544 B 2 WO 200 #BD Bikih 4 Vol. 44 No. 2(Sum. 200)
2025 4F 4 A Hydrometallurgy of China Apr. 2025

W TP 1 1 kU 5 e A A b e Bl Il e P
LGS WF5E
B AL 2 REE R

CLVLPY B TR MO AT (045 J ¢ (AR B 16 B VLV 48 T s 5280 8 L VIV 88 3410005
2. VLVY A BB RE IR LB FRA /L VP HA 336000)

FE AF5T T A E 1H 8% R (LFP) A R4 (LCO) B it 1E A% A4 L B [6) 32 i 48 Ll s A 1 26 40 0 17 1228w
AT % 58 7 4 P2 U I3 1 A 32 e, O S8 X SR 2R AT S (XRD) 45 6l L 456 (SEMD X 32 i HEAT T RAE
25 W E A AT ] 4804k 7 308 R R 45 1 F L LFP 5 LCO REE BR M 4K & of Bp [5) 388 3 48 5 76 B0 1% ok BF
0.7 mol/L.i& 1B 40 °C 3@ H BfE] 60 min.n(LCO) : n(LFP)=0.5 W BEAFRFE R L 10 mL/1 g &{ER T
ZAF R IH AL E AR AR LiCo Fe P i 1 243 5 2 99. 99%.,99. 99% ,48. 00%6 .43, 77 %, %% Al 52
ITEARTR 5540 T M A2 2% v TEAR AR rb WO 0 4 s 9 B Y B — e e R A (A

SRR W IR B s B TR s IEARA L 5 BRI AL 5 ATl R

FE S HES :TF803. 21 XERFRIZAD : A XEHS:1009-2617(2025)02-0143-08

DOI:10. 13355/j. cnki. sfyj. 2025. 02. 002

PR T L B A RE B R RN LR (R Rt P 200 T 0 o T T 2 M T R P 5 s
SO R R AL YERE )T N TR S B R SR IH R R B TR IR B DT S B
PG S 2 A b R (LFP) A& m AR AN Bl B hw i
LT PR g VR A A 7 P b e S 2, 2023 4F TEHLIRAT BRIR LS IR R IR AF L L L B R IRUAS A
LFP 7 & jk 531.4 GWh, [Al [t E — 48 K REOZCRE, 2EAKMRBHZ - 8w
59. 8700 A 173 dmad W /£ 3~5 4F. MAFMRM AV R IR IR A PR IR Al
(LCOY Lyl M BE Z i HI T AL B C A IS/ A AT Dol A KRB Y, 8K 7 iR
RIR BB AT, 2022 AF P48 7.8 U7 o HUI SRk T 20 U, B 0 B — i 2 R T A R it Y R R
K77 G AR LCO o ik R 2e g, e SRR BUS T — & BUR L (H 2R R T
5 iy — LA 2~ 3 4F . IBACEAMR AR FEORE AL R SR SRR . A 5 T A AT i
A A A IR 28 A B AN AN 2 N B B 3 T T3 2 b 2R B H B el v 0 47 0 ) ¥R i1 A4 B
Qe R e OB IRIR 20 R, MG SE A M se i DR GE

<5 J T0 0 T 22 il 3 [ RE PR BOIR B0 £ B BEXT Lok ), e B 58 TR AT LFP 5
TEAF AN EA FEE LR —ERE L LCO IEM A kL P [F] 82 3= 91 i % 11 Ha v i) 22,
GEE LI PUNI DY Y € =R W R F AT T LFP 5 LCO Bhlal i # 1y ml

