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NATCHA WONGNAREE : RECOVERY OF VALUABLE METALS FROM CALCINED
END-OF-LIFE LITHIUM-ION BATTERIES THROUGH HYDROMETALLURGICAL
PROCESS. THESIS ADVISOR: ASSOCIATE PROFESSOR Dr. SAKHOB KHUMKOA,
Phil., 215 PP,

Keywords : Recycling/Valuable Metals/Lithium-lon Batteries/ Hydrometallurgy/Kinetics

This research aims to investigate the recovery of valuable metals from
electrode powder derived from incinerated spent lithium-ion batteries and to study
the kinetics of leaching. The experiment investigated the influence of sulfuric acid
concentration, hydrogen peroxide concentration, solid-to-liquid ratio, leaching time,
and temperature on the metal leaching efficiency. Experimental results revealed that
optimal leaching conditions were achieved using 1 M sulfuric acid with 1% v/v
hydrogen peroxide, a solid-to-liquid ratio of 50 ¢/L, a leaching duration of 60 minutes,
and a temperature of 60°C. These conditions yielded 100% leaching efficiency for
lithium, nickel, and manganese, and 97.17% for cobalt. The kinetics study of valuable
metal leaching demonstrated conformity to the Avrami model, which explains
the metal leaching mechanism through diffusion and surface chemical reactions.
The activation energies were determined to be 7.83 kJ/mol for lithium, 5.65 kJ/mol
for nickel, and 5.08 kJ/mol for cobalt. The leachate underwent purification and
subsequent precipitation under optimized conditions. The first step involved
removing aluminum using a 30% sodium hydroxide solutionat a pH of 7, resulting in
a 98.18% elimination of aluminum. The solution-was then precipitated with oxalic
acid at a molar ratio of 1.5:1 (oxalic ‘acid to nickel ions), at 60°C for 60 minutes,
producing nickel-cobalt-manganese oxalate dihydrate with a purity of 99.70%
after washing with water. Subsequently, precipitation with a 30% sodium hydroxide
solution at pH 11 yielded manganese oxide with a purity of 96.32% after washing.
In the final step, precipitation with disodium hydrogen phosphate at a molar ratio of
6:1 (disodium hydrogen phosphate to lithium ions) at 90°C for 60 minutes yields a
lithium phosphate compound with 99.35% purity.
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1) A52UAUNITLaNINE1A1IUT0U (Pyrometallurgy process) 2) nTgUIUNITLARTNYT
asazany (Hydrometallurgy process) 3) nszuiunmsinauanldlvalanense (Direct process)

(Bhar et al., 2023)
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Jussdusznoundn udsaindu lansnaudazgninanadalidanuuianiuiniy
Fenszaunislaninenatsazats druananiiindulsznaudae Aufieu-ozqiide-
wmiadussduszneundn aggninluatalanglifienuuiqnsunndudenssuiumslan
WeEsagaeunu (M. Chen et al,, 2019; Lv et al,, 2018)

nsAnwnnss leidauunined aisulesoud 1@ enanmeionszuiunis
Taningranudeunuin mswndidninsaluvssernai biffoendiaud gunnfiqe 19y
NSUADUNRIAIBITUVALAN MNO-SIO,-ALO; Tnandmdulansnanlavoad-dniia-noguas-
Wan (Co-Ni-Cu-Fe alloy) anunsadAulanelavead 99.79% dnifia 99.30% waznetuns
99.30% lnewuinauaniiiind uildfoaumtouluawan egralsfiniy auaniiindudaany
uanien fudu Fahldadauenlanglifanuuianiifiugeludenssviunislanien
41588878 WUIAINTATTAaTaIuATIEN (94.85%) WazuuenTla (79.86%) aonanauwanie

a A a a

N5lENIEUIUNSHILUUIANTY (Reduction roasting) IagldingAunalnaviindiney-inifa-

¢

wenila-laveasioonled (LiNiMn,Co,0, NMC) finsuauiivivhiiduasiang fgamnd
650°C Huwan 3 F2lus anduthneualneunvzazaiouazldisuenafndlesaviazas
wuansadauaifionls 85% wazlangdu 9 1wu dniia Tauead wazuusmialdunnnia
99% Fuiaduasussnaudiiisumsuewn (Li,CO,) fniatdawn (NiSO,) Tausaddawa
(CoSO,) hag wilsn1fiagans (MnSO,) (Hu et al., 2017) MsEaeInsEnaLanfitariemdy
asfUsznaundnluussenaLianassu nuitauaniinnsiasudausainvesudananedu
1o wazaruwuuluussorneduiifisunaslse (LIC) Gﬁfﬂmmaafj’ﬁuﬁLﬁsmmﬂal,l,aﬂlé’
97.45% (Dang et al., 2018) N1stNINILAlNATTA NMC 811 thag 111 A2gta InduRed
figaumadl 800-1000°C wurannsavasumadlavziindulanswaninia-lavead-useniia
panlua (Ni-Co-Mn oxide alloy) uwagf1dndiisusanainlanyeonlesls 90% (Windisch-
Kern et al,, 2021) mslddianinsafiidonanmisnluussernmalulnsiouigumgd 350°C
uan 1.5 $9lue andutinedidnInsafiniunisinsrazanesisaisazatonsadailasn
wuIaien dniia lavead wazuasndadussdnsnmnisszazatsninnin 99% Laglaly
a15:59UfA5e1 (D. Wang et al., 2021) nsadndiiisseenainawantaen1sidasinwnaigey
ASUBLUA (K,COs) hazlolfaumsuaiun (Na,COs) i'mﬁ’uiumzmuﬂ'mmﬁqmmﬁ 740°C
Huaan 30 ur 9ndusiinisezazatedeun wudnawnsaatadionldde 93.87%
(Dang et al,, 2022) uena i MawkILAlATgUVAT 700°C unan 5 F2lus Tuwnvie
nutnsualnaugludaviiazats N-methyl-2-pyrrolidone (NMP) 1 uiaan 4 $2las

Wisugnazgililoueanainuiualng vasanduiinaalnamlunivien gaumgil 700°C



Wuian 2 92lue nulassadavesualnalaiianisiasuiasnatsidunalnasin NMC

532 (Jena et al., 2024) Fauanslunisiadl 1.1

A15197 1.1 Mog1uddeslodatunmesaiisuloaaumenssuiunisiarningInnusau

ASLUIUNNTFAWINGIAIUS DU

AR () /Usgdnsamnmsgaulang ()

J8UUARAN: MnO-Si0,-ALO;

anmznsuasulane: 1,475°C, 30 w19

- Tavgnaulavoad-Inia-neauns-Lan

- Aisunadluawanuuen e

. lauean 99.79%, UnLAa 99.30%, NBIWAY
99.20%, LUINTUE 79.86%, AT a 191 83
94.85%

seuvdkan: Sio,-CaO-ALO5-Li,O

AN1ALNNSERILUUAABIY: 1,000°C, 90 U

a

- Aisumaslsa (LiC)

. AU 97.45%

ﬂﬂ?’wﬂﬂ'ﬁLNﬂUUﬁ'ﬁEﬂﬂ’]ﬂLLUU?jiyJQJ’ﬂWﬂ

(<1 kPa): 973 K, 30 w17l

a a 3

- AguATUaLUA (Li,COs)

a A £

« AL8U 81.90% UAYANNUTANG 99.7%

9

ANITNITRHILUUSANTU: 650°C, 3 FILa,
19.9% carbon
ANMTNSVLATYANY: VLaraIunY

ANSUBLUALAZNTA

- AlsuA1sualun (Li,CO,), Aniiadainn
(NiSOy), Iausandama (CoSO,), kay

wasnflagainm (MnSOy)

AN1IENNTR UL InduRed:
20dund 800-1000°C

9 Y

anzwauiiniia-lausas-kusnidasanlen
(Ni-Co-Mn oxide alloy)

AN1IENITRNIUUTTIIMAbULASLU:

9ounndl 350°C, 1.5 Falais

9 Y

ANNITNITVTATANY: FLATAIWAILNTA

- d13avany

a

cAWEY Unina lauean wazkuinida

11NN 99%

AN17EN15N: K,CO5 thag Na,COs5: 740°C

ANNTNTVLAYANY: YLATAIUAIYU

- d@138aeany

. AU 93.87%

ANITNITINY: ATILIN 700°C, 5 Falaug

aSafides 700°C, 2 Hlug

- wAMavin NMC 532




1.2.2  nszuaunslaniInendsazate (Hydrometallurgical process)

nszUINMSlamIngasazasiunssuiunsaialanealgasiaiusenm
oluvdvieduvidifleiiumuuiavslansdsdimnuuiaviganinnsrulavineiaiuiou
(Harper et al,, 2019) Funeundnlunszurunisadalansdroaisazaredssnausae
(1) Fupsunisvrazans (Leaching) Wudunoudivililansidmuneuas/mislansuilou
vosudliegluguresansavans Inglddvihazanefidumsdunid edunid vieuuaiise
(Bioleaching) (2) Tunoumsvilwarsazarefianuuians (Purification) Inethansazasd
iunszarardnseuiedsmieuninansavany eliansazarefauuiandifuty
Futuneuilannsavildnansdd wu nsuandeulessu (lon exchange), msafingesav
azany (Solven extraction), N1sAna¥nay (Chemical precipitation), 81dnlnsada (Electrolysis),
N58UIUNITLY-198 (Sol-gel technology) 1 udu way (3) szfjumaumid’ﬁuiam (Metal
recovery) L unisilangnduunainaisazatsuians laeld358ed n1sanaznou
(Precipitation) SidnTnsiuils (Electrowinning) 518nTns3 1N ¢ (Electrorefining) LT ufu
(Harper et al., 2019; Tawonezvi et al., 2023)

