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A study on the recovery of lithium carbonate and valuable materials from
lithium—nickel manganese—cobalt oxide cathode (LiNiMnCoQO,) of Li—ion

battery for electric vehicle

Tae Min Cha

Department of Metallurgical Engineering, The Graduate School,
Pukyong National University

Abstract

This study is about the recovery of carbon lithium and valuable
material (Ni, Mn, Co) from the lithium-ion battery cathode active material
for electric vehicles NCM (LiNiMnCo0Q3) and investigated the conditions of
recovery of carbon lithium (Li;CO3) and valuable material by thermal
reactions in lithium and valuable material in cathode active materia.

To check the thermal behavior of NCM-type cathode active materia, a
TGA (thermigravimetric analysis) analysis device was used and CO, gas
was supplied to simulate actual thermal reactions in an anode. cathode
active materia was observed to vary in weight between 650 and 800°C,
and it is believed that the increase in weight change was due to the
super separation of carbon lithium and metal oxide CoO, MnO and NiO.
Based on these results, Carbonation experiment was conducted in the
temperature zone between 600 and 900°C, water penetration test for
separating carbon lithium, and reduction heat treatment test for

improving recovery rate of metal powder is as follows.



1. Carbonation test was conducted for phase separation from Li,CO3; and
NiO, CoO, and MnO from NCM system acathode active material and
confirmed that Li;COs; and metal oxide NiO, MnO, and CoO are completely
separated at 800 to 900°C. The temperature was maintained at 800°C for 2

hours and 2 hours.

2. To selectively recover carbon lithium from the electrolyte powder
separated by Carbonation, water penetration was performed using the
difference in solubility between carbon lithium and metal oxide. When the
ratio of powder and distilled water was between 1:30 and 5 hours, the
largest amount of carbon lithium was withdrawn and carbon lithium was
recovered. In order to determine the amount of leachate Li from raw
materials, the wet analysis method, Integrated Plasma (ICP), was used and

approximately 89% lithium was recovered through water penetration.

3. The Monde process was used to selectively recover Ni from the
remaining mixture (NiO, CoO, and MnO) after a water leak. Phase I of the
process is a reduction phase, and hydrogen (H;) was supplied in the
temperature zone (about 200°C) where only NiO can be reduced during
the mixing powder. Stage II is the production of nickel carbonyl
(Ni(CO)4(g)) so that the reduced Ni is easily separated from the mixture,
and nickel carbonyl was produced by supplying CO gas to the mixture
maintained at 80°C. Phase III was the final step in the selective recovery
of Ni powder and (Ni(CO)ig) was heat-dissolved at 180°C to obtain high
purity Ni. The purity of the Ni powder recovered through the Mond
process is approximately 97.99% and is sufficiently reusable for industrial

use.
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Table. 2.1 Types of electric vehicle
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Li,Cg Graphite

Li* Conducting Electrolyte
Electrode redox reactions on Charge :
— cathode oxidation : LiCoO; — Li;—xCoO; + xLi" + xe~
— Anode reduction : xLi* + xe™ + Cs — LiCs

Fig. 2.2 g Eo|23AA9 ZFdd
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2.2.3 HFOIAAA AAAE TF
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okl AlA A A& SdE S8 FY Folth
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90,000.0 30.0
80,000.0
70,000.0
60,000.0
50,000.0
40,000.0
30,000.0

Revenue ($ Million)

20,000.0
10,000.0

0.0

2014 2015 2016 2017 2018 2019
=i Revenue 15,005.9 | 17,584.8 | 21,292.0 | 26,194.4 | 32,206.6 | 40,880.1 | 51,193.4 | 63,324.3 | 76,397.6

“=Growth Rate - 17.8 21.1 23.0 23.0 26.9 252 237 206

Year

Fig. 2.3 B golxAA MAAZ Ag[24]
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Table. 2.4 A|A AHGE FolaAAA AIF AT

o] L= APAC LATAM ROW
Year ($ Million) | ($ Million) | ($ Million) | ($ Million) | ($ Million)
2012 4,886.5 2,383.6 8,800.4 356.9 578.6
2013 6,096.0 2,781.2 7,670.0 407.8 629.7
2014 7,938.4 3,325.8 8,845.1 471.6 711.1
2015 10,458.6 4,034.7 10,342.1 561.4 797.6
2016 13,572.1 4,947.3 12,108.7 674.7 903.8
2017 18,244.5 6,193.3 14,577.1 836.7 1,028.4
2018 23,923.9 7,637.2 17,399.6 1,033.7 1,199.0
2019 30,554.3 9,340.7 20,829.5 1,238.7 1,361.2
2020 37,646.5 11,164.9 24,510.9 1,502.6 1,572.7
GAGR 29.7% 22.0% 18.1% 20.5% 14.0%

_‘]9_
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Antr o g gRo|AA = A SHHRE A, TUFOR TR
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AA e 3 gxeof sl venled dAl glFol:dx e A o
FARJ AL IT71719 FE D =ER o AMEHA FHdoR
© #HT AAE le AVIAEAA A AU R A A (ESS) Al el
A AREE D Qlth 53] AR AE Bl EoIAAA S A 7)Eed A
£5+E LCOA NCMO 2 WH3lE . gl FAou),
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2.2.4.1 IT 7171& YECIARAA AAA G A%D

