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Abstract: Waste carbon residue (WCR) was efficiently detoxicated and regenerated to high-purity graphite (PGC) used
in lithium-ion batteries through the constant-pressure acid leaching technique. The leaching conditions were optimized
by the combination of orthogonal and single-factor experiments. Results show that PGC with 99.5% purity is
regenerated at temperature of 60 °C, initial acid concentration of 12%, leaching time of 180 min, and liquid-to-solid
ratio of 25:1, satisfying the requirements of commercial graphite. Meanwhile, the sodium hydroxide precipitation
process was designed to recover valuable components from leachate efficiently. Ni, Co, Mn, and Al recoveries reach
96.92%, 87.5%, 97.83%, and 92.17%, respectively, at pH=11. Moreover, the co-product NaF can be recovered with
purity over 99% via evaporative crystallization. The loss rate of fluorine is less than 0.5%, thereby eliminating the
pollution risk of fluorine to the environment. The proposed process shows considerable environmental and economic
benefits.
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1 Introduction

Recently, new energy vehicles have rapidly
developed with the scale-up support of the national
policy, promoting the rapid growth of the
lithium-ion batteries (LIBs) industry [1,2]. During
the long-term charging and discharging of LIBs,
self-discharge, electrolyte decomposition, and the
deterioration of electrode stability will inevitably
occur, causing the batteries’ capacity to decline
rapidly and preventing their common use. LIBs will
eventually be scrapped after 5—8 years [3]. The
global LIBs recycling market reached 111783t in
2018; the scrap amount is expected to reach
approximately 641595 t in 2025, and less than 5%

of them would have been recycled [4—6].

Currently, the recycling technology for spent
LIBs mainly has been focused on hydrometallurgy
for extracting valuable metal elements, such as
lithium, nickel, cobalt, and manganese, from the
mixture of cathode and anode materials [7—11].
Acid leaching and filtering produce the leaching
residue called waste carbon residue (WCR), which
contains graphite and valuable metals. No effective
technical solution for harmlessness and resource
utilization is available due to the complex
composition of the WCR [12]. The WCR can
only be disposed by stacking waste or high-
temperature incineration, which leads to the
massive waste of resources and severe environmental
pollution [13,14].
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Traditionally, chemical purification and
physical purification are the main methods of
graphite purification. The physical methods include
flotation and high-temperature methods. The
flotation method, which is an effective method of
graphite purification, has the advantages of low cost
and low environmental pollution [15]. Flotation can
increase the concentrate of graphite to 80%—-95%,
but obtaining graphite with a purity above 99% is
difficult [16]. The high-temperature method is used
to obtain graphite carbon with a carbon content
over 99.99% [17]. However, the thermal process for
natural graphite to obtain a highly purified sample
is costly, with amounts of carbon consumed via a
high-temperature oxidation reaction.

The chemical purification includes alkali-
acid [18,19], chlorination roasting [20], and hydro-
fluoric acid [21]. Among them, the hydrofluoric
acid method is the most effective purification
method due to its advantage of simple production
process, high product purity, and no damage to the
structure of graphite. However, hydrofluoric acid is
corrosive and requires relatively high-end
equipment, especially under high-temperature and
high-pressure conditions. Meanwhile, the WCR is
difficult to purify because its composition is more
complex than natural graphite. Thus, this research
explores the maximum purification efficiency with
the minor hydrofluoric acid under constant
temperature and pressure conditions.

This work aims to explore the optimal
detoxification of the WCR to demonstrate the
feasibility of regeneration and reuse. Constant-
pressure acid leaching, selective precipitation,
evaporation, and crystallization are coupled and
matched innovatively after analyzing the element
composition, microstructure, and phase
composition of the WCR through ICP-OES,
scanning electron microscopy—energy dispersive
spectrometry (SEM—-EDS), and XPS. Meanwhile,
various physical properties of high-purity graphite
(PGC) are analyzed to prove the possibility of
regeneration. In addition, the comprehensive
treatment of fluorine-containing leachate is
processed to achieve efficient recovery of valuable
metals and NaF products. Finally, an economic
benefit analysis is performed to evaluate the
industrial application potential of the proposed
detoxification treatment.

