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Abstract: Graphitized spent carbon cathode (SCC) is a hazardous solid waste generated in the aluminum electrolysis process. In this
study, a flotation—acid leaching process is proposed for the purification of graphitized SCC, and the use of the purified SCC as an anode
material for lithium-ion batteries is explored. The flotation and acid leaching processes were separately optimized through one-way exper-
iments. The maximum SCC carbon content (93wt%) was achieved at a 90% proportion of —200-mesh flotation particle size, a slurry con-
centration of 10wt%, a rotation speed of 1600 r/min, and an inflatable capacity of 0.2 m*h (referred to as FSCC). In the subsequent acid
leaching process, the SCC carbon content reached 99.58wt% at a leaching concentration of 5 mol/L, a leaching time of 100 min, a leach-
ing temperature of 85°C, and an HCI/FSCC volume ratio of 5:1. The purified graphitized SCC (referred to as FSCC-CL) was utilized as
an anode material, and it exhibited an initial capacity of 348.2 mAh/g at 0.1 C and a reversible capacity of 347.8 mAh/g after 100 cycles.
Moreover, compared with commercial graphite, FSCC-CL exhibited better reversibility and cycle stability. Thus, purified SCC is an im-
portant candidate for anode material, and the flotation—acid leaching purification method is suitable for the resourceful recycling of SCC.

Keywords: graphitized spent carbon cathode; hazardous solid waste; flotation; acid leaching; lithium-ion batteries

1. Introduction

Aluminum is an indispensable non-ferrous metal with ex-
tensive applications; thus, the production of electrolytic alu-
minum has increased. In 2022, the global electrolytic alumin-
um production capacity exceeded 65 million metric tons, of
which China’s production accounted for over 50%. Alumina
molten salt electrolysis is the most mature process of alumin-
um smelting. The alumina is first dissolved in cryolite
through electrolysis to obtain primary aluminum. In the elec-
trolysis process, the cathode carbon in the cell is constantly
exposed to alumina liquid, which leads to high-temperature
electrolyte infiltration erosion [1]. Thus, aluminum cathode
cells have a typical operating life of six to eight years. Spent
carbon cathode (SCC), produced at a rate of 20-30 kg per t
Al during aluminum electrolysis, is considered a hazardous
waste, and about 1 million metric tons were generated in
2022. A large amount of waste cathode charcoal briquettes
presents a significant risk for environmental pollution owing
to uncontrolled accumulation without suitable disposal me-
thods [2].

Considering the large amount of fluoride and small
amount of cyanide present in spent cathode charcoal bri-
quettes [3], SCC disposal has a significant environmental im-
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pact. Studies have shown that the soluble F content in SCCs
is approximately 2000-6000 mg/L, and the CN™ content is
approximately 10-40 mg/L, both of which are far above the
safe emission standards (GB5085.3-2007). Therefore, the
U.S. Environmental Protection Agency and the Ministry of
Ecology and Environment of China have labeled the SCCs
generated during the production of aluminum electrolysis as
hazardous waste [4].

SCCs contain a large amount of graphitized carbon and
fluoride and thus hold significant recycling value. Achieving
efficient separation of carbon and electrolyte, transforming
hazardous solid waste into general industrial solid waste, and
realizing the resourceful use of valuable components are im-
portant research objectives in this field. To solve the environ-
mental problems caused by SCCs and achieve the safe treat-
ment and resource utilization of SCCs, several SCC purifica-
tion and treatment methods have been explored. These ap-
proaches can be divided into thermal and wet processes, such
as high-temperature roasting, alkali fusion, flotation, and
chemical leaching [5—8]. While these methods can help ob-
tain nontoxic SCCs and separate carbon and the electrolyte in
a single removal method, they result in insufficient carbon
purity and underutilization of carbon materials.