Wk TR EA R R b B A7k, BRI XRDSEM 45 T Bod & i i 9 A
R A0 SRR A U Y T IR FICH AT T RAE, H 5 T MR E B IRk
Y fm B #A:2024-10-11
E£TB: BHEX AR ES I H (52464047); YLV 4 A SR FL % 5 4 % B H (20242BAB25250, 20224BAB214040,
20232BAB204036) ; ¥ B 42 A SCHFIH R - FFAERHE A B4 H (2024QT06) .
E—VEE B A 5 AM(2000—) . B A 52 2 BT 7 1) Sy 1 TH B W e Jl i,
BEMEER N KA 1989 53 W B U, 2 BEHFSE Iy 1)y [ B SR AE FR A A . E-mail: zhzhtg@163. com,




o 144 - ke 4 2025 4E 4 H

Py A Ak LU R I 1) R 9 I AR AR BE X P ] 3
AR S 5 LI 200 A A = 150 3 i % [
Ak B3 22 Foft v b TE AR AR B9 A

1 K ERSY
L1 RBEM LIRS

50 6 R 2 CLCOD J5URE bl 3 M 352 % 1H 42 o1 000 5+ bk 3 000 15
R [ T AR R AR R B 93 i 200 H
i 3 B AL J5 BURE , FH K i O 8 i ICP #17 2 BEIBSEEE EARA A SEM B A
ﬂﬁ"%"ﬁiﬁ'ﬁ‘*ﬁ JAERNELLCO EEA Li.Co i“ff Fig.2 SEM photos of spent lithium cobalt
A48, LCO ORI XRD Y4 447 45 5 4 oxide cathode material

1~ . A LLE W R = ZE Y 4H & LiCoO, ,

e . R2 BBUEEERBEMNLERS
PGt i S AR UE R R AW A G 2406, LCO JE ’ M

Table 2 Chemical composition of spent lithium iron

B SEM R @i &l 2 fros. ATLLE H: LCO & phosphate cathode material Yo
WURLIR , RN A B 5, R4 B AE 20 ~ 50 pm Li Al P Fe
Z I 4.09 0.98 18.56 32.27

56 FH 0 2 4% A CLEP) J5URE i #0000 52 0% 1H
PR R [T AR A AR AR R DR

17 ICP AL 43 o3 Z5 R W3R 2, LFP % 5
Li.P.Fe %A #r 4 )& . LFP JFE R 1 XRD ¥ ” ,
. LiFePO, PDF#40-1499
ST RN 3 Fros . FTLAA H: LEP R Y ﬁ |1
FEYM L LiFePO, , W] i 42 W, LEP JFUR -
fry SEM BEF- W18 4 iR . 7T LLA B LEP Bk RN
FHLRE , KN A B R AR E AL 10~ 20 pm 20 232(0) 40 30
Z I8,
B3 &IEBEER R4 IER 4T £ 89 XRD EiE
F®1 EHHEREERHMHMOLERS Fig.3 XRD pattern of spent lithium iron
Table 1 Chemical composition of spent lithium phosphate cathode material
cobalt oxide cathode powder %
Li Co Mn Al Ni Cu Fe

3.24 27.96 0.58 0.61 0. 38 0. 24 0.29

i
e
h a—THK 1 000 45 s b—HE K 3 000 £,
R R
LiCoO, PDF#50-0653 .
| |, |, | croFisioso B4 EIEBERKEERMRE SEM B A
20 30 40 50 60 70 80 90 Fig. 4 SEM photos of spent lithium iron
20/(°)

phosphate cathode materials

B 1 EIBSHEREIERM A XRD B %

Fig.1 XRD pattern of spent lithium F 2] BRI R L ER R (VY PR B2 A PR A

cobalt oxide cathode material F )% s ﬂj ﬂ‘] ﬁ’*ﬁ 4,



44 B 2

PN » 55+ 2 1 0 T Ak 0 -l T L T A A W ] i PR 1 6 72

+ 145 -

FE R - DF-101S BE KB (LT T4E
ILEA PR TR T . C-100 FUHL TR (i 5 58 £ F)
Hr 284 FRZA ], Varian810-MS % i JBHE & 45 85 1
IR S (G E L HL %8 F]D , SD101-2 AU
E T HRAE (R 8 4 A SRS R A FD .

