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AT A A0 IE AR s [ SO 7, R e F
LiCoO, Jz = e R 55 A AR 25+ Hith, RN Co.
Ni 2540 4% 5 5t, T LiFePO, FH s [E] S f 41 18 T %%
AN R A 4RI R BT R B R Tk,
TR ER Li,COs, FF&A X Fe Jua i T HIYL,
FERAS_ S RIS FePO, 1 ST R ESR AT 103K . ik
4, FREBIHIT POS A, B Akl
Li,COs YUE FRIFARIMA S, BT Ky(LisPOy) <<
Ko(Li;CO3), Li)CO; EfEE N 13.3 g/L, Li;PO, ¥ifiR
fE9 0.3821 g/L. Li,CO; AR T FePO, fEZK IR H1 ]
BRI R BOR T, BT LIRSS B 1) Li,CO; B ) 180 A2
SH D BINERAEKER . BT, ASUEE R
MR &R FE LiFePO, IEWZIE i) Fe* LATE €
(1) FePO, X (RIS, ik i A5 b 13 275 7 i &
FePO,, [AII13 (Y] FePO, 1] LAYE N E 8 & ik LiFePO,
FR AT AR AU, Li PA LisPO, BT B, 7T LA 55t
KA A [AISR IH LiFePOy IEAR A ) Li o3, [N
LisPO, th ] 4% Li,CO, 5k LiOH fr4RE" . 1M H.,
LisPO, R @M E 7SR, [BUF 311 LisPO, & T]
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Fig.1 Recycling process diagram of spent LiFePO, scraps

W AR 21 20 g B IH LiFePO, Fr B I RN —E
W NaOH ¥, AU HE 0.5 he £F LiFePO, 5558
SN AL BB G, Al fEEE S AT BRI
WK LiFePO, IR A MBS IE B, 7E 80 CT)&%
12 h, BREELH/S 2 LiFePO, VR A WA

LiFePO, VR G ATE S T F BB 6 h, HU 10 g
R 5 (IR G AMBHE — B IR FE HCL 3 o #vigs
fifto XSHFEIFVERGEATISIE, BREMERIEE. BUH
100 mL 7%, A 6 mol/L NH;-H,O i+ pH=4, T
JETE, brich LF-UD. B 2g JEUF 2381 2 BLAE 500 mL
6 mol/L HsPO, &R H, VAWM pH £ 2 13, 80 C
INFSERE S h JEidIE Pkl 15 2] FePO,. ¥ pH=3 1]
FESPRIEN LE-3, pH=2 FIFEmARic N LF-2. A2 ¢
JEVFE B BUAE 500 mL £ E FKHF, TN 3%H
SDS(-T ke L iR EN), TRV pH=2, 80 Cln#di
5 h JEidiE. BRI EIREILL FePO,, FRicH
LF-SDS.
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W B BT HAGEAT VIR 34T, B Cu Koy AT EIE,
HTEEN 10°~80°, FIHEZEN 4 (°)/min, FHIER
40 kV, FEHIA 40 mA. F S-4800 BT B
BI(SEM)TE 20 kV FHEAT RIS . FHEE TA 2
F AR SDTQ600 B H oM O FE i ik 4T TG-DTG
MR, FH Ny BRI A, RSN 25~500 °C, F
TIEZEA 5 C/min. K AMRE R 2 A0 %R FE 1T
(FE20) AV pH fH. FH H AR B A= = 1 S IR A
4366 (AATO00) M B A LiT Fe® AT AP 5 &
P18 E TG 3= 0 R4 A R JG 3R 73 A (Vario EL 1IT)
ISR JE R 1 C & &,

2 #R57HE

2.1 TRALIR R MRIGREERIRL

LiFePO, IEM LR, Al B E 5 8L H
15.99%7. itk Al EABITES R, 3 BARIR )
NaOH il R 10 %%, [FIRBEATHRE, ERA R
B TP AT T B9 BRI A 23
3 BAR A B B . NaOH V0 BEX IERK A AL 6 55
BAURIMSINER 1 fion. HE 1 a0, % NaOH
ORI K, R AP R thiok k. 24
NaOH FIHE N 0.2 mol/L, IEMAELS Al §HREsE
OB, FER AL AR, 4RSI hN NaOH %
TR FEZ 0.3 mol/L B, F¥h AP I BEIAEI T 0.12
mo/L, FI—H5r Al SEHIEAE 7. B, N TR
LiFePO, 14} 158 42 70 B A AL R B /D (%%, NaOH
TR E N 0.2 mol/L B &