Considering that the graphitization degree of the carbon
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materials can reach 80%—-90% [9], recycled graphitized spent
materials have the potential to be applied as lithium-ion an-
ode materials. Graphite anode material plays an important
role in the field of electronic products [10]. Yu et al. [11] pro-
posed a short-process, high-temperature regeneration meth-
od to ensure that the treated graphite meets the basic require-
ments of the lithium-ion battery graphite negative electrode.
Additionally, Tian’s team [12—14] investigated the feasibil-
ity of extracting carbon from aluminum electrolysis-derived
SCCs to obtain anode materials for lithium-ion batteries and
enhance the recycling value of SCCs. First, the impurities in
the SCCs were removed through a high-temperature graphit-
izing method at 2600°C, which increased the carbon content
from 63.64wt% to 100wt%. As a lithium-ion anode, the ma-
terial exhibited a specific capacity of 455.2 mAh/g for the
first charging cycle and excellent reversible capacity com-
pared with graphite [12]. Building on these findings, Tian’s
team proposed a lower-temperature roasting method to puri-
fy SCCs and assessed the feasibility of utilizing them as lithi-
um-ion battery anodes [13]. The purified SCC achieved a
carbon content of 97.22wt% at a temperature of 1600°C, a
roasting time of 1 h, and a particle size of 200 mesh. The
SCC maintained a capacity of 365.5 mAh/g over 100 cycles
at 0.1 C, and exhibited a good reversible capacity. They [14]
also proposed carbon recovery from SCCs through an alkali
fusion method. The SCCs were roasted in a tube furnace at
450°C for 2 h, followed by leaching with hydrochloric acid
and deionized water to recover carbon powder. The impurity
content of the roasted SCC decreased by 31%. The initial
charging specific capacity of the SCC as an anode material
was 357.6 mAh/g at 0.1 C, and the rate capability at 1 C was
267.8 mAh/g. Thus, purification via alkali fusion improved
the electrochemical performance of the SCC. The above pro-
cess has been effectively applied to treat industrial solid
wastes and SCCs to obtain anode materials for lithium-ion
batteries.

Although high-temperature methods can effectively re-
move impurities in SCCs, they have high energy require-
ments and produce a large amount of toxic fluorine-contain-
ing exhaust gas. Therefore, this study proposes a combined
flotation—acid leaching treatment process that does not re-
quire secondary heating, making the process more econom-
ical and energy-saving. Furthermore, the raw material is
graphitized carbon, which has good structural properties and
is more suitable for the preparation of anode materials. The
effects of flotation and acid leaching processes on the carbon
content and the impurity removal rate of SCC are experi-
mentally investigated, and the electrochemical performance
of purified SCC as lithium-ion batteries is explored. The
technology also offers an effective approach for the clean re-
cycling and high-value utilization of carbon-containing solid
wastes.

2. Experimental
2.1. Materials

Graphitized SCC was provided by Zunyi Aluminum Co.,

Ltd., Guizhou, China and processed as follows: First, SCC
was preliminarily crushed by a jaw crusher and oven-dried at
105°C for 12 h. After ball-milling and sieving with a =200
mesh (0.074 mm), the material was used for the subsequent
purification tests. The elemental and phase compositions are
shown in Table 1 and Fig. 1, respectively.

Table 1. Elemental composition and content of SCC  wt%

C F Na O Al Ca Mg  Others
77.01 11.88 536 287 156 0.67 0.13 0.52
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Fig. 1. XRD pattern of SCC.

2.2. Purification experiments

First, 200 g of SCC was weighed and placed in an XFD-
1L flotation machine for preliminary flotation experiments
(The Industrial analysis of the SCC as shown in Table 2).
Single-factor experiments were conducted under varying
conditions, including the percentage of particle size (—200
mesh), slurry concentration, spindle speed, and aerating
volume. After the flotation test, the SCC referred to as FSCC,
and the collected carbon material was oven-dried at 105°C
for 8 h. Then, 10 g of the obtained material was weighed in a
conical flask, and a certain amount of hydrochloric acid was
added to remove impurities via acid leaching. The impacts of
the leaching concentration, leaching temperature, leaching
time, and HCI/FSCC volume ratio were studied. The experi-
mental conditions are shown in Table 3. The leached carbon
material was oven-dried at 105°C for 8 h, and the carbon
content of the roasted residue was determined through the ash
determination method.