2 Experimental

2.1 Material preparation

A resource recycling company provided the
spent LIB materials used here. After disassembly,
crushing,
powder of cathode and anode materials was leached
with sulfuric acid to extract valuable metals, such as
nickel, cobalt, manganese, and lithium. The
leaching residue was obtained by filtering, that was,
the WCR sample. Then, the sample was completely
dissolved in aqua regia (HCI:HNO;=3:1, volume
ratio) to determine the chemical composition
through ICP-OES. The carbon content was tested
using the graphite chemical analysis method. The
chemical composition of the WCR is given in
Table 1.

and mechanical sieving, the mixed

Table 1 Chemical composition of WCR (wt.%)
Li Ni Co Mn C F P
009 122 028 041 9477 1.03 0.14
Al S Na Cu Fe Ca Si
021 0.68 025 0.08 0.19 0.02 056

2.2 Experiment and procedures

The main steps of this experiment were as
follows:

(1) Raw material preparation: A 20 g sample
was dried for 10 h at 110 °C and ground.

(2) Hydrofluoric acid leaching: A specific
concentration of the HF solution was configured,
and the raw material was stirred and leached under
the set liquid-to-solid (L/S) ratio to control the
leaching time and temperature.

(3) Filtering: The leaching residue was washed
several times, and the pH value was constantly
checked until the pH was near seven; then, the
residue was dried in a vacuum drying oven at
110 °C for 10 h.

(4) Result analysis: The carbon content was
determined by decarburization at 900 °C for 4 h.

(5) Precipitation and filtering: The pH of
leaching solutions was adjusted by adding sodium
hydroxide until it reached 11. After filtration, the
precipitated product of the
manganese hydroxide precipitation was obtained.

(6) Evaporative crystallization: Evaporative

nickel—cobalt—
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crystallization was used to crystallize the NaF
products.

The flow diagram for the HF leaching process
is illustrated in Fig. 1.

2.3 Characterization

The phase and the crystalline structure were
analyzed by X-ray diffraction (XRD, Empyrean 2)
via Cu K, radiation in the 26 range of 10°—90° at
a scanning rate of 2 (°)/min. The element of
the sample was analyzed through ICP-OES
(CAP7400Radial). The morphology of the samples
was characterized by field-emission scanning
electron microscopy (FESEM, JSM-7900F) and
energy dispersive spectroscopy (EDS, EDAX
Octane X). The particle size distribution of the
sample was tested with a laser particle size analyzer
(Mastersizer 2000). The surface feature of the
elemental electron states was studied via XPS
(Escalab Xi+) with AIK, X-ray radiation. The
internal surface area of the supported catalysts was
measured using the BET method with a surface
area analyzer (Micromeritics 2460). Thermal
gravimetric  analysis performed  using
thermogravimetry—differential thermal equipment
(SDT 650).

was

3 Results and discussion

3.1 Material investigation

Table 1 shows the low content of impurity
elements with complicated components. If these
elements were directly recycled into the graphite
anode of LIBs, then they will inevitably cause the
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metal impurities to react with the electrolyte to
generate fluoride salts, causing particular problems,
such as reducing the first-cycle coulomb efficiency
and excessive electrolyte consumption. Moreover,
the metal ions will form a microcircuit, causing the
battery to physically self-discharge and reduce the
voltage. First, the WCR must be purified to over
99.5%. SEM—EDS was used to characterize the
sample’s morphology and the element’s distribution
to achieve this goal. The results are shown in
Figs. 2 and 3.

The WCR maintains a graphite-layered crystal
structure (Fig. 2). Meanwhile, the graphite in the
WCR is mainly spherical with a particle size of
5-10 um and has an apparent layered flake
structure, which is consistent with characteristics
of natural flake graphite [22]. Figure 3 shows the
distributions of the element from EDS. The
coincidence degree between Si and O is relatively
high, presumably because the possible compound is
Si0O;. Element Al may combine with F and generate
AlF;.

