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Abstract The demand for lithium has increased sharply due to the explosive increase in lithium secondary batteries for
environment-friendly vehicles (EV: Electric Vehicle, HEV: Hybrid Electric Vehicle, PHEV: Plug-in Hybrid Electric Vehicle).
Traditionally, lithium has been produced mainly from lithium-containing minerals and brine, and recently it also has been
recovered along with other valuable metals by recycling cathode materials of lithium secondary batteries. In this study, we
comprehensively reviewed various recovering precesses of lithium from lithium-containing substances.
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Fig. 1. Comparison of lithium recovery/production process according to the raw material.
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Fig. 2. Major lithium deposits by type [23].
Table 1
World’s total resource of lithium
USA Argentina Bolivia Chile Australia China Others
Resources Li metal 680 1,480 900 850 770 450 1,012
(10 k ton) LCE 3,620 7,878 4,791 4,525 4,099 2,395 5,389
Ratio (%) 11.1 24.1 14.7 13.8 12.5 73 16.5
% Ref.: Mineral Commodity Summaries-Lithium (USGS 2019).
Table 2
World’s total reserve of lithium
USA Argentina Chile Australia  China  Zimbabwe Brazil Portugal Others
Reserves Li metal 3.5 200 800 270 100 7 54 6 8.1
(10kton) [ CE 19 1,065 4258 1437 532 37 29 32 43
Ratio (%) 0.3 14.3 57.1 19.3 7.1 0.5 04 04 0.6
% Ref.: Mineral Commodity Summaries-Lithium (USGS 2019).
Table 3
World lithium production in 2018
Argentina  Chile Australia  China Zimbabwe  Brazil Portugal Namibia  Others
Production  Limetal 6,200 16,000 51,000 8,000 1,600 600 800 500 300
(ton) LCE 33,003 85,168 271,473 42,584 8,517 3,194 4,258 2,662 1,597
Ratio (%) 73 18.8 60.0 1.9 0.7 0.9 0.6 0.4

¥ Ref.: Mineral Commodity Summaries—Lithium (USGS 2019).
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Table 4
Types of brines and main ingredients [29, 30]
. Elements
Kinds Depqsﬁ :
location  Na K Li Mg Ca Cl SO,
Wt%)  (wt.%)  (ppm) (ppm) (ppm) (Wt.%) (Wt.%)
Salarsand  Clayton Valley USA 4.7 04 163 190 450 73 0.4
Saline Salar de Chile 9.1 24 1,570 9,650 450 18.9 1.6
Lakes Atacama
Salar de Hombre Argentina  9.9~103 02~1.0 680~1,210 180~1,410 190~900 15.8~16.8 0.5~1.1
Muerto
Salar de Uyuni Bolivia 7.1 1.2 321 6,500 306 5 -
Searles Lake USA 11.1 2.5 54 - 16 123 4.6
Great Salt Lake USA 37~87 03~0.7 18 5,000~9,700  260~360 7.0~156 0.9~2.0
Dead Sea Israel 3.0 0.6 12 30,900 12,900 16.1 0.1
Sua Pan India 6 0.2 20 - - 7.1 0.8
Bonneville USA 83 0.5 57 4,000 57 14 -
Zhabuye China 73 1.7 489 26 106 9.5 -
Taijinaier China 5.6 04 310 20,200 200 134 34
Geothermal  Salton Sea USA 5~7 1.3~24 100~400  700~5,700 22,600~39,000 14.2~20.9 42~50
Brines Cerro Prieto Mexico 7 3.6 393 - 9,400 15.9 -
El Taito Springs Chile 0.44 0.05 46 - 15 0.8 0.1y
radox basin USA 2.5 2.7 110 30,900 43,500 20.1 0.1
Oilfield Smackover QOilfield USA 5.9 02 146 2,900 29,100 14.5 0.14
Brines brine (1976)
Smackover Qilfield USA 6.7 0.3 170 3,500 34,500 17.2 0.1y
brine (1984)
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Table 5
Principal lithium mineral [29]
Li,O content (%)
Mineral name Chemical composition
Theoretical Measured
Spodumene LiAlISi,Oq 8.0 2.9~7.7
Petalite LiAl(Si,O,) 4.5 3.0~4.7
Lepidolite K(Li,Al)5(Si,Al),0,,(OH,F), 7.7 3.0~4.1
Amblygonite (Li,Na)Al(PO,)(F,OH) 74 NA
Montebrasite LiAI(PO,)(OH,F) 10.2 7.5~9.5
Eucryptite LiAISiO, 11.8 4.5~9.5
Bikitaite LiALSi,04H,0O 7.3 NA
Cookeite LiAl,(AlSi;P,;)(OH), 2.9 NA
Virgilite LiAlISi,Oq 4.1 NA
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Table 6
Major deposits of lithium mineral [29]

