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Fig. 8 Leaching kinetic of lithium((a), (c)) and cobalt((b), (d)) at different leaching temperatures
R1 R R R 2 H AR R BRI R S AL RE
Table 1 Apparent rate constant, correlation coefficient and apparent activation energy of leaching process
Li
Temperature/ — - - -
‘c Diffusion reaction control Chemical reaction control
k,/min”! R? E, /(kJ-mol) k,/min”" R? E_,/(kJ/mol)
70 0.00870 0.994 0.00800 0.983
80 0.0148 0.959 0.0113 0.960
36.5 26.5
90 0.0204 0.934 0.0143 0.936
100 0.0246 0.979 0.0169 0.975
Co
Temperature/ — - - -
‘c Diffusion reaction control Chemical reaction control
k3/min_l R? E,/(k]/mol) k,/min”! R? E,_,/(kJ/mol)
70 0.00578 0.950 0.00819 0.963
80 0.0119 0.983 0.0125 0.997
48.6 26.6
90 0.0193 0.988 0.0168 0.999
100 0.0223 0.971 0.0171 0.987
1-301-x)"" +2(1 —x)=kt () N x NEEEBE, % OVRWERFEE ¢
et S Az ] - NI TR, min.
1-(1-x)" =kt (2) Ri46 Je 5 B 7 A -



BE32EHE 11

IELL, 55 PERRAMIRITRA IR B R T R BB TR 3453

Ea
lnk——RT +In4 3)

X EARMWIEEE, K/mol; TAKI IR,
K: RAEERAMARHEE, H8.314 J/(mol'K): A4 A¥i
T

2.5 KiEHR
2.5.1 AR WSO S

IR AR R, Bl R AR B TE U (5 1AL
EW, FERS-AT WIS W B 9 Frs . T A
(594 55 (1 B FR AR T, R b — T LR S e i e
—FH, RUIARIRERMT, R EHIDES 1)
BB . BT = a0 SRR 58, E57EIR
H HF UIE A T AFAER 28, Co( 1) L7 44
RRyd’, AT LA R \ T AR B30 T A 9 2 2R i A
Yo X PRI A A6 R AT LSO RE AR R, 3
o DU T A R B B R AR U D = E g, LR fA(F)—
‘T (PRI REHBRIT T o 9 H Co( 11) B 6 BE AR AE
gy =g, H 5 CRRRERIETE 8, RUNEH
W Co( 11) e A7 4 284 Sy DU ] 20300,

1.6

Leaching solution-1 . _ ;%
1.2+ N '

K \  Leaching
' ' solution-2
<08} e VL

0 I 1 |
550 600 650 700 750 800

A/mm
E9 RUBHIEASN-AT WO 1
Fig. 9 UV-Vis spectra of leaching solutions

252 LLAMRISOLTE

Kl 10 Fr7~ 9 DES K& HH I 21 AR IS 1
DES (13 Bl e, SR REBR 1) O—H e 45 4% 25 Wi A e
f2F3500 em™,  ZRIEICBERR i) P—H RS A7 T
2400 cm™', O—H B PR BN W A7 T 1650 cm ™
1500 cm™ Bt 3T F = AW WS 06g Ay 1A IR sk A0 248 5k ok
TR ) C—C BRORFR (MR Ui, 2R L IR B IR (1)
P=—0 Wi i A7 F 1200 e ™' A1 1150 em™ . 987 cm™

Leaching

solution-3

=
1200 cm™ '115001’1’1_]

P=0
1 1 1 1
4000 3000 2000 1500 1000 500
Wavenumber/cm™!

E10 DES [ I ZLAMR O 1
Fig. 10 FT-IR spectra of DES and leaching solutions

B 32 F P WA U6 D 24 i B R 1Y) P—OH A AL i
fii 1 1) C—C—O f 4 4 s IR TR, e B 10 mT
LAE s 3R R P=0 Wi Ae e [ U 782 % A2 A2 A
P AR e = L0, JF HEA R AR B, R
P—=02%14 [ fithi.

3 Zig

1) FAAE B -2 5 IR B 2 4H i 1Y) DES W 2%
HAETREE R RIS . 7EIR RN 100 C L R
Et oM 90 mL/g. 12 HIS [A] A 80 min [ Z5 44, #EFN
B R 23R 5IE £ 99.5% F195.2% .

2) S BB -8 5L X s % DES 42 H &l BB (1) 20
JIFEAR AR A, 1R B )15 i R R
HOS AR S A0 S Rz

3) IR (IR VR, Bl TR LA R B R D T
R, P=0Z5 T,

REFERENCES

(11 ZEHR, BEIC. RIHE b ER AR RSO 78t [0, B
LI, 2021, 41(S1): 90-94
LI Fang-hao, YANG lJian-yuan. Research progress on
recovery of cathode materials from spent lithium batteries[J].
Modern Chemical Industry, 2021, 41(S1): 90-94.