To gain further information on the structure
and composition, XPS was used to investigate the
electronic state of the elements in the near-surface
region. The corresponding results are presented in
Fig. 4. The WCR is fitted using three contributions
centered around 284, 286.0, and 290.3¢eV
(Fig. 4(a)). These phenomena can be attributed to
the sp® and sp® hybridized carbon structures of
C—C and C==C in the binding energy (BE) of
284.8 eV. However, 286.0 and 290.3 eV are also
assigned to the sp® hybridized carbon structures of
C—C—0, O—C==0, and C=0 [23].

WCR Grinding )
Leaching Filtration
K” ¥ % ~\\T ﬂ
i S Y / NaOH
: E Ni,Co,Mn,(OH), « EaUiD
NaF Precipitation

Evaporation

Fig. 1 Flow diagram for HF leaching process

Filtration
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Fig. 3 SEM image (a) and EDS elemental distributions of WCR: (b) C; (c) O; (d) F; (e) AL (f) Si; (g) Mn; (h) Co; (i) Ni
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Fig. 4 XPS spectra of WCR: (a) C 1s; (b) O 1s; (¢) Si 2p; (d) S 2p; (e) F 1s; (f) Co 2pss2; (g) Ni 2p; (h) Mn 2p; (i) Al 2p

The result also shows that the WCR has a
prominent sp> bonding component. In Fig. 4(b),
O 1s can be fitted with three distinct peaks, namely,
the organic oxygen at 533.5 eV (O-1), the hydrated
or defective oxide at 531.5 eV (0-2), and the lattice
oxide of C—O at 530.0 eV (0O-3) [24].

Three distinct peaks are illustrated in Fig. 4(c).
The low energy peak (99.10 eV) corresponds to
the Si—Si bonding in pure Si. The BE of the
high-intensity peaks is 104.39 eV, which agrees
with that of SiO; [25]. At approximately 106 eV of
the BE, Si is assigned to Si*". In combination with
the XPS in Figs. 4(b, e), the possible compounds
are SiO3 or SiFZ [26,27].

The valence state of the sulfur species and the
chemical environment of various elements in the

WCR are shown in Fig. 4(d). The other peak at
163.99 eV is typically attributed to the sulfur-metal
bonds [28]. The peaks at 169.84 and 170.94 eV are
attributed to the 2ps» and 2pi» of S*, respectively.
The peaks at 168.94 and 170.04 eV are attributed to
the 2psn and 2pix of S*, respectively [29]. The BE
of sulfur over 168.4 eV was generally attributed to
sulfate [30]. Therefore, the S in the raw material
exists in the form of S*°, SO, and SO; .

The XPS of F in Fig. 4(e) fits two distinct
peaks with BEs of 685.1 and 686.94 eV. The
BE of 685.1 eV corresponds to LiF [31]. According
to BEAMSON and BRIGGS [32], the BE of
686.94 eV corresponds to (—CHFCH»,—),, consistent
with our simulation. According to the source of the
sample, the BE is further speculated to be a PVDF
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binder. However, the BE of 686.94 eV matches that
of Na,SiFs. In combination with Fig. 4(j), the XPS
analysis of Al shows that the BE of ALO; is
approximately 74.7 eV. The addition of F~ increases
the BE of Al. When the BEs of Al and F are 76.16
and 686.94 eV, respectively, they can be determined
as AlIF; or AIF; [33].

Figure 4(f) shows that the Co 2ps; is fitted
with two peaks, namely, 779.23 and 782.52 ¢V,
which are the characteristic peaks of Co®"and Co*,
respectively. Thus, Co exists in two valence states:
Co*" and Co** [34].

The Ni 2p spectra (Fig. 4(g)) are best fitted
with two spin-orbit doublets, which are the
characteristics of Ni** and Ni** and two shake-up
satellites (indicated as “Sat.”). The peaks of the Ni
2p3» and Ni 2pi» spectra located at 856.90 and
874.77 eV with satellite peaks at 864.46 and
882.36eV are assigned to Ni** and Ni*
respectively [35,36].