1.2 REWFEBERAE

JTH R P, vl 322 i o R v R S AR AR R /R
FR L) FH ol R R L 5 g R L b R R AN A Y e
Sk AR T sl (5 ] A AR TR /3 AR TR] N e 2D R
FH o a0 3 el 1k L R Ay R 8 I A A R A iR
PESAF T HEAT A IR T R I 58 R H S AT 3 £
(GRED =W S = v (1l

LiCoO, + LiFePO, +4H"=—=FePO, « 2H, O+
2Li" +Co* ', (D

HETERER L — W R, Z 5
T 100 mL ZF &€ 25, 1 W) B iy & by
LFP 5 LCO RAMA 250 mL Bt b, 4 n ic 1
IR . 2 ok B B B AR K i
T A G 4 PR v & P RN IR BE R 60 °C . B A
RN 2 08 A5 23R R RN s BT R AE 4

Br. 3 AR A R (0. 2~0. 8 mol/L) . #7
2.0 3
Feab—
i+
1.6
N FePO, * H,0
12 b | e LAY
JIg S~
\ I\ ~o_ - 02
0.8 X o~
> R
RN 04FfF F(;(OH)
|Fe?* \\Li" Li,PO,
0.0 —HZPO“—\ S~ \1{2 S
II‘Qi}ze\Pc4
To4r L Fecom);
_ZLLPO,
—0.8 | Fe N
1 1 1 1 1 1 1 1
—4 —2 0 2 4 6 8 10 12 14

E/IV

R (40~ 80 °C) it i 3] (60 ~ 180 min) |
LCO 5 LFP ¥ i i &t It (0. 5.0. 75,1, 1. 25,
1.75.2) R AR FR BT 4 1 (6/1.8/1,10/1.,12/1,
14/1 mL/g) XF Hp [7] 12 14 52 i, B % fie (R
&AE.
1.3 SwNAE

FH ICP-OES(ICAP7400) X 5k} & 18 H i
t Li.Co.Fe.P %50 R & & #4740, Ho b JsURH
FHE KB M 5 % 1 XRD (MiniFlex600) %F J& %} &
B T HEAT A A3 AT, BAR DI S HOCh -
Bl 10°~90°, K 0. 01, F1 38 BE 15°/min; %
SEM-EDS(MLAG650F) X 12 H 7= ¥y 17 R AL .

2 REERSITR

HERH SRR AZEST

T A3 AT IR R R R 08 AT AT R RO
HSC6. 0 % # 298 K F [ Li-FeP-H,O & Al
Li-Co-H, OR 1 E-pH X R E (& 5) , 2 2531l 7k
HFRE T b BR AT R, 43 53] Hy A A Y AR
FE L M2~ IR, Bk 2 T A e Ak 2
J N HRBFE 2 SR HEER 22 18] 2 AR U

2.1

a—Li-Fe-P-H; O & & ;b—Li-Co-H, O & &R ,

5 BRUHMEFREE EpHXF
Fig. 5 E-pH diagram of leaching system

mE 5Ca)F W LFP 78 K 3 T, B 78 A% . {7
(—0.48<<E<C0.02) .5/ pH(COH KB TFTRER
1F. B pH &A%, LFP % fit N Fe*' . H, PO, M

Li" il sk A7), 7 s R & 0 S kI8 5 L A
AT LU Fe? " AL Fe' ' s Bl pH Fh i, #38 Eik
ZH LM FePO, « 2H, O, WA LL Lit 2



o 146 - ke 4

2025 4E 4 H

e (KN rR) s pH T 2 6. 94 DL BB, Fe
L F5A N R E A TE R FeCOHD, A Li; PO, .
PRI S5 25 30 7T e T4 o 352 0 oo R 1R B =X,
i T-T-T-1V 5B % 42 5 38K LEP o [8] i [0 i
Fe.Li. HAR/R N N4~ A0 PR,

2H,O0==0y,, +4H" +4e ; (2)
2H" +2e ——H,, ; (3

LiFePO, +2H" Li" +Fe*" +H, PO, 5 (4)
Fe?t——Fe&*" +e (5)
H,PO,—=—H,PO; +H"; (6)
H,PO, ==HPO? +H"; (D
HPO; ——=PO} +H"; (8

Fe'm +PO;~ FePO, 3 D)