(2] B, B R BRI G IR A0 b 2R - 8 v T U R
R e vl e e B R B LB (0], R B R AR AR,
2019, 29(4): 878-886.

HUANG Hong-jun, HUANG Qiu-sen. Mechanism of
recycling electrode materials spent lithium batteries by ball
milling-low temperature heat treatment-flotation[J]. The

Chinese Journal of Nonferrous Metals, 2019, 29(4): 878-886.



3454

T A e E SR

2022 4 11 A

(3]

(4]

[3]

[6]

(7]

(8]

9]

[10]

(1]

[12]

MESHRAM P, MISHRA A, SAHU R. Environmental impact

of spent lithium ion batteries and green recycling
perspectives by organic acids: A review[J]. Chemosphere,
2020, 242: 125291.

ZHANG X, LI L, FAN E, et al. Toward sustainable and
systematic recycling of spent rechargeable batteries[J].
Chemical Society Reviews, 2018,47(19): 7239-7302.
WUETE, B 4, Tk R, &5 R IH =0 B T i IE AR R
(RIVE A I J5R 2 S HL ) D) 54 0], A (6 2 4k,
2019, 29(1): 153-160.

LAI Yan-qing, YANG Jian, ZHANG Gang, et al
Optimization and kinetics of leaching valuable metals from
cathode materials of spent ternary lithium ion batteries with
starch as reducing agent[J]. The Chinese Journal of
Nonferrous Metals, 2019, 29(1): 153-160.

JO C H, MYUNG S T. Efficient recycling of valuable
resources from discarded lithium-ion batteries[J]. Journal of
Power Sources, 2019, 426: 259-265.

GUO Y, LI F, ZHU H C, et al. Leaching lithium from the
anode electrode materials of spent lithium-ion batteries by
hydrochloric acid (HCI) [J]. Waste Management, 2016, 51:
227-233.

CHEN X P, MA H R, LUO C B, et al. Recovery of valuable
metals from waste cathode materials of spent lithium-ion
using mild phosphoric acid[J].
Hazardous Materials, 2017, 326: 77-86.
WANG H Y, HUANG K, ZHANG Y, et al. Recovery of

batteries Journal of

lithium, nickel, and cobalt from spent lithium-ion battery
powders by selective ammonia leaching and an adsorption
separation ACS Sustainable
Engineering, 2017, 5(12): 11489-11495.
A, DRI, AR, S NA R RS Sy 2
WEFE[I]. PR LA, 2022, 40(2): 88-92, 99.

ZHENG Ying, LUO Han-lu, LI Bo-lin, et al. Study on the

system[J]. Chemistry &

kinetic mechanism of leaching lithium cobalt oxides using
tartaric acid[J]. Environmental Engineering, 2021, 40(2):
88-92, 99.

GOLMOHAMMADZADEH R, FARAJI F, RASHCHI F.
Recovery of lithium and cobalt from spent lithium ion
batteries (LIBs) using organic acids as leaching reagents: A
review[J]. Resources, Conservation and Recycling, 2018,
136: 418-435.

kX B . R RISCRT T A P TH Rl R r vt P
FRAR[T). 4k LiFEfE, 2019, 38(8): 3874-3880.

ZHANG Fei, LU Ying-zhou. One-step recovery and

regeneration of LiCoO, from the spent lithium cobalt oxide

battery[J]. Chemical Industry and Engineering Progress,

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

2019, 38(8): 3874-3880.

GOLMOHAMMADZADEH R, RASHCHI F, VAHIDI E.
Recovery of lithium and cobalt from spent lithium-ion
batteries using organic acids: Process optimization and
kinetic aspects[J]. Waste Management, 2017, 64: 244-254.
YAO Y L, ZHU M Y, ZHAO Z, et al. Hydrometallurgical
processes for recycling spent lithium-ion batteries: A critical
review[J]. ACS Sustainable Chemistry & Engineering, 2018,
6(11): 13611-13627.

SWAIN B. Recovery and recycling of lithium: A review[J].
Separation and Purification Technology, 2017, 172: 388-403.
RICHTER J, RUCK M. Synthesis and dissolution of metal
oxides in ionic liquids and deep -eutectic solvents[J].
Molecules(Basel, Switzerland), 2020, 25(1): E78.

ABBOTT A P, BOOTHBY D, CAPPER G, et al. Deep
eutectic solvents formed between choline chloride and
carboxylic acids: versatile alternatives to ionic liquids[J].
Journal of the American Chemical Society, 2004, 126(29):
9142-9147.

SMITH E L, ABBOTT A P, RYDER K S. Deep eutectic
(DESs)
Reviews, 2014, 114(21): 11060-11082.

ROLDANRUIZ M J, FERRER M L, GUTIERREZ M C, et

solvents and their applications[J]. Chemical

al. Highly efficient p-toluenesulfonic acid-based deep-
eutectic solvents for cathode recycling of Li-ion batteries[J].
ACS Sustainable Chemistry & Engineering, 2020, 8(14):
5437-5445.

