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Abstract

This paper provides a comprehensive review of the latest research trends in wet processing methods for recycling LiFePO,
batteries. In particular, it analyzes various chemical leaching methods for the selective recovery of lithium from these batteries,
evaluating their efficiency. The study covers lithium recovery techniques using strong and weak acids, leaching processes
utilizing strong oxidants, and lithium recovery through isomorphic substitution reactions involving salts. Additionally, this
research explores optimal leaching conditions to maximize lithium recovery, discusses various chemical reactions for the
selective recovery of lithium, iron, and phosphorus, and offers insights into their potential. Ultimately, the paper aims to serve as
a valuable reference for the advancement and practical application of LiFePO, battery recycling technologies.
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Fig. 1. Forecast of secondary battery shipments by application
(Reconstructed based on SNE reponz)).

Table 1. Characteristics according to cathode material type

Cathode types NCM NCA LFP
Molecular - - .
formula Li[Ni,Co,Mn])O;| Li[Ni,Co,Al])O, | LiFePO4
Energy Density
150-300 200-300 120-170
(Wh/kg)
Safety middle-low middle-low good
Cycle . .
Performance middle middle-low good
Cost middle middle good
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Table 2. Research trends on lithium leaching from LFP using strong(inorganic) acids

Leaching agents Experimental conditions Products Results Ref.
- 0.6 M H,SO, - FePO, .
Sulfuric |- H,SO4/Li molar ratio 0.525 - Fes(POy4)4 (OH)s | L.R-Li>97% Wu et al.
. -LR.Fe<1%
acid - 1.3MPa O, -2H,0 "RR Li>9574% [14]
- Temp. 120°C, time 90min. - LisPO, o R
Sulfuric |- 2 M H,SO, ] Eaﬁfolﬁﬁzp -LR.Li>97.7% | Songetal.
acid - S/L=20, temp. 70°C, time 120min. ¥ . -L.R.Fe>93.3% [12]
regeneration
. - 98% H,SO4 Acid/LFP=0.35:1 - LR, Li92.19%
Sulfuric o g . -L.R. Fe 91.53% Lou et al.
. - S/L=5, temp. 20°C, time 90min. -
acid - High Al content 6.7% powder -LR.P91.01% (13
& P -LR. Al 15.98%
- 0.3 M H,SO, .
Sulfuric - H,SO,/Li molar ratio 0.57 - FePO, : iﬁ 11;113 %60825717; Lietal.
acid - H,O,/Li molar ratio 2.07 - LizPOy (95.6%) ) L-R. Pl 9'5(7 ¢ [9]
- Temp. 60°C, time 120min. o 27
Tnorganic | ¢ e |2 MHSOs -FePO;-2H,0 |-LR.Li>98% |Zhengetal.
acid acid | Pulp density 100 g/L - Li,CO -LR. Fe > 97% [10]
- Temp. 60°C, time 240min. 7S o °
. - FCPO4 . 2H20 -
Sulfgnc - Completely dissolved using H,SO4 and H,O, - Fe(OH); Not mentioned Cai et al.
acid . [11]
- L13P04
. - L.R. Li 94.29%
Phosphoric |~ LFP+EDTA-2Na_$.l (Mechanochemical) -FePO;-2H,0 |-L.R.Fe97.67% | Yangetal.
. - 0.6 M H3POy, leaching . .
acid - Pulp density 50 g/L (20min.) - LizPO, -R.R. Li82.55% [8]
up density OUg n- -RR. Fe 93.05%
Phosphoric : gixﬁi’gz 5 g/l - FePO, - 2H,0 -CMLR. >95% Bian et al.
acid - Room Temp., time 60min. - LiH,PO, -RR.Li>75% [7]
- LFP 700°C, 10hr annealing
Hydrochloric |- 6 M HCI Shin et al.
acid |- Pulp density 50 g/L - FePO, - 2H:0 . 6]
- Temp. 120°C, time 6hr

