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Element Li Ni Co Mn Cu Fe Al C
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metals



%5355 8 1

R S RIFEEE 7 At SRR SRR R KR SR A % 2 R < 2111 -

FE 1 AT, 7R R FGE R L KR AR S R 1
R, AR B 2 A G e TR ) AR A TG
BB ARA . R Bet A AN 30 min 77 %] 180 min B,
Li MR NG TR0E, 1EREEm A2 30 min
I Li B R K, BHEN 62.20%, M. i
e REARNR L, 5 AT GE A BE K Ge (/] 35
o, R Li o SR ) TR A M T K
LiF. LizPOs4- LiAlO2. Z5 G558, A TA/ERH 30 min
AR 5 ) B AR R e i 1]

Bl 2 AR BEr [A] R Bl S5 =4 1) XRD
i o P 2 A AL, B AR SR R ) BN LioCOs
Co~ Ni. CoO. NiO J A v 58 4= A 5

v Li,CO; #C #Co,Ni+ CoO, NiO
*

. ,gl v % A 180 min
e 5 e 130min
? v . N 120 min

2 .
é v . . 90 min
v ¢ R 60 min

30 min

Ls © a

10 20 30 40 50 60 70 80
20/°)
B2 SRR BERS Ta] R BRHGE SR ) XRD %
Fig. 2 XRD patterns of carbothermal reduction products with
different calcination time

22 BEREREXMNENERRHENIN

BB b, AERT SIS TA] 120 min. $ii4E
A 500 t/min. BEFERA] 4 hy WA LG 80 : 1(mL/g)
ISAETS, BERERRE A8 500, 5500 600,
650+ 700 CRIA 48R HZ 15200 . KEeiR A
W& @R B R R g R 3 fros.

100 —=—Li

—o— Co
zg r -w Ni
L Mn

70 i /”H\'\l
60
50
40|
30
20
107

.

0

Leaching efficiency/%

T T T T T\ T

500 550 600 650 700
Roasting temperature/C
B3 R Reil B e Ji IR A s
Fig. 3 Effect of roasting temperatures on leaching rate of
valuable metals

HE 3 AT, BN EENR RS R e E
AR AR, IR HRAE R Ge iR E N 600 CHY
B, N 70.95%, 2 Ja A R eeim B 1) b T B
NFE, B RTREA RN 1 Li o3 R IR T
167 1) T 54k A MEF T 7K ) LiF. LisPOss LiAlO,, T
Biv . BERIVTARE, SLELTEE R
W ZREHE, RTIERMRERREN 600 CHE
B AR N IRFGEE =P XRD i
WHE 4 R,

v Li,CO;4 #C aCo, Ni ¢ NCMe CoO, NiO
AAA,AWW;ATrv,AMW,ﬁ,L A _700°C
e % A 650C
2
bz v + A 600 'C
S
K
v . 550 C
v ' e e 500 C
1 L . . . . Raw n?aterlal
10 20 30 40 50 60 70 80
20/°)

B4 SRR FRAGE 10 XRD i
Fig. 4 XRD patterns of carbothermal reduction products at
different calcination temperatures

Ik 4 AT, BRI Y 500, 550 CIY, A7
FEFR I3 JERDRHR U, 33X 150 B P TH B8 R il R R ) o
TREE R A SE R M RR IR i 500 CT
2] 600 ‘CHF, NCM FIUEIH %, BEH NCM & 4
SR SE R, BRI ) EEAT LiaCOs.
Co. Niv CoO. NiO FA S 87 576 42 A1 5 o
23 HBEEEEXNENERRE RN

FRIUE & JERHE RS FRIR S 650 °C . KE el [a]
120 min. HEFFHEEE 500 r/min, HEPENTE] 4 hy 3R LG
80 : I(mL/g)fI%&HE T, B 5 A SR 8] 451 A

2. 4. 6. 8. 10h XM & EE H RN,

100 TG
90 - % Ni
80 Mn
70

-/._’.\./a
60

50
40
30
20,
10

I

0 1

Leaching efficiency/%

TT T T T T\ T T T T
\

Leaching time/h
K5 R TR i IR A s
Fig. 5 Effect of leaching time on leaching rate of valuable
metals