Fe’™ +PO;~ FePO,, Te , (10

HE 5(b) Bl LCO M X 7 & pH
(pH>9. 8) X I, fifi pH (K. LCO &5t N
Co; 04 ;Cos O, J& —F A 2 M A0 3 4 19 v ) 44,
FEAE T DXV b LA AT P RE RIS LCO B2
ARk Co® 3Co* " By AR X (K I VD ¥ B 8 K, 3%
B Co*" Al AAE&E R pH A X Sk N 77 7E ., T
U FERRME S R I AR JE 5 T ff LCO(Co® ) ¥
fift ol Co™" WX AEM T2 LR RTATIY . LEP i ff R
T Fe® ™ AT SRy id Ji 5] B3 AR 3 Y P A7, TG 200 431 411

Whnag R, Hok s v g A an =X (11) ~ (12)
i
3LiCo0, +4H" +e~ Co, O, +2H,O0+3Li" ;

(11)

Co; O, +8H" +2¢-=—=3Co*" +4H,0, (12)

25 1Tk Ll 3 P )R SRR Y I T 2 A
AR LEP LERR P 2 R 73 i 72 AR 1 B A4
B kAR R Fe' SR BANR Nk, LCO 7E Mt
AT A Coy O, FHEAE A Co™" . Co, O, H
BHEAETT LS B KT LFP 40 ff 7= A 10
Fe' " tHHE AE . & A AR 5 S . PR O A 1
IR 138 AT sk el FH 480 Ak AR TR S U B

B RAE AT,
2.2 #RAZEX LFP 5 LCO thEi= H /Y50
2.2.1 TREERE

WO A E. B R 60 °C, R R
120 min,n (LCO) = n (LFP) =0. 5 (LCO:5 g,
LFP.5 o) W EARBUR & o 10 mL/1 g, BiFR
P B )R A 52 e R 25 SR AN 1B 6 BT

BHE/%

0.2 0.4 0.6 0.8
TRER M /(mol » L)

6 FiERIREX LFP 5 LCO th[E&E H B &9
Fig. 6 Effect of sulfuric acid concentration on

synergistic leaching of LFP and LCO

&6 F i B AR W M 0. 2 mol/L 1§ &=
0.7 mol/Lif, Li,Fe,Co.P ¥ i = & #f 7+
B U E M 0. 7 mol/L ¥ ZE 0. 8 mol/L B},
Fe P MR . X Al fe 2 B o 78 8K
FRURFE S5 T Fe' ' B Co® A Ak 4 i FePO, Uit
UE, FEL Fe P = 1 A BAR; (H BE B R e B2 16 K
W pH FEAK, FePO, B A, (13 Fe P 2
HREF . FI, SERHE L 0. 7 mol /L 3N
Al WL B Li F1 Co B 245000 24 99. 99 %6
98.14%,
2.2.2 BRUHEBRE

RIS 4 LR W BE 0. 7 mol/L, & H i} [A]
120 min,n(LCO) + n(LFP)=0. 5, ¥ [A {4 FR 5
b 10 mL/1 g, ¥ i BEXT P R 8 H A 5 o 6
SERME 7 s, ATLVE I BE IR TR Fe L,
Co.P & MR/, GG % I8, AR
J# 60 CF T /a8eit5 .

100 ‘?—’<‘_’——T
x 80F —®—Fe
@_ —e— i
= —&— 7P
i 60 - —v— Co
40.:¥Z/Z:T
40 50 60 70 80
B/ C

7 RHEEX LFP 5 LCO 2 H i 22 10
Fig.7 Effect of leaching temperature on

synergistic leaching rate of LFP and LCO



44 B 2

PN » 55+ 2 1 0 T Ak 0 -l T L T A A W ] i PR 1 6 72 .« 147 -

2.2.3 RdetE

Y & B M 0. 7 mol/L, & iR &
60 “C,n(LCO) = n(LFP)=0. 5, % & 4 15 & Lt
10 mL/1 g. 13 H D E )R Y 52 e ik
ZERE 8 N, W LAE R AT, LiLFe,
Co.P & R Z 4 s 22 1135 60 min I, Li
Co 12 A AE 98 %0 LA b, FEAR MY 58 4, Ak 42 4
N N R e N NI R R S S SR sl |
J g - i, 5 B R B R R 60 min i AT ) &R
R,