The concentration of Mn ions in the surface
and near-surface layers is low. Consequently, curve-
fitting analysis cannot be performed accurately on
the Mn 2p spectra. Nevertheless, two peaks appear
in the XPS spectrum (Fig. 4(h)) because of Mn 2ps,
and Mn 2pi,, for Mn, with a spin-energy separation
of 11.75 eV. It is suggested that the Mn cations in
these oxides possess an average valence near
four [37]. This work speculates that the sample may
be in MnO; or MnS; form.

In combination with the results of the
ICP-OES, SEM-EDS, and XPS analyses, the
compounds in the WCR can be roughly estimated to
be LiF, AlF3, CoSOs, Co3S4, CoSOs, NiO, NiSOs,
Ni3S4, MnOz, Ml’lSz, SiOz, NazsiFﬁ, Na;SiO3,
Na;AlFg, and PVDF.

a
300 (@) MnO, + 4HF(I) = MnF, + 2H,0 + F,(g)
200 2MnO, + 8HF(l) = 2MnF; + 4H,0 + F;()
o ;
L 100 HLSiF=2HF ()+iF ()
= H*H—O—o—.___.__‘_._'
? Na,SiF, + 2HF() = 2NaF + H,SiF, R
o)
2 0r =
< AlF, + 3F = AIF,* -
B NiO + 2HE() = NiF, + H,0 LiF + HF() = LiHF,
< ~100 Si0, + 4HF(l) = SiF (g) + 2H,0 ——
3MnO, + 8HF(l) = 2MnF,+ 4H,0 +MnF, +0,(g)
-200
Na,Si0; + 6HF(l) = SiF(g) + 2NaF + 3H,0
_300 1 1 e 1 1 e I

0 20 40 60 80 100
Temperature/°C
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3.2 Constant-pressure hydrofluoric acid leaching
3.2.1 Thermodynamic calculation

The relationships between the AG® and the
temperature for the possible reactions of fluoride,
oxide, and sulfide during hydrofluoric acid leaching
are shown in Fig. 5. Figure 5(a) indicates that the
reaction product of MnO, and HF could only
generate O, but not F,. Meanwhile, MnO; is
transformed into acid-soluble MnF, or MnFs. This
phenomenon indicates that the oxides in the WCR
could react with HF and be converted to
acid-soluble fluoride salts. Fluoride salts, such as
AlF; and LiF, can be further transformed into
acid-soluble complex salts. Figure 5(b) indicates
that sulfate reactions occur in the solution; thus, the
species are in the state of ions, such as Co*", Co*",
Ni*, and Mn*". The result of the thermodynamic
calculations indicates that metal ions react with HF
to generate the corresponding acid-soluble fluorides.
Given that the produced cobalt trifluoride is
unstable, it will react with water to form cobalt
difluoride. Meanwhile, the sulfite could react
with HF to produce fluoride and SO,. The metal
sulfide could also react with HF to form fluoride,
hydrogen sulfide, or sulfur under constant pressure.
Therefore, hydrofluoric acid leaching and the
impurity process could thermodynamically convert
insoluble fluoride, oxide, and metal sulfides
to soluble fluoride and complete a phase
transformation.
3.2.2 Orthogonal experiments

In the hydrofluoric acid leaching and
purification experiment, many factors affect the
carbon content of the PGC, such as temperature,
time, L/S ratio, and initial acid concentration.
This work conducted a 4-factor and 3-level (Lo(3%))

10 (b)_ Ni;s, + SHF(1) = 3NiF, + 3H,S(g) + S
or i Ni**+ 2HF(l) = NiF, +2H"
-10F v
| Co.
£ 20 (SO ot
'.8 COJ‘*JH ) < % &
=} =30 | S(é')+s
E L s +3 My3+,
= T 3+ 1 31.,,,, =
-~ 50 *— Mp2+ U] =] F
5 [COF oo e—y HEG L 3
¢ ) MhO=4Cor, it 242
3 -0 —at s DO o H
CﬂS()’*z'F'M"Sz +2HF(l) = MnF, + H,S(g) Ig—é
—o0 L : W<
90 ) COI-‘Z?H'\.
20 *S(?'\.\.
2(g)
_1 10 C 1 1 1 1 1 \,
0 20 40 60 80 100
Temperature/°C

Fig. 5 Relationship between AG® and temperature for possible reactions of fluoride or oxide (a) and sulfide (b)
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orthogonal experiment to explore the primary and
secondary factors affecting the results herein; the
extreme values of the final result were used to
determine the primary and secondary relationships
among different experimental factors. The results
are given in Tables 2 and 3.