H AA gmolAAA Aol IT7]7] & A2 2013
= A4 g 60.4% 2 M B YRS AR 2o Z YERg L
o, 20200 g2 259 AAAF SR Q) A Ao oF
24% 5 A Ao AWHAG 1T717] 48 & gFolxAA A%

& 201349 10,6259 GejoA] 202049 18,285wWwl ] f 5
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20,0000 - 190
18,000.0 '
16,000.0
14,000.0
12,000.0
10,000.0
8,000.0
6,000.0
4,000.0
2,000.0
0.0

Revenue ($ Million)

2012 2016
E=Revenue 9,886.5 | 10,6256 | 11,4406 | 12,351.4 | 13,379.1 | 14,464.3 | 15,6215 | 16,886.2 | 18,2857

asgmGrowth Rate - T3 7.7 8.0 83 8.1 8.0 8.1 8.3
Year

Fig. 2.4 IT 7]17] &4 g EoI|xAA] MA AE[24]
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2.2.4.2 A7|A-FAE 2FOIAAA AAANG AT

A7 A28 FEOIAAA A2 2103 3,210k 2 of A]
2020 22,920 wivtdy fRIZ o] =Y, AP 32,4%
2 AFE Zom ot AA A7 AEAE A 20139 225
fell 20200 67747 oo w7 FrjEe] weEl dFHF 17% ol
4 S ASRE AtET A7AsA Al EA sl w2 F ol
A2 A= ZA guE ZoF e
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25,0000 4 60.0
20,000.0 =00
3
S 40.0
£ 150000
ia 300
-
£ 100000
2 200
-
5,000.0 100
0.0 012 2013 2014 2015 2016 2018 20
E=Revenue 24220 | 32106 | 49184 | 69086 | 95804 | 12,837.0 | 159254 | 19.439.7 | 22,920.7
ww=Growth Rate = 326 | 532 405 387 34.0 241 |/ 282 17.9

Year

Fig. 2.5 A7|AFA-& g FoIAAA AAAZ A5 [24]
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2.2.4.3 AJUAAZZRAE FFOIAAA AAAZ AT

AUA AL A G e FolxdAo A
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35,0000 < 2000
-+ 1800
30,0000
_ -+ 1600
§ 250000 - -+ 1400
= 500000 |- 7 1200
§ - 1000
§ 15,0000 - Ligag
@
© 10,0000 | 7 600
+ 400
50000 |-
200
00 5512 2013 2014 2015 i
&= Revenue 4425 | 12047 | 20503 | 36618 | 55194 | 93167 | 14,7455 | 21,367.8 | 28,732 5
“w=Growth Rate 2 1722 702 786 507 68.8 583 449 345

Year

Fig. 2.6 AUXAZZR] #Fd FFOIAAA] AAAZT A [24]
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B AMolggatgleeld 2l oled dEgEdEE WA F4e Ak
A dnk Rk o =8ade T A AAR Uelld gioles ©

AA A AR AT B oR BlEolee ARs=T ST

o EREAd e B4 9 W M Aol dF ol 49,
gel7h 41910k 5 W WSl 2SI hdA wkgololof sh] we) 7
A e P ggeln] A /PEI TEIE ABsek Hr] nEYS
SJ8tol AAMEE 9 o] LARET} Srolof Tk E A S wka
DS Ao HYSo} Wy AH oz ksl Hv FAn g A
5 #39] Waph Hojof Bk [20-22]

ATzl weh FFFRA) E4o] vhmv] HEAY FrE AudT

2 SUNTE, FATRY Motk Aud Fat 33494 Mg ol
73 9lov] LM BEAQ) E4olth LMPO, BEle] ez

FN

Uazol LiFePO,7F tl24 B42 d#A ok glEolea 2%}
HE Sl A W g7} o] FoAXAl HH tEAR] SFFEEA 0] ]
3= Table 2.6.0 eI} [20—22]

rjg
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Table 2.6. g Eo|AAA 9 FFEEZ v

T= LCO NCM NCA LMO LFP
Bx}Al LiCoO, Li(Ni,Co,Mn)0, | Li(Ni,Co,Al)O, LiMn,0, LiFePO,
SRz SHRx SARE ES I k-
=
x| 2% 145mAh/g 120mAh/g 160mAh/g 100mAh/g 150mAh/g
s 3.7V 3.6V 3.6V 4.0V 3.2V
ohed &S ChiEs %2 Eg HeEe
-] =2 st =2 2 ==
Lo = e HESETS CEE Cta of2ie CEE
=1 x| 29 . 30H B SO S
7+ 25~28 $/kg 20~23 $/kg ~21 $/kg 8~9 $/kg ~20 $/kg
1O L ek
Fui wolof = s B2 | guA LN | w0
Umicore Umicore Nicha Nicha A123
o2}
SH 2l H Nicha Nicha Toca BYD BYD
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2.3.1.1 Li,Co0; &4