100
80

60

BHE/%

40

20 1 1 1 ]
20 60 100 140 180

¥ H B 18] /min
8§ EHEEX LFP 5 LCO thEiEHB M

Fig.8 Effect of leaching time on synergistic

leaching of LFP and LCO

2.2.4 LCOS5 LFP¥IRMELL

I 45 1 B R MR 0. 7 mol/L, 3% Y iR
60 °C ,iZ HiETE 60 min, B EAFTE L 10 mL/1 g,
LCO 1 LFP ¥ B & Hb n(LCO) : n(LFP) X}y
[F] 32 B 52 50 25 R ANl 9 i

100
80 |
—s—Li

X
> 60 —e—P
?ﬂ}- —4&— Co
L —»— Fe
I 40
20
0 1 1 1 1 ]

0.0 04 08 1.2 1.6 2.0
n(LCO) : n(LEP)

B9 EALI LFP 5 LCO # [FiE H 830
Fig. 9 Effect of ingredient ratio on synergistic
leaching of LFP and LCO

R A, n(LCO) + n(LFP)=0. 25 &4
TH LFP 5 LCO th[E&E i, & T 38—

LFP 8 LCO #ZH,Li.Co BRIt . Fe P H
NP X UL R R AT .

mIE 9 FHH.n(LCO) + n(LFP)=0. 25 i,
Li.Co ¥ H 3R K 80 %6 2247 » Ui WA I 2% 7 Hlh [R] 42
AR 2 s kS R —H YR E . Li 2l
IO AR, ARG AE 97 0 A4, B LCO
5 LFP W25 0 B AR IR, Li 2 3 s (HBE LCO
FHA 3N, Co ¥ 1 33 W i/, 3 A] fig 2 K oy
LCO JFURHRR 12 5 42 i Coy O, , B LCO J 45 i
A Cos O, AN RE KB I, 738 Co B IR T
F;Fe PR IR EE LCO 438 &2 S B K5
TrEm g, X EHW A 2(LCO) + n(LFP) 7E
0.5~1.252 A i}, Fe*" £ # Co*" & 1k 4= i
FePO, JL¥E . (H R LCO JH = 3 m . 4 fif LCO ¥
FRFEAR T LFP, 5 80 I & 55 pH K (1. 56
ZEAT) 4y FePO, 78 5t R 1 F % g . b 1 £7
Li.Co & i F, 3 # »n(LCO) * n(LFP)=0.5
AT G ki 5 .
2.2.5 HEGRREL

RIS A& BRBR W E 0. 7 mol/L, 2 i
60 °C,#& H I E 60 min, n(LCO) : n(LFP) =
0.5, VR MBUT & b P [R] 32 5% ik 56 45
HanE 10 s,

100
80

60

R #H/%

40

20 1 1 Il 1
6/1 8/1 10/1 12/1 14/1

WE AR R R/ (mL - g7

10 HEEBRRELLX LCO 5 LFP thER H K &M
Fig. 10 Effect of liquid volume to solid mass
ratio on synergistic leaching of LCO and LFP

HH & 10 & o B A A R 5T & b3 R, Li
Co.Fe.P B3RP 2 T 55 5 24 W [ 4 FHUIT & e
B 10/1 B, LCO A1 LFP 76 BRI W i 78 0 %
fik o %5 Y RN AR 5E 4, Lil Co 35 R 23k &k,
Y78 99.99% ;1M Fe P & H 2R AR & kb
WREZEE LS XS RN 28 pH A1
O, R T A FRUTT Bt L 43 008 12,14 mL/1 g, )2



o 148 - ke 4

2025 4E 4 H

N pH 2051k 1. 51,1, 24245 . A LAY FePO,
TE LR MK pH &0 T &8 0w i it AP,
GAHIE W E AR BT A L DL 10 mL/1 g
oNE