1155 lodanumnes awenleooud ouaninarenssuiunislaninen
#158¥818 WUIINITTTaTAtELAlNATEa NMC aleaisazanslenluioLaslonaudals
(NH5-(NH4),S04-Na,S05) @nunsaszazanginiia laveas wuaniia wavaifisula 94.8%,
88.4%, 6.34%, LLag 96.7% M1Ua1AU (Zheng et al., 2017) A5l (NH,),50, ANNLTUTY
0.75 M denaliinisvzazatoaifion wuenda Laynoauaauiugy 98%, 98%, WAy 92%
auasu luvarfidnifadiuseans nmwnsseavatsanaaas 81% (Y. Chen et al,, 2018)
UBNIINNITYLALAIYAILAITALANEANE AN1TANEINITVLALAIUAI18NTADTLUNT Y LU
n3vzazatesiensalalainaein (Hydrochloric acid, HCL Tuszauvasljuiinis auise
Yrazanglausad wusnia wavaisuninnin 95% (Barik et al., 2017) won1slvansazany
nsndafain (Sulfuric acid, H,S0,) waglalasiauiuaseonlas (Hydrogen peroxide, H,0,)
yrazaensdidninsndifion LFP fgamnil 60°C seaziiainisvzazans 2 9alus a1anso
YrazauAiion 96.85% Wan 0.027% waweanadd 1.95% (He et al, 2017) @sazaneiidl
loepudWsudutuaunsannnznaudLfisuneana (Li;PO,) Aransidlaifaunagine
(NasPO,) Wuansmnngnau Imawﬁmﬁ’m%ﬁlﬁﬁmmu%‘qﬁ 99.1% (Shin et al., 2022)
nsyzaraIerawAlnayidn NMC 111 fmigaisazany H,50, wae H0, Maumginisveavany
70°C Sza319a 4 Falus anseszazarvdifionls 96.10% wavanaznoudifieuneandiil

AIUUTANT 98.98% (Wongnaree et al., 2023) NM5¥EaLaIUHIFNIEAITaLANY H,S0, kv



a

H,0, Saufun1siaamnd 50°C seeziian 120 w1l anunsaveazatslavead avioy
wnanila wazdniialavianun (Vieceli et al, 2023) N13ANEINISYEAZANER8NSABUNSE
WU NsYzarangalensanesin (Formic acid) SuAUa153A9 H,0, assavsavaudiiey
16 99.93% lagarunsannngnoutdu Li,CO, ﬁﬁmmu%qmé 99.9% (Li et al., 2017)
N13TLALANRILAINATINIUNITRIAIINTATATN (CeHgO7) 1.5 M waznsaw1adan (C;HOs)
0.2 M 53U H,0, 6% laausuns aaumgiilunisvsavate 90°C 1luszesiian 90 u1il
ausazara1ulauead 99.5% wagdiiau 97% (Xu et al., 2021) nMsygazarsualnasia
LCO A8 CeHgO; Ty H,0, Waaumadlunisveazany 65°C svesiian 2 $2lus @30
mﬂmzﬂauiﬂuaaﬁaaﬂsmLawﬁﬁmmﬁqwémmiw 99.7% (Verma et al,, 2021) n15vzazany
nanalnazia NMC Tugnsinauaugnngd nuirgumgll 40°C annsovzazareAifiould
98% (Greil et al., 2024) mwzaxmaﬁwL%yaﬁnaqauamﬂa{%aé’a (Aspergillus niger)

ausadAunesuakavdvieuls 100% wuanida 77% laveas 78% uavegdiilen 75%

Ao A [

(Bahaloo-Horeh & Mousavi, 2017; Chandakhiaw et al., 2024) 9Mu3deAAnwINTaNAlane
ganvINANTavaILRILE1aYans 1Y asvrazatedauindiilloosudifioy Tavead way
waan1fla anunsaanalepeuliniianlgfavinazae LIX 84-IC Lasienlospuuueanidanie
D2EHPA iseanauusnila laveas wazdnfasiuiumeniitazaty P507 (Choubey et al.,
2021; Zhang et al, 2022) uanainii nsannlanzanansvzazarsuenludeiiilesoy
Afisy 9niAa 1aUueas waznadlag WuINNseRITinagate Mextral anunseanainiiauay
NIAILBNANETTAaTAELANINNTT 98% (J. Yu et al., 2023) Tudiuvesnisanndiieuiinig
T4 ¥1viazans HA (bifunctional, HA) Ssaisnsoarnawfionldis 96% wasannznoudifioy
ANSUBLUARIBENTAYANY Na,CO5 (X. Wang et al., 2024)
1.2.3  nszurumsiinavanldlnsilaenss (Direct recycling process)

AEUINIBUAUIINAALENTNNIEAMYBIEIUUTZNBULUARES F9433NTS
Aausnldnainvate Wy msldwiman nmsligungd wiensldiasosiloniena Liteusn
dulsznovfianunsothnduanliusslend nimndudiulssneuiiumsdnuenaggniily
UsuugTeteuuda iietunusyansamuazinanlfouldsnads (Harper et al, 2019; Fei
et al., 2023; Prazanova et al., 2024) finsAnwegneninaeiesdmsunisuiuugsdianine
vdaYandu q Windunldluils wu msAnwinmsuduusaualnavindifioundnoan
(LiFePOy, LFP) firumsidauuds Tnonsifivdiiiouneamn (Li,PO,) %’aﬁﬂﬁuﬂimﬁmmq
IUNIE 134 mAh/g (S. Zhou et al., 2022) wisenisiandaeassaudulenluduilasdainn

((NH4),5,05) baztinfigausind 600°C ilunian 2 93lue aviliualvaanuisafiaaugdnms
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154 mAh/g (Liu et al., 2022) ns@nwiualnasindiisnlavendeenlyn (LiCoO,: LCO)
Tnsmsimsnalvanauswivaifiendasulnalaaian tundu wazyFe eufioamnil 80°C
Junan 10 $lus ilsiuelnesianugdimg 209 mAh/g (Fei et al,, 2023) Wiemsuiulgs
wAlnavta NCM 523 nsimanalnanauiuiviedlosslsa (Lil) wavdiiuulansenlas (LIOH)
figaungd 200°C 1uiian 4 F2lus anduihlueuiigaumad 850°C iuiian 5 Falug

ﬁﬂ,ﬁmLmimﬁlﬁﬁmmaﬁ%ww 150 mAh/g (Ma et al., 2022) fauandlum1snadi 1.2

M15°99 1.2 fr0819A1ANRTIzAlnaYilagig o Tldainnisnszuaunsiinduun il

JREIEN
wiaualng GRHIGHTER AUFIUNY
LFP Li,504 134 mAh/g
LFP S, (NH4),5,05 154 mAh/g
LCO aiudidulnalaaian, Llundu wazyise 209 mAh/g
NCM 523 Lil, LiOH 150 mAh/g

a

1.3 ﬂ']'i%lsliLﬁaLL‘UﬂLﬂa%IaLﬁﬂu‘laaau‘ﬁlL'gE]ﬂJﬁﬂ']Wﬁ’JEJﬂ'i%U'Juﬂ']'iIa‘Vi'Q}VIEﬂ
GREGHGRE
PNNSENBLENEANTIINITAN 9 WSS ledauunnesaifisslessuanunsavinli
AszUIuNIA 4 Aildnduanldluide 1.2 Sdldun nsvuiunslaninetaudou nseuiu
mslawinenansazans waznszuiumsiledalnenss luwiaznszuiunsidefuasdoded

a v va

wani1aiy Aawanddumsid 1.3 nuidelfadeladeantenssuiunmslanineraisazany

[ v Y

\osnniideldiussuluiunisadausnlanglifianuuianigeanimgAviidaududeou
iy nsuwdouvessnuatiu madsuuasesdiunaumineadl aveendindy uazdediin
Frutsinaingauild uenaind nszuaunsTainenansazanedianansamuauanzNg
neaedlauiugn 1wy aungll Anuuturesansazaly ArulunIn-AIvedaITavane

szpzanNsaaet Wiy dwalianunsadAulaveldogaiuszdnsamn
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A157199 1.3 UDALAYIDLAUDINTEUIUNISLANINGIAINNS OU LaUINYIEITALAY Ay

Aszvunstnauunlgluilaenss (Zhou et al., 2020)

NITUIUNT Uah Joidy
Taviver | - unszuiumsiimuaudne | - Aeudaandueulaeenlast (CO,) wasld
pmdeu | - viauazvuinvosunmeill | ndsnulunszuiunisvasiaggs
danadionszuiumsiluda | - ndndusilansnanildainnszuiunig
Wy wuslnes vdad ey | vasunasdududesitunisusuuss
looou uagaidadnifawia | dunaunaaitazifivanuuianives
lalase arunsaansleida | lavemenszuiunslaningransasany
wioufiula Fedsmalsidunulunszuiunsileda
- ansadAulanedianainda | iuged
ualn waztauoluals -liiaansaslofadiudsznoununne’
Aueuldvianun Wy naradn wnslug
wazozgiidon 1Wudu iesainiAinnns
aqdndudsznevmandlusgnang
N3LUIUNMTNABUDA
Toviner | - lavgilddanuuianiganiy | - Inisuenuszinnvesian
gsazany | NITUIUNITIANINGINN | - KENTIRNUINUTELANDBNIINATTALANY
Sou Aau 1w Co, Ni, Mn, Fe, Cu wag Al
~annsndleAauumnednie | - adldanglunmsiidaasaraneniedide
Auesleoouldiaun R CQIIRIN
- Honmgiflunszuaunnsm
- \im CO, Uy
s - Hunszuiuiliiesents - ImsAnuendaned19aviden
navwly I9N3 - FoafinsfuuseAutanudsaini i
Tsllognse | - vasandeudanuddanunse | navunlduselevilng

Prnavunleuselewile

- Wulinssedaninasy

[J A o a b4 a wva
- \Wunszurunsiviiiesuiesl iinns
- Wunszuaunsildnaluladuazgunsal
Wy Fednalialiaieludiunis