" o7 ALgH I = LCO(LICo0y) F=FEALS
ste] Adaste] H 3d A7kA AL diF-ie] HE
FEaEA 7 AFET LCO(LiCo0y) = Lidt Co, O
747ke]l Pzt S50l wMldEH e ST SEEE AAE
%+ Fig. 2.8°] YERQIL LCOE 03 ¢4 +%9 11195 et
Li*e} Co**7} a4 oz wjdsl= 03 +x2E5 Zet o283
274mAh/golyt 4.3V (half cel) oA AFEE F= U&= &2 <
A EE Aseitt. 8-S Fol7] flElA] 4.2V oo w ek
S 271 hexagonal®} monoclinictFe] Az o] 7} vy sln o]
FRelE AlolE EAS E3A7IA "B E UE AlolE TA
dolog= A FHo WE FAVE 23 AIudoM9 =
AR CoOy layer®] EA7F BaE i Qlvk. -8 of®F AAkA] ¢
1_:1%1

el

A/

e

S En|e] LiCoDy BHS U4 RFO M Bt 4

ofr

7h kel ek (22]
N5 AT W FPEY FAL A% AT mYo] B

FHEAG. o] sEl APdHoEE ALO;EHEY Mgol =FH
LiCoOo7F AA el A= o} de] A&+l 3ot [22]
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2.3.1.2 Li(NiyCoyMn,)0,¢] 3

F o= LCO, LNO, LMO9 FHS =33t 394 F=8=4o]
3

2o glom YA, s E, 3k 37k 5H0] FAES ol F L

32

ok LiNi,CoyMn,) 028 AAEA F58E4S LiCo0:9 22 &
Az dEgEdR e A9 9 8% E3F LiCo029 HlszeHA
9k Ni, Mne AA4ZS #7relEo2M LiCoOqol vls] Ahd 714 S
W 18 Gl 8-S 7H < Sdvke RS 7R

Nie AAelx a1 g&Fste] TFo] HE diold, Mnd 7H S

A #E 5 Ak FEE AN CodFe 2uFORA

Ebto}. Li/MeH] 1.0 9]
AoH A7k A8& FH SR Li/MeH 7} 1

ol /it %W HE Fo Qlok. @Al il AAAEA 2
Li[Niy3Co01/3sMny/31 Os Li[NigsCop2Mnosl O, Solw, A2l Codrwd
= Hasgtsle AR JiEHI jloew dA AGAeA =
Li[Ni,CoyMn,] 0, AA®EAE LiCoO2¢ Blending &2 ©5oZ
ARE ol vk NCM (Li[Ni,CoyMn, JO) Al F=5E=d2 dA +
2 gpolEegE AVAEAE 1E&F AR ALK 3
o [22]

o
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333 : LiNiy/3Coy/5Mny 50,
523 : LiNig 5Cog2,Mn; 30,
505 : LiNig sMng sO;

Li/M ratio | :
22tk |, O-M FAEHO| |

‘3&;\

-~

AN

FANK

\%

Fig. 2.9 LiINixCo,Mn,]10; A& Al F&FA0]d wE AXAA
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2.3.1.3 LiNiO29 &4

LiCo0O29 Fd3st AATZ(a—-NaFeO2)E 2zt =A<
LiNiO29] ZHsd ¢S 3.7velH o] & &%&& 275mAh/go|th. %
E gn] 92 dAz g 9 =2 ouxUEz #HE oy 9
ot glEol Aol vty ddo® QI A7t §olst
2 ¢gkor gF gele 3] Tx7F BN o= Q1) Aol F
54, A% b8, 219 Aol A AR A At o] 3
AL 98 Nig) dRE Co 33 LiNi;—,Co0y @ o}7]o] o]
=% Mn, Al 5& F7F £33k &8s A7le d77F €3] *
et AA = LiNiggCopa—Alk029] FAo] AHEH glow
AYE T B FARAES A YA A&Fs 27 3 A&H
t}. Fig. 2.10°] Ni, Co, Mn &% %Al
uet A7)kt EA o] e A YER T [22]
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< [ e | 1
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% 600 Lo
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g 200
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2314 LiMl’l204g| ‘E,‘;S'

LiMexMn;—<O4i= 71 Co, Ni &4 div] w2 AAm 714, 14
& A, 52 AN FoE AVIARE diFdAA e A=
s Roa glom Al AE Fol 3tk LiMneOsi= g3te] 16d
octahedral siteE 2]F©°] 8atetrahedral site(16C) % ©]&3 & t}
Al tetra—hedral site® ©]§38ts FAAES HATE THAdE= 1
£ gFol 279 A¥ES AAH A-MnO; FO2 7F9ZQl AFHo]
£ sHAlEH. stH 2.8Velx = glEo] 16C siteZ F7FZ A5 o]
tetragonal LioMn»O0,% “J5o] @At} [22]

olg Z7lel AFE FAR S ArE A A2 &4
()

rlr

T

o & Aoz Rugy glom ai2oxo fFFA djle=w T
2 §E, 7EF BN S0 BEIEHH 4
cubic TZIA tetragonal FFEC AFolE FHlstERE o]d uw
gt Abol S 549 A3t st &FE LiMnOys §3 11254
M A#rt RuEoh FFo2RE §8® Mn o] S50
AxtEo] d3tE FAAAY. o8 sidS 98 FHAE, BEHA
Alo], olFaE =, B d=aA9ke] Blending F°] =3 Al®