Y ESJE 1 LiFePO, R G M EHE S SR P il —5
Bibe, TR TRER)ATUEH, =50 B
BERT LU Fe? by Fe™', 0 jmsimi it i btk
FIF, BT U BBk 25 LiFePO, IR A Ak}

1 NaOH VA WK O IEAR 7 AT AL § 73 B8 BRI
Table 1 Effect of NaOH concentration on separation of

cathode material from Al foil

Concentration/(mol-L™")

Dissolution degree

NaOH AP
0.05 0.012 Alittle
0.1 0.015 Alittle
0.15 0.020 Most
0.2 0.032 All
0.3 0.120 All

BREA B S EBA PVDF, HAGSEAL G LA CBiha TR
AWTE HCl WP SE . N T ORIIE S FLRR R
PVDF eI kel 2, [RII SO Re gk B
R Li sk, WEGERE 500, 600 A1 700°C IR
BBt ATIBee, SR NE 2 k. WE2 ALLEH,
B BRI B T, BRI AR C M Li I
AR, S2Ie iR 600 C OB IR FE RERT LA
TRAFBSr ) PVDF J0 '3 B bR 25, 38 n] DUR & PRI
Li JCERTE my ik ABbe o 4 2% o

12LiFePO4+30,—4LisFe(PO,)s+2Fe,05 (1)

T2 BBRE ST C A Li SRR

Table 2  Effect of calcination temperature on C and Li content

Calcination temperature/C w(C)/% w(L1)/%
500 2.371 3.130
600 1.231 3.051
700 0.973 2.823

22 BRHEIZEHHIHK

LiFePO, V&M kM 58 4 S A0 J5 1T LUBE s 20 1%
fiR7E HCL o B 2 By HCL YRR T W]
Lo & T 256 R S DI AR 2 . AN 2(a) AL,
HCL KRN 5 mol/L I}, 4 h IR AW IRFEE N 98%.,
For RV RR R T DL 1% B R I 5 FLBR B3 PVDF 1)
VREAYD, I HLAkSEHR m HCL R 0 AR T AR VA
B B 200) T DUE & S5 ERE T LA
HORG YDA, 24 HCLIRE N 5 mol/L il 224 60 C
i, A ARL B A . B 2(c) PRI I, 4
HCI RN 5 mol/L. AN 60 CHE, 43 [# oK
F12.5 5, BAEAFREN ETAR L, FbE R E
bk 12.5 LA IE

2.3 Fe THRAREFITIE

BERBR T EEA F'L Li's POS L SO
HY, %W+ HPOS Al HoPO, IR EEARAK, X Fe* vt
T FERA M. T FePO, RA 1SRRI TR 4 fg
VAR, MRS —PER, A0\ NH,H,O 35 1% pH {H.,
FE R Feo 1 PO, R A TTE SN, AT (RIS [H
EBR R AL IEAR A R () Fe Jo&, RN TREIR(Q2)
FioR:

Fe*'+P0O, —FePO,| )

Bl 3@ AR pH {EINE R RIS Fe™
LI R AE 3@F T ELE L, 29 80%H) Fe’
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Fig. 2 Effects of different conditions on dissolution rate of

mixture and complete dissolution time

1E pH=2.0 BHYTHE 7 F K, 24 pH=4.0 i, ¥ F (1) Fe**
EAUIETSE, LAY Fe FIUIERN 97%; 1 H
MK 3(@) T UG H, 7RO R A 1 Li & & LT
WA, For LA V. B 3(b)FTR iR H A
I P H B AR . WA 30b)F T LLEH,

7€ pH 1 4 ByIHiE, Fe''fE 25 min Pk A] LATIE 52
4xo E P IIUTIE R, pH EX Fe¥ IUTTIE S v g
PEFEF . 24 pH KT 2 B, K S804 K FePO, UL