*L.R. : Leaching rate, R.R. : Recovery Rate, C.M. : Cathode Material
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Table 3. Chemical composition of LiFePO, cathode powders used various studies (%)

Li Fe P Al etc Ref.
5.2 34.5 24.0 0.2 12.4 Kim et al. [15]
4.4 32.5 18.1 - - Mahandra et al. [16]
39 29.0 16.1 11.3 7.7 Peng et al. [17]
4.6 33.7 19.5 - 0.2 Zhang et al. [18]
3.5 26.5 159 16.9 - Yang et al. [19]
4.1 31.3 18.9 0.2 - Yang et al. [8]
Table 4. Leaching rate according to the pulp density from LiFePO, cathode powder
. Pulp Densit Leaching Rate (%)
Leaching rzg L) ¥ L o P pH
50 99.2 422 47.2 1.1
stlp 100 80.6 12.0 15.7 2.5
200 49.7 0.0 3.0 49
50 34 16.8 19.3 0.6
stzep 100 11.7 339 41.9 0.9
200 37.1 04 1.1 1.9
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Table 5. Research trends on lithium leaching from LFP using weak (organic) acids

Leaching agents Experimental conditions Product Results Ref.
- HCOOH with 10%(v/v) H,O, .
Formic - HCOOH/Li molar ratio 3.23 - FePO,/C “RR. L.l >99.3% Mahandra et al.
. . . - L.E.Li99.98%
acid - Pulp density 10% (w/v) - LizPOy4 (99%) [16]
A . - L.E. Fe&P < 0.5%
- Temp. 30°C, time 30min.
. 00 o _ -
Cltm§ 100% ch.lt with 6%(v/v) H,O, - FePO, (96%) L.E.Li94.83% Kumar et al.
fruit juice |- Pulp density 67 g/L LibCOs (99.2%) | L.E. Fe 4.05% (22]
acid - Room Temp., time 90min. S ket -L.E.P0.84%
Oreanic Citric - H;Cit with H,O, - Fe(OH); -L.E. Li99.35% Lietal.
Agci d acid - Mechnochemical: 400rpm, 2hr - Li,CO; - L.E. Fe 3.86% [21]
. -RR.Li95.05%
Acetic | gfl Néglljftcol%{ V/VL“h 6%(v/v) Ho0; - FePO, -L.S. Li 94.08% Yang et al.
acid ) Ten‘i <0° g ﬁmeg3 omin -Li;COs (99.95%) |- L.E.Li 94.57% [19]
p- %% : -LE.Fe<1%
- LFP temp. 700°C, time Shr calcination -RR.Li9%9%
Oxalic - LFP with H,C,04 (1:1) - FeC,04 - 2H,O - R.R. Fe 94% Fan et al.
acid - Mechnochemical: 500rpm, time 2hr - LizPO, -L.E.Li99.34% [20]
- Water leaching -L.E.Fe 7.13%

*L.E. : Leaching efficiency, R.R. : Recovery Rate, L.S. : Leaching Selectivity
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Table 6. Leaching rate of reaction according to the pulp density and the MSA concentration from LFP cathode powders