AMIUNITHAZNITIANITHNUTUY
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nsfnwraunamanivesnsvravateinnuddyesnide eswindaslmdnlads
SnmmissrazatsuaznalnUfAtersewindavefuansazats fedoyamarisndudenis
ponLUULazUUUTINTzUuMsiiusEanSnmiiAfign (Ubaldini, 2021) Tngianzlunsdl
vesuunined aifioulossuiiidiulszneulavedudeutazisauaiuiudou nsdnw
JaunaransveInisrraza1stIsliansatmunan1isiianzay 1w vie uazay
duduvesansazats qungil Araandunsa-ans (pH) wazszeznaInsviufasen dees
dwmalngmsseusyaninmlunsadalansuasnalnnisvzazans Snedsdglunsanyuian

asiadl wazndsuiildlunssuinnis (Clotilde Apua & Madiba, 2021)

Jagdunis@nwiaaunamianinisvrazaislanzainuunnes afionleseud
douanmiinsdaudia Inseiddemaduiumsinngilssansamnsvzazarsngld
AN1IENITVARDIAN 9 LU gl ANudNTUYesETazany AMiNTUYRITLTIUfRTe
waziian yAdeilddenld H,50, Wuaswzarat uay H,0, Wianseandled Tnadaudde
fifinsfAne H,S0, way H,0, fivutfiliuanssmgnsesndlad efnwuszdnsninms
gravaenauAnaadnig 4 fuandumsned 1.4 neldannnisvaaesdil anundudu
Y9IEITALANY H,50, 1-2 M AULluTua09 H,0, 1-10% lnguiuins snsndiuvesidsie
Vouuad (S/L) 30-100 ¢/L gaungil 25-100°C uaziansyzazaney 1-4 Falug :nnInaasd
Yrazanevilad 1AlnaT LAnA 19T UR 98 H,S0, kay H,0, nu31Usedns a1mnas

yrazarelanziinnu1nnin 80% ag14lsAnnu N1sANEINITYZazatunasn (Black Mass) NikIu

M3RIAIE H,S0, wae H,0, Ssnsinisfinydeslutaqiu



'
=

A15199 1.4 91UITENANYIFN1ILAITNAADITLALAY

waaniia Teely H,50, sauiu H,0,

13

lanzaiioy lauoas dniia way

H,SO, | H,0, | S/L | aeunadl | hian Useansnn
EINGIN T
(M) | (vol%) | (g/L) | (O (h) ANIYLALANY
NMC 111 1 1 40 40 1 99.7%
(He et al., 2017) Li, Co, Mn, Ni
NMC 2 5 100 60 2 | 99%
(Kim et al., 2014) Li, Co, Mn, Ni
NMC 811 2 3 50 50 1 100%
(Vieceli et al., 2023) Li, Co, Mn, Ni
LCO uay 2 10 33 70 3 | 99.76% Li,
NMC 111 98.46% Co,
(Chen & Ho, 2018) 98.62% Mn,
98.56% Ni
Mixed LIBs 2 4 100 70 4 1 98.8% Li,
(Nayl et al., 2017) 99.6% Co,
97.8% Mn,
99.4% Ni
NMC 111 1.5 8 30 25 1 80.2% Li,
(Chen et al,, 2019b) 93.2% Co,
90.3% Mn,
91.5% Ni
LCO, Li,CoMnsO; wa 1 5 50 | 95 4 |93.4% L,
(LigssNig 05) (NIOy) 79.2% Co,
(Meshram et al., 2016) 84.6% Mn,
96.3% Ni
NMC 111, LCO 2 2 50 80 1 | 81% Lj,
ez LMO 98.2% Co,
(Chen et al,, 2015) 97.1% Mn,

98.7% Ni
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nsAnwIvaunariansnszaratelaiinisAnwiluudnaesnalnnisszazaisniu
LUUIIADILNUNAAL (reacted shrinking core) WAZLUUIIABY Avrami (Avrami models)
§198199UA To7 Tn157 nw19auAIans 1S TEaTaY uansRIluA1S197 1.5 Sahu & Devi,
(2023) Anwnalnnisszazansualnavin LCO lnglunsaloanostnAuidudy 0.8 mol/L
Snsdrmvodaioveaaii 50 ¢/L figamgil 70°C unan 60 Wit wuiwszAnsamnns

yzavarlanzaisuwazlauaas 100% wazn1svzazatsialnnsnasu1elafl8wuUdIany

=

UfiA5eiai uui uda (Surface Chemical Reaction Model) @ silamadsanunss sy (E,)
voslavgdvionuazlavead Uszuia 14 ki/mol Yang et al., (2022) ladnwinalnnis
vrazargualuasida NMC lagldansazaiy H,50, 2.5 mol/L nsmeeng1an 20 g/L
LardsnsdIuveudenevannad il 1¢/10 mL Agamgd 85°C tutaan 100 wrd wuin
annsvzaratediiion dnifa wwanida waglaueadunnnin 96% Gemsvzavarsdifie
gnaruAulagniIsuns (Diffusion) luvaizdi nisvzazats Gniia wwenida uazlavead
anenuaslasufiseueadiuuiiuia Tasen E, a¢flurag 31-48 ki/mol Gao et al,, (2018) @nw1
nalnnsvrazanensalayila NMC lagldauidudunsnes@fin 3.5 mol/L gaumgll 60°C
way H,0, 4% lagusunns e H,0, deralvinalnnisvzazarsandulusinsi wagil
UsEEMBNMNTTE A AYEIEn %Qﬂaiﬂmﬁsnzazmagﬂmuauﬁaaﬂﬁﬁ%mmﬁuuﬁuﬁa waLA
E, vodlavigiigy dnina wuanida uazlaveadegluaia 52-56 ki/mol Meshram et al,,
(2015) IfAnwinalnnsvzazarelanganuanalnaiiniunisinn Ingldasazargnsadainin
it 1 M uazlafosludamn (NaHSO,) amidudu 0.075 M figaumnil 368 K Sasdu
S/L 20 ¢/L wlurian & $alua vilsszans nmnisuzazansdifion dnfa waslavead
111131 90% Tuvauzilueniia 88% uagnalnnisvrararsgnarunuieUfAseaiivy

WuHIuay A1 E, vadlavedisy dnifia wienilla wazlaveadegluyia 20-27 kl/mol 13

(%
Y

Wy atuAn¥IN1svraraIsLazIaUNaA1anTIINTANTIMALNATLAAIG 9 151 NMC,

9

[ 1

PRV

v '
(% =

LCO, LMO uazuam tngraslaunainnismndidianinsaniodanuunnaiviaun wWisaaiy
d197U52noud uns g uazs g auuszanu 19U polyvinylidene fluoride (PVDF) wa g
polytetrafluoroethylene (PTFE) N5t lanansauenuenneanaIngiutsznoudue) (1wu

fadnszualii wazideniunnes) laeg1eduse@nsain (Babanejad et al., 2022)

o

WANANY HIAAUNTARENINTANDY 9 AILNITUENNINIEAIN LilaiTUTeanTamluns

'
a

afalanglniiussansnnuaziianuuTansigs (Bae & Kim, 2021; Jena et al., 2024)
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A15199 1.5 2881980 11EN1TNARDINISANEIIANAAIENSNITVLALANYRILALNALUALADS

Aisulosau
WauUnTEAY (E,)
YiauAlng A4N13EN1TNAADY ’ wuuI1aasnaln
KJ/mol
LCO 0.8 M Ascorbic acid, 13.5 i, 13.7 Co Uisenatiuy
(Sahu & Devi, 2023) | 70°C, 50 ¢/L, 60 min N
NMC 111 1 M H,SOq, 1 vol.% 64.98 Li, 65.16 Mn, | Uiz aiiuu
(He et al,, 2017) H,0,, 40°C, 40 g/L, 66.04 Ni, 66.12 Co | #uRa
60 min
NMC 111 3.5 M acetic acid, 41.33 Li, 41.47 Mn, | Yfisenaiiuy
(Gao et al,, 2018) 4 vol.% H,0,, 60°C, 42.29 Ni, 41.20 Co | #¥uia
40 ¢/L, 60 min
NMC 111 0.5 M citric acid, 90°C, | 52.04 Li, 55.68 Mn, | Ujfseaiiuu
(Meng et al., 2020) | 80 g/L, 80 min 53.21 Ni, 54.22 Co | #uia
NMC 111 1.5 M malonic acid, 38.91 Li, 60.19 Mn, | NSuNILag
(Fan et al., 2020) 0.5 vol.% H,0,, 70°C, 48.34 Ni, 49.49 Co | Ufisenmiiuu
20 ¢/L, 20 min i
NMC 811 2.5 M H,SOq, 20 g/L 31.96 Li, 42.95 Mn, | NSLnsLay
(Yang et al,, 2022) | Oxalic acid, 85°C, 41.01 Ni, 45.75 Co | Ui nmiiuu
1 ¢/10mL, 100 min i
Calcined NMC 1 M H,SO,, 20.4 Li, 21.7 Ni, MSUNTIAY
(Meshram et al., 0.075 NaHSO5, 95°C, 26.8 Co Ufisenatiuy
2015) 20 /L, 4 h Nufin
Calcined NMC 111 1.2 M DL-malic acid, 20.2 Li, 28.9 Co, AN
(Sun et al., 2018) 1.5 vol.% H,0,, 80°C, | 26.3 Ni, 25 Mn
40 ¢/L, 30 min
Black mass 1 M CgH19O4, 5 vol.% 70.1 Ni, 28.2 Co MSUNTIAY
(Gerold et al,, 2024) | H,0,, 85°C, 25 ¢/L, Ufisenatiuy
64 min i




16

NIANT LS LU WA T U T U1INNTEUIUNISILUMLADS LT oulosausda NMC 111

' '
(% a v A

gaunAN1sINTUTEINN 500°C Literdnianduniduagiiteuyseanu i PVDF uag PTFE

q

=)

VRN KandinsUwdeugaainasddsznaunne 9 loun ezgiiden (1nlaseasa

[ d‘

?
Tandun3d

LURALAIDT), ASUBL (A1NTILBLUA), NDILAY (AINTILAINA), AaN8F WATALT DY

Usganu YNIARIAINN15:UA 8 UwUaIILASIES 1Az aIAUsENaUMIGATE B US oUW g Uiy

A =

UITHNEUN TelnanpIaUNAAIENSVRINNTITATANELAYAT E, vinlinalnn1syravaie

nagdmnuuansseanluanauideneun vsllenuuansiavaiifieidudeyadiAnyivaey

[

TH91AT8RTANULANAT LaZWRIUINITI MLAaLUALKM DS aieulaesudouannleog1adl

ULANTNN

1.4  ANWAUINITALUIIUIIY

[y Y 1 [

U ULANYULLANIELAZEANANGDINITUITYDUAIL:

1%
[y (Y

1. Msfakeningdv Tngavlunimaasswesuidetiitunaunsuivanimuazns
ARLENTILANAIIINUITBU & VinlidunaLLazesnUsznaUNNATAANTIUA BuLYAY

danalrandudesdinisusunszuiunisiimnnzay Iiaiuusyansnwlunisanalany vadeh

NI 9 Jeuldnsialnanideuaninuionsualnauiandsundneinaass Jelidesniu

q

Y

nsvuIUMswIeLIngAuNdudaumlouiunuidell
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- ugnuadidninsmeananniandu 4
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wuswesdtiisuleesududiudsenevdrdyedrunnlugnainssuenueud L
(Electric vehicle: EV) WlaiTsuiflsudnuaguazauifniu 6i1e 9 Yeauunneiaifivulossu

= Y dAa a Y s o = i da a
LUSLABIRENT LLagLLU@LW@?UﬂLﬂ@-LNWﬁIﬁIWi@ @ﬁLLﬁ@QMWiN% 2.1 WUILLURLABDIALNYL

= ]

lopaullnnuauURlanAuALANURUIRILYBINENIY FellA1gendwunne3slindy o faaed

Y

(% '
v a ¥ A

Wi (Choi & Rhee, 2020) Snvisilaudifiusnuauy 9 Fail

1. hainiun dauvszneunaaivesTanualnafuasusznovafiendadulans
anlat Seilfuunmeitdmin,

2. o1gnslinuiiun esndifiulosouiiszqlwihfiguiliamnsafundsau
IihlsununiuunimeTulndu

3. ¥139Uszq i laSa \osandrulsznevvesiunnediiuasusznovdifion
deifnufftewvuwadlniiieiilhAnusiulniihgs wasfundsnuiianuatios

4. Hufinssedaninden msliuumneddiiivulossulususudvisannisUdosfing

Sounszan Miluunmeidfisulessugnudauazihunldausgraunsuarglugnaivnsy
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AI599 2.1 WUSHULTEUAN WL TR UALA DI UUBUAINHILUUAS 9 (Choi & Rhee, 2020)

R i wuaLmestinLAa- L
I8 LUALMBDI AT 5 ) wusWesaieuloaay
wiialalnsa
USELANYIULURA Prafunuuiowds | lause wasuandu Tldin
AU LU D
o 35-40 40-50 90-180
Wawau (Wh/ke)
ansusenauaifioy
WANA prnI0anlyn dnialalase (LiMn,O,, LiFePO,,
LiNiMnCoO,, 8u 9))
LAUAE AU . .
walun lanelalasn ANSUBU
INTU
“ . o oo . ansarangsnasamiey
dnnslan NIALANIINLIDANS A158¥aNA9 4 o s
Y30L9aNDALDS

211  daulszneuvvesdasuunmeiaiieulooau
wummessindiioulosauldndnnisiuasundsnuailmndund sl
fduusznouidda Toud (1) Bidnlnse (electrode) niadalnilh Ussnaudae wolun
(anode) wazualng (cathode) (2) wHufud lununines (separator) (3) 8ianlnslas
(electrolyte) (4) fFunseia (current collector) (Osiak et al., 2014)
1. Binnsaviedaliiiwianantasilaih dvimidlinssualnilya
Wuazesn Usenaudiedaualng (Bi8nlnsadauan) uazsuelun (18nlnsadaau)

Anuarnsalun sl uazdnidundsuveswunnes Tusy fulasindnuazsyia

[
v

asusezneauvresdantiualnauazielun Taualunavinunainatsveufieglusuvounslng
= | I3 & o a A = A A v
Wwisuasuegdnatuas Taualnaanasuseneudiiisulaeiisigenuanaisiugn
a | a o ¢ o N ~ o & | Y
wasuuuwluergdileunesd awanddunisiai 2.2 laswanidiualnauyseonls
3 1A99a519 A48 lasandnuuukiNudy (layered structure) lassnanuuuadiua (spinel
structure) uaglasswanuuuladiu (olivine structure) ) Asuandluzun 2.1 usiaglassasnelv

anuAn1su Wi nrsdnfundsulnia wazsaunsldaunaieiu sakandlunisnen 2.3
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M5 2.2 TaouaglangluwunmeIvlindiioulossu (Winslow et al., 2018)

UTU0dU09570/ 389 (Wt.%) v0ualnaviing1ee)
lavie/3a0) —

NCA LMO NMC LCO | LFP
avaliiiluy 21.9 21.7 22.72 52 | 65
TAvoad 2.3 0 8.45 17.3 0
VDAY 133 135 16.6 7.3 8.2
wian 0.1 0.1 8.79 165 | 43.2
IV 1.9 1.4 1.28 2 1.2
waanla 0 10.7 5.86 0 0
finiAa 12.1 0 14.84 1.2 0
Su |
fuszanu 3.8 3.7 1.39 2.4 0.9
AISUOU 2.4 2.3 3.47 6 2.3
ddnnsladuavdniavans 11.7 11.8 1.66 14 14.9
Waeolse - - 4.99 - -
ns LA 16.5 16.3 - 23.1 13
AUIUAIUTIU 17 1.2 - - -
20NTLAU 8.3 12.4 4.52 - -
Woanasa - - 2.04 0 5.4
Waamn 4.2 45 3.29 4.8 4.4

< CoO¢

-lll{l!'i'éulayel

e ppl2lPes e,

(n)

JUN 2.1 Uszianlasauantaualng n) laseudnuuuusiudu 0) laseuanatiua a) lasawén
lad3u (Daniel et al., 2014)



a5t 2.3 autRvestiuelnaviana 9 (Lyu et al, 2015)
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o anwnghazaudfvasalnavilngng 9
auun
LCO NCM NCA LMO LFP
1AS9A5 WU WU WU aliua Toddu
Thas (V) 3.7 3.6 3.6 3.8 3.4
ﬂ'wmwm; (mAh/g) 140-200 160-190 180-200 100-120 150-165
souldau (39v) 500-1,000 | 500-3,000 500-2,000 500-3,000 1,000-2,0000
5781 L U1unang L an an
ANUUaBANY U1uUnand A A A AN
A5 b 3C 3C, HEV, EV, 3C HEV, EV, HEV, EV,
EV NAIU PNAIU
RERRG Av010

a1sUsznovdwisy (Lithium Compounds) stiandenlglununmeiauisa

v

wUspanidu 7 fia (Frith et al,, 2023; Fu et al., 2023) fraii

1.1 uleulausasioanlyd (Lithium Cobalt Oxide: LCO) A 1A39
uAnuuULsuduUsEneufsduresBifisuuarlaveareenludiiSesiuaduiu Taauelnayin
iflqasuiiannsadnifundsnuldann uwiongnislfnudu ldmnzauiiagldouisudmin
10 gamgdags uazsiangs iesanndilaveadidulanzvienn LCo douldfugunsal
didnnsedindvuaan wu nsdwidletie ndesidnea suiawmasuuunnn 1usiu

1.2 alsuunsnidlaeanles (Lithium Manganese Oxide: LMO) fig
TasawdAnuuuatiua denududounnnitlaswdnuuuukuty shlfmslnanssualiiing

Faviniingaluseausunua ouldgamaiilinu 80°C uasludinsrodwindon

9 Y

v

uiifedeeluduegmslinudu wasnmsfnfundsnusiingy LCO egslsfinnu Tanualng
Ussamilomngfumslinudusosudngh idesdeluih wargunsainsuwnd

1.3 aveudnifauusnidalaveadaanled (Lithium Nickel
Manganese Cobalt Oxide: NMC) Ae fanualnaiifinisiaunieufladounnieswos LMO

=

nuUAlATINANWUUBHUT U s ITdnAasufuLuem davazlauaasdualvaiunsanniy
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WALty usesnin LCO uavangnsldemunuty ilkianualnaussianiinune
dmsusasudlii wazdnsenulnii

1.4 Aisuiiniialaveadevgidusenled (Lithium Nickel Cobalt
Alumninum Oxide: NCA) LHuualnafignitmmuiiuatn NMC fqaustuidsluings annsofin
Fundauldunmuieatu NMC wagaaign wiiidadasduaignisldeudu dudu
Aidendmsusaguilninlaguiu

1.5 Aflsuwdnmloaa (Lithium Iron Phosphate: LFP) fio walnai
flassaramdnuuulediu Jaoanmusmumuliwiwasiisn seavsamasilda LFP &
AaulaaauluduAUnUNIUAsguvige danudasnsdeas Uaeaiun1sanieasves
nszudlilih wardlongnislianiiennuiu whesihminannirfaguuanedeiadu uide
AaaudRduauUandeuaraununiu vnluddeumanreaalasuanudenlussuy
dardavesgun gl

1.6 Awieulnniiuneenles (Lithium Titanate Oxide: LTO) H3aiAu
Tusuagnisldanuuiuia 3,000-7,000 soU dnudasndslusenitanisidanumsiziin
anufeulstios egnslsfinm LTO Tiwdssmidios msfniundanuduazsiamung deald
ufuwinitele wazsaliiiuiegu

1.7 Aisudaines (Lithium Sulphur: LI-S) idusunines fiegly

Y
& =2 a v ! < 4 v [ (7 £ J da a
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2. wduiutlunumnned uiuiutlidnuauzlassadadugngu wuse vuse
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gaunilgausiuniunuaziinnsaesuazangilviaiiiedlessuliaunsandouniciuls uas

9 Y

Joaruldlanalddnanieas

a s [ I = a a o a a6 a
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3.1 nqundediiiey lawn Aileenayvigeslswean (LIPF,) Siiey
wWoainaaian (LICLO,) wagdifiguanysngoanlsonaiun (LIASF,)