CHEN Y, LU Y H, LIU Z H, et al. Efficient dissolution of
lithium-ion batteries cathode LiCoO, by polyethylene
glycol-based deep eutectic solvents at mild temperature[J].
ACS Sustainable Chemistry & Engineering, 2020, 8(31):
11713-11720.

WANG M M, TAN Q Y, LIU L L, et al. A low-toxicity and
high-efficiency deep eutectic solvent for the separation of
aluminum foil and cathode materials from spent lithium-ion
batteries[J]. Journal of Hazardous Materials, 2019, 380:
120846.

WANG S B, ZHANG Z T, LU Z G, et al. A novel method for
screening deep eutectic solvent to recycle the cathode of Li-
ion batteries[J]. Green Chemistry, 2020, 22(14): 4473-4482.
TRAN M K, RODRIGUES M T, KATO K, et al. Deep
eutectic solvents for cathode recycling of Li-ion batteries[J].
Nature Energy, 2019, 4(4): 339-345.
PEETERS N, BINNEMANS K, RIANO S.
Solvometallurgical recovery of cobalt from lithium-ion
battery cathode materials using deep-eutectic solvents[J].

Green Chemistry, 2020, 22(13): 4210-4221.



EREE IELL, 55 PERRAMIRITRA IR B R T R BB TR 3455

[25] RODRIGUEZ N R, MACHIELS L, BINNEMANS K. P- Hydrometallurgy, 2005, 78(1/2): 92-106.
toluenesulfonic  acid-based deep-eutectic solvents for [30] SANTANILLA A J M, ALIPRANDINI P, BENVENUTI J, et
solubilizing metal oxides[J]. ACS Sustainable Chemistry & al. Structure investigation for nickel and cobalt complexes
Engineering, 2019, 7(4): 3940-3948. formed during solvent extraction with the extractants
[26] JIANG F, CHEN 'Y, JU S, et al. Ultrasound-assisted leaching Cyanex272, Versatic 10 and their mixtures[J]. Minerals
of cobalt and lithium from spent lithium-ion batteries[J]. Engineering, 2021, 160: 106691.
Ultrasonics Sonochemistry, 2018, 48: 88-95. [31] BOTELHODR A M, FERRARIA A, EL B J, et al
[27] NING Z Q, XIE H W, SONG Q S, et al. Nickel leaching Adsorption of phenylphosphonic acid on GaAs (100)
from low-grade nickel matte using aqueous ferric chloride surfaces[J]. Langmuir, 2005, 21(19): 8765-8773.
solution[J]. Rare Metals, 2019, 38(12): 1199-1206. [32] YUE D Y, JIA Y Z, YAO Y, et al. Structure and
[28] PACHUTA K G, PENTZER E B, SEHIRLIOGLU A. Cation electrochemical behavior of ionic liquid analogue based on
deficiency associated with the chemical exfoliation of choline chloride and urea[J]. Electrochimica Acta, 2012, 65:
lithium cobalt oxide[J]. Journal of the American Ceramic 30-36.
Society, 2019, 102(9): 5603-5612. [33] CAOX Z,XULL, SHIYY, et al. Electrochemical behavior
[29] VOORDE I V D, PINOY L, COURTIJN E, et al. Influence and electrodeposition of cobalt from choline chloride-
of acetate ions and the role of the diluents on the extraction urea deep eutectic solvent[J]. Electrochimica Acta, 2019,
of copper( II), nickel( II), cobalt( 1I), magnesium( II) and 295: 550-557.

iron( Il , III) with different types of extractants[J].

Leaching metal elements from lithium cobalt oxide with
phosphate acid-based deep eutectic solvent

HE Xi-hong, WANG Xin-yao, CUI Ya-ru, LI Qian, LI Lin-bo

(School of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China)

Abstract: A deep ecutectic solvent (DES) composed of choline chloride (hydrogen bond donor) and
phenylphosphinic acid (hydrogen bond donor) was prepared, and the leaching performance of lithium cobalt oxide
using the DES as lixiviants was studied. The effects of leaching temperature, liquid-to-solid ratio and leaching
time on leaching efficiencies were investigated. The leaching kinetics data were fitted by the shrinking core model,
and the leaching mechanism was analyzed by UV-Vis absorption spectrum and FTIR spectrum. The results show
that the leaching efficiencies of lithium and cobalt increase with the increase of leaching time, liquid-solid ratio
and leaching temperature(70-90 C). The leaching process is controlled by chemical reaction and the apparent
activation energy values for lithium and cobalt are 26.5 kJ/mol and 26.6 kJ/mol, respectively. In the leaching
solution of lithium cobalt oxide, the coordination configuration of cobalt is tetrahedral and oxygen atom in P—=0
coordinate to cobalt.
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