Table 2. Industrial analysis of the SCC sample wt%

Moisture Volatile matter Ash Fixed carbon
0.42 1.35 21.22 77.01

The carbon content of the roasting residue was used to
characterize the extent of SCC purification as follows: The
roasted residue was heated to 850°C in an air atmosphere in a
muffle furnace and held for 3 h; then, the ash content (4,
wt%) of the roasting residue was estimated as follows:

Az(mz_ml)/m()xloo% (1)
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Table 3. Flotation and acid leaching condition experiment

Method 200 mesh Slurry concentration / wt% Rotation speed / (r'min™') Inflatable capacity / (m>-h™")
percentage / wt%

Flotation 50-100 5-30 1400-2200 0-0.4

Method HCI concentration / (mol'L™) Leaching time / min Leaching temperature / °C  HCI/FSCC volume ratio

Acid leaching 2-6 60-220 55-95 (2-15):1

where m, (g) and m;, (g) are the weights of the carbon materi-
al and the ceramic boat before roasting, respectively, and m,
(g) is the weight of the ash and the ceramic boat after ro-
asting.

2.3. Characterization

The phase compositions of the samples and impurities
were characterized via X-ray diffraction (XRD, Rigaku3014,
Cu K,). The elemental composition and content were ana-
lyzed through X-ray fluorescence (XRF, XRF-1800, Shi-
madzu Corporation, Japan). The micromorphology and mi-
crostructure of the samples were analyzed via scanning elec-
tron microscopy (SEM, Quanta 250 FEG) and transmission
electron microscopy (TEM, Tecnai G2 F20). The graphitiza-
tion degree of the samples was investigated via Raman spec-
troscopy (LabRAM HR800, excitation wavelength 532 nm).

2.4. Electrochemical measurements

All of the electrochemical tests for the batteries were con-
ducted in button cells (CR2025). The electrode slurry was
prepared through the mixing of waste graphitized cathode
carbon block-based carbon material, conductive agent (Su-
per P), and binder (polyvinylidene difluoride, PVDF) at a
mass ratio of 93:2:5. Then, appropriate amounts of dispers-
ant and N-methyl pyrrolidone (NMP) were added and mixed
well. After mixing, the slurry was coated on a copper foil, va-
cuum dried to remove the NMP, and then pressed into round
electrode sheets with a tablet press. The cells were as-

90

sembled in a glove box in an argon atmosphere (both H,O
content and O, content were less than 0.01 ppm). The button
cell was assembled with the graphitized SCC tabs as the an-
ode, lithium metal tabs as the cathode, polypropylene vinyl as
the separator, and 1.0 mol/L. LiPF¢-EC/DEC (ethylene car-
bonate-diethyl carbonate) as the electrolyte. The constant-
current charge/discharge test was performed using a LAND
CT2001A battery tester at the voltage range of 0.01-3.00 V.
Cyclic voltammetry (CV) measurements were conducted on
a Shanghai Chenhua CHI660E electrochemical workstation
at the voltage range of 0.01-3.00 V and a scanning rate of
0.1 mV/s. The electrochemical impedance test was also per-
formed on a Shanghai Chenhua CHI660E electrochemical
workstation at a test frequency of 10°-10° Hz and an amp-
litude of 5 mV.

3. Results and discussion
3.1. Effect of flotation process on SCC carbon content

3.1.1. Effect of particle size

The optimal particle size was determined by considering
different proportions of 200-mesh particles (50%, 60%, 70%,
80%, 90%, and 100%; 200 g each) as the raw material in the
XFD-I1L flotation tank flotation experiments (Fig. 2(a)). The
results showed that owing to a more complete separation of
the carbon and electrolyte, the flotation effect was better.
Thus, a 90% proportion of —200-mesh particle size was op-
timal for flotation.