ZE B AT, AE D R A B R R S
LCO 1 LFP ) 5 i) & be X2 i e m 4 k. AR
i B R 2R 0 45 R i A N AR SR < TR U
FE 0.7 mol/L.iZ L 60 °C .32 HiAf[E 60 min.
LCO 5 LFP W% 5 i L 0. 5, & 1 4R BT & L
10 mL/1 g, FEZEAMHFTF LIS Co AR 54,
THLT =R,
2.3 BMmERHEHEZHMITE

FERRFR B 0. 7 mol/L = il B 60 C .|
BRFR B L 10 mL/1 g 3= I JE] 60 min 4544
T4 LEPLLCO 4% 5 g, #47 LFP.LCO #
Mt e Z 3 P R K, X L LisCoFe P
BRI 3,

®3 LFP.LCO BB Y SHHRERHERI L
Table 3 Comparison of leaching results of LEP and
LCO alone and synergistic

B/ %
5k JERE
Li Fe P Co
BRI LFP 81.73  77.32  76.84 —
BRI LCO 73.97 — — 42. 80

PER H LFP+LCO  99.99  48.00  43.77  99.99

MR 3 AT FEAR TR 25 1, M T LCO
5 LFP it thAR B Li 5 Co i %
B . 1 Fe P iR M &40 5l H 77, 320,
76.84 %P 48.00% .43.77% . XEKN KK
A T R R H R gy Fett B AR Ol
Fe' " i Felt LIFePO, Mt . F 3 Fe 1 P 37
R i N R VI (v i Vs O
BT,
2.4 RHBHRIE
2.4.1 XRD RI1E

N T PRI IR R L R B W AR A AL X
i 60 C R A E 60 min, LCO 5 LFP
P b 0. 5 U AR BT & 1 10 mL/1 g %
PR SR  FHAS T[] v 32 ot 2 A 58] 179 422 i1 3 3k
17 XRD RAE, 25 L K 11 R,

1—Co,0, PDF:42-1467 2—LiCo0, PDF:50-0653

3—FePO, PDF:50-1653 4—FePO, PDF:34-0134

5—CPDF:26-1080  6—LiFePO, PDF:40-1499
5

4
% 4 3,[ 43 0.7 mol/L
25
3
4lq 3J 11 0.5 mol/L
s
6/6 3] 6 63 0.2 mol/L

10 20 30 40 50 60 70 80
20/(°)

B 11 ARFRERKETEHEN XRD B
Fig. 11 XRD patterns of leaching slag with

different sulfuric acid concentrations

I 11 & AR R EE N 0. 2 mol/L AYAIR
BN, =Wl A E 4 LiCoO, Fl
LiFePO, , it W] J5UBHE AR IR 14 22 AN BB 5 42 L 5 i
PR ¥ BE 18 2 0. 5 mol/L i, [6] i OB R Y Co %%
bR Cos O, s Fe M A= i FePO, YLHE . Wi LCO Al
LFP JUk 58 A [ N 58 4 5 4k 2 38 K Bt IR vk B &
0.7 mol/L, BB #E F %A CoO, H B, i
Cos O, ¥ 32 A BNVRAR L RN o8 4
2.4.2 SEM-EDS R 1E

B ESRBRER R EE M 0. 7 mol/L N 453 (7= H
#5 .k SEM-EDS #1759 A1 K2 e 55 50 #7 45 S 40
B 12 iR, B 12 BBl R BERAEANY,
£ 20~70 pm Z[H], ARG ™ 5, % mAH R,
HE 12O A B HBETEH Fe .O.P. EEAAR
& Co Ut MFE L & F LiCoO, 58 4 I i » Co JL
A 5E A iR L B RSy FePO,, X 5 Bk

AR EAW G .

!Nil—KlAl YE,e!KIAI

a—SEM;b—SEM-EDS,

B 12 B Hii&E#R SEM-EDS RIELER
Fig. 12 SEM-EDS characterization results of leaching residue



44 B 2

PN » 55+ 2 1 0 T Ak 0 -l T L T A A W ] i PR 1 6 72 .