< 2112 - CRERR Th22 30

J Chin Ceram Soc, 2025, 53(8): 2109-2114

2025 4

FHE S AT L, Li (3R 2R A IR H I TR A3
M e, RHEEEM 2 h 3 4 h R HETFEEN
B M 4h 3B 10h BHEFARIEAEE, & 8.
BLTARH, sl TR IR . 45558,
A TAERHE I 4 h R tE%At .
24 BHREXMNBNERERHENEI

ZRER Li PR H RS2 BAR R ROR, JE R AT
RE S IR HRE F vt SR r s D ol i B O D 12 e .
ANBNER, ATAEBIMINN R BT R R R B 155
Jo, TERSBEIRTE 600 'C. KEBERTIA] 30 min, i HEid
¥ 500 r/min. FEREEA] 4 hy E EE 80 : 1 (mL/g)f
TR, BREEWEDHN 0v 5% 10%- 15%-
20%(J 57 BN AN &8 IR H R IR o 55 Bk
AN &R B RN RmE 6 fix.

100
90 |
80
R k/"/._.
S 70F .
= L
2 60f “o Co
2 50r -w  Ni
£ 40} Mn
[
e 30r
s 20r
§ 1(5);: =
I
OZO& E v e w9
0 5 10 15 20

Mass fraction of carbon/%

Ko SixENAN R RN

HE 6 7T 0L, B SREMII, Li iR
WIS AN, B Li (IR R AR IA 2 F AR 11
B S R EBOR EHRE TG, R Rk 4
IS BN VAN, FEIG NS iR OV I AR S IR R
TEREESRAE T, ABAMRIRG], #ENR RN
72.23%, i\ 8. BERILTEANRE
2.5 ZBRXHEAGERERES Li R ENRN

Liu ZFUSER T HF A4 G 20 i R RS e id 72
(52, {8 FH 1 20 LR Factsage 8.0 Tl 1 4E
AR FUTRAFERE L N R H . 25 35
TSR W R B AR AE T B HE LipSOs LiF.
LisPOs. LiAlO,. LixCOs. 7EBE G HIZKIR it FEH,
LiF. LixCOs fil LiAlO, A PR S W10 7=t 2
SEENIR HRCRES. B 7a M=o RRE, B
7o RN=TuR MR ARIE R, B 7o = In R R AGE
JFIKIZE ) SEM-EDS 1%, 1 7 1] WK IH NCM (1]
TCEMTEE . 454 ICP-OES kil 45 5, kg3
NCM MR H Al P. F 24005, 3047 & i B A &
NERF, P 3 NCM A B ) Li 227464 LiAlO> LiF.
LisPO4 SEHEVE T/K M, 380 Li PR HEA .

T BAEIX MG, NS AR AT 24 5 = oM
BEINCM)EAT BRI i s B, s B 2 A R e i
600 C. K552t TE 30 min, $HFHEF 500 r/min.
PEIE] 4 by WE HE 80 : 1 (mL/g)HIZE T Sk
JRE I 30%(5 K IH = Je A BHik #0d J5 46 1 36 A
—2), Ai=J0H5EF A A =ToM BHERFGE R
N Li (32 H T e 8 Fior.
'_ [Element [Mass fraciond

Ni
Mn Co 'Nj
H O R

10
Energy/keV

(c) SEM-EDS pattern of carbon thermal reduction water leaching slag of spent NCM
Bl 7 ZJoRBHERL ZJ0RBHRAGEIR . =T RBHR AL 5 KRS SEM-EDS %
EDS mapping of NCM, Carbon thermal reduction SEM-EDS mapping of spent NCM and SEM-EDS pattern of carbon
thermal reduction water leaching slag of spent NCM