(a) (b)

&

Carbon content / wt%

© (d)

75
NP SN
LSNP PRI

—200 mesh Slurry
percentage / wt%

concentration / wt%

Q Q Q Q Q
Q \) AN\ \) ~Q
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speed / (rrmin"!) capacity / %

Fig. 2. Effects of particle size (a), slurry concentration (b), rotation speed (c), and inflatable capacity (d) on the SCC carbon content.

3.1.2. Effect of slurry concentration

To determine the optimum slurry concentration, flotation
experiments were conducted using five slurry concentrations:
Swt%, 10wt%, 15wt%, 20wt%, 25wt%, and 30wt% (Fig. 2
(b)). The carbon content first increased and then decreased

with increasing concentration, because the mineral adhesion
efficiency on the bubble was low at a low slurry concentra-
tion. As the slurry concentration increased, the aeration
volume increased, the bubble loading capacity increased, and
the sample particles had a greater chance of attaching to
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bubbles. Under an excessively high slurry concentration, the
slurry became thicker, and the bubble content increased. This
increased the path impurity concentration, and mechanical
entrapment was significant, reducing the carbon purity.
Therefore, the optimum slurry concentration was 10wt%.
3.1.3. Effect of rotation speed

To determine the optimum rotation speed, 100 g of mater-
ial was used to study the effects of five rotation speeds (1400,
1600, 1800, 2000, and 2200 r/min) on the flotation experi-
ments (Fig. 2(c)). With the increase in the rotation speed, the
carbon content first increased and then leveled off. With the
increase in the spindle speed from 1400 to 1600 r/min, the
carbon content increased from 86.69wt% to 88.09wt%, and
at 2200 r/min, the carbon content gradually stabilized. There-
fore, 1600 r/min was selected as the optimum rotation speed.
The increasing rotational speed increased the mechanical
force, enhancing the degree of dissociation between carbon
and electrolyte [15]. Thus, the attachment efficiency of car-
bon to bubbles gradually increased, improving the purity of
the toner.
3.1.4. Influence of inflatable capacity

To determine the optimal inflation capacity, 100 g of ma-
terial was used to investigate the effect of five inflation capa-
cities (0, 0.1, 0.2, 0.3, and 0.4 m*/h) on the flotation experi-
ments (Fig. 2(d)). With the increase in the inflatable capacity,
the carbon content increased and then leveled off. With the
increase in the inflatable capacity from 0 to 0.2 m*/h, the car-
bon content increased from 86.14wt% to 8§8.63wt%. With the
increase in the inflatable capacity to 0.3 and 0.4 m*/h, the car-
bon content gradually stabilized, with only a 0.10wt% and
0.27wt% increase, respectively. Therefore, 0.2 m’/h was se-
lected as the optimum inflatable capacity. This indicates that
as the inflatable capacity increased, the number of bubbles in
the slurry increased, which improved the dispersion of car-
bon and the electrolyte in the slurry [16]. Additionally, the
carbon—bubble contact continuously increased, which led to a
gradual increase in the carbon content of the flotation con-
centrate.

3.1.5. Secondary flotation experiments

The entire flotation process is divided into primary and
secondary flotation. The primary flotation ore is enriched
with a large amount of carbonaceous material and contains a
certain amount of electrolyte components. The flotation ore is
then subjected to secondary flotation to further increase the
carbon content. Under the optimal flotation conditions of
90% particle size at —200 mesh, 10wt% slurry concentration,
1600 r/min rotation speed, and 0.2 m*/h air inflation capacity,
the carbon content of FSCC after secondary flotation reached
93wt% (Table 4).