149 -

3 i

FETRYE 45 1 F . B R 2k 21 (LFP) 55 4 iz £
(LCO) W] & A= W R332 1 B Ry - LEP 1 AR 44 kR
Ja e AR R Fe' T B, 1 LCO IE % A1 BHR 1
Ja e A Co' B, TR — R R A
YEHT, AT 35 242 F 4108 Hh 0O . R i 4%
PRV ER B S LFPLLCO g A He, Li,
Co #Z R $2 7+ & 99. 99% . Fe P & i KAl
A RIBEZE 48.00% .43, T7% R MR T 4L, 5
158 T2 AH B, 23 1T AT A% R TG 19 P 2, [) Hsf 3
- BUR L =R VR 1Y e NOR P N U] A e
BAS  F 9 X B TS e, B — i
A

IR R Z AT B2 pH R 1,56
FeA7  Fe P i AT M 0 48 8, 15 W h Pl RE A7 T
TR BE AL Fe ™, LA 40 76 @ R B 251 F M
FePO, % H 1Y Fe' ; [a] i 38 Sl /b X 12 i Co.
Fe P JCE WG S2 403, X 26 [n] A4 5 ifF — 2
5T,

Sk

[1] FERGUS J W. Recent developments in cathode materials
for lithium ion batteries [ J ]. Journal of Power Sources,
2010,195(4) :939-954.

[2] ZHANG C,JANSNI J,RADAZI M A M,et al. A compre-
hensive review of stage-of-the-art subsystems configura-
tions, technical methodologies,advancements,and prospects
for new energy electric vehicles[ ] ]. Tonics, 2023, 29 (7):
2529-2547.

[3] LIU Z,HAO H,CHENG X,et al. Critical issues of energy
efficient and new energy vehicles development in Chinal J].
Energy Policy,2018,115:92-97.

(4] B\—&, 0%, £, 5. R IR =08 B 1 i i IE RO R

PR i e 5 1 AR R e 5T [T 0. 1B B 0R 42, 2024, 43 (6)
624-629.
BAI Yihan, SU Meng, WANG Wenzhe, et al. Acid leac-
hing recovery and regeneration of waste ternary lithium ion
battery cathode materials[]]. Hydrometallurgy of China.,
2024,43(6):624-629.

[5] LIU Z,LIU X,HAO H.et al. Research on the critical issues
for power battery reusing of new energy vehicles in China
[J7. Energies,2020,13(8). DOI:10. 3390/en13081932.

[6] BkZE ARAML, FIPCHE, 5. R = J0 8 B+ F it 1E A AR
A 4w A 0 S A OF R (7], 1B iR 4, 2024, 43
(5):513-523.

ZHANG Hao, SONG Donggi, YAN Qingkang, et al.