Table 2 Orthogonal design table of acid leaching

Factor
Level Temperature ~ Time ,L/S Initial aci.d
(A)°C (B)/min ratio ((3)/ concentration
(mLgh) (D)%
1 30 60 5:1 2
2 50 120 15:1 12
3 70 180 25:1 22
Table 3 Results of orthogonal experiments
Test No. Factor Carbon
B C D content/%
1 1(30) 1(60) 1(5:1) 1(2) 98.06
2 1(30) 2(120) 2(15:1) 2(12) 98.48
3 1(30) 3(180) 3(25:1) 3(22) 99.00
4 2(50) 1(60) 2(15:1) 3(22) 99.18
5 2(50) 2(120) 3(25:1) 1(2) 98.78
6 2(50) 3(180) 1(5:1) 2(12) 99.34
7 3(70) 1(60) 3(25:1) 2(12) 99.47
8 3(70) 2(120) 1(5:1) 3(22) 99.52
9 3(70) 3(180) 2(15:1) 1(20) 99.32
K1 29554 296.71 296.92 296.16
K2 297.3  296.78 296.98 297.29
K3 29831 297.66 29725 297.7
k1 98.51 9890 98.97 98.72
k2 99.1 9893 9899 99.10
k3 99.44 9922 99.08 99.23
R 0.93 0.32 0.11 0.51

Table 3 shows that the primary and secondary
factors affecting the purification effect of
hydrofluoric leaching follow the order of
temperature > initial acid concentration > time >
L/S ratio. The range of the leaching temperature is
the largest, and that of the L/S ratio is the smallest.
The orthogonal experiments also demonstrate that
the best combination of the main factors in the

hydrofluoric acid leaching purification process
is A3B3;CsD;.  Specifically, the best leaching
temperature, leaching time, leaching L/S ratio, and
initial hydrofluoric acid concentration are 70 °C,
180 min, 25:1, and 22%, respectively.

3.2.3 Single-factor experiments

To maximally reduce the impurity content of
the final product, single-factor experiments were
carried out to explore the conversion behavior of
hydrofluoric acid leaching and optimize the
parameters. The effects of various parameters on
the hydrofluoric acid leaching efficiency are shown
in Fig. 6.

(1) Effect of leaching temperature on carbon
content

Figure 6(a) shows that the carbon content
increases from 99% to 99.56% under constant
pressure when the leaching temperature increases
from 30 to 70 °C. The increase in temperature is
conducive to the leaching of impurity elements.
However, the increase in temperature has little
effect on the leaching of impurities (decreasing
trend) when the temperature exceeds 60 °C. This
could be attributed to the noncarbon impurity
elements in the WCR that combine with F to form
fluoride or complex salts during HF leaching.
The thermodynamic calculation shown in Fig. 5
indicates that equilibrium constant K shows a
decreasing trend with increasing the temperature in
some reactions. This result indicates that the reverse
reaction trend increases with the temperature, which
is conducive to the removal of noncarbon impurity
elements.

From a kinetics perspective, the increase in
temperature is conducive to the mobility of ions in
the aqueous solution, enhancing the kinetic energy
and disordered operation of the ions participating in
the reaction in the solution. This also reduces the
energy barrier of the chemical reaction and
increases the number of activated molecules per
unit volume of the reactant. Moreover, the
probability of effective collision reaction increases,
the reaction becomes intenser and smoother,
and the reaction rate increases. However, the HF
volatilization speed increases with the temperature,
thus reducing the concentration of hydrofluoric acid
in the solution and affecting the leaching efficiency
of impurities. Therefore, the considered leaching
temperature is 60 °C.
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Fig. 6 Effects of temperature (a), initial acid concentration (b), time (c), and L/S ratio (d) on carbon content of PGC