Table 4. Carbon content after primary flotation and second-
ary flotation wt%

Primary flotation Secondary flotation
88 93

3.2. Effect of acid leaching process on FSCC carbon con-
tent

3.2.1. Effect of HCI concentration on FSCC carbon content

To determine the optimal leaching concentration, 10 g of
material was used to conduct acid leaching experiments at
concentrations of 2, 3, 4, 5, and 6 mol/L. With the increase in
the leaching concentration, the carbon content of SCC first
increased and then leveled off (Fig. 3(a)). With the gradual
increase in the leaching concentration from 2 to 5 mol/L, the
carbon content increased from 98.2wt% to 98.6wt%, owing
to the increase in the hydrochloric acid leaching concentra-
tion, H" per unit volume, and the number of activated mo-
lecules. These factors promoted the chemical reaction and in-
creased the rate of chemical reaction. With the further in-
crease in the leaching concentration, the carbon content re-
mained stable, and the H" concentration in the solution
reached saturation. Further increase in the acid concentration
had no significant effect on the reaction. Therefore, the
leaching concentration of 5 mol/L was selected as the optim-
al leaching concentration.

100
(@ (®) © (d)
S 99
z
E _
S 98t
=
=}
k=]
[~
&}
97
96 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 3 4 5 6
Leaching Leaching Leaching HCI/FSCC
concentration / (mol-L™") time / min temperature / °C volume ratio

Fig. 3. Effects of HCI concentration (a), leaching time (b), leaching temperature (c), and HCI/FSCC volume ratio (d) on the FSCC

carbon content.
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3.2.2. Effect of leaching time on FSCC carbon content

To determine the optimal leaching time, 10 g of material
was used for acid leaching experiments at 60, 100, 140, 180,
and 220 min. With the increase in the leaching time from 60
to 100 min, the carbon content increased (Fig. 3(b)), because
under sufficient reaction time, the hydrochloric acid solution
could fully wet the flotation carbon residue and penetrate in-
to the reaction kernel through the inter-layer pore structure of
the carbon [17]. Thus, more non-carbon impurities can be
dissolved, bringing the carbon content up to 98.57wt%. With
further leaching, the carbon content no longer increased;
therefore, 100 min was chosen as the optimal leaching time.
3.2.3. Effect of leaching temperature on FSCC carbon
content

To determine the optimal temperature, 10 g of material
was used for acid leaching experiments at temperatures of 55,
65, 75, 85, and 95°C. As shown in Fig. 3(c), with the in-
crease in leaching temperature, the SCC content first in-
creased and then gradually leveled off. With the gradual in-
crease in the leaching temperature from 55 to 85°C, the car-
bon content increased from 97.92wt% to 99.57wt% because
the rise in acid leaching temperature increased the internal
energy of the molecules, accelerated the motion rate, and in-
creased the entropy value of the system. With the continuous
rise in temperature, the carbon content no longer changed.
Therefore, the optimum temperature was chosen as 85°C.
3.2.4. Effect of HCI/FSCC volume ratio on FSCC carbon
content

To determine the optimum liquid-to-solid ratio, 10 g of
material was used for acid leaching experiments under liquid-
to-solid ratios of 2:1, 5:1, 8:1, 10:1, and 15:1. The carbon
content increased with the increase in the liquid-to-solid ratio
(Fig. 3(d)). At a low liquid-to-solid ratio, the hydrochloric
acid solution did not fully wet the raw material; thus, the
chemical reaction could not effectively occur. The increase in
the liquid-to-solid ratio was conducive to the diffusion of the
solute molecules, which promoted the chemical reaction to-
ward completion. However, the growth rate was very low
after 5:1; thus, 5:1 was chosen as the optimal liquid-to-solid
ratio, at a carbon content of 99.58wt%.

3.3. Structural characterization of purified graphitized
SCC

To analyze the changes in impurities, composition, and
morphology of SCC, FSCC, and purified graphitized SCC
(FSCC-CL) before and after flotation—acid leaching, XRD
was conducted (Fig. 4). The impurities in SCC mainly con-
sisted of fluorides (NaF, Na;AlF,, and CaF,) and oxides
(AL,O3, NaAl,;,0;).

Fig. 4. shows diffraction peaks of SCC, FSCC, and FSCC-
CL near 26.48°, 42.35°, 44.52°, 54.50°, and 77.68°, which
correspond to the characteristic (002), (100), (101), (004),
and (110) reflections of graphite, respectively [18] (JCPDS
No. 41-1487), typical of graphitic structures. However, the
spectrum of FSCC-CL featured a significantly higher intens-
ity of the (002) diffraction peak than the SCC and FSCC
spectra and was without some weak impurity peaks.