A gl [22]

W)
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2.3.1.5 LiFePO49 &4

OrthorhombicT%%& %'+ LiFeP0,9 o|&&%2 170mAh/go]
M AggHola dAFIE W AEE Amolny T o Fx
Ao ® Qe s Alo]lE 9 AR S Ztal o] VARG
Ady 22 qEdede] Az AEHT Qv &R
LiMnOs= NASICON LisFes(PO4)39 22 Eelob 33E9)
dFoz 224 F At AMEE o Uk o] AREE AR T
27 S 4y S AstA Addstr] wismel Liol9] o]&so]
dgetA] Fota AgEw E3 @ AVAEEE 2t olE F
Eal7] gl A Atol=E Eol AV BEAAG 7 3% AT &
8] Xy ot A EolH ASLET SolEH ARTH
FolH AUAUE Ash7l FRbE = £A17F Qo] X FHAA
Hest FERolgp, tH  EHA phase?l FeyPE  EY3
LiFePO4/FesP e A 2 4344 5 w244 vog I~
7 G7A) & SA FAE olEold AUt HE RuHIth
TAGE AAEA F=FAJ LiCoPO48t LiMnPOAIE Z2b 4.1,
4.8Ve =& #AsdYES 7HAY LiFePO, Wiv] &5& A ¢t
AAlell MnoP4O73 CooPyO7 phase®] =A17F Hixi glom &
Sjkgol ojgt AtAl] WERE ofr|HE b A9 o] st

o

)
N
=3

m
o

i

2
N
L

-

‘

v}

ofje
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2.4 FEoIAAAY 3 8 AVVe TF

gEoladA e 3 9@ A4 WHerE IA =44 38 3
g2 FAHol Qed =494 dHeEsE UAF Y 54
(Mechanical separation processes), <9x# ¥4 (Thermal
tretment), 7] A3sH4 &4 (Mechanochemical processes), 23l
&7 (Dissolution processes) <°] 3om 3}s+a JFAHOZF= A4
2% (Acid leaching), M=% &= Bio leaching), &4 F=
(Solvent extraction), $+%% %% (Chemical precipitation), %
713}e+Ad F A (Electrochemical processes) 5°] 3o gFo
2449 3¢ 9 A7zl ol oy JHA] FAEES &H
o ® AMESte A-¢7F Bu gEelxbd A g 34 @ AR ] o
8 7HA 3HES Fig. 2.11° vebiglet. [25]

i
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Li batl:ery_ rgcycle_ rr_i_ethod

gy 3% s 3%
(Physical process) (Chemical process)

1Ay 22l 3% 7| Aere 57 A9z A
(Mechanical (Mechanochemical e o
separation processes) processes) (Acid leaching) (Bio leaching)

ShE &IX] x7|5l6tE DX

2| 24 24 8 32 ARy

(thermal treatment) (Dissolution processes) (Solvent extraction) preciptaton) )

Fig. 2.11 g golxAX 9 &L T3
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Fig. 2.12 Complete recycling process of Wasted Li—ion battery [26]
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2.4.1.1 71418 &3 3

14 A1AA FAL wod el AE s
o s Fwg Selsk Ak wekd FR4S H5ay] Ao ws

Al AR ZIAA 2l 3ol Hastt 7AA See dvl=

2.4.1.2 A8 3

A= B4 RUIFAZMES HFAAE 2HAE 7 UES
100~150C¢e] ¥71=2 7Fgske 3ot o] 342> &= AF &3 ¥
g o S GAZE o] 84 F itk VM A EFE3HE
A AN 22 2EA] geth @AY ¥ ol e
sttt gilel ey gz gol&Al, dad gtE, 2 T

Aol A Sk ThAa el AV A stk AL

=l

i

»



d Z22}o] = (PVDF : polyvinylidene fluoride) & &
AL zolA Hr}.[25]

Mo

A =

2.4.1.4 £3 33

3l 4> AR wiElelA A Qe EdEe 3]skt
RoIA mgAdo] =t o] ¥HL A (ST S FHA A
A 7] PVDFE £3A17]= Zo|u g PVDFS ZHETZZR
oA (PTFE : polytetrafluoroethylene) & &siA1Z 4 9loH

A3 771 SAE A=s= Jlo] 5 a3sit [25]

2.4.2 853 34

steba A ¥ Fud 22 2 FAE A Vot =94
Aded F ed dsgsdode EFvEd FHEds v Ed

=

wab opvjeh JhE, vheldl, Swe] @A e s o Jud

%ol Baddl o714 Hext gl et A FHol
O~

%72+ 83 (dissolving), AF = (acid leaching), =3t

+
i)

Z = (bioleaching), &m 3= (solvent extraction), &3 =A
(Chemical  precipitation), A7) s}t 37 (Electrochemical

Aol t=FA el process+ Fig. 2.14%

ok

processes)s°| 8¢loH

2. [25]

_46_



Anode
electrode

Cathode
electrode

-/

H Hydrothermal Ultrasonic NMP
E treatment treatment dissolving
1

L] L2 ¥ L4
Cu Al
ar or Li solution Co solution C

Cu_solution Al solution
[ \ ]
Precipitation
¥ L 4
[ Electrowinning ][ Crystallization ] [ Calcining

