software, and the
temperature dependence of AG® is shown in
Fig. 6(a). It is evident that the AG® of iron
phosphate  synthesis becomes more negative
with elevated temperature, illustrating that the
precipitation  process is  thermodynamically
favorable.

The effect of reaction temperature on the
precipitation of Fe/P in the temperature range of
75-98 °C was evaluated, and the results are shown
in Fig. 6(b). At 75 °C, the precipitation efficiencies
of Fe and P were 82.9% and 79.5%, respectively,
resulting in slightly lower than theoretical contents
of Fe (27.4 wt.%) and P (15.9 wt.%) in products.
Within the temperature range of 85-98 °C, the Fe/P
molar ratio was maintained at 1:1. Besides, the tap
density of products initially decreased and then
increased (Fig. 6(c)), while the characteristic XRD
peak intensities of products initially increased and
then decreased (Fig. 6(d)), attributing to the fact
that low temperature prompted particle growth, and
agglomeration occurred at high temperature.

The FePO4-2H,O precipitates obtained at
90 °C were subjected to calcination at 550 °C for
3 h, resulting in the generation of FePO4 product
[36]. The quality of the synthesized FePO,4 and the
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content of impurities presented in Table S5 of SI
meet the battery grade purity standards in China
(HG/T 4701—2021 Iron Phosphate for Battery
Materials). XRD patterns in Fig. S3(a) of SI
demonstrated that the synthesized FePOs closely
matched the characteristic peaks of the FePOs
standard (PDF# 84-0876). The synthesized FePO4
displayed uniform distribution, with a median
particle size (Dso) of 25.573 um (Fig. S3(b) in SI).
Figure S3(c) in SI confirmed that the obtained
FePOj4 product consisted of Fe, O, and P. The Fe 2p
peaks were evident by their peculiar profile owing
to multiple splitting (Fig. S3(d) in SI). The peaks
with a binding energy of 725.55 and 712.37 eV
were assigned to Fe 2Py, and Fe 2P3, respectively
[37], and the peaks at 716.42, 719.96, and
729.08 eV were ascribed to the satellite peaks,
designating the presence of Fe*' in the products.
The fitting peaks of O 1s spectrum (Fig. S3(e) in SI)
consisted of two peaks, owing to orthogonal PO,
tetrahedral and FeOs octahedral olivine structures,
respectively [38]. The P 2p spectrum (Fig. S3(f) in
SI) could be deconvoluted into two peaks centered
at 133.35 and 134.32 ¢V, which were related to
—P=0 (P 2p3») and —P—O (P 2pi) groups in

PO, polyanion, respectively [39].

The morphology images of FePOs product
revealed the formation of near-spherical shaped
precipitates with micro sheet aggregates on the
surface, which were conductive to Li* migration
(Figs. S4(a, b) in SI). Elemental analysis showed
high purity of the product (Fig. S4(c) in SI). The
AFM micrograph in Fig. S4(d) of SI demonstrated
the dark zone surrounding the particle surface and
the light top zone, with the value of root mean
square roughness (Rq) of approximately 85.3 nm
and the height of 276.3 nm (Fig. S4(e) in SI),
comparable to the roughness in the SEM images.

3.4 Recovery of lithium carbonate

The lithium recovery from the fluorinated
precipitation Al/F-bearing residue was achieved
through a CaCO3;—CaSOQO4roasting (800 °C for 2 h)
followed by acid leaching process. Acid leaching
agent was derived from the synthetic filtrate of iron
phosphate, supplemented with H>SOs. The main
chemical reactions are outlined in Egs. (1)—(3).
Obviously, fluorine was fixed in the form of CaF,
and LiF, so fluorine was not detected in the tail
gas. Moreover, the thermodynamic calculations
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indicated that the reactions of leaching process are
thermodynamically feasible:

2Na,Li,ALF,+6CaCO,+4CaSO, =
10CaF, +3Na,S0,+Li,S0, +
2A1,0,+4LiF+6CO, (1)

LiF+H,SO, —Li"+SO} +HF,
AG® (298.15 K)=—31.125 kJ/mol )

LiF+HF — Li" +HE,
AG® (298.15 K)=—239.396 k/mol 3)

The phase evolution between the roasting
product and leaching residue is shown in Fig. 7.
The XRD analysis revealed that the roasting
product was primarily composed of CaF,, LiF,
Al,O3, Ca0O, CaSQs, and NaF. Notably, the LiF,
CaO, and NaF phases almost disappeared from the
leaching residue, and the fluorine remained in the
form of CaF; in the residue.

= CaF, =CaSO,
. i e LiF o NaF

2 ALLO; 2 Na,SO,

v CaO v Li,SO,
Leaching n

residue . = =

O O ofpjo a® @ 1 | | 1

Roasting

product n

n

yd, DLD,\ Al .A ° " T
10 20 30 40 50 60 70 8 90
20/(°)

Fig. 7 XRD patterns of roasting product and leaching
residue

The concentration of Li in the resulting
solution was concentrated to about 20 g/L to
enhance the recovery rate. And the composition of
purified Li-rich solution is presented in Table S6 of
SI, which could be directly used to synthesize
lithium carbonate. The XRD pattern of the
synthesized Li,COs product in Fig. 8(a) suggested
that all diffraction peaks matched nicely with
the standard PDF card (Li,COs #83-1454). The
characteristic of the 4000—1500 cm™' region in the
FT-IR spectra (Fig. 8(b)) suggested the absence
of —OH group, revealing the absence of water
molecules in the products. The peaks at 1412.46,
1086.71, and 857.04 cm™!' for the product were
ascribed to w(CO3), w(C — 0), and &(CO3),

respectively, and the adsorption at 478.24 cm™' was
related to Li—O vibration [40].

