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Table 1 Name, main components and abbreviations of experimental materials
Name Main component Abbreviation
Lithium iron phosphate LiFePO4 LFPO
Lithium manganese oxide LiMnO; LMO
Ternary material with nickel cobalt manganese ratio of 1:1:1 LiNii3Co13Mn1302 NCM111
Ternary material with nickel cobalt manganese ratio of 5:2:3 LiNio.sC002Mno302 NCMS523
Nickel cobalt aluminum ternary material LiNio.8C00.15Al0.0s02 NCA
Lithium cobalt oxide LiCoO2 LCO
Natural spherical graphite C N-C
Artificial spherical graphite C A-C
Cathode material of waste lithium iron phosphate battery LiFePO4 W-LFPO
Anode material of waste lithium iron phosphate battery C W-C
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A 0 JEs A PN A IO R B 15 L AT S I 4 R
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r/min FEEEFEFE 5 min, B 5] ARGENL T HEE
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NCMI111. NCM523 F1 NCA 4355 N-C % & kb
N 73 LB &, TTT45 5] LEPO/N-C.LMO/N-C.
NCM111/N-C NCM523/N-C Fl NCA/N-C L5256
JERL HAE S9N 0.6 T, kSN 200 ¥/min
[ %At N AT R

JE B HAR A RN R IE 7 LA =25

1) ¥ W-LFPO 5 W-C #%Jfi &= tbA 7:3 K LL )
BE, NS F W-LFPO/ W-C 5256 J5 kL, JFET
SN 0.6 T, BKksh kN 200 K/min (564 T
BEAT VI HEIE 7 25 56 5

2) RHEIHEEHC dhi N 32.5%), fENKEh
PR 300 K /min, T 53I75R5 AN 0.24 0.4. 0.6+
0.8 1 1.0 T W25 N kAT 37 ok 2k A5 5

3) RAEIRMEE, fEH 535N 1.0T, k3l
PS5 04 100, 200 AT 300 YK/min FI264 T
BEAT KB e IR 2% A5

1.4 ZikiR4E

KA XFDn Y BRI, PRl s &K
1.0L, M##EE 0~2600 r/min, M E4E 55 mm,
7S & 0.04~0.4 m¥/h, FIFRELHE 0~30 r/min, KA
WP N 40g/L.

1.5 WK%

K HLEHE & 55 B AR R ORI (ICP-OES,
Perkin Elmer Optima 7000DV)#E47 70 & & &0 #7
KH &Y MR R 4 (PPMS, Quantum Design
PPMS-9) HEAT il [l 26 MR (VSM), - BLAM BT S5 56 44
B 5 SR BB I € AL (LECO CS600) 734 5k
IR SR C A SR X S RATAHU(XRD, Bruker
D8 Advance) 73 1T % 1 i 2 2k 2 H vt o 0l R 2% 2 1)
PIARASAN s SR FMORL BE (SRS I 5 | g Rk . P vt
R KA IR RE A A s SR A T R



H31BE 12 H

Ve, e JRINIM R RRO RGP 2> B e LR et T2

3667

Imaging system

Magnetic material Magnetic medium

Pulse motor

| [

‘T‘gﬁ
o~
Peristaltic pump |
[——] —
A © ©-© ©| Non-magnetic material
o = ( L S
Mixing plant Field controller Magnetic separation equipment Pluse controller

Bl 1 B b L B R

Information collection system

Fig.1 Schematic diagram of self-made high gradient magnetic separator
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Table 2  Specific susceptibility of electrode materials

Sample Specific susceptibility/(10~° m*kg™)
LFPO 741
LMO 574
NCMI111 331
NCM523 331
NCA 251
LCO 17
A-C -84
N-C -109
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Fig. 2 Adsorption images of electrode materials on magnetic media: (a) Before adsorption; (b) Non-adsorptive; (¢) W-LFPO;
(d) LFPO; (e) LMO; (f) NCM111; (g) NCM523; (h) NCA
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Table 3 Magnetic separation results of pure electrode

material mixture

Sample Product Yield/%  C grade/%
Magnetic 50.37 13.2
LFPO/N-C
Nonmagnetic 49.63 47.1
Magnetic 62.56 1.3
LMO/N-C
Nonmagnetic 37.44 78.0
Magnetic 62.82 1.8
NCMI111/N-C
Nonmagnetic 37.18 77.6
Magnetic 63.13 1.7
NCMS523/N-C )
Nonmagnetic 36.87 78.5
Magnetic 61.90 1.5
NCA/N-C .
Nonmagnetic 38.10 76.3

B3 3 AT, mbh R B fa, W=
C i B NI, SR BP0k 38R [FIR S
i LMO/N-C.NCM111/N-C.NCM523/N-C F1 NCA/
N-C WLIEFTSHETE =P, C SO/ F 2%, 1M
HH LFPO/N-C Wik S st =, C dnfir E sk
13.2%. #%8%F| LFPO itk HALY ) 58, 765
BRI, YA SE0SRnRa ™
H, F, B S5, B LFPO/N-C #H1T
WEiE Sy BRES . M SRR 04 T f5, Witk
Y C AL 13.2%, TEEHE NRE, U 5
S FEAE S E LFPO/N-C 4 B R R AR E 5 A
AN, 6 s & B LFPO/N-C Wik Fr A3 w1tk 7= 4
HAETEIR 2 B K HIEIR R, [FIE LFPO (1) FH B FE
PR KR AR I Iz /N T HAR DY S E AR M B}, 1X ] RE
& 33 LFPO/N-C #5325 RO AN (1) 1 B R A
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231 I HLE 5y 5