(2) Effect of initial acid concentration on
carbon content

Figure 6(b) shows that the carbon content of
the PGC is 99.24% when the initial acid
concentration is 2%. The carbon content of the
PGC gradually increases with the initial acid
concentration. Specifically, the leaching rate of
impurities  gradually increases. @ When the
concentration increases to 12%, the carbon content
of the PGC reaches 99.5%, satisfying the
requirements of graphite anode materials. The
continuous increase of the concentration has little
effect on the carbon content. However, the carbon
content of the PGC tends to balance when the
concentration exceeds 12%. This phenomenon
occurs because the amount of hydrofluoric acid
is insufficient to react under the low acid
concentration. The generated NiF,, CoF», and other
fluoride salts are soluble in acid and insoluble in
water. Under low-concentration acidic conditions,
the solubility decreases. The generated fluoride salt
is adhered to the graphite surface, decreasing the
removal efficiency of impurities in the WCR.

However, the noncarbon impurity elements are fully
reacted when the initial acid concentration reaches
12%. Therefore, the continued increase of the initial
acid concentration has little effect on the carbon
content of the PGC when the initial acid
concentration reaches 12%. Meanwhile, the
corrosivity and cost increase with the concentration
of the hydrofluoric acid. Therefore, the initial acid
concentration is set to be 12% after careful
consideration.

(3) Effect of leaching time on carbon content

Figure 6(c) shows that the carbon content of
the PGC first increases with the prolonging of the
leaching time, then levels off, and finally decreases
slightly. When the leaching time is less than
180 min, the reaction in the system is incomplete.
The chemical reactions in the HF leaching system
reach the balance in 180 min. The continued
increase of the leaching time may cause the
volatilization of the hydrofluoric acid in the
solution. Therefore, the optimal leaching time
selected is 180 min  after
consideration.

comprehensive
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(4) Effect of L/S ratio on carbon content

Figure 6(d) shows that increasing the L/S ratio
can promote the separation of noncarbon impurity
elements and graphite. When the L/S ratio is 25:1,
the carbon content of the PGC reaches the
maximum value, 99.54%. This phenomenon occurs
because the L/S ratio is also an essential factor in
the leaching kinetics. If the L/S ratio is low, then the
viscosity of the solution increases, hindering the
diffusion of solutes into the solution. The soluble
fluoride salt solution can be saturated and
crystallized in a low L/S ratio. If the crystal is
wrapped around the reaction nucleus, then the
contact between the unreacted nucleus and the
solution is hindered and the leaching reaction rate is
reduced. Therefore, the optimal L/S ratio is set to be
25:1 after comprehensive consideration.

3.3 Characterization of PGC

Figure 7 presents a comparison of the phase
composition, crystal structure, and surface
morphology of the WCR and the PGC treated under
optimal conditions.

1699

After purification, the amounts of impurity
elements on the surface of the graphite significantly
decrease. This result is consistent with the XRD
pattern in Figs. 7(c, d). The result indicates that the
impurities, such as nickel, cobalt, and manganese,
are removed after treatment by constant-pressure
hydrofluoric acid leaching. The main impurity
elements of the final purified carbon product are
aluminum compounds because the AlF; generated is
insoluble in acid. The purity can exceed 99.5% and
reaches the graphite anode standard of LIBs.

Figure 7(a) shows that the (002) diffraction
peaks of the PGC are strengthened, demonstrating
the improvement of the crystallinity and purity of
the PGC. After the treatment, the interlayer spacing
of the PGC increases and reaches dyp;=0.3361 nm.
This phenomenon is caused by forming a graphite
intercalation compound due to the significant gaps
between the carbon atom layers of graphite. High-
affinity halide (fluoride) and acid can be easily
inserted, expanding the carbon layer spacing [38].
The Mering-Marie formula could be used to
calculate the graphitization degree of the PGC:

(@ * (b) G
*—C
D
JL 1Aq PGC WCR
AS
J * WCR
PGC
Graphite-2H
1 1 1l [T | [ 1 [ I | 1 1 1 1
10 20 30 40 50 60 70 80 1000 1200 1400 1600 1800 2000
200(°) Raman shift/cm™
c d
© *  A—nio @ A A — ALO,
® — K,MnF, 7 — KFe,P, A A A — Co(OH)F
o — Sio, A — Mg AL(SiO,);
O — Mg(PO,), |, ¥ — LiFeO,
¢ — NaMnCl, B — AlLCo, A
* — MnCo,0, 0 — ALSi,Os(OH),
A A A A
*
O A A N
& v 4 VAN

10 20 30 40 50 60 70
20/(%)

80 10 20 30 40 50 60 70 80 90

20/(%)

Fig. 7 Characterization of WCR and PGC treated under optimal conditions: (a) Comparison in XRD pattern;
(b) Comparison in Raman spectra; (c) XRD pattern of ash content for WCR; (d) XRD pattern of ash content for PGC
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G=[(0.344—d0y)/0.3440-0.3354]1x100% (1)

The graphitization degree of PGC (91.86%) is
obtained through calculation. This result is
consistent with the Raman spectrum analysis in
Fig. 7(b) and indicates that the graphitization
degree of the PGC significantly is improved after
purification by hydrofluoric acid. Peak D in the
Raman spectra nearly disappears. The results show
that the PGC could also meet the graphite anode
standard of LIBs for graphitization degree.

Figure 8(a) shows that the particle size of
the PGC is mainly concentrated at 19.205 um.
Micromeritics 2460 was used to test the specific
surface area at —195.85 °C. Before the test, the
sample was vacuum degassed at 300 °C for 16 h,
and the specific surface area of the PGC is
23.0930 m*/g. This phenomenon occurs because the
WCR is mixed with a certain amount of conductive
carbon black particles, such as Super-P or acetylene
black, which increases the specific surface area of
the PGC. However, carbon black is added as a
conductive agent during the preparation of the
graphite anode of LIBs. Therefore, adding different
proportions of carbon black to compensate for this
defect is challenging to control. Figure 8(b) shows

(@
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Fig. 8 Particle size of PGC (a); comparison in TG-DTG

curves of WCR and PGC (b)

that the mass loss rate of the WCR is significantly
higher than that of the PGC. The graphite in the
WCR begins to oxidize at approximately 510 °C.
The oxidation reaction speed sharply increases with
the temperature, and it is completed at 900 °C. After
oxidation and combustion, the mass loss rate
reaches 93.24%, while the graphite in the PGC only
begins to oxidize at approximately 630 °C. The
mass loss rates are only 17.1% and 23.62% at
900 °C and 1000 °C, respectively. These results are
obtained because the valuable metal elements in the
WCR act as catalysts during oxidation and
combustion, thus accelerating the oxidation and
combustion rates. This finding indicates that the
PGC can obtain high purity and thermal stability
after experimental purification.

3.4 Recovery of valuable components

The leaching solution contains metal fluorides
combined with HF, such as CoF,, NiF,, and MnF,.
To recover the valuable metal elements from the
leaching solution, the potential-pH diagram of
Ni—Co—Mn—H,0O in hydrofluoric acid leaching
system at 25°C is shown in Fig. 9. It is
demonstrated that nickel, cobalt, and manganese
ions are prone to precipitate with increasing pH in
the fluoride salt system solution. The pH values of
the precipitates of cobalt, nickel, and manganese are
6.41, 7.41, and 9.535, respectively. Therefore, the
co-precipitation of nickel, cobalt, and manganese
can be obtained by adjusting the pH of the solution.
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Fig. 9 Potential-pH diagram of Ni—Co—Mn—H,O at
25°C

First, NaOH was used for the adjustment. The
pH reached 11 and enabled the valuable metal
elements to produce water-insoluble hydroxide



Xiang-dong ZHU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1691-1704 1701

precipitates, such as Ni,Co,Mn.(OH), and AI(OH);.
The precipitation temperature was 25 °C, and the
precipitation time was 6 h. The characterization of
the sodium hydroxide precipitation residue is
shown in Fig. 10.