pulp density MSA Leaching Rate (%) pHi-pHF
(g/L) ™) Li Fe P

0.15 61.2 0.1 3.4 1.5-82

50 0.31 100 1 0.0 1.3 1.2-3.6
0.62 100 1 57.8 62.2 0.9-1.4

0.15 312 0.4 2.9 1.5-8.6

100 0.31 59.0 0.0 1.6 1.2-7.0
0.62 93.8 11.6 9.4 0.9-2.8

0.15 15.8 0.1 1.8 1.5-8.7

200 0.31 28.5 0.0 12 1.2-7.5
0.62 426 7.8 5.5 0.9-2.8

*pHi: initial pH in leaching, pHf: final pH after leaching

oF 95.62% % Z7FEQitt . H U5 ePY. Kumar et al.
2t A E2LK ALY, 237, Hl&)E o]-85to] LFP
W EA5ks 9491 2%, &, <, 72 9 EFalEo] o
olo] A&a8S B4t 4o A&aeS ey
I Sl HEA AEEAS] B2, 6 vol% Hy0,, 3FHH]|
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+O 7 JEJEo] F7W6II ol pHe| Wk ALt
(pH 4.33) < QAR (pH 4.11) < HJE(pH 3.51)3} TAS]
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ke Lo
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oto] Hsto. HeteZAke 7] AFS f74E
= G A HollA & ZpolE YR It Yadav
et al-2 5% WEREEARS o] 85to] LFP EHujAR
FE ZES 2F95% HEoIAAT, A 8 EFF 2 95%
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Table 7. Research trends on lithium leaching from LFP using strong oxidant acids

Leaching agents Experimental conditions Products Results Ref.
NaS;0s |- 3 kinds persulfate-based oxidants Kim et al
K>S;05 |- Mole ratio=1.1, 250rpm, 3hr - FePO, -LR.Li>92% [29] ’
(NH.4),S,0s |- S/L=50, 100, 200 g/L
- Mechanochemical solid phase oxidation
- (Zr ball, high energy planetary ball milling) - FePO, Liuetal
N2;$:05 » [1Igh energy planetary g - Precipitation -LR.Li99.7% :
- Mole ratio=1.0 (NayPO,—Li,PO,) [26]
- 600 rpm, time Smin. 2 2
- Slow release fertilizer
NaoS-Ox | Mole ratio=1.4, S/L=50 g/L NaFeS, -LR. Li=100% Yue et al.
22278 | Temp. 25°C, time 30min. - Phosphorus slow -LR. Fe&P<1% [27]
release fertilizer
. . _ - FePO, -L.R.Li>99.9%
Oxidant | Ng,8,0, |° 1;/16(;1;: “;;251 't?;’esf(;rjgo g{{L 35 - Precipitation -LR. Fe < 0.048% ZhangS‘? al.
p- 2% » PH S (Na,COs—Li,COs) |- LR.P<0.587%
- Mole ratio=1.4, S/L=50 g/L ) FCPQA. . -LR.Li>98.1% Peng et al.
(NH4),S,05 - Temp. 30°C. time 30min... pH 2.97-4.08 - Precipitation -L.R. Fe<0.02% (28]
P » P (Na;CO;—Li,CO3) |- LR. Al <0.06%
- Leachmg under microwave - LiFePO, Gangaja et al.
K>S,05 |- Mole ratio=1.0 - NaFePO - (30]
- Microwave conditions 250 W for 15min. N
-0.54 M NaClO, S/L=1 g/L - Fe(OH); . o Liu et al.
NaClO | 60min., temp. 60°C, - Li,HPO, -LR.Li99.8% [31]
. - Precipitation . Yan et al.
NaClO |- LFP + H,0 adding HCI & NaClO (NaxCOs—LinCOy) | L.R. Li99% (32]
*L.R. : Leaching rate
RIS, ER, ESEAS ol@slo] WS & 2LiFe PO, + (NH,),S, 0
I ZAR] A/ IR § /0] A ERIgt 2FePO, | + i, SO, + (NH, ), S0, (12)

o e
AT} 4] (9)9} o] FePO, 2 Q1] 9Tt

2.3. ZitsiN| 8 LFPERE 2 &E g1 sE 24

F FgHF Aol =2 A& 22 lste] A5t 3
Z(oxidative extraction)°f] TSt LFP 2|28 17} 2k
SHA Z18Y=] L Q)T o]of] #3t A5 Table 7] Lt
ERfiQlt}. 2 A4 ARRAE o]8sti e, oo
ot BEE-A12 A1 (10), A1 (1), ZLZAL 4] (12)°]] UEH]
At

2[iFe PO, + Na, S, O,—

2Fe PO, | + Li,SO, + Na, SO, (10)
2LiFe PO, + K,S,0,—

2FePO, | + LiySO, + K, SO, (11)