JH v A o5 3 B A 73 8 I I Ik AL L 3 I
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Table 4 Magnetic separation results of waste electrode

material mixture

Sample Product Yield/%  C grade/%
Magnetic 72.41 15.9
W-LFPO/W-C
Nonmagnetic 27.59 76.8

PP C Wi 76.8%, FrIERUR RAF, U kR
FEE T e o R L TR Ak AL R b I 971 AT YR A5 ) TR A L
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FITASRE T P2 077 3R (72.41% )i KT i LFPO/N-C %3
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WEPEY IR (45 23 i 25 51, T 32 B AR o B
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SRR AE T A

% 5 Fit7R N W-LFPO 5 LEPO [IHRLAR 53 A 1 1
K 4 Fizn v W-LFPO 5 LFPO () SEM 1%, H#% 5
A%, LFPO [ Dso~ Doo 43724 1.020 pm F1 2.860
um, /T W-LFPO AHX R IRiAR(E. HE 4 7
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Fig. 3 XRD patterns of W-LFPO and LFPO
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Table 5 Particle size distribution of W-LFPO and LFPO

Sample Dio/pm Dso/um Doo/pm
W-LFPO 0.613 7.384 20.940
LFPO 0.427 1.020 2.860

4 W-LFPO F1 LFPO [#] SEM 1%
Fig. 4 SEM images of W-LFPO(a) and LFPO(b)

ek e R B TR Ak L R 26 4 T 8 15 RURE A7) S Ak RS ¢
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W-LFPO /% 30 min ffi H AR, 55 W-C TR
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BEMEF= I C SN 13.5%, [BISCREZE 62.5%.
45 Bt — B R, W-LFPO KRR/ NG 5 53
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|3 E RPN A
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IR SIS B U T e FE L 4 B R
T IR K P v I AR AR VR B R P AT, (R S e
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Table 6 Magnetic separation results of waste mixture

under different background field intensity

h/gi?l??c Product Yi;jd/ C gor/zlde/
Magnetic 75.09 13.1
Ho Nonmagnetic 2491 91.0
Magnetic 73.16 12.8
08 Nonmagnetic 26.84 86.2
Magnetic 71.45 12.6
06 Nonmagnetic 28.55 82.3
Magnetic 69.92 12.5
04 Nonmagnetic 30.08 79.0
Magnetic 35.85 12.1
02 Nonmagnetic 64.15 43.9

M 6 HhalF H, YRR C R BE Y =
SRR TR/, THARREME =4 rh C S B 5o i
FrEmigm. MRy 02 T B, Wik~
RIEEE, RUZFA FRLEAN TR CE e LU R AR
TR BE R EREE, (HULI AT C AR
12.1%, AH%T W-LFPO 4.7%[1) C fhfr, 15 $2T
. TSN 1.0 TN, JEEME ) C
fE N 91.0%, AT W-C ik 98.0%[1) C i,
WA BRI T 2]
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Table 7 Magnetic separation results of waste mixture
under different impulse

Pulse/
(times'min™?)

Product Yield/%  C grade/%

0 Magnetic 75.89 13.6
Nonmagnetic 24.11 92.0
Magnetic 75.57 13.4

100
Nonmagnetic 24.43 91.6
Magnetic 75.38 133

200
Nonmagnetic 24.62 913
Magnetic 75.09 13.1

300
Nonmagnetic 2491 91.0

MK 7 el EH, BEE KSR RS, R
PEF= R C AL — e B EF, B EFRIE RN,
RN 92.0%. X HBEAT Fe R 4T, RIZIEHE
PEFE) R Fe dhiN 2.7%, b imiig gk J5 o5 b
218 7.6%, FLE C i i 92.0% I HERE T =4

B C LA IR 3 M BT N B Rk . SR, 4
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MR SR 0.4 T TS 57T LRSI . 25
BRM, IRBLEMRLEFEY R C AR 12.2%,
FHEC T — IR MEIEREVE =) 12.5%1) C fhr, %A
B R BRI, HEEMES R C IR
12%~13%F , A8t o P e T 20k Lt — 2D %
HEME =P C dndr, 3B S REE T2 0 R
FURLIGEAA 1 A %

24 HGhE-FiRIEA

T o FE R IE EVAR B O 4y B R IRV KL, (HR
PP C AL A BRI R RSl Rk, A
B —ID AR, nIAE A R S R VR I A
Gk T ZE(MFL).