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Research progress on recovery and regeneration of valuable
metals from cathode materials of spent ternary lithium-ion
batteries [ ] ]. Hydrometallurgy of China, 2024, 43 (5):
513-523.
R, E A BRRR 45 IR A B Al I R AR
BT S SR AR BT ). JEHLER Tk, 2023,55(1) 1 15-25.
TANG Di, WANG Junxiong, CHEN Wen, et al. Research
status and prospect on direct regeneration of cathode mate-
rials from retired lithium-ion batteries[ ]J]. Inorganic Chemi-
cals Industry,2023,55(1) : 15-25.
LIU K, TAN Q, LIU L, et al. Acid-free and selective
extraction of lithium from spent lithium iron phosphate bat-
teries via a mechanochemically induced isomorphic substi-
tution[ ] ]. Environmental Science &. Technology, 2019,53
(16):9781-9788.
YANG Y,ZHENG X,CAO H,et al. A closed-loop process
for selective metal recovery from spent lithium iron phos-
phate batteries through mechanochemical activation [ ] ].
ACS Sustainable Chemistry &. Engineering, 2017,5(11):
9972-9980.
TAO S,LI J, WANG L, et al. A method for recovering
Li; PO, from spent lithium iron phosphate cathode material
through high-temperature activation[ J]. Ionics, 2019, 25
5643-5653.
FFEE, EHEM, 230, S P TH BB it ] iR
Bl K B BF 5 (], 35 1R 4. 2022, 41 (5): 427-432,
WANG Ziyu, WANG Bixia, YUAN Wenlong, et al. Recov-
ery of nickel, cobalt and manganese from waste lithium ion
batteries[ ] ].Hydrometallurgy of China, 2022, 41 (5):
427-432.
SHI G, CHENG J, WANG J, et al. A comprehensive
review of full recycling and utilization of cathode and anode
as well as electrolyte from spent lithium-ion batteries[ ] ].
Journal of Energy Storage, 2023, 72. DOI: 10. 1016/].
EST. 2023. 108486.
IR BAE R AR L 45, H1 B T A b E AR RO
&R P FE k). o A (8 8 24 4. 2021, 31(11) ¢
3320-3343.
HU Guochen, HU Nianxiang, WU Jijun, et al. Research
progress in recovery of valuable metals in cathode materi-
als for lithium-ion batteries[ ] ]. The Chinese Journal of
Nonferrous Metals,2021,31(11) :3320-3343.
TR R EM R, G E M T R AR A
4B B F o s M AR s AR (], A 6 &R
5 T#,2023,14(6) :791-801.
WANG Lu,FENG Tianyi, CUI Pengyuan, et al. Status of
technological research on the separation and recovery of
valuable metal ions in cathode materials from spent lithi-
um-ion battery[ J]. Nonferrous Metals Science and Engi-
neering,2023,14(6) :791-801.
YAO Y, ZHU M, ZHAO Z, et al. Hydrometallurgical



2025 4 4 H

[16]

processes for recycling spent lithium-ion batteries: a criti-
cal review[ ]]. ACS Sustainable Chemistry & Engineering,
2018,6(11):13611-13627.

YANG C,ZHANG J,CAOQO Z, 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 Chemistry &. Engineering.,
2020,8(41):15732-15739.

ZEMRBR, HRAE L 22 A A5 R IH BB T T A DL VR
16 4 B AR e ot SR L) . A RERL 2% 5 HR L 2020,9(6)
1641-1650.

LI Linlin, CAO Linjuan, MAI Yongxiong, et al. Research
progress of the organic acid of the hydrometallurgical
recovery technology in spent Li ion batteries[ ]]. Energy

Storage Science and Technology,2020,9(6): 1641-1650.

Synergistic Leaching of Lithium from Spent Lithium Iron Phosphate and
Lithium Cobalt Oxide Cathode Materials
LU Renhang',JTANG Chunsheng®,LIU Lanjin' ,ZHANG Zhongtang' , YAN Kang'

(1. Jiangxi Provincial Key Laboratory of Green and Low-Carbon Metallurgy of Strategic

2. Jiangxi Ruida New Energy Technology Co. ,Ltd. ,Yichun

Non ferrous Metals , Jiangxi University of Science and Technology sGanzhou

341000,China;
336000,China)

Abstract: The process of synergistic leaching of lithium from waste lithium iron phosphate (LFP) and

lithium cobalt oxide (LCO) battery cathode materials was studied,and the feasibility was analyzed by

thermodynamics. The influence of various factors on synergistic leaching was investigated, and the

leaching slag was characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM).

The results show that LFP and LCO can synergistically leach lithium in an acidic system without

adding any oxidant or reducing agent. The leaching rates of Li,Co,Fe and P in the cathode materials of

waste batteries are 99. 99%,99. 99%,48. 00% and 43. 77% , respectively, under the optimal leaching

conditions of sulfuric acid concentration of 0.7 mol/L,leaching temperature of 40 °C,leaching time of

60 min,n(LCO) ¢ n(LFP)=0.5 and liquid volume to solid mass ratio of 10 mL./1 g. The method can

realize the purpose of recovering valuable metals from complex battery cathode materials under low

acid conditions,and has certain popularization and application value.

Key words: lithium iron phosphate;lithium cobalt oxide;cathode materials; synergistic leaching;recovery;

lithium