Zhang et al -2 TZAR}TEF(sodium persulfate, Na,S,05)
& o]&3lo] 2 ] 1.05, FABE S/L=300 g/L, A2 U
& BHS 2089 270A 2F 2F 99.9%, A 2 0.05%,
Q1 9F 0.59% 181 &=FulE 2+ 0.58%%2 AEF AT
HUSFHT). Liu et al-2 LFP B33} I8 HIERS]
1Alstet -2 stol 2% oF 99% o4} WEstict
T B5FITPY. Yue et al-2 LFP tjH] 1.4 & H|E 0] &
slo] A9] 100%2] S WAL, 2 L < RS
°F 1% 1Rk X&5 Foto] 94l 2l& &l 7Fs
Stoar ShgiTt 18] 3L ZAFR E-2 FePOsi= NapSeke] vt
23 E35fo] NaFeS, - 2H,05 A|Z35lo] v]E (fertilizer)
2X9] g3}of| tfato] Histiry”. o]of gt vhg-2 4]
(13)0f] e ek
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Table 8. Leaching rate and separation efficiency of reaction according to the pulp density using oxidant agents from LiFePO,
cathode powder (pulp density=50 g/L, 100 g/L, 200 g/L)

Elements Pulp Density (plp;lin) (WL [E Fe) (Li[i P) L Leat(:?/(i};lg Rate pHi-pH,

50 g/L 1,857 2,958 723 92.7 3.2-1.8

Na,S,05 100 g/lL 3,260 605 103 81.4 2.3-1.5

200 g/lL 6,091 233 96 76.0 2.3-12

50 g/L 1,846 4,904 3,538 92.2 2.9-1.8

K>S:05 100 g/L 2,945 821 125 73.5 2.2-1.5

200 g/L 5,457 374 171 68.1 2.6-1.3

50 g/L 1,869 2,224 792 93.3 2.0-1.7

(NH4)25,05 100 g/L 3,393 599 116 84.7 1.8-1.5

200 g/lL 5,768 235 105 72.0 2.0-1.3

*pH;: initial pH in leaching, pH,: final pH after leaching
FePO,(s)+ Na" (ag) +25°(ag) +2H,Olaq) +2H (ag) gE XE8E& 4 EYago] gt 343 Table 89 Lret
— NaFeS, « 2H,0(s) + H, PO (aq) (13) RibiA=g

E3H Peng et al.> I ASHA] 7 24t
QX E(ammonium persulfate, (NHy)2S,05)S LFP thH]
1.4 & 4|, FYsT S/L=50 g/L, &L= 30°C ¥ H=
A7k 303%-2] 2704 oF 98% ol4F 2ol WEHTT

HUSHYTPY. B =50l Az} 729 Kim et a2 73}
AHA| AtebA o] Foll whE vl 3 HEE skl 35w

9] A *}9—} AJ(Na2S,0s, K>$,05, (NH4),5:05) 5 /‘}
&5t} 5T &2 AR APsielon, A
a2 Attt 2 AAHR) A58 2 el
o AEE AEaTio] thatel BuseIcE. Aetsiy
A AT LFPS} 35519] 3HHAA) A1) H18
AFsE ZpaEA Q] ukSo] QoS slolsigon, 7+
9] 12280 o= A9 AR 23S
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Table 9. Research trends on lithium leaching from LFP using salts