Ko WIETOCHERTH R, BE%E pH EME K, &
W c(OH YK, {42 B FePO, 7] Fe(OH); #41k..
kR 748 Fe’ RATREZ 0T, HKE5 LA FePO,
MR utiE, ArbLE BRI pH=4, 5%
T U8 A B0 1 U8 O EOR o BOE B KR, BRI
H3PO, B KT R 15 Y pH A, 80 “C HMRE FHHE S h,
13346 FePO, BT A2 5k [¥) FePO, NAMRAE HyPO, H,
H H;PO, o] LU TTE /> 5 1¥) Fe(OH); BB N
FePO,, SN 7 FEs(3)Hin:
Fe(OH)s+H;PO,—FePO,+H,0 3)
& 4(a)fT 7~ AR EI I FePO, 1 XRD %, MK 4(a)
R BLE L, E 20=2507 47 B — AN B i ve ki, HL
WETRR B, R AR AT 0, i B TR WA 38 ) i o 2
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Fig. 4 TG-DTG curves (a) and XRD patterns (b) of
FePO,-xH,0 and XRD patterns of LF-3, LF-2 and LF-SDS (c)

TCETEN FePOyxH,O. BHFE H i — L8 &8 5 fl (i
LA & SR ED I K5 RN, — S 08 B R E
BT R, RO MRS R B, ToE ¥ FePO,
HHA BN TS IERAT R 7P, I H #T FePO,
C 4N Tk EA P LiFePO, it N4 5 43 2 Bl UK
14 . & 4(b) T~ A FePO,-xH,0 K TG-DTG &, )\ DTG
M AE 140 CAbRT UE BT —> IR e, X
T 2o 45 SR AnE ). M TG #iZk s aT LU H,
MAEEEE 30 “CH 300 “C 2 (8], £77F—NIH B 1) i &

e, FEIX B B X A] 4 R AR R RN 25.2%, &
THE AT LRI W13 2 ) FePO, oA FePO,-3H,0. F 4(c)
Ji7~ 4 LE-3. LF-2 1 LE-SDS 7£ 600 ‘CH5% 5 h J515
Fff) FePO, XRD i, AJ WL7E 600 “CHBkenT LA LR =4
R EIK, BERRERAE Rl be N R A I AR, 3
ANFE LS FePO, [MFR#E R Fr PDF#77-0094 [RIRFAIE 16
FERVIE, HATHWER SRR R, WEIEIREL. bR
#ER A, 600 CHEIEI 3 MEMIBE T /NT7 b
R, HEAARSKE, S,

Bl 5 Fis AR 264 T RIS 21 1) FePO, 14T
BB & S(a)fs AEA 2t B OETS pH BRI
13211 FePOy, ] LU th E ROk K HL A1 5 B R ) &
A DUHE W tH A2 pH=4 %A B U 75 310 1) A a2 4l 1)
FePO,, AJfEf77E/ &) Fe(OH)*" . M 5(b)AI LA
H, S FEXIET pH=3, Bikish B ERE, &
SBEN, AEE SR AFERLAR KNS — R 2 [ R
%o B 5(c) T pH=2, U RE S AR AR A B
Fe(OH); M iZ & 5E 25548 N FePO,, FifRHFEM LE-3
B S8/, AR AR DA H SO (41 5 S B 2. 1] 5(d)
FiR AN 3% SDS JE i i, RILIAR
&7 SDS J&, RiAe s tbEa3d 53 M. Ay LA
N, FERNSE IR FePO, rit R Hoim A /b & (1 R i s
A, AR TAFBRAR 73 A1 3 21 FePO4. K29 SDS(¥]
B 2R TV 1A 7)) [ T P AR R R S T — 2
AR SRS, WA 21— 2= ML BEAE L, {3 FePO,
TORLAH ELRA RS [mIB o] BRI ORI R T R, el kT
(] R B E A o PRI, ZE RIS TH FePO, B AZ Him
N8 (R R T PR, W DA BCIRE G o i A A1 2R
A H T3 2RAR 73 A7 ¥ 511 FePOyo

24 Li TEIREFUTE

7E P YTIE R AE D, LidFkH 5HAN S 7454
DUGE, LB FePO, JE AT H R EASE Li's
SO, . H'. NH,", M NH,". SO %t Li'fiie &
B . BT Li;POLK,=2.37 X 10" EEW )
VR ART /N, DR RT BATAIR 9 AR i N T 1
Rk, 8 PO 5 Li'G &L LisPO, LiE, AIfTIAE
RIS | H B R KA AR AR R Li Je s i H 1, BT
(PR