]

B

Fig. 2.14 g E&o|=2HHa 9 383 33 EFE[26]
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2.4.2.1 £3}(Dissolving) =74

#4 0% el AR [25]

2.4.2.2 A £& I3

L2 dAOl &A1& ALE3lY] s X 7 o|Ae] 828 1A

298 F%d U Aoz ALY SANN A Fuo
Fae ol dd dW BARPE Felss ol FFow

92 A HE LiCo0s: AAel F5ba gujds 47 54 9]

2o HySO,, HCl, HNOsT 728 §7]4kS o] &3t} [25]
2.4.2.3 BEFH &€ TH

A &2 AA ek BA g2 dubEQd HVlES A

Aeste WHoR mAES ol&ste o



2.4.2.4 &1 F& A

gr FEHL £E3AY AV E SoERYH F58 Yty 3
sled 9y Abgdn £F0] & LiCoO.RHE 458 343
H AFeEE £EA4| 25 PC-88, D2EHP&PC—88A, Cyanex %0]
ot [25]
2.4.25 38 HA ¥4

AFESE g F ol wlE 8o g ey E 3k A e u)
Bl SoiE ILES L FE£S HAAZL F IES A

5 ¥ Yot [25]

2.4.2.6 A7]3tsr FA
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2.4.3 HEOIAAA Y A&EE V=T F

2000 #HglgolakdA] Aggol st 7= 1999 Contestabile
5o =EolAd Aoz AhHAY. AgE - WA AAE 8
Aeto] &=, &=, Aoln, FeH o HHske AFHEH AR
o 2 o]F S AATA Ede JE, EuFE A 2 I
GAE AAA o 2k DAl vk ATt A F7HA BarE o
=H BF ofe dAR FAHT] wiel olyd ¥4 53T
FE=E3% 89 AstE Uetda v oA " FAAI-ER e 7

b Agg A 2 AAAREgel g Ads 3R N
i gloy o] A% 83 4

a9 #HE59 357t 2] W
o 259 Aaflr = T dAE A= s4AEHEY] A
T7F O AR <1 Adstolrt. [28]

AA7HA S A F5AA HEE 483 342 DOWA(IE),
Umicore (87]°]), TOXCO("]=) olA 7ks Tl om o 374

=< AAYE smeltings ©] &3 F FAYOE 54 F&5& 35
st 542 7FAaL Qith TOXCO?9 A A2 oz
A5 skal Qlth 9] 3AF ol 9]l thekst JAel #dE TlEs A
ek glow 53] AR gAY AFE T dE=4d A
FAAE GRS st vk 9 7lENEsTFS Table 2.7¢] 2.9k
st [28]
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Table 2.7. 39 7lesE SF[27]

Nippon Rellhc Town
T= | Mining | Sumitomo| DOWA | Umicore KO Mining | Nikko | TOXCO | TMC LS-Nikko
company company
A . . Comm. | Comm. hy
7|&EE
[S2H# | Pilot Pilot (2010~) | (2003~) Lab. Lab. Lab. Comm. Pilot Lab.
Smelting (HAIH) ez | - 228
AR SlzE 52018
500~750C | 500~1000°C | 500~1000°C | 500~1000°C | 1300~TAOC| 400~800C | 500~1000°C | -195°C of Z S
i X B it it X 2 | g3 | 2 g 2
gdEke| X o0& X X X 0 X 0 0 0
sro | > 35% | T0~80% | >85% >91% > 80% > 85% > 97%
HE | o) | coNy | € | % o | | @ | w
IWEF 3 Ni(OH), | F 420l
_ [ _:J_HlE gJ-A}_:J_HI 2 = L. _=.|_H|E .
HHE| HE | juzeim | e soe| €00, | BLEQ |EFEEE| oo, (HUES gg 3% gz
EH [AzRE | E +8% . aApiE 2o %
ST LiCo0, | 25HE
AH2
— smelting 3 HZE 33 22 &322 S4HY i
et HEHEL F2 Raw material 4Ef TR
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U Aol oe Ao r Bud HYFolAdA ALE Ve
<= 2002 A AL AT Aol TR =wolvh L o] Fof &
o

FAQAAATANA P Fof =R FES AEsL Yot o

LCO && 979 7= Freta . [28]
Il #HHdA QLS FE3 Vet eds AuEd o
AdzAEAT, LS NikkosAl#E (), TMC(F), Adateld (F),
FuHF) FolA &t FXEHIL AT SF=AAALdAT AL A
= Y TR 429 dAA== 0 HHo R Jsiids 3
3tar 13l LS Nikko BAHGG) &=
A4 2agerRyY YA IAEE Igsts Jless JNdstlth
a8 Fup(F) oA E #H A A=ZE Pilot Plant A5 3kl
AtH. [28]
obA7HA = - QAN = HES AT
25 Aejoln 53] A WAelA m2pARor Aestd 2lE
= 3|Fer] ofH o]y E HAA ALE V=
s}

g dAleA 24, AE F 55 e #a S22 dAor &9

T

at= Z1EEe v
o AYEd dA

=
desty 4% scese AgdeR 24, AAlsted of7ledle
Sl =, &d HA, wHEd, gabs 5o Wiol dgdn. 4