Fig. 6 Effect of carbon content on leaching rate of valuable
metals

5
= 12.7
co i 15.04
Mn | NinNi 100.00
TR e

10
Energy/keV
Fig. 7



5 53 &5 8 ] R S RIFEEE 7 At SRR SRR R KR SR A % 2 R < 2113 -

100

I Pure NCM
Il Spent NCM

80

60

40

Leaching efficiency of Li/%

20

Different spent NCM

B8 4 =J05 K5 = JulEMAGEIR T Li B9 H 50
Fig. 8 Comparison of Li leaching rate under carbothermal
reduction of pure NCM and spent NCM

Wi 8 i, AEH Al F. P Z&fai =
TGS A 2R MR 3 = 0 R BHEAH R 26 A% T
afl = LA MG Li IR HEN 96.6%, i &
T B RN R =T0M k.

3

1) DURIHEEE T H i i IE . R & kN R
KL, TEERINR A, JFEALIE SRR e KIR S T
CORTEPESEUE, R A LR B S AR L%
P RREEIREE 600 °C\ KEBEI[A] 30 min. $iFE[A]
4 h, UL Li IR HEA 72.23%, Ni. Cov Mn JL
PR

2) KH SEM-EDS Wik HGEJE AT 5 KR S &
HEATSERHT, 454 ICP-OES #4555 H 5 k)
TH Al Fy P SR, FERA SRR %5 R A
TG IEARMPRMEAR [F) 26 At N 3EAT AR SR ) 2, A
FHR I =AM R Li IR 23R 1A 96.6%, i
F 72.23%.

3) KH X SEATH TSR e sk T kR
PR, ORI KRR EE B 500 CH R E] 600 CHY,
NCM FIE3H 2%, NCM(LiNi,Co,Mn_,,02) ] i A 45
PG 6 AR, 15 B RSB £ 24 Li,COs. Cos
Niv CoO. NiO A W58 4% 1A 5

4) ik — 0 3R v R IR Rt R A e HREE 1 &
AR, 7] SRR SRR HEM B AN I — L]
TV BT [R50 S 002 AR, [ B 28 AN TR AR I 51 )
2T AR TR H R 3R TR

SE R

[1] LIN W R, ZHAO S J, LU B D, et al. Structures, performances and
applications of green biomass derived carbon in lithium-ion batteries[J].
Energy Mater, 2024, 4(5): 400078.

[2] SN, wHN AR R AES T R IR RAGE SRR e PR L AR D).
THERE, 2024, 43(4): 2174-2182.

ZHOU Mingxian, YE Xiaozhou. Chem Ind Eng Prog, 2024, 43(4):
2174-2182.

[3] YU B L, FANG D B, XIAO K, et al. Drivers of renewable energy
penetration and its role in power sector’s deep decarbonization towards
carbon peak[J]. Renew Sustain Energy Rev, 2023, 178: 113247.

[4] PINDAR S, DHAWAN N. Kinetics and thermodynamical evaluation of
electrode material of discarded lithium-ion batteries and its impact on
recycling[J]. J Therm Anal Calorim, 2021, 146(4): 1819-1831.

[5] REN Z J, LI H J, WANG Y T, et al. Green recycling assessment on
typical spent lithium-ion batteries (LIBs): A multi-objective assessment[J].
Resour Conserv Recycl, 2024, 206: 107648.

[6] Wik, fRasd. RAGEE T RILECSFAMI. Jbat BiEshh,
2024.

[71 ®E, T3, MT i, 5 R R-2 BOR SR A0 R IH 41 HL A R
EPETEIR BT ()] PR R AR (B AR RR), 2023, 54(12):
4611-4619.

YUAN Xue, DING Lixin, LIU Zimeng, et al. J Cent South Univ Sci
Technol, 2023, 54(12): 4611-4619.

[8] PINDAR S, DHAWAN N. Recycling of mixed discarded lithium-ion
batteries via microwave processing route[J]. Sustain Mater Technol,
2020, 25: e00157.

[9] MAYYAS A, STEWARD D, MANN M. The case for recycling:
overview and challenges in the material supply chain for automotive
li-ion batteries[J]. Sustain Mater Technol, 2019, 19: e00087.