95

Deposit location Nation Classification Resources (Million ton)
Kings Mountain Belt USA Pegmatite 5.45
Kings Valley USA Sedimentary Rock (clay) 2.00
Manono/Kitotolo Congo Pegmatite 1.15
Sonora Mexico Pegmatite 1.14
Jadar Valley Serbia Sedimentary Rock (clay) 0.99
Greenbushes Australia Pegmatite 0.56
Pilgangoora Australia Pegmatite 0.50
Jiajika China Pegmatite 0.48
Yichun China Pegmatite 0.33
Kolmorzerskoe Rusia Pegmatite 0.29
Maerking (Barkam) China Pegmatite 0.23
Shenhe China Pegmatite 0.20
Daoxian China Pegmatite 0.18
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Fig. 3. Price change of lithium carbonate (US$/ton, spot price in china).
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Table 7
The varierty of lithium usage by device [29]
Division Kinds of device Average battery capacity (kWh) Usage of lithium carbonate (g, LCE/unit)
IT Smart phone 0.01 6
Tablet 0.04 25
Laptop 0.06 35
Power tools 0.1 60
HEV" 1.1 5
PHEV? 11.7 8
BEV (Ist generation)3)4) 23.0 15
BEV (2nd generation)””’ 70 60
xEV E Bus 80 50

1) HEV: Hybrid Electric Vehicle.

2) PHEV: Plug-in Hybrid Electric Vehicle.

3) BEV: Battery Electric Vehicle.

4) 1st generation BEV: Charge mileage less than 200 km.
5) 2nd generation BEV: Charge mileage over 300 km.
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Fig. 7. Typical lithium recovery process for hard rock.
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Table 9
Recovery method for the extraction of lithium from minerals
. Lithium
Methods ((I)ontent Main Note extraction Ref.
(%) process o
(%)
Spodumene  Sulfuric - - Calcination at 1100°C for 60 min - - [41]
Acid - Roasting at 250°C for 30 min using
Process 93 % H,SO,
Sulfuric 1.48 - Roasting at 270°C using 47.5 % - 94 [36]
Acid (Li,0) H,SO,
Process
Chlorination  7.25 - Heat treatment under Cl, gas with N, - Using spodumene from San - [49]
Method (Li,0) in the range 1000 to 1100°C Luis, Argentina
Sodium 2.81 - Autoclave with Na,CO; solution - Li,CO; crystals with 99.6 % >94 [41]
Carbonate (Li) - B-spodumene by Jiangsu, China
Process
Sodium 2~6 - Additive sodium hydroxide (or - - [43]
Hydroxide (Li,0) Sodium carbonate) and calcium
Process hydroxide or lime
Sodium 6.17 - Additive CaO or NaOH - Using B-spodumene by Shan- 90.7~93.3 [42]
Sulfate (Li,0) - Autoclave at 300 rpm dong RuiFu Lithium Industry
Solution - Environmental friendly
Lepidolite Chlorination 3.5 - Roasting with HCI at 935°C for - Lepidolite in USA >95 [59]
Method (Li,0) 13 hr
Salt 2.0 - Additive Na,SO, + CaCl, - Li,CO; crystals with > 99.5 % >90 [53]
Roasting (Li) - Roasting at 880°C for 30 min using Na,CO,
- Lepidolite by Jiangxi, China
Sodium 2.55 - Roasting at 1000°C with Na,SO, - Boam mine, Korea 90.4 [55]
Sulphate (Li) - Grinding by a disc mill for 15 min
Intensive 23 - Additive CaSO, - 1/2H,0 - Lepidolite by heavy medium 93.5 [61]
Grinding (Li) separation from Uljin, Korea
Method
Petalite Sulfuric 4.1 - Roasting with H,SO, at 300°C - Petalite from Bikita mineral, 973 [62]
Acid (Li,0) - Adding limestone to eliminate Fe/Al ~ Zimbabwe
Process - Adding hydrate lime to precipitation - Li,COj crystals with 99.2 %

Mg/Ca

;
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Fig. 8. Flow chart of lithium recovery process for brine.
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Li,Co0, + xH,0 — xLiOH + (x-y)H,T + HyCoO, (7)
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Table 11
Hydrometallurgy process for recovering lithium from waste lithium batteries
Raw Leaching Separation methods Li recovery R
. o o eference
material conditions Process 1 Process 2 (%)
4MHCI SX’ Precipitation ) (6]
100 g/L, 80°C, 1 h - PC88A-Co 1) Na,CO, - Li
2 M H,SO, sx’ Precipitation
LiCoO +0.5M H,0, - D2EHPA - Impurity -NaOH - Co 98 [15]
2 100 g/L, 90°C, 1 h - PC88A - Co - Na,CO; - Li
X Precipitation
H,S0O, + H,0, - D2EHPA - Impurity Na 8 0. - Li 92 [16]
- PC88A - Co/Ni 2
2 M H,SO, X" Precipitation
+10 vol% H,0, ; ) - C,HgN,0, - Ni - [17]
333 /L, 70°C, 1.5 h Cyanex272 - Co/Mn Na,CO,- Li
NCM ——
2 M Formic acid Precipitation
+ 6 vol% H,0, - Filtering - Al foil - Na 80 -Li 98 [18]
50 g/L, 60°C, 2 h 2
1 M HNO; . L
Precipitation Calcination
+ 1.7 vol% H,0, P A . Taeno BT [19]
20 g/L, 75°C, 1h Citric acid - Li gelation 950°C, 24 h-Li
0.1 M citric acid Precipitation
LiCoO, +0.02 M ascorbic acid - Oxalic acid - Co - 95 [20]
2¢/L,80°C,2h -NH,F - Li
2 vol% H,PO, Precipitation
+2 vol% H,0, - Oxalic acid - Co - 88 [21]
8¢/L,90°C,1h -NaOH - Li
SX" = Solvent Extraction.
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