5 BoR THTFERIBRE MF1 T2
. BARIG S Rk 8 fir.

MF1 TZAS3 =57, 47l LiFePOs.
FEFAEEFR ). WFE 8 FHLLEH, LiFePO4
1] C LA 4.8%, X5 W-LFPO H 4.7%I7] C L

Mixed electrode materials Dosage: g/t. raw material

Magnetic

roughing

2 min X Kerosene 400
2 min X MIBC 400

Froth|flotation

y

Field strength: 0.4 T
Pulsation times: 300 Times/min

Y

Magnetic [finishing

Field strength: 1.0 T
Pulsation times: 300 Times/min|

\J \

LiFePO, products

5 TZHEEMF
Fig.5 Process flow diagram(MF1)

Graphite products Non-target products
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Table 8 MF1 process sorting results(mass fraction,%)

Sample Yield/%  C grade/%  Yield/%
LiFePO4 products 47.99 4.8 47.99
Graphite products 21.87 92.0 21.87

Non-target products 30.14 334 30.14

L. FIRA P C AN 92.0%, HIEAIE
BIRE N Z SR i IR

gbah, AR HARPEHIR C SN 33.4%, SRR
TEEHE C SAALERT o HZ ST i — D R FF
HRIL, Z5 i T WA S B L S Bl i
T HA IR FER G BERAH ZROR, TRIEN
WE L2 XM ZE 5 ] R )A R T3 2 okl e
PR 5 A SBAFAE R4S, BT, DL
PR R S T A FE 0 45 7349 L /K 1k 1 e T 3

MF1 20 3 BT A2 o B2 ok AN IR
e 35 R B R AR 2 (R B AR R D BR () se B 1, A
FITF BRI IEA R o [FIRS, JRIRIF IR LA
52 NN LR 4 J8 A R TE AR 1) % SR B S T
HBIAE ], BRAR LT 5 bk BE I T 2 AR 2,
P 4 A BBy B BAMEF, VRIEH R T
IEARAE RSk, RS A R T AR R A,
P 45 B R R 3 T i RO .

MF1 L2 RRAETEM I R, 403 5 BT s 1t =
i PRIRAFAE IR Z 1) 25T, Horh LiFePOq ™ il 1 B
TR, EEARZ WAL, UKL
A&, W, BRSO AESGNTRERA
SAh, BB NI RREAE NI R, DK
DRI BRI AR . BRI, X ik
J P b BT B 2 L 22 B A AR SRt — 2D IRt 7

3 Zig

1) K8y A Lt AR VAR 2T
e B R s LA W BT, TR P T B S L A
TR A 88 A TE I e o WA e A MR o R
P12 b P AL VER RS R AR SR K TR & it
AT B B RGEARTG,  R I Ve Ao P b e X 28 o A 47 A
TREMES 2B B 1 73 5 UR

2) R BE kI 73 S SR 40 PR IH B IR Bk AL 3

JH MR A IE A BE R BE, DR REYE Y C
PR A 12.0%~13.0%, PLCKAERGYE =P C
PIFEE R 91.0%~92.0%

3) FREE—Fk T AR IREE, TR0k
P F R A IE AR AR 2 Al E R, gk
—BRFF IR . RAZAE TS, WLEE C
E LN 4.8% (1) LiFePO4 7= Al C S A7 ik 92.0%
(AT B8 i
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Magnetic separation mechanism and
purification process of spent battery electrode materials

GAN Tao" 23, SONG Wei-feng', LIU Yong>?, LU Xian-jin>?3, LIU Chao? 3, HU Zhi-cheng?

(1. School of Environmental Science and Engineering,
Guangdong University of Technology, Guangzhou 510006, China
2. Institute of Comprehensive Utilization of Resources,
Guangdong Academy of Sciences, Guangzhou 510650, China
3. State Key Laboratory of Rare Metal Separation and Comprehensive Utilization, Guangzhou 510650)

Abstract: At present, the amount of waste lithium-ion batteries is increasing day by day, but there are
shortcomings in the separation and purification process of mixed positive and negative active materials. Therefore,
an environment-friendly physical separation and recovery method, magnetic separation combined with flotation,
was proposed in this paper. The results show that a variety of mainstream lithium ion battery cathode active
materials can be adsorbed by high gradient magnetic separation equipment, while graphite materials used as anode
materials will not be adsorbed. In the experiment of high gradient magnetic separation with waste LiFePO4 power
battery, the grade of C in magnetic products can be reduced to 12%—13%, and the grade of C in non-magnetic
products can be increased to 91%—92%. In addition, the combination of high gradient magnetic separation and
foam flotation can further enhance the separation efficiency, and the C grade of the LiFePOs products can be
reduced to 4.8%. The experimental results have important reference value for the development of suitable recycling
process of waste LiFePO4 batteries.

Key words: spent lithium ion battery; mixed electrode active material; high gradient magnetic separation; lithium

iron phosphate battery; foam flotation

Foundation item: Project(201804020024) supported by the Key scientific research projects in Guangzhou; Project
(2019GDASYL-0402003) supported by the Special Fund Project of Guangdong Academy of
Sciences, China

Received date: 2020-12-23; Accepted date: 2021-08-13

Corresponding author: LIU Yong; Tel: +86-13825149238; E-mail: gzlyl1@163.com

(i ¥