=
Agelo] wEolAE YA, mEE, Wk S A, 4%, 22

’



4

i

59

A, salting—out

=]
o

2]
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2.4.4 JFEoIAAA Y ATEF

2000t %719 AF2A Leed Kime #HgFole A oA

5492 LiCoO. 25 gFY FIAEE 3|37 95+
A 22 3 HE AsS dFe o, &S ATV A
st Al NaoS,03 % Hy0, 5= AREsI] A9 LiCo0,9

A4S ARG T [29] =3 2001d9] Leest Kime A&
]

Vo A LiCoOye] $88% 7AFel tiskel AalstAl Tstglon,
PAEE, FELE, ZPNEE, BAHEE Y, WS Lwel

]
3t % 99.99% o] FAFTEL NS 34 AFE )
oM [5], 2010 Lee® Chunge LiCoO,E 3ibkel HE3le] &
FEZ 8 9 GJAE st 4718 Aleks ol gste] Fatstad
E 9 dxgE F8ko] 99.98% ©]49 AR ES A% O
m, fHES FAUEFS olgsto] Azt ATE FHUTHE].
83 NCMAe] thsto] A= 20119 Kim So] A7 xEx8 71
Fol=dx e Hs Eel#/3etd Aes Foto] UA, ILE,
W7 FFEEZ Precusor® A FSFow, FFoJAS o] L35}

gt e Alxskes dT7E FFsAT12]. 1y 7]E o)A A]
il



g4 AY3FHS AFssT. Fig 2.1494 = 71 NCMA
H gEolAAA] FFEEZALY FAHT 2 AFA W A

e} mlaE YER AT
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A 3F AIAE 9 B

3.1 A8A=s

Ao AFEE A5+ NCM Al ¥ g7 AA 9 SF=5gd=4d 34
FAE S ARESRlY AFHREY 3EgxAdE XRD(X-Ray
Diffraction), EDS(Energy—Dispersive X—ray spectroscopy)-
A og BAEE S, ICP(Inductively coupled plasma) #4149
S 3 dAE | 8 Lid wt.%s EAs8HSIT

LiNiO, LiCoO, Li:MnO®| e} Al 74 Zo = o]FojA 3=
AL Feletelom  XRD A+ Fig. 3.1 Weluiglar EDS A7
+ Table. 3.1°1 YJeRITh XRD #4247 AA =) 742 LiNIO,
LiCoO, LipMnOs& Li# Ni, Co, Mn9 F&AsIE 7} 838 o]
T3 gloew, EDS #4437 Mn 8.21wt.%, Co 27.56wt.%, Ni
16.67wt. %% $HrE ol St

APdEe] ICP A4 6.5wt.% BHEITFS U
1 71 A¥=E Table. 3.1 Yepict

PN
T 3l

s
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LiNiO
m LiCoO
' L.|2 Mn'::lg

Hp

Intensity(a.u.)

2-theta(Deg.)

Fig. 3.1 The XRD pattern of Waste Lithium—ion battery powder in this study
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Table. 3.1 Chemical composition of the Waste Litium—ion

battery powder (wt.%)

Element wt.%
C 18.60
0) 28.15
Al 0.81
Mn 8.21
Co 27.56
Ni 16.67

Element wt.%
Li 6.5
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3.2 AgY

A== A% (TGA : Thermogravimetric apparatus)S Z 3l
NCMA #Helg AA & weE 44 Ass gletr] flsho
Ade W3 etk TGAE AR 9 2%of wef d=2 QIsh 3384
/[EelF W3R A= FA MEE AR R wet #Ed
N FHjoly TJEAHOR F~1200TCAA AlmY 7 AEES
ARstAY, 93 A AHAlstEEHl AFEEHM, TGAS T2 ¥
TF 7F92E Figure 3.2 YERY AT}

TGAQ 2= TGA®| &= oJ8l= micro balanced F3 A&
o] FA WskE A S, micro balanceo| FZH %l AAE
AsHA FAete flagZ7t FAISFC] S v flage] AA7F W3}
goh. olwl TGAE flagg Al HAAE FA8H7] f&l meter
movementel| AFE S7F v FEAA flagd] SIAE ol FA171H,
olu 7}l A7 Fho]l FAE EAtE o] AE T

TGAE &3tol NCMA #H2lE A4 s4F4=e =
& dWstel oJst FAWSIE SAste] el AR

S 55 5C/min, 9179 93] Atd AejolA CO; gasE +
A3kl COx E5171014 9 A4 A

ot
lo
)11
o)
_O|L
A
A
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2 MM (Photodiodes)

IR &3 Co| 2 E(Infrared LED)

23 ¢ ZX|7|(Meter movement)

HE Z(Balance arm)

S T(Tare pan) >

Al2 &2 cH(Sample platform)

&4 (Thermocouple) @

Al2(Sample pan)

7t 2 oM E2|(Furnace assembly)

HX| 7|8 &3 (Purge gas outlet)

7+ 7| (Heater) e

HtE(Elevator base)

HX| 7|4 Y (Purge gas outlet)

Al2 T DHC(Sample pan holder)

(a)

Balance purge

Gas out

Gas in

117

(b)