32 nauansazatedunid lawn eviatuian1sueiun (EMC)
lawfian1suaiun (DMC) lateaa1susiun (DEC) Inidua1susiun (PC) uazlefiay
AISUBLA (EC)

3.3 nquianiiltluniswdndidninsladuvuiea (Gwmduldeuly
wusneIUssavaiiisalndied) liun Indlefidusenlus (PEO) Indozadlalulnsd (PAN)
Indhilalafiungeslsd (PVDF) uaglndumamloan (PMMA)

4. §¥unszua vhiliaidnasoulnariutazihmdsnualiuselonilsd
Tneiifsunszualiviujisonduansazaredidninslad 1wu Tanzezgiifen lansnesung
Tavglimilon lanzuneddy TavginiAa uaslanzuuidon usiu fiunseuaidouldsu
ﬂ’i%LLﬂlWﬂﬂﬁ‘f}g’JLLﬂIW@MWﬂﬁ@@ﬁ@IﬁM%@%QﬁLﬂEJiJ woluntleuldlanenaung

21.2  jUswaduumnssaLienlessy

wusned alfisulossuiinseenuuuwadliisidninsasiudouduluuniu

AEUTUATY Lazdin1soenuUUTUINAIURNAuANENTY anunsautsviaadosniiy

[

3 4l (U7 2.2) (Stalmans, 2023) fil

_» Steel shell
-

(n)

JUN 2.2 dnwaizsusawaduunnesaiiedlessu (n) wadnsainszuen () waansauidy

way (A) wwaakn1g (Stalmans, 2023)
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1. wwaansenseuen (Cylindrical cel) idnwuridunsinszueananaevie
neusngniieviumelavemanndilsaiy

2. WadnsaU3Ty (Prismatic cell) Tdnwazidunssdimdouiiuignieviuse
lavzwdnnanlfatiuvseezaiiioy

3. Wwadwd (Pouch cell) ddnwazidunszidwnd suuazidanudu
ovgiililounesduarnanaindeiliaudanguia

213 Tassa$ruunnesaiisulessulugusudlii

wusne3 afielossuiltlusiueunsluli (Ev) 1inanmsowadinaiii

shefuliduluga (module) wazthlugasnyuszneuduliiduufiauunimednieuvninedyn

(Battery pack) (Harper et al., 2019) #a881aM5UsenauwiaLUnnas waslugafiuang1aiu

Alilusosudliinludlagtuduandusui 2.3

Cylindrical Prismatic Pouch
Tesla model S 85 Mk1 KWh battery pack BMW i3 MK1 22-kWh battery pack Nissan Leaf Mk1 22-kWh battery pack
Panasonic Samsung/SDI AESC
3552V
235kg

Pack

16 modules per pack 8 modules per pack 48 modules per pack
| 25kg 245kg 3.8kg
79 mm ::::::::@ y _l ....... o l
4 w 150mm ~_TTT0T 35mMm =z=z=z=z=== ]
Module T~ [ sesmm 7 ’ P I Z ¢ L
302 R g
Ry 311 mm_phy_360mm 225 v 303 mm
! @ <

444 cells per module 12 cells per module 4 cells per module

© 18 mm —»| |--

123 mm
65 mm[

Cell

Calls shown at

magnification of 36V NCA cathode 37V NMC cathode 3.75V LMO/NMC cathode
et 4859  Graphite anode 2kg  Graphite anode 914g  Graphite anode

Ul 2.3 dhegnagauunineiuaslugadildlusosudlvinluiiagiu (Harper et al, 2019)
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2.1.4  wndnnsIuLuanasaisulaaay
wustees awsulessuldndnnisiinufAsenadiniwuudoundula

nsesalnnusees dwalinisluwadiinnisiad sunue s lannsouanndualnaluda

a a

ToluarIuasHIuLen Turaziigifulszadionlonaundounniudidninsladuazueiu

q

[ (%
v

Audalugataualun enUjiserdi1uiseneendiatu (Oxidation reaction) 910Uy

& o v ao a a aaa ! [y 3 I
muaiumwmmmuﬂimammﬂ,aaau LLaBLﬂﬂﬂQﬂiﬂﬁi’JﬂJﬂUﬂﬁiU@‘Uﬂaﬁ8Lﬂua’]iﬂizﬂa‘U

9

€

[

ATEUANTUIU VULRITILBLUASUDLENATIUINIATAEUDN AdnalrrIANUAIIA NS LT

WINET L38nINUATEHIUGATE13ANTY (Reduction reaction) Asuandluaunisi (2.1)

[
[ RY

anabidlot Ul inanuluadesneluwad ey

(2.2) waz (2.3) MIinUAsenull

a a aaa

WahluldauaziinnisaeUszediisulessuainwelualidiwalna n3onsiinugisen

q

[ a <

dounduiazdianaseulnanudisunsrnanazlvindeulniieanun dwanslusun 2.4

v
a =

Uffsemiintuvasdsyylnihuazmeusegliihantaualve Tauelun wavdisesiuves

wusmeseindifiedlessy (Chawla et al, 2019)

LALNA:

LIMO, = LigyMO; + xe™ + xLi* (2.1)
Lalum:

C + xe” + xLit = Li,C (2.2)
UN3154:

C + LIMO, = Li,C + LioMO, (2.3)
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dAU5E]

Charging) A18Us33 (Discharging)

e

s &Y
WHUAUTD
didnnslad

Li*

gy

Li* oo Li* Lit it
Lit Lit e— | " — |

JUN 2.4 wuudnaesmsihanuwuameIaiieslossu

2.2 LLu'avmn'ﬁé’ﬂnmwmma’%aaum"lﬂﬁwﬁﬂaLﬁau‘l,aaauﬁtﬁauamw
ms%’mmsl,mmma%‘éaaum‘lvslﬁwﬁL?fauamwa’umaLLﬂqm’maqummw (State of
Health: SOH) G?fﬁL‘ﬂumsﬂimﬁumqmﬂ%ﬂmmamw\ma? wuale 3 huInng (Harper et al,,
2019) i (3U7 2.5)
1. u,umLmaéﬁﬂszﬁmﬁmwm’]m;mﬂﬂ’i'] 80% anunsntnluszneuiufuLunmes
Tugaviewaddu 9 Nfnsiuszavsnimaunndn 80% feduls uazanansnthluldeninaile
Snass Sennszurumsiinisussneuwiialugl (Repack)

aa a

2. WuAWesHUTEANSAMAINNINATT 60-80% d1mnsaundunnlien (Reuse) 1d

Tnefitudndifivszansamildmnzilulilunsuszneuuumaed sasudlainlndld gn
vl fununmeidaslidrios vieuunmeslugunsaididnnsetind

3. WUsLARIHUTEANEN A IRTeEN I 60% liaunsathinlfnuluiuuunines
sagudlild FaluTleda (Recycle) il ot iandanduunldusslovidlni lned
nszuumMsslAadal nsvurunislanineraufeu (Pyrometallurgy) nszuaunslaningn
asazay (Hydrometallurgy) waznszuiunsiindvunldlmilagnsa(Direct recycling) (Tao

et al,, 2021) éﬁ’QLLa@ﬂugUﬁ 2.6



Efficiency >80% Repack

Efficiency 60 -80% Reuse

““m <60% Recycle

JUN 2.5 msdamsuunmeisagudabiihiidenan mlaefiansanananisguam

<

T :
1 ReagSembly Disassepbly
| > .
1 z ’,
1
1
1

g
L N ® 2
\
b Z 3 - Firstlife Repurpose
2= wieh ‘n ity gl
g8 ! End-of-ife, ! Second life
% E : ) recycling | !
E1 ¢ ical s, !
B/ L sl Ehas S |
1 1 ]

LIB cell

Aluminum
current collector el

" P |
Cathode active
material ;

—_— Scparator 4

1
1
1

recyelng -7

]

1

1

1

N e ——————
1

|

§ NeeealSIlR -
\

1

</ Directcathode !
ey ]

1

= < - > —— Graphite - M A .
Copper current l l l l
Yo collector ", S/ T [ I

=) mm) ) )

Raw material Electricity Heat Water Emissions

Legend:

JUT 2.6 wumnan1sdamsuunwesaiiedlossuilidenanin (Tao et al., 2021)
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2.3 YunsunIsAaLEnLUamasaieNlaaaudauan W
nsAnuenLUALmoIaTivu o ullEeuan il NdRyeE1mnluns leLAalans
Fadwmauszdnsnmuazanuusgnsvedlangludunounisvzazarswazn1sanaznaulany

(%
v @

niadiantgyuafiuinudwindoy (Bae & Kim, 2021; Mondal et al., 2024) Tngvialy

()}

[
v

JUNBUNTAABENLUALMBTAIEU LoD UNLEDUANINUTENDUALE

1. msangUszglnih uduneumdnuszqluihimdosglununnes welesiunis
Wnlninan9aswazn1sia bl

2. nMsuendulszneu WemeUszasadu svduunneslduendiulsznausie
an v oA = v oA )
FMsweneilenIalyAseIINg

3. AN59A UA hazanvule iudunaunyinliiunmaItuuinanad

4. NITHN Lﬁuﬁﬂ’umaumiﬁﬁm%Lé‘ﬂiwﬂaﬁuaxmi%Lmzaaﬂmﬂi’mgau

5. mfnwenUszinnian lagldnann1smai@nd 1wy n15HenvuIneynIAAIENI3
) v < % ' & % ~ A o aAa
AU, NS WULYAN, NISHEAAIYAINUAUILUY LTUAY LN DLUNKNILALNANS DHIAIN L NS
Yudousndu o ietluAnwselunssuaunslaminelaisazane