[10] XU P P, DAI Q, GAO H P, et al. Efficient direct recycling of
lithium-ion battery cathodes by targeted healing[J]. Joule, 2020, 4(12):
2609-2626.

[11] LI J, WANG G X, XU Z M. Environmentally-friendly oxygen-free
roasting/wet magnetic separation technology for in situ recycling cobalt,
lithium carbonate and graphite from spent LiCoO,/graphite lithium
batteries[J]. ] Hazard Mater, 2016, 302: 97-104.

[12] MAY Y, ZHOU X Y, TANG J J, et al. One-step selective recovery and
cyclic utilization of valuable metals from spent lithium-ion batteries via
low-temperature chlorination pyrolysis[J]. Resour Conserv Recycl,
2021, 175: 105840.

[13] XU X Q, MU W N, XIAO T F, et al. A clean and efficient process for
simultaneous extraction of Li, Co, Ni and Mn from spent lithium-ion
batteries by low-temperature NH4Cl roasting and water leaching[J].
Waste Manag, 2022, 153: 61-71.

[14] LIN J, LI L, FAN E S, et al. Conversion mechanisms of selective
extraction of lithium from spent lithium-ion batteries by sulfation
roasting[J]. ACS Appl Mater Interfaces, 2020, 12(16): 18482—18489.

[15] YANG C, ZHANG J L, CAO Z H, et al. Sustainable and facile process
for lithium recovery from spent LiNi,Co,Mn.O, cathode materials via
selective sulfation with ammonium sulfate[J]. ACS Sustainable Chem
Eng, 2020, 8(41): 15732-15739.

[16] REFLY S, FLOWERI O, MAYANGSARI T R, et al. Regeneration of
LiNiy;3Co;3Mn; 30, cathode active materials from end-of-life lithium-
ion batteries through ascorbic acid leaching and oxalic acid
coprecipitation processes[J]. ACS Sustainable Chem Eng, 2020, 8(43):
16104-16114.

[17] ZHANG X X, BIAN Y F, XU S, et al. Innovative application of acid
leaching to regenerate Li(Ni;3Co;3Mn;;3)O, cathodes from spent lithium-ion
batteries[J]. ACS Sustainable Chem Eng, 2018, 6(5): 5959-5968.

[18] LIU H, ZHANG J L, LIANG G Q, et al. Selective lithium recovery
from black powder of spent lithium-ion batteries via sulfation reaction:
Phase conversion and impurities influence[J]. Rare Met, 2023, 42(7):
2350-2360.



- 2114 - (TR ER AR ) J Chin Ceram Soc, 2025, 53(8): 2109-2114 2025 4

Selective Extraction of Lithium from Spent Lithium-ion Batteries Based on an In-situ
Reduction Roasting Process and Influence of Impurities

LI Jinhui', REN Quanbing?, LONG Guangwu®, DENG Fangkun*, WANG Shuang*, LI Nan’, DING Haoliang®, HU Weijie',
XIAO Yu', WENG Yaqing*

(1. Jiangxi University of Science and Technology, Ganzhou 341000, Jiangxi, China; 2. Jiangxi Jiangwu Haoyun High-Tech Co.,Ltd.,
Nanchang 330000, China; 3. Jiangxi Senneng New Materials Technology Co., Ltd., Yichun 336100, Jiangxi, China; 4. Jiangxi
Academy of Sciences, Nanchang 330095, China; 5. Nanchang Hangkong University, Nanchang 330063, China; 6. East China

Jiaotong University, Nanchang 330013, China; 7. East China University of Technology, Nanchang 330013, China)