Fig 3.2 (a) TGA 7% (b)TGA EF/1¥E=
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3.2.2 Carbonation (CO, €¥%Fg)

NCMA HgFAA ELEZHE LiyCOset G7124%2 Akst&EAkel
NixMn,Co,Oxide} .2 AxtgS T3 AEdE 7] fsto] A

& APt 4 AR @ Li,COs7b ol =7k el Hats e

.

g WA f8 7y e wWAEE o] 3 A (Boron Nitride) &
Lxsto] Ago]l ¥ & Ui 9 AlEVF & Y HEF AT
. dAg 2 oFeke] E2717F 3] AkdEw 1000 CT7HA] <
2 7bsd A7 RE AFESEAA T

A =2 Al5& FYst $ Carbonation AHS HysFATE 2
d4A 9 /M= E Fig 3.3 o Yekelth. A3 Stainless steel

=7 E AREste] wiAlgE o]PAlS EXGlon, AR 3022
2 A8S APsArt. 2 297 CORY7E COtAfZe 2

2LINiO) + 4COg — 2Li12CO3¢) + 2NiO) + 2C(y
2Li1ICo0 ) + 4C02 — 2Li12CO3¢) + 2C00) +2C
LioMnOgs) + 2C032 — 2Li12COs + MnO
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Gas in Gas out

(c)
l (c[)

— — =

—_—
b
 —

(b)

Fig 3.3 A7|2 SE
(a) ¥Fg=Z, (b) 31H%E, (o) A&, (d STS =714
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Table. 3.2 &AH]F (Li:CO3) # f715% AHHE (NiO, CoO,
MnO) & &E°f tist &3 =

Li;CO3 ¥ NiO, CoO, MnO¢ Eol st &3f=

Molecular formula Solubility

1.54 g/100L(0C)

1.32 g/100L(0TC)

Li,COs3
1.00 g/100L(0C)
0.72 -g/100L(0C)
NiO, CoO, MnO Insoluble
ES
(a) (b)
Fig 3.4 (a) &8& ]9 24% 9 wyk AkF
(b) ZA¢HF}7| BAE
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3.2.4 Ni A¥3 3449

CO RS & FHESI] At E AArste] Agzor g4t
s I & @2 f7t=% 4kskE NiO, CoO, MnOE +24
B2 AMZ 4oole AdHelw, oA Nig A8z o=w 34317
2 FAYMe 4F< Mond
Process® AMEste] Hgsiglon, A3 1~3dA4¢ w9

o
ol
>,
o
o
2
o
ol
ol
S
y B
1>
oo
ol
rE
rlo
L

A% AL BT Ao s ApsE 172 AHgE

om I EAEE Fig 3.5 o Uedld. dsk4 dole & 7Rt
O NiO9 7ol dste] w8t om ofge] Table.3.39]

7 A= YeRTh. Table.3.39 AG° S A HH A 2o A
T Ni0O9 3ol dojys= #S & 2= it} H, 3¢ A3l A3
ZAL 99 d9sd fgolgE 7|HEeZ 200T, 300C, 400C Al

A3t on & £% 10C/min, Hy gas
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NiO(s) + H2(g) = Ni(s) + H20(g)

Table.3.3 NiO9] H, gas &g g9sta fog

T deltaH deltaS deltaG

C kcal cal/K kcal

0 —0.456 12.101 -3.762
100 -0.739 11.233 —4.931
200 —1.182 10.191 —6.003
300 —-1.674 9.237 —6.969
400 =17686 8.878 —7.872
500 % 2318 3833 —-8.738
600 —2.535 8.047 -9.561
700 —-2.834 Tl 3 —-10.349
800 & .1l 7.453 —11.108
900 3363 7.227 —11.841
1000 3592 7.039 —12.554

-~

w2 22 358t f8l F 7FA ProcessE A st
Process 204 Ni 22 CO9F wFEAIZ]A ¥4, Ni(COy) gas A
B= wWHakA =9, 7" Ni(CO,) gasE AWHSstA =4,
Ni(CO4)gas?} Ni, COgasZ EaEF o] Nio| 7|2 AdA ] =
ZA1 7] @A7F Process 30|t

A FA= FERd AVIRE ddste] AdAsilon, AP EA
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o] RAEE Fig 3.6°] YERYSIT

obeflel Ni2l CO gas9te] Anrb-gell thgh wkg-4lo YeRg o,
Tableol €984 dHolHE YEUAH. Table.3.4°14 deltaG #k
S ®™ 100Tolste] %94 Niz} CO gas® ®Ego] dojvq= A

_% o) = oh;}_

Ni + 4CO( = Ni(CO) 4y

Table.3.4 Ni2] CO gas €Hkg dstx do]E

T deltaH deltaS deltaG
C kcal cal/K kcal

0 -38.444 -98.039 -11.664
100 -38.233 -97.404 -1.887
200 -37.866 -96.536 7.81

300 -37.452 -95.743 17.423
400 -37.08 -95.144 26.967
500 -36.546 -94.406 36.444

ofgflell Ni(CO)49o di3) wh&24S e Sl o, Table.3.59]
dodstA folg S vt Table.3.59 deltaG #& Ew 20