Int. J. Miner. Metall. Mater., Vol. 31, No. 11, Nov. 2024
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Fig. 4. XRD spectra of SCC, FSCC, and FSCC-CL.

Moreover, a large number of impurities were removed dur-
ing the reaction process, which proves that FSCC-CL pos-
sessed a better graphite lamellar structure than SCC and
FSCC.

The structural changes in SCC, FSCC, and FSCC-CL be-
fore and after the purification process were analyzed via Ra-
man spectroscopy (Fig. 5). The Raman spectra of the three
materials showed Raman wave numbers in the range of 1000
to 2000 cm ™. The two characteristic peaks were the D and G
peaks located near 1350 and 1580 cm ™', which corresponded
to a disordered band associated with amorphous carbon [19]
and the vibration of sp” carbon atoms within the carbon fa-
cets of the ordered graphite microcrystals [20], respectively.
The FSCC-CL spectrum featured a sharper G peak, with a
significantly higher peak intensity than those of the SCC and
FSCC spectra. The FSCC-CL spectrum featured a weaker D
peak than the SCC spectrum, suggesting that the carbon
structure was gradually ordered during the impurity removal
process and that a good graphite microchip layer structure
was formed. Moreover, the D and G peak intensity ratio
(Ip/Ig) of SCC was 0.30, which is significantly higher than
those of FSCC (0.14) and FSCC-CL (0.13). This indicates
that the crystallinity of disordered carbon in SCC increased
during the purification process, leading to an increase in the
graphitization of the carbon materials.

The effects of the impurity removal process on the mor-
phology of SCC, FSCC, and FSCC-CL were investigated via
SEM (Fig. 6). Fig. 6(a)—(c) shows the SEM images and the
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Intensity / a.u.

I/I,=0.14
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Fig. 5. Raman spectra of SCC, FSCC, and FSCC-CL.
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mapping of the samples at magnifications of 10 and 2 pm.
SCC featured a rough surface with white non-carbonaceous
particles, indicating the main form of impurities. After the
flotation and acid leaching treatment, the dispersed white ma-
terial disappeared, and the rich layered structure was gradu-
ally revealed. The mapping results showed that a large num-

o § i —

Fig. 7 shows the TEM results of FSCC-CL. Fig. 7(a)~(b)
shows that after flotation—acid leaching purification and im-
purity removal, the FSCC-CL material exhibited a graphite
flake layer structure with a large number of parallelly stacked
graphite flakes. At higher resolution (Fig. 7(c)~(f)), an
amorphous structure was visible in the FSCC-CL graphite
crystals, owing to the presence of an amorphous carbon
structure or closed pore defects formed through the chemical
leaching method. This can also be verified through the elec-
tron diffraction from the selected area of the FSCC-CL, as
shown in Fig. 7(f), with diffracted spots and diffracted halos
[21]. According to the lattice streak image in Fig. 7(i)~(k),
the lattice spacing of FSCC-CL was determined as 0.339 nm,
which is slightly larger than that of graphite and thus condu-
cive to lithium-ion migration [22].

3.4. Electrochemical characterization of FSCC-CL

To investigate the effect of the flotation—acid leaching
method on the electrochemical properties of FSCC-CL, CV
measurements were performed. The test was conducted for
three cycles at the voltage range of 0.01-2.00 V and a scan
rate of 0.1 mV/s. The CV curves of FSCC-CL after purifica-
tion and decontamination presented a clear redox peak and a
less distinct cathodic peak in the first cycle at 0.6-0.7 V

ber of elements, such as F, Na, Ca, and Al, were removed
during the purification process, while only C and some trace
impurity elements remained. This also verifies the XRD res-
ults, indicating that a large number of impurities were re-
moved. Additionally, the FSCC-CL lamellar structure be-
came clearer owing to the removal of impurities.