Moreover, the purity of recovered Li,CO; was
confirmed by SEM—EDS, as shown in Figs. 9(a—c).
The Li,COs; crystals displayed as the massive
agglomerates of bar-shaped distribution like cluster
with no impurities detected. The purity of Li»CO;
could reach 99.87%, meeting the standards of
High-purity Lithium Carbonate (YS/T 582—2013)
(Table S7 in SI).

(a)

[lld St

Self-made Li,CO; product

|| |H ||| BT T

Li,CO; (PDF# 83-1454)

10 20 30 40 50 60 70 80 90
20/(°)

(b)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!
Fig. 8 (a) XRD pattern and (b) FT-IR spectrum of self-
made Li»CO; product

3.5 Integrated process for full resource recovery

from spent LFPs

Based on the abovementioned results and
analyses, a sustainable and high-value process
for recycling FePOs and Li:CO; products from
Al/F-bearing spent LFPs was developed (Fig. 10).
The process started with sulfuric acid leaching to
extract valuable elements from the Al/F-bearing
spent LiFePO4/C powder, while Al removal
was achieved through fluorinated coordination
precipitation. The low-Al filtrate was then
used to prepare the battery grade FePO4-2H,0 via
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Fig. 9 (a, b) SEM images, and (c) EDS results of self-made Li,CO; product
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Fig. 10 Flow diagram of proposed method for treating Al/F-bearing spent LiFePO4/C powder

homogeneous precipitation, and lithium in the
precipitate of NasLi;ALFi> could be recycled
through CaCOs;—CaSO; roasting followed by acid
leaching, and fluorine was fixed in the form of CaF..
The acidic filtrate generated in the synthesis of
FePO4:2H,0 was used to leach the roasting residue,
thus improving the concentration of Li in the
solution. Finally, Li,COs product (99.87%) was
prepared by the addition of NaCOs, and the
fluoride in the filtrate could be returned to the
fluorinated coordination precipitation step. And the
recovery rates of Li and Fe calculated with the mass
balance diagram presented in Fig. S5 of SI were
96.88% and 92.85%, respectively.

Furthermore, A preliminary economic analysis
was carried out for recycling 1t of Al/F-bearing
spent LiFePO./C powder by the proposed approach.
The detailed calculation process and results are
presented in Text S2 and Table S8 of SI. As shown
in Fig. 11, the total costs were US$ 2427.31, and the
reagents accounted for only 15.8% of all costs. The

| Benefit '
; Cost of raw material;
i [0 Cost of reagent

Cost ' Cost of energy
[+ 242731 —= Cost of wastewater |
[0 Profit H

0 1000 2000 3000 4000 5000 6000 7000
Value/US$

Fig. 11 Preliminary evaluation of total costs and benefits
of recycling 1 t of Al/F-bearing spent LiFePO4/C powder

calculated processing benefit was US$ 6360.30 per
ton LiFePO4/C powder and the corresponding profit
was US$ 3932.99 per ton, considering the cost of
electric energy and wastewater treatment. This
demonstrated the economic feasibility of this
method, which also had great advantages over the
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existing alternative method presented in Table S9
of SI. Obviously, the purification process was
simplified in a more effective manner, and
additional profit could be obtained through the
comprehensive recovery of Fe, P, and Li as battery
grade FePO4 and Li,COs. This breakthrough filled a
critical gap in the life cycle of LiFePO4/C batteries.

4 Conclusions

(1) The regeneration of FePOs and Li>CO;
from Al/F-bearing spent LiFePO4/C powder was
successfully achieved by an integrated process
involving sulfuric acid leaching, fluorinated
coordination precipitation, homogeneous precipitation,
and chemical precipitation.

(2) About 99.4% Al and 96.4% F in the Al/F-
bearing solution were precipitated in the form of
Nas;LizALF2, reducing the concentrations of Al
and F in the solution to 0.0124 and 0.328 g/L,
respectively. The obtained low-Al filtrate was
directly used to prepare battery grade FePO4-2H,O
through homogeneous precipitation at high
temperature, and the recovery rate of Fe was
92.85%.

(3) XRD results confirmed the formation of
LiF by roasting NasLizAl,F, with CaCO3;—CaSQs,
which could be dissolved by the acidic filtrate
produced during the synthesis of FePOs 2H,O
supplemented with H>SOs. The obtained Li-rich
solution could be further processed to obtain high-
purity Li>COs, and the recovery rate of Li was
96.88%.

(4) A preliminary economic cost analysis
demonstrated the corresponding profit was
US$ 3932.99 per ton, further illustrating that the
proposed approach for the recovery of valuable
components from Al/F-bearing spent LiFePO./C
powder was efficient and sustainable.
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