Na3PO4+3Li+—>Li3PO4i+3Na+ (4)

HIT LisPO, HEVAMRAE S IRVER R, 1070 B
FePO, J& HIIEMAT R IR . 72 AR AR Ny 1 Bk
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Fig. 5 SEM images of LF-UN (a), LF-3 (b), LF-2 (c) and LF-SDS (d) samples

Li;sPO, HI¥A A4 Li FIEIISCE, iz Bl
NH;-H,O, WH 8 pH E =L, A5
A NazPO4 ¥ Li L LisPO, FITERYTIE . ME 6(a)F 7]
PAEH, Li FUTE = B8 NasPO, I\ 5 386 in i 384 4
4 Na,PO, PR AERZIL AT, BP 120 g/L B, Lif
DUBE R AT LUL F] 96%. B 6(b)FT7R N NasPOy AN
120 g/mL B, ¥+ Li& &S pH HM KR, BT
Li;PO, S22V TR 1), M 6(b)H 1] LLF Hi 24 pH=4
(P, 2 HIT 20%01) Li B UIE . 24 pH T
2 5.5 B, WY Li JLTPAT LS ATE, B
pH=5.5, Atk Li R DUE.

7()Fi~ AR IR I Li;PO, Y] XRD i, %%
ANFTSFUETEARBEIN HLARBE, SRS LisPO, 45 &
e I LB R WA AT S0, R B (RIS 3 T 4liAe
[ LisPO4. B 7(b) ()BT LisPO4 FEAS [F]TRUK 15 %
T SEM 1%, TLABH, Li,PO, Wik & BRI
R, LisPO K+ BT, KAL) —.

3 Zhip
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Fig. 6 Precipitation rate of lithium with amount of Na;POy, (a)

and effect of pH on content of Li* in solution (b)
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Fig. 7 XRD patterns of Li;PO, (a) and SEM images of
LisPO4 ((b), (¢))

SEI TR NIR IH LiFePO, B it A5 4y 4@ 1 (Bl g $ it
T %R TFEFIHEE.

2) AT HCLIE Y, s s vy L /D
Je SRR HP AR I ELAT ABR 2% LiFePO, IERK /7
R S E B R ARG 4575 PVDF . HCLIR H 59 fa1
SRR R, 2 HCL RN 5 mol/L i, R LAy
12.5, 7£ 60 CHn#JiisE 4 h J5, IREMEHEHRIE
ET 98%.

3) BRI pH=2 &I 3% SDS A LA
JAR BT E TG ) FePOy, 600°C i i B 52 5 1 LA
BRNEBNTT AN BB FePO,, Fe MIEIKZE N
97%. HE— B RIER T IMAMIF NasPO, 7] LAYTIE H
Li;POy, LisPO, EMRIEES, Li R Z AT DLk F|
96%.
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Atomic-economic recovery of aluminum,
iron and lithium from spent LiFePQ,battery

WANG Xuan"?, WANG Xian-you'" 2, ZHANG Rui"?, ZHANG Yuan-yuan">

(1. Hunan Province Key Laboratory of Electrochemical Energy Storage and Conversion,
School of Chemistry, Xiangtan University, Xiangtan 411105, China;
2. National Base for International Science and Technology Cooperation,

School of Chemistry, Xiangtan University, Xiangtan 411105, China)

Abstract: According to the differences of the physical and chemical properties for each element in the spent LiFePO4
battery, Li, Fe and current collector-Al foil were atomic-economically recovered by high temperature sintering, acid
leaching and adding different precipitating reagents. Lithium was first recovered in the form of Li;PO,4, and iron was
recovered in the form of FePO,. The results show that when the concentration of HCI is 5 mol/L, the dissolution rate of
the mixed material reaches 98% when being heated at 60 ‘C for 4 h. The pH of the filtrate is adjusted to 2 after adding
SDS to recover FePO,. Followed by adding of Na;PO,, when the concentration of Na;PO, is close to saturation, lithium
precipitates in the form of Li;PO,. The precipitation rate of iron can reach 97%, the precipitation rate of lithium can reach
96%.

Key words: spent LiFePO, battery; element recycling; atomic economy; Li;POy4; FePO,
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