Khodadadmahmoudi et al. (2023) laiaualinreuszquunmaidiieulaaaud
dowann fwansavareledsunastsd (NaCl) 9nUuwuUAweIazgnan ualiliawindnas
& ' & ) Yaa ) =~ ) v o Ao v o
Junousenunsfnkenaunialagldisnisdu teusulilansmnlivuineynialngifss
AUwALANA1 AL UAIUENTRNI9NIEAIN NISAALENUIELANNIANEILSYINbaratamalle 1y
nswhauiiswendanniuimidnug msldudndnaaianfdaudfuiman waznisuansdie
ANUNUILU U DT AUTEAN TAANIUAMULANA 1A UNIARAELATIAS1 Aakanslugun 2.7

a

Zhou et al. (2020) lessnums3latdanunmesaiiosleseuiidenanwienszuiunis
TavAnerasazans Sduseunmsuivanmuunneidl uonualnaeenaindiulsznaudu q
Mnsunuelnafiorndanediueuarorgiidonooninnuiualve wayldansazarensnadio
Tavfieneenin dwmsunszurumslaninermnuieuhuuninedinaeuszqlui uazvinis
Loniwadesnandiulszneudu q Wwadaggnimwii gamgdaindy 300°C iierdn

'
a

ddninslad wazthluwnseiigaumgiuinndt 700°C wWemdananain antunasulaneuay
wonafialangliiiauusansaienssuIunslavIngiansazay §mMTUNTEUIUNITNINTE
nsusuannsremsaeUseliiuazueneadesnianndiuusenaudu o wuiu anuuly

uhamsuaulneanlanuandidaninsladoonanieasauneas LaswenkalnaeonaNLeas
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ualnaitlsgnihuiue wazldnsdulunisusnuuineynia Fsazldnsualnafidesduszney
maaiifuasuutadly fafu mualnafildfon vl gsdunauuarosdusznoumaniilvdn
s ﬁ'ﬂLLamﬂugﬂﬁ 2.8 Yang et al. (2023) l#@nwn1suenuelnaeenanadiulszneudu 9
Tuwaduumaed mnduthualnaudluaisazans Nacl 15% Huaan 36 Falus iierdadidn

Inslad ndnuuaualnamelaufiansvsiuniienidn NaCl Iwdesy deuiualnaag

a

gninluinlueniiilafioamgll 750°C WWuan 12 dalus iiefdnansueunazansusenau

9 Y

FUNTY NARINWILAIUALNAILYNUALALLENVUINBUNTA KTl L lUannlaneaig
ASTUIUNISIaMINgIa@saraty Gao et al. (2018) lavn1shenkAlnaaanaNdlIulsEnay
wunLmesaisulasaumeile dakalnavuIn 100 M1s5198aawns wazdrluaulaminudun

gl 100°C Wuwian 24 Falus 9nduivgazaeualnn Ma et al. (2022) wgnualnaeen

= (Y

INWARNIULD FHALALNAYUIA 100 A1SINTURLUAT wazukyluasazaly NaOH 2 luans

a

Ngaungiines Wuan 1 uil viiliezglilleunevdiinnisazae uasnsualnadeozgiidey

Y

Yuioutiey fauandluun 2.9
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(Discharging (submerging in sodium chloride solution))

Shearing crushing

( P ( 245 mm ) ( -5+0.075 mm ) 0075 mm )

( Grinding )
( Drysicving )

‘ +H).075mm ) C-0.07Smm )

(Electmsmic separation

Air scparation

Surface modification )

Flotation )

(%
[

JUN 2.7 Juneumsdnnenuunmesiiiieulesauiidenanin lny Khodadadmahmoudi et

al,, (2023)
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Discharging

Dismantling =8 Anode/plastic R ——
el /metaletc

Discharging
/dismantling

Spent

Supercritical
Spent cells &= P

cathode Evaporating CO.
) electrolyte
\,AVPVDF' m,/ , Removing
plastic 2
_ Cu/Co/Ni/Fe
R Sintering J
I

¥

JUN 2.8 TumBUNITAARENLAZNITANALANEAINLUALABS AlTieuleaaudlidauanineie

NsEUIUNTIanIngn (Zhou et al., 2020)

(n) Lwaa

a

Q) wAlne () sralisuvod (@) WILALNA

Y

Y 1

JUN 2.9 fegananisAntenganlusmeIaieuleasuvlineadnsanssuen

(Ma et al., 2022)
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IS4

2.4 msjaulangiididlenszurunislaninglansazany

nszvIunIslaningrarsazaregniunldlunisslafanunneifiisuleesun
douanimeg1aunsviany 1leeandnisldndsnnunaznisuaesuiasaunszaniem
fiusgansamlunsgrulanedAuasnindaeiilalinnuuiansas Fanssuiunisiangine

d1vaza1udd unaun @A gUIznaun 18 N13¥zarane (Leaching) Lagn1sannznou

(Precipitation) (Y. Ma et al., 2020; Yao et al., 2018) ﬁﬂLLamﬂu'gUﬁ 2.10

Mechnical and

thermal treatment —> Cathode materials ﬁ (Roasting), leaching |

Spent lithium-ion batteries —

Plastic, Fe, Al, Cu and anode carbon | Separation and purification |

Li. Co. Ni. Mn
salts/compounds

Production of cathode materials

H Crystallization or precipitation |

JUT 2.10 Fumeunisanalangaignizuiunisianingransazane (Y. Ma et al., 2020)

2.4.1 n15¥zazae (Leaching)

nsvvazareifud unoumsanalanzuewd dnaraduaisazany
A8FIYaLae LU nA (H,S0,, HCL, HNOs, H,Co04 WUUs L) Ana (NaOH, Na,COs b usin)
wisansavaway 4 Tnefinsdnuifauusiiieatedsd anududuvessihararouavans
1$9UFATn Smandauveaudanevennad g d uaziial KERA W7 lda1nnIs
yeavanefe nznaudilignuzazans (Residual) wagasavarefiiilessulan (Solution) thly
dnwluduneudald 91nn15Anw1USHAYATIUNTSUT LA 29 @ enuI 1l nsAn®InIs
Yrazaroualvaiideuaninydn LCO NMC wazhalnanas aigdaisazaisnsnaiunss

AILEAILUMAISIN 2.4
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AN 2.0 NSTLALANYLAINAYRA LCO NMC haghAnaNauid@auadn nalsnsnaiunss

(Hua, 2023)
in o a4n138N"3 -

Lol A3A a1sissuansen oed Uszansnmnisveazany (%)

NMC 20M 4.0 vol % H,O, | 50°C, 2 h, 98 Li, Ni, Co, Mn
H250, 5¢/L

NMC 1.25 M 0.1 M Na,$S,05 60°C, 2.5 h, 85 Li, 90 Ni, Co, Mn
H,50, 100 ¢/L

NMC 2.5M 0.8 M NH,4Cl 80°C, 1 h, 99.1 Li, 97.5 Ni, 97.6 Co,
H,SO, 100 ¢/L 97.3 Mn

NMC 1.0M 1.0 vol % H,0, | 40°C, 1 h, 99.7% Li, Ni, Co, Mn
H,SO, 40 ¢/L

NMC 4.0 M 2 times of H,O, | 90°C 2 h, 98 Ni, 99 Co,
H,50, 125 ¢/L

NMC 20M 10 vol % H,O, | 70°C, 1.5 h, 84 Mn 99.8 Li, 98.6 Ni, 98.5
H,SO4 33 g/L Co, 98.6 Mn

NMC 18.4 M 4.5 vol % H,O, | 80°C, 1 h, 100 Li, Ni, Co, Mn
H,50, 800 g/L

NMC 1.8 M 9 ¢/L ginkgo 80°C, 40 min, 100 Li, 98.7 Nj,
H,SO, biloba 15 ¢/L

NMC 1.5M 2.5 vol % H,O, | 95°C, 100 min, | 95.4 Li, 99.8 Ni, 99.5 Co,
HsPO, 25 ¢/L 98.0 Mn

Mixed | 2.0 M 4.0 vol % H,O, | 70°C, 2 h, 98.8 Li, 99.4 Ni, 99.6 Co,
H,SO, 100 ¢/L 97.8 Mn

Mixed | 1.0 M 95°C, 4 h, 93.4 Li, 96.3 Ni, 66.2 Co,
H,50, ) 50 /L 50.2 Mn

Mixed | 1.0 M 0.075M 95°C, 4 h, 20 96.7 Li, 96.4 Ni, 91.6 Co,
H,S0O, NaHSO; g/l 87.9 Mn

Mixed | 1.5 M 0.25 M L- 60°C, 1 h, 99.7 Li, 99.6 Ni, 99.6 Co,
H,SO, ascorbic acid 66.7 ¢/L 99.9 Mn

Mixed | 2.0 M 6.0 vol % H,0, | 60°C, 1 h, 99 Co
H,50, 100 ¢/L
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AN 2.4 NSTLALANULAINAYRA LCO NMC hashAlnaNauil@auan nalensnaiunses
(Hua, 2023) (79)

¥in e a4n138N3 .
Lol A5 a13issdanaen . Usgansnmnisvzasay (%)
Mixed | 4.0 M 10 vol % H,0, 85°C, 2 h, 95 Co, 96 Li
H,S04 100 g/L
Mixed | 0.5M Electrochemical | 70°C, 2.0V, |99 Li, 97 Ni, Co, Mn
H,SO, reduction 1.5 h,
Mixed 0.88 M 80°C, 2 h, 99.6 Li, 99.1 Ni, 98.9 Co,
HaPO, _ 30 g/L 97.3 Mn
Mixed 4.0 M HC 80°C, 1 h, 97.0 Li, 97.4 Ni, 96.9 Co,
_ 20 o/L 98.2 Mn

2.4.2 n1sanAzAaY (Precipitation)
nsnnnzneududuneudidalunssuaunislanineraisazane
Tnefifnguszasdiiiowdsuloooulavgluansazaneliiogluzuosds nssvrumsiildaans
19U NaOH, Na,COs, HyC,04, CaCOs Na,PO, 1 usty 1t oUsua1Ad unsn-a9ves

A15a%a18 TIAINA LLAANITANALNDUVDILANLNADINIST NTTUIUNITANALNDUSIAIUITOTIY

v a a

fUABnsdu 1 WU n1ssEMe0eNANAITAZATY UFNISANALNBULIULNLT A BIfly
UsyAvBam fil

Takacova et al. (2016) lémnassvzavasuunneiviindifioslessy
flfauudn ieatnlaveaduazdiieslviogluguvesansasans Budusonisun anvuinse
pzunsetou IniuouldmutunasiinTeidunaunaeiidemaia AAS wuinilavear