Fig. 6. SEM images and mapping images of SCC (a), FSCC (b), and FSCC-CL (c).

(Fig. 8(a)). The latter is attributable to asphalt embedded in
the graphite in the SCC block surface, which resulted in the
formation of an amorphous carbon solid electrolyte interface
(SEI) coating [23], corresponding to irreversible capacity.
However, this peak completely disappeared in the next two
cycles, suggesting that a stable SEI was formed on the FSCC-
CL surface in subsequent cycles [24-25]. The reduction peak
near 0.1 V in the low-voltage scanning region indicates that
Li" was embedded in the graphite layer, and the oxidation
peak at 0.3-0.4 V represented the de-embedding of Li" from
the graphite layer [26]. Furthermore, the CV curves over-
lapped in subsequent cycles, demonstrating the good revers-
ibility and stability of FSCC-CL.

To investigate the electrochemical kinetic behavior of
SCC, FSCC, and FSCC-CL before and after decontamina-
tion, electrochemical impedance spectroscopy (EIS) tests
were conducted. Fitting was conducted using the Zview soft-
ware [27]. The results are shown in Fig. 8(b), in which the
small break corresponds to the solution impedance (Ry). The
Nyquist curves showed a semicircle in the mid/high-fre-
quency range related to the SEI formed at the electrode sur-
face (Rsg) and the charge-transfer impedance between the
electrode and the electrolyte [28-30]. The Nyquist curves in
the low-frequency region showed a diagonal line represent-
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Fig. 7. TEM images (a—i), Fourier transform images (d, e, g, h), SAED results of FSCC-CL (j), and crystal lattice image (k).
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Fig. 8. CV curves (a) and electrochemical impedance spectra (b) of FSCC-CL.

ing the lithium solid-state diffusion within the active material
(W,). According to the equivalent circuit diagram (Fig. 8(b)),
the R; and R of FSCC-CL were determined through fitting

as 3.01 and 5.73 Q, respectively, which are smaller than those
of FSCC (3.23 and 8.61 Q) and SCC (3.91 and 10.54 Q).
Thus, the results showed that FSCC-CL exhibited the lowest
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electrochemical impedance, high conductivity, and fast lithi-
um-ion migration, thereby indicating that the internal resist-
ance of the electrodes could be reduced through the flotation—
acid leaching method.

Constant-current charge/discharge tests were performed
on SCC, FSCC, FSCC-CL, and commercial graphite (Fig.
9(a)). At a current density of 0.1 C, the first-time charging ca-
pacities of SCC, FSCC, FSCC-CL, and commercial graphite
were 242.3,294.2,348.2, and 353.1 mAbh/g, respectively, and
the charging capacities (and capacity retention) were main-
tained at 236.1 mAh/g (97.4%), 291.3 mAh/g (98.9%), 347.8
mAh/g (99.8%), and 351.7 mAh/g (98.3%), respectively,
after 100 cycles. FSCC-CL exhibited a higher reversible ca-
pacity than FSCC and SCC after 100 cycles, attributable to
the removal of impurities during the purification process.
Moreover, the cycling curve and capacity retention rate of
FSCC-CL remained stable with an increase in the number of
cycles. Thus, FSCC-CL exhibited higher capacity retention
than the other materials and good cycling ability, and its elec-
trochemical performance was not inferior to that of commer-
cial graphite.

To further compare the electrochemical rate capabilities of
SCC, FSCC, FSCC-CL, and commercial graphite electrode
materials, rate capability tests were performed at current
densities of 0.1-2 C. As shown in Fig. 9(b), FSCC-CL
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showed a higher capacity than the other three materials at
each stage, with average specific capacities of 358.5, 347.1,
331.7, 252.9, and 146.2 mAh/g with the increase in the cur-
rent density from 0.1 to 2 C. Notably, FSCC-CL achieved a
higher specific capacity (408.1 mAh/g) than the initial spe-
cific capacity when the current density was restored to 0.1 C
after 25 cycles. This is attributable to the successive embed-
ding and de-embedding of lithium ions, which increased the
spacing of the graphite layers and opened up more lithium-
ion migration channels. Thus, subsequent lithium ions could
be easily embedded into the material, resulting in capacity
improvement [31]. The results showed that FSCC-CL had
excellent reversibility and stability and demonstrated that the
flotation—acid leaching process improved the rate capability
of the electrode materials.