Figure 10(a) shows that the sodium hydroxide
precipitation residue has a good spherical
morphology, and its surface can also adsorb some
undissolved sodium salt crystals. Figure 10(b)
indicates that the contents of Ni, Co, Mn, Al, and Si
in the precipitate are 15.15%, 3.16%, 5.71%, 2.48%,
and 8.96%, respectively. And the recovery rate of
metal ions is calculated by the following formula:

Cm
L= P %100% (D

l 01
where L, is the recovery rate of metal ions, m, is the
mass of the obtained precipitate (1.561 g), my is the
mass of the experimental sample (20 g), Ci and C;
are the content of metal ions in the experimental
sample and precipitate. Therefore, 96.92% Ni,

87.5% Co, 97.83% Mn, and 92.17% Al can be
recycled under alkaline conditions with a pH of 11
according to Eq. (1). However, the recovery rate of
silicon is more significant than 100% because the
fluoride ions can corrode the glass, thereby
increasing the silicon content.

After precipitation and recovery of valuable
components such as nickel, cobalt, and manganese,
the process of evaporative -crystallization was
used to crystallize the NaF products. And the
characterization of the NaF products is shown in
Figs. 11 and 12.

Figure 11(a) shows that NaF recovered via
evaporative crystallization product has a pyramidal
morphology. Meanwhile, the results of EDS
mapping (Fig. 11(b)) and XRD pattern (Fig. 12)
prove that the crystalline product is sodium
fluoride with a purity exceeding 99%. Although
hydrofluoric acid is used in this approach, more
than 99.5% of fluorine is recovered in the form
of NaF, thereby eliminating the pollution risk of

Element wt.%
(0] 33.76
Na 30.76
Al 2.48
Si 8.96
Mn 5.71
Co 3.16
Ni 15.15
Ni
Mn Co
Co Ni

3 4 5 6 7 8 9
Energy/keV

Fig. 10 Characterization of sodium hydroxide precipitation residue: (a) SEM image; (b) EDS mapping

Fig. 11 Characterization of NaF product: (a) SEM image; (b) EDS mapping
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Fig. 12 XRD pattern for NaF product

fluorine to the environment. The proposed process
could sequentially recycle the PGC, nickel—cobalt—
manganese hydroxide precipitates, aluminum
hydroxide, and NaF from the WCR. Moreover,
nearly no effluent liquor, waste residue, and gas
would be discharged during the proposed process,
indicating substantial environmental benefits.

3.5 Economic benefit analysis

Economic benefit analysis was implemented
to evaluate the large-scale application potential
of the proposed WCR harmless treatment and
regeneration of graphite. The results show that the
economic benefit of the purification of 1kg of
WCR is RMB ¥2.466, whereas the burning
cost of hazardous solid waste in China is
usually RMB ¥2.9-3.0. Meanwhile, an additional
economic benefit of RMB ¥28.54 could be
obtained by the two HF cycles, which is proven to
be feasible. Hence, the proposed process can realize
the onsite harmless treatment and regeneration of
graphite with remarkable environmental and
economic benefits.

4 Conclusions

(1) Under optimized conditions (i.e., leaching
temperature of 60 °C, initial acid concentration of
12%, leaching time of 180 min, and L/S of 25:1),
the PGC with a purity of 99.5%, a graphitization
degree of 91.86%, Ds=19.205 pm, and high
thermal stability is recovered.

(2) Sodium hydroxide was used as a
precipitating agent to recover Ni, Co, Mn, and Al
from the leachate. Under specific precipitation

conditions (i.e., pH =11, temperature of 25 °C, and
precipitation time of 6 h), 96.92%, 87.5%, 97.83%,
and 92.17% of Ni, Co, Mn, and Al can be
recovered.

(3) More than 99.5% of fluorine is recovered
in the form of NaF via evaporation crystallization,
eliminating the pollution risk of fluorine to the
environment. Moreover, nearly no effluent liquor,
waste residue, and gas would be discharged during
the proposed process.

(4) The economic benefit of the purification of
1 kg of WCR is RMB ¥ 2.466, and the economic
benefit could be increased to more than
RMB ¥31/kg by the two HF cycles. Compared
with burning, the proposed process provides
additional income while eliminating environmental
pollution risks, realizing graphite regeneration, and
recovering valuable components.
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