22.43% iy 3.65% UniNa 1.54% noauad 1.33% oxailifluy 0.72% wwiniila 1.49%

wazinan 1.27% nghussduduansusenaulavseanlyd uazasueudundn dwandugy

1 2.11 3ntiugzaranssie H,50, kag HCL innududu 0.1, 0.5, 1 wag 2 Tuans lvigauugll

Y

lumsazavate 20-80°C l¥dnadruveaviainovesudsn 50 AuEI5OU 300 SOUADWNT WAy

nalun1svgazaty 90 U wulnaunsavzazatelauaadle 100% nNNsaIsazatensa

'
=

lalasmaa3nfiaududy 2 luans Iaungll 80°C nanlunisyzazaty 90 w1l luvaed
Avisuanunsaveazatala 100% Aled15azany H,S50, way HCL Ainnududy 1 luas

gaundl 80°C Tanlunisyzarateimenindaiasn 20 Ui waznsalalasaaein 60 Uil
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Tnpt samgte

1 - Carbon C

2 - Lithium Nickel Oxide Li0.45Ni1.0502
3 - Lithium CObalt Oxide LiCoO2

4 - Cobalt Oxide CoCo204
5
6

LI TN

22500

- Aluminum Al
- Copper Cu

10000 |

3

| H
3

2600 —} { | 2";' ] | 1 4 i
IV 18/ 2l | 22/ 2/l 2| s 2

75 OV | | >
S S P, S, Y v N Cmintd it et Maiittitrd sl Nt SR~

== Bth

P mis?

JUN 2.11 Hadnevingamemaia XRD vasiunnaiviindisuloaaiudauanin

(Takacova et al., 2016)

a

Meng et al. (2020) la@nwingdnssunisvzazaislans (@wiay
dniia unsnila Taveadt exgliilon uaznawns) fMensndnin Tnsdnumnnesvindiiion
loeudenaninasuszglwi mndunsndauusznouiilunarainuasivinoon wazih
Bidnnsn M¥unszual uazdidninsladluualildvunouniadnndt 150 luaseu v
Hnnevidhemain MP-AES nuindiusinalansduandumsiedl 2.5 el Aifin 2.529%
Tavoad 7.01% finiAa 6.76% wusnnila 6.81% nosuas 8.91% uarezgiiflon 12.26% iile
ihlrrazareiiganzmsvzazanefiifianududusnaiu (0.25-2 lwanidodng) dndau
Y09uTI9BL1aT (20-100 NTUABANS) gaungil (50-90°C) 1181 (5-180 U¥) wazans3 Al
(lalasiuleseanludsosay 2 Ineusunns waeninwaarastn (Ascorbic acid: AA) 0.03 M)
wuInseaesfidslaléiiy H,0, %Lﬁmﬂﬁzﬁm%ﬂwwaﬁqmiuaﬂﬂazmimamfﬁ%’ﬂm%m?ﬂﬁ
AUdRdu 0.5 M dndiuvesudworennad 80 niunedns Wgamgill 90°C uaziailunis
Yrazane 80 w1l lnpUsednsnmnisyzazans Alen dniialausad 1nNn3n 90% wuenia
89% MaundLarargiiiisntiasnin 27% dwsunisvaaesfiinisifia H,0, ionsaueanes

wndwaliuszaniainnisvzazatgvesdiien lavead dnifia wwsniila iiugauszuna

95% Waz 100% MIUAIRU WATINUINTALIAADSLUN LA IUNITOULALANUNDILAILA
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M3 2.5 NAIATITEIUNANNLATNGINGAU 1AeN15VAR0IYes Meng et al,, (2020)

519 Li Co Ni Mn Cu Al Bu

9

wt.% 252 7.01 6.76 6.81 8.91 12.26 55.63

Meshram et al. (2015) la@nwin1sq Aulavedifion lavead
wanila wazdnianuuaneslindaviadiioslesoudildemuda Inonanduaiiion
A$UBILN wMTaniuain dnifanivelun warlaueadeansian dedidunounismnaes
il thuummes viladfioulesouii nuneynisldeuuaiedsz i aanduuen
duUseneuwman nanadin uazdidnlnam lnetdidnTnseinnisusntaueluauazunlnagen
9nfu Fauelualdgninuuenwaunsiiduagrosdnosuns Fauelnagmitnunfigaumad
250-300°C 1dut3mn 30 wndl wudnaunsakenuskalnaeenInesdezqiliiousenle
nawalnagniluadalanedienseuiunislamingaisazals nuIIMsSIEaraIenie H,S0,
1 M sawivansimdlanesludald (NaHSO5) 0.075 M ensiduveslisnavednal 20 niu
sodns [gnmgil 90°C uarldnailunisuzazans ¢ $alus wudamsavzazarediiionls
96.7% Tavaast 91.6% dnifia 96.4% uazumsmia 87.9% ntuthasazanedislosey
Tavzavanseguimnnzneulaensusuen pH 71 1.5 srensaeenendn Agumgil 50°C THhan
2 $lus vllaveadannznaveenuidulaveaseoneianiiienaudans 98% aniut
ansazansTva onnaznaunolgLA suAI UBLUAT pH 7.5, 9 uag 14 aud1au awviln
wusnila dnifauazdifisunnagnousenunluslaisszneuaivelundiiianuuigns

Usvanal 90% sauansluguil 2.12
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Spent LIBs

| Manual dismantling l

Casing and fluff Electrode materials
Disposal/Steel recovery | Physical Separation ‘
I
\Z v
Cathode material Anode materials
1 1
\ v v v
Cathode aciive material Aluminlum foil Copper foil Graphite powder
H,SO, Recycling/ Reuse
Residue Filtrate

Oxalic acid — l

CoC,0,°2H,0 — Filtrate —> Filtyate —> Filtrate
NaCo,, le= 7.5 NaCO,JpH =9 NaCO,, pH = 14

MnCO, NiCO, LiCO,

JUN 2.12 uwnuiamsslehakunnaiamealossuildnunas Ing Meshram et al,, (2015)

Liu et al. (2023) la@nwinisnaulanzdetannualnayidn NMC532

Ingddunaunisnaaesnuanslugua 2.13 dindunalnanatiuaIsuay 26% uaznsn

'
U a [y a g

Fafla3n 0.85 M Atk fgaumgil 800°C szaziian 90 w19 Feianidunediuesgnian

q

[

famoenly naalnafildannisnsildezazarodioin Wievzararedifiouosnain
naupnalngliilseavsamnnssravateaiiion 98.6% ntuthansazanedifiounannzney
selafsunsuoiuni gumingd 100°C sziinndndusidifiounfusiundidninuuians
99.10% mLmimﬁlaigﬂmazmaéhaﬂfﬂéfgﬂﬁwlﬂmazmaﬁwmiazma H,504 AULIUTU
1 M gnsndiuvesndesiovadvan 1 s 20 aamgilunisveazaie 90°C nianlunsvvazany
180 w1# wagAUisaseulun1snIL 500 Seumaundl nuasnsaszarateiinia lauead
wazunannilauszanas 99% ansazaneiiligmirluadausnlansusiazseenaindulasldngn
Weano3nuaznsavlealnin anduvinlaanisananouluaisuszneudamndaeisnis
ALY wAaSeiflddedniAadama (Auuians 99.95%) Taveaddaia (Auudans

98.95%) wavuusniadamin (muu3ans 99.40%)
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Spent NCM cathode material

[ Sulphated reduction roasting ]

V .
Pretreatment material <
} |

[ Scletive leaching of Li ] —_— W : : —

'
Water leachi id
4

[Efﬁcicnt leaching of Co, Ni and Mn]

Acid leaching solul{ion of Co. Ni and Mn

[ Separation of Mn element ] —  Solution containing Mn =
}

Acid leaching solution of Co, Ni
i

[ Separation of Co element ] ——  Solution ¢ ini

!
id leachi lution of Ni
4

[ Preparation of compound ] <

4
_mi S LC_QSQ.i v /MnSO 4@2&3.‘)!2&&

a{' v a a ¢ = aa
E‘U‘V] 2.13 LLN‘Uﬂ']Wﬂig‘U'JUﬂ'ﬁQﬂTJIaVWUﬂLﬂa I?’TUE]@G] BHNNTUE Lhasanay Q']ﬂN\‘]LLﬂIVl@

iln NMC523 Tideuanin 1ng Liu et al, (2023)

Djoudi et al. (2021) la@nwLuudnasen1snnagnaulansiia1an
asavanedauiniiflesondifivn newwas lavead dnida warussndaduesdusenaundn
Tnefidunanmanidananslunissi 2.6 arsazatedaminazgnanazneudisaisazais
Twieulonsonledgaedn pH 7 4-6 Fwilhinnesuaceanlefiu mntunsesasazansuas
1415 Cyanex 272-(Organo phosphonic acid) wenlooeuvsslaueas wusnda eenain
lespuilnifauaraiiioy asazaneiiilaveaduazuuaniaszgnmnpznouusnuuaniaoen
Aou tneldansazanelufeulalupaslsiusua pH 7 1-3 FoiliAnnisanasneuves
wsnilavenlediu wazansavareiidailonsuredlaveadazgnanazneudisaisazans
Tniieilensonles USuAn pH 7t 3-¢ Aansannznoulavsadlonsenlenty @uansavaned
flnRalazdivisuhuenegneuiinifalansenlanmsaisezatslfsulansonlentieen pH

1 6-7 uazanagnaudiiieuasusuameluiieunisuaiun daanslugui 2.14
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a15197 2.6 Usinadlangluansavaredamlslunszuiunisnaass ag Djoud et al,, (2021)

579) Aoy | veawas | dnfia | lavead | wwsnila
AN (mol/L) 0.442 0.259 0.134 0.131 0.125
Leachate
(Li, Cu, Co, Ni, Mn)

NaOH
4 <pH<6| — Cu (IT) NaOCl
Precipitation 1<pH<3
( Co (ID) + Ma (ID ———
Oxidation