Fig. 10 shows the constant-current charge/discharge
curves for the 1st and 50th cycles of SCC, FSCC, and FSCC-
CL. Table 5 presents the first-cycle charge—discharge per-
formance parameters of the three carbon materials and com-
mercial graphite. Fig. 10(a) compares the charge—discharge
curves of the SCC, FSCC, and FSCC-CL electrode materials.
FSCC-CL exhibited the best performance, with a charging
capacity of 348.2 mAh/g, a discharging capacity of 408.5
mAh/g, and a first-cycle coulombic efficiency of 85.3%. Ad-
ditionally, FSCC-CL exhibited a longer voltage plateau than
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Fig. 10. Charge—discharge curves of SCC, FSCC, and FSCC-CL at the 1st cycle (a) and the 50th cycle (b).
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Table 5. Initial Coulombic efficiencies of graphite, SCC, FSCC, and FSCC-CL

Sample  First charge specific capacity / (mAh-g™) First discharge specific capacity / (mAh-g™) Initial Coulombic efficiency / %
Graphite 353.1 415.1 85.1
SCC 2423 325.0 74.5
FSCC 294.2 385.9 76.4
FSCC-CL 348.2 408.5 85.3

SCC and FSCC at voltages lower than 0.3 V. This corres-
ponds to a reversible plateau of lithium ions embedded in the
microcrystalline graphite interlayers, indicating that FSCC-
CL formed oriented lamellar structures during the de-embed-
ding process, consistent with a typical graphite lithium-ion
storage mechanism. Additionally, the reversible specific ca-
pacity was further improved. The charging plateaus of the
SCC, FSCC, and FSCC-CL electrodes after the 50th cycle
exhibited similar characteristics to those observed in the first
cycle (Fig. 10(b)). Moreover, the reversible capacity re-
mained relatively stable with the increase in the number of
cycles. The cycle retention rate was 99.9% after 50 cycles,
demonstrating the excellent cycling stability of FSCC-CL.

4. Conclusion

The process of treating hazardous solid waste SCCs
through a flotation—acid leaching process was proposed. Ad-
ditionally, the obtained FSCC-CL material was demon-
strated as a suitable lithium-ion battery anode material. Thus,
this approach helps eliminate environmental pollution caused
by SCCs and provides a practical carbon material resource.
The impacts of the flotation and acid leaching processes on
the materials were separately investigated through single-
factor experiments. The results showed that the carbon con-
tent of SCC reached a maximum of 93wt% at a 90% propor-
tion of —200-mesh flotation particle size, slurry concentra-
tion of 10wt%, rotation speed of 1600 r/min, and inflatable
capacity of 0.2 m*/h. In the subsequent acid leaching process,
the carbon content of SCC was 99.58wt% at an HCI concen-
tration of 5 mol/L, leaching time of 100 min, leaching tem-
perature of 85°C, and HCI/FSCC volume ratio of 5:1.
Moreover, FSCC-CL showed a rich lamellar structure com-
posed of graphitized carbon, with a large amount of amorph-
ous carbon. The average carbon layer spacing of the graphit-
ized carbon was 0.339 nm, which is slightly larger than the
lamellar spacing of graphite and thus conducive to lithium-
ion migration. In addition, FSCC-CL exhibited excellent
electrochemical performance, with an initial capacity of
348.2 mAh/g at 0.1 C, a reversible capacity of 347.8 mAh/g
after 100 cycles, and a cycling retention rate of 99.8%,
thereby providing higher reversibility and cycling stability
than commercial graphite. This study showed that SCCs have
the potential to be used as anode materials, and this approach
represents a viable pathway for the treatment and recycling of
similar hazardous solid wastes.
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