0C ool exelA Wgol doubz A % & AUrh

Ni(CO)4p = Ni + 4CO¢
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Table.3.5 Ni(CO),8] sl dsh

Z
&y

glo] €]

T deltaH deltaS deltaG
C kcal cal/K kcal

0 44756 120.084 11.955
100 44,548 119.385 -0.001
200 45478 121.515 -12.017
300 48.59 1274 -24.429
400 54.956 137.558 -37.641
500 65.366 151.902 -52.077
600 80.958 170.797 -68.174
700 102.758 194.369 -86.393
800 131.774 222.69 -107.206
900 169.014 255811 -131.091
1000 21549 293.775 -158.53

Nio] CO gas$} €RES 3= Al A2 Table.3.49 49T

A dolEE 7IRko® FH 2 50T, 70T, 90TAA Y3k

om CO gas 300cc/min #]7] A
Ni(CO)y 71AZF-E]

A 3007C, 400C, 500C Al 7}A

AirZ- 917114 28 s .
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Process 1

H, gas H,O gas

After water leaching
i Powder (NiO, Mn0O, Co0)

Fig. 3.5 Process 1 (H,3¢1) @wt-g= AT

€O gas

Ni Powder
l Ni(CO)4

Ni Powder

Controler

=)

Condenser:
N“coh{ﬂl > Ni(s] e 4(:0",

Fig 3.6 Process 2, Process 3 EA &
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o] 4% A#E Fig. 4.1 o Ytk TGA &% A9E B
H 650~800TC AtelellA] NCMA #HAA|ZEe] FAWMSIF s
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4.1.2 CO, @¥k-g A3d AF

CO, gasE ©]83+ Carbonation A% A= Fig. 4.2¢] vERY
Atk AdAIE= XRD #ARS 8 Ao, Fig 4.2¢] &
=¥ XRD #4435 el

A Ao TGA 574 A 600T~900TAFoloA o] F
stz Qg Awste] Ads Edr 7 2z A9S Jdys)

X
)

|

A

o

o

Fig 4.29 (@t YAIE9 XRD A Axold, YAz 59
Carbonation ¥ XRD #4433 &E Hlwste] HkS o, 600C =4
o] (e AANEY 4F dsaeld LiNiO, LiCoO, LiMnO2 peak
= YEEE WSzt dojuA] ke As g1 4

700C Z=A9] (09 AF LiCOsdo =z dF7F Azt dofwt
o1} ofA LiCoOAre]l wolglal NiO, CoOAre] #&EEA k= Z o
2 Hol ¢bds ®EE7b dojubA gkes & F Stk 8007T, 900TC

39 (& ()9 8% LixCO39 NiO, CoO%do] #zum=z ¢
SEg=49 U] A ES UA AbskEe] Adow s
)7 dojrtth

—_—
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Intensity(a u)

Intensity(a.u.)

Intensity(a.u.)

LiNiO LiCoO;
i m LiCoO i mLiNiO;
= A Li;MnO, a LiMn, 04
£l
=
=
]
c
T
E
10 2jJ 30 40 i:J d:J 0 0
2-theta(Deg.}
(a) (b)
| .
® LiCaO . C.OO
- " Li,COq " NiO
LizCOy
. Fl
=
@
=
=
- ] L=
- = L] e
-1‘: 50 E\IC TTJ 10 20 a0 40 50 80
2-theta(Deg.)

2-thetaiDea )

(c)

L L L .
30 40 50 80
2-theta(Deg.)

(e)

(d)

Fig. 4.2 Carbonation %% XRD #4743
(@) 9YA=E, (b)600T, (c)7007TC, (d)800T, (e)900T
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Table 4.1. $3% A7 W2 ¢ 1 Li $ ICP 242

FHE NI |94 2§ FFICP)
lhr 2321ppm
3hr 2348ppm
Shr 2366ppm

Li & ZF(ppm)
3000
2800
2600
2400 9391 2348 2366
2200
2000
lhr 2hr 3hr
---Li 22 (ppm)

Fig. 4.3 AZtdl 2 s3d& F &9 4 Li &%
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Table 4.2. 2@ ZF59 ugo] ME €9 1) Li %

243 F5579Y vE L9y #F FFACP)
1:10 2333ppm
1:20 2340ppm
1:30 2349ppm
Li 2 Z(ppm)
3000
2800
2600
2400 2333 2340 2349
2200
2000
1:10 1:20 1:30
---Li 22 (ppm)

Fig. 4.4 %% F75Y vl&dd @& &9 Y Li &§F
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4.1.4
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4.1.5 AA FZANAM BEF AF

AA 2AoNMe] Az FA Ws Bl ICPEdatet 1 d3E
e GAE Li &S 38to] Table 4.3 Jehflt.

o
ey
ol
ol
32
o
afl 2
O
[eb)
=
o
o
[eS)
=]
=
o
=]
Lo
1o
Z,
=
O
M
g
=
o
c

Table 4.3. AA] FAANAY FFE AF

Carbonation F3E FHE
24 @A AN E i . -

34 A o e ¥ 89 ¥ v
FA (gram) 30 32.1 900ml 26.2
Li wt% 6.5 6.1 0.19 0

Li ¥
A 2.0 1.9 1.7 0
(gram)
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