Leaching agents Experimental Conditions Results Ref.
- LFP+FeCl34+2H,0—Li++Cl-+FePO4+FeCl, - 2H,0 "LR.Li>97%
FeCl; - 6H,0 |- Mechanochemical activation with Zr ball ] Li C 0:999 «70 Wu et al.
FeCly |- FeCl/LEP=1.2, 600rpm, 30min. - Precipitation Fe(OH) with NaOH+0 (4]
- Synthesize LiFesOg (magnetic material) p 3 2
- Carbothermic reduction with Na,COs - Fe, NaLi,POq, LiNas(POy),
NayCOs : LFP/Na.zC03=1 R LFP/C=O.5, temp. 900°C - Fj¢203, Na.L12P04, LiNas(POy), Zhang et al.
NaOH : magnetic separation - Li;POy, Li,CO3 (35]
- NaOH roasting - R.R. Li 99.2% (with Na,COs)
: LFP/NaOH=0.5, temp. 600°C, time 2hr - R.R. Li 99.7% (with NaOH)
- LFP+FeCl;—LiCl+FeCl,+FePO, -L.R.Li 99% Niu et al
Salts |FeCl; - 6H,0O|- FeCI3/LFP=1.3, temp. 25°C, time 30min., S/L=200 g/L |- L.R. FePO, 98% [36] ’
- Solvent extraction TBP -R.R. Li>99%
- 2LFP+Fe,(S04);=2FeSO4+Li,SO04+2FePO,
- ;)OII:IZZIESO4)3:LFP:I:2, S/L=500 g/L, temp. 28°C, time D) LE. Li 97.07% Dat etal
FexSOu3 | 11) Fey(S04)5LFP=1:6, S/L.=400 ¢/L, temp. 60°C, time ) gr)ein} ;;ffﬁ%g”t;‘ﬁﬁ?om o [34]
30min. with 0.6 mL/g H;0; P : 2
- Other salts FeCl;, MSO4 (M=Fe, Cu, Ni, Mg)
- LiFePO4+NaCl=NaFePO4+LiCl - NaFePO, and LiCl Liu et al
NaCl - Mechanochemical method with Zr ball - Li,CO; precipitation with Na,COs (33] :
- NaCl/LFP=2, 500 rpm, time 6hr -LR.Li9.03%
*L.R. : Leaching rate, L.E. : Leaching efficiency, R.R. : Recovery Rate
o] A=) TR A 2 A Bae Bl 2E B4 8LiFePO, +2Na, CO, +15C >
oF 92.7%% AISIITH B U51ATH. Niu et al.-2 A] 3Fe+ Naliy PO, + LiNay (PO,), +4.5C0, (g) 17
Ok FeCls - 6H,0 ¥ H,0, 0]-8-519] Fe''7} LFPQ} 53
il’?r‘:‘ig—% HEAIF O, o] BuljERE o]-85to] 3LiFe PO, +6NaOH—>
36)
2 5S 350k AT-E FHFAT. AHe] A0S Fol Fe,O, + NaLi, PO, + LiNag (PO,), + H,(g)
2 yle o 2120 AENS]
—Ti‘ﬂ]’t- S-S B3t 29 Ad9d AEE Hs6I e +2H,0(g) (18)
fje} 2 Fe'ol ozt 2lE9] A& 9 3l A3t A+
L X [o)] WA ZAH]-8- A Qufj ==
o= AA et Ml SgHEol M Sz LiFe PO, + FeCly—FePO, | + LA+ FeCl,  (19)
£ o831 0H, AokF FeCly- 6H,05 EAR AM&
o A}Vsl =2 =
SH71 dizol }9]' o] BZ3to| H0,5 H7IsIqith B w50l Azt 729] Kim et a2 7]E9] Aok
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A7) 5% N2 i shota] whAle
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7H| glo] &
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Table 10. Leaching rate and separation efficiency of reaction using ferric chloride etching solution from LiFePO, cathode

powder scraps

FeCl; etching solution Li Li leaching efficiency B
(Conc.) (ppm) (%) (Li-P)
0.7 1,446 67.6 28,510
1.0 1,849 86.5 86,473
1.3 2,089 97.7 105
1.6 2,015 94.3 38
Eol Y9I LFP 97} olglglont 1LoM 5 of 3 84 gttt

Aol A W AAE| AT ERo] 1ICP 24 AT, s}
8 o1e1S] 557} 1M 39 245 Ynaol o
98% = 7} =9k 0™ XRD B4 Ayle} 71'0] 0.M 5%

o ooz oo e A HEREE .
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