Extended Abstract

Introduction To enhance the lithium leaching rate, carbon thermal reduction can be employed to convert lithium into lithium
carbonate, thereby enabling selective recovery through water leaching. However, due to the relatively low solubility of lithium
carbonate, it is challenging to significantly improve the efficiency of water leaching. Furthermore, the extent of carbon thermal
reduction is highly dependent on factors such as the amount of added carbon source, reaction temperature, and reaction time.
Consequently, there is an urgent need for advanced technologies that are characterized by low energy consumption, a simplified
process, and high efficiency for the recovery of active cathode materials from spent lithium-ion batteries. While traditional
metallurgical recovery processes can effectively extract most valuable metals from cathode waste, the current lithium extraction
process typically requires multi-stage extraction or stepwise precipitation to produce lithium carbonate. This results in a lengthy
back-end lithium extraction process, with intermediate steps prone to lithium metal loss, leading to a recovery rate of only 60% to
80%. In the context of comprehensive utilization recycling technologies, efficient lithium extraction and selective leaching of target
elements remain bottleneck issues. To address the challenge of efficient lithium extraction, this study proposes the use of waste
ternary positive and negative electrode mixed materials as raw materials, employing a process flow of "reduction roasting for priority
lithium extraction" followed by water leaching and acid leaching to comprehensively recover valuable metals from the waste.

Methods Weigh accurately an appropriate amount of experimental raw materials and transfer them into a mortar for thorough
grinding. Subsequently, transfer the ground materials into a corundum crucible. Place the crucible containing the raw materials into a
tube furnace for roasting. Prior to initiating the program, introduce argon gas at a flow rate of 200 mL/min for 30 min to ensure an
inert atmosphere. Heat the materials at a controlled heating rate of 5 “C/min until reaching the set temperature. Once the temperature
naturally decreases to room temperature, carefully weigh the mass of the roasted product and record the mass difference before and
after roasting. Transfer the roasted product into a beaker, add pure water at a liquid-to-solid ratio of 80 mL/g, and stir using a
mechanical stirrer at a constant speed of 500 r/min. Systematically investigate the effects of roasting temperature (500-700 C),
roasting time (30-150 min), and stirring time (water leaching time of 2—10 h) on the leaching rate of lithium. Calculate the mass
differences of various elements based on the recorded mass differences of the roasted products before and after treatment, combined
with the leaching efficiency.

Results and discussion Using the positive and negative electrode mixtures from waste lithium-ion batteries as raw materials,
lithium was selectively extracted via an in-situ reduction roasting—water leaching process without requiring additional reagents.
Single-factor experiments were conducted to determine the optimal process conditions, which were identified as a roasting
temperature of 600 ‘C, a roasting time of 30 min, and a stirring time of 4 h. Under these conditions, the leaching rate of Li reached
72.23%, while Ni, Co, and Mn exhibited negligible leaching. The elemental contents before and after carbon-thermal reduction were
quantitatively analyzed using SEM-EDS. In conjunction with ICP-OES detection results, it was determined that the raw materials
contained impurities such as Al, F, and P. Carbon-thermal reduction reactions of commercial ternary cathode materials free of
impurities were performed under identical conditions. The leaching rate of Li from the pure ternary material reached 96.6%,
significantly higher than that achieved with impure materials (72.23%). Roasting products under various conditions were
characterized by X-ray diffraction. It was observed that as the roasting temperature increased from 500 C to 600 C, the
characteristic peaks of NCM disappeared, indicating the complete destruction of the NCM (LiNixCo,Mn1-»yO2) crystal structure. The
resulting roasting products primarily consisted of Li2CO3, Co, Ni, CoO, NiO, and unreacted graphite.

Conclusions The optimal process were identified to be roasting temperature of 600 ‘C, roasting duration of 30 min, and stirring
time of 4 h, through single-factor experiments. The lithium leaching efficiency of 72.23% was achieved, while nickel, cobalt, and
manganese exhibited negligible dissolution. Notably, under identical conditions, commercially sourced pure ternary cathode materials
demonstrated significantly enhanced lithium recovery at 96.6%, maintaining minimal co-leaching of transition metals (<0.5%). To
optimize the comprehensive lithium recovery efficiency in spent lithium-ion battery recycling, strategic introduction of additives
capable of exerting synergistic reduction effects during the carbon thermal reduction stage is proposed. Subsequent research should
focus on systematic evaluation of additive economics coupled with rigorous quantification of their lithium extraction enhancement
potential.

Keywords spent lithium-ion batteries; in-sifu reduction roasting; lithium extraction by water leaching; impurities