——

Liquide/liquide Extraction
pH =5

Ni (II) +Li (D | NaOH | —

NaOH Ni(ID) 5
) | e Ni(OH
Preci;)itation ] [ ( )2} Co (D) i»—‘ Co(OH),
Precipitation
Precipitation

g‘dﬁ 2.14 msaneznaulansilmaindisazaiedains lae Djoudi et al., (2021)

Yao et al. (2018) loAnwkagsivsiudeyanisidenldaisveazany
Tavzfiananwanalnaveswunmesafislosouiidenan nislandn sSusiduasazarouay
ArNeuUTiMa e INMSTEaYaTY IINNSANYITBYANUINENTAEATY H,SO, T sedngnimnis
Srazavalfion 78.6% lausas 80.4% wavmzneuiimasainmsvrazarsiiusmnamedinia
waruwaan1daunnin 15% niskdansazatsuwenludendaniazionlaioudalunlunis
gravarenuinlilseans nmnisvzararslanzunnniinsidansazany H,50, Inefiaiiey
wazdniiagnuzazanelaas 98% uazlauead 81% drunzneuilindeainnisvrazanedl
wusnilawvidiont 96% é’ﬂLLamﬂugUﬁ 2.15 miazmaﬁmums%asmﬂ%gﬂﬁmmﬂmﬂau
Tidaduansusznevdiien-inia-lavead-unanidla senyian (Ni,Co,Mn,C,0,) ALfiay-
tnifalavead-wenia lensenlas (Ni,Co,Mn,(OH),) w3adieu-infia-lausad-tuaniila
A1suBLUe (Ni,Co,Mn,CO,) lngldarsasatensnoeneidn arsazareluienlansonlas
waransazanelufouasueiun Anuasy TunsunsanazneuLenlansudasiuldansly

ANSHNAENBUNANILAITNAADINLANAINUAIL ANAZNDUALTINAIS UDLUARIBANTAZANY
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ToAsuasuaiun USuan pH 7 10-14 anszneulaueadlansenledsisansazateleio
lansenledusuan pH i 11-12 wiennaznauliidulaveadosnviandewenluie
penwLanuIansneanIdanlnauANAl pH 71 1.5-2 wonaNHaLIsannAznaudnia
A1sUBLUALazLIINTaas ualunA A sazanalafauA1susiun 1ag pH 71 9 waz 7.5
AUEIRU FeuasENnsannazneusieans 2 ¥iiafe asazaneludeudaliuazlnden
lansenlen Anduaisusenaunasdalns wavnowunslensenlen wavevaliflounnnznou

measavaneludeulansenlyd iialuezafidenlansenlud dauandugui 2.16

Selective leaching of the cathode active materials of spent LIBs

Leaching Baked with NH,- (NH,),SO,-
H,C,0. H,PO, Na,S,0,
system H,50, (NH,),50, (NH,),50, 2 e e
v v v v v v

g 78.6% Li, 90% Ni, 95% Li, 98% Ni, 98% Li, More than >99% Li

1
Solution 80.4% Co 81% Co 81% Co 98% Li LiH,PO, £2204

i More than 15% 97.7% Mn 96% Mn >99% Co MnO,, Co,0,

Residue of Ni and Mn (NHAMA(SO,), H,0 :.t“y’x&;o)’b:g Cea0s Co,(PO,), and NiOOH

PN Y a e a =
E‘U‘W 2.15 ﬂ'ﬁ“ﬁgaSa']EJNQLLﬂIW@@?EJﬁ'ﬁﬁ%ﬁ']FJ@uu%iﬂLLGSBUWifﬂUﬂig‘UQUﬂqimﬂaaﬂ

1a® Yao et al, (2018)

Ni,Co,Mn, ,,C,0, Ni,Co,Mn ,.,(OH), Ni,Co,Mn ,,CO;

H,G0, NaOH Na,CO,
mé 110‘3) (PH=9-11, Ref. 119; pH=11, Ref.‘ (pH=7.5, Ref.
& 120, Ref.122; pH=8, Ref.123) 121)

Li Co Ni Mn Cu Al
Na,CO, NaOH (NH,),C,0, (pH=2, Na,CO Na,CO. Na,$ NaOH NaOH
(pH=10, Ref. 4; (pH=11-12, Ref. Ref. 4) ; H,C,0, ( H-92Ref348) ( H-752 Rgf 48) (pH=1, Ref. 60; (pH=6.45-6.5, (PH=3.5, Ref.118;
pH=14, Ref. 48) 124) (pH=1.5, Ref. 48) PH=5, Ret. ph=/.>, et pH=5, Ref. 118) Ref.122) PH=6.45-6.5, Ref.122)

Li,co, Co(OH), CoC,0, NiCO, MnCO, cus Cu(OH), Al(OH),

= a
E‘U‘VI 2.16 MInnRznaUlaneINaIsaraIeNNIUNTTEaratelunIzUIUNITNAADY

Ing Yao et al,, (2018)
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Yang et al., (2020) léAnwnszurunismnmgnouddutu iiledau
Tavefienanansaraeilldanmisvzazarsuunmeddifieslessuiidenanin lnoEuainms
anaznoulieniaeantan (MnO,) fuans weauludvulsledama ((NH.),S,05) Usua pH
7l 5.5 gamgd 80°C Wuan 90 wifl annsadAuusendald 99.5% Mntduwendniasen
NA1TaYA1AILEANT DMG (CgH1aNgNIO,) Tneusu pH 1lu 6 gaungll 30°C Wuan 20 wdl
awsadAudniiala 99.6% dmsunisanagnaulaveadlansenlas (Co(OH),) aw13n
anaznaumeludesleasonleduiuan pH 71 10 gamad 30°C Wunan 15 wifl wuindau
Taueadld 99.2% dunouaninennnznoudifisuniveundelmfeuasvounanusadiu

Aitenilel 90% sauandlugud 2.17

Pretreatment process

Mixed spent |

lithium-ion __5 | Mechanical _  Disassembled __ , Calcined and alkali ___ spent cathode acid leaching and |
batteries disassembly products leached °  materials remove Cu, Fe |
Na,CO; NaOH DMG (NH4):S,08
Reused 7l Precipitating , Precipitating P"“‘\P'tfz""“g < Pri eupnta::ng Leachate
filtrate of ,Li* » of Co? of Ni of ’T“ (Mn, Ni, Co, Li)
A A '\ W
Li;CO3 Co(OH), CgH 4N4NiOy MnO,

d' a a d‘a a d‘ d‘
EU‘VI 2.17 ﬂi%U?Uﬂ?iﬂ‘dLﬂaLL‘UG]Lﬁ@iaL‘VI‘EJ&Jl’e)’E]@‘LW]LﬁBmﬁﬂ’]WiuﬂiﬁU’JUﬂ’ﬁ‘Vlﬂa@ﬂI@FJ
Yang et al,, (2020)

Wongnaree et al., (2023) la@nwin1sanagneudiiisunaging
(LisPO,) ntaualnneiin NMC fidevanim Gusuhuunmeiaifieyloosufidevaninany
Uszquumnod measazaislufsunaslsd 1ntdukendaualnaeenandiutsenoudu 1
Taualnadldandalifiounndn fuanduzud 2.18 uasidnesgfidounosddae
avsazarsluideulansonles walnafiusimainesaiidonazgninunvzazatesay H,50,
2 M 521U H,0, 8% lagUSunns dnsrduveuderiavasuar 40 nSusodng ﬁ@mmﬁ 70°C
LagsEETIaIMIvTara1s 4 2l nuitaansavzazatedifienls 96% uazanmznewy
LisPO, (mmu%qmé 98.98%) meltlaluneulalasiauneamn (Na,HPO,) Luansannznauy

nansduanlalvinseiieduduriinvesansusenausemeatia XRD fauandluzui 2.19
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(n)

U7 2.18. Faualna () walnaildainniswenesnainiandu o (v) Aawalnaliénas

(Wongnaree et al., 2023)

25,000

20,000

15,000

Counts

10,000

5,000

| | ||

= |
At = =R u=m =
50 60 70 80 90
2-Thata (deg.)

10

j;dﬁ 2.19 @Unnsu XRD wazanuurazneau Li;PO, 91nA159nngnaulunssuiun1smagass

1ny Wongnaree et al., (2023)
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2.5  auwadIansniIsvzazane

LY |

nsfnwaunamansnisvrazatgluseauesluansinnudAysienisoanuuy
waznIsMruRanN1Izn1sTEazaelussivgaamnssy Mmadilatianalnvesnsvsazatelans
sxislumsesnuuunsyuunsiaulans iliussansnmuazansuyuls (Ait Brahim et al,,
2022)
251 vdniuguaunamansnITTEazany
JaunacmaninIsvzazans mnefdninalisuulasaniuzvedvesuda
\duveanan Tnsiivesudsiotaniflaveidussddsznou uazveamandedvhazans Taed
wann1g (Faraji et al., 2022) il
1. nalnnseravaneiidssaresnsiiivesnisozazany
- suns (Diffusion) \unsiadeuiivesvhazaneuaransavangsdy
Ruenludsituioyneiidurosuds
- UA581 (Reaction) WuuiAsenaiiszninsoyninvaaudnazfavin
ganofuTnuiveude-ro s
- MsmAInNandua (Product removal) Lun1swsnszarevaslessulany
ponINuAITeNTs
2. SumeufMunsns) (Rate-determining Step) utuneufid fianlu
nSEUIUMITEaraEURRINITAUANA IS eI SEAYAY Usznaudae
- MIUANNSUNS (Diffusion-controlled) duntsunsvesansndiunie
WARSuTKuTuAEN
- MuALUAAZe (Reaction-controlled) WumaAnufAzeiaiiivina
A0l vo9mad
3. 951N T¥zazany (Leaching rate) Junsidsuulasenududuresans
fignuzavaneidenainuly Ingldsudnwanniadesis o wu guvgll vuinoynia AW
duduvesdiazans (Jusu
2,52  WUUTIARAUNAANEASNITVEAZANY

nalnesn1svzaranelaneMinduaNIs0e5UI8MIENaNN1SVBILUUTIAB

[
=

WNUNARY (Shrinking core models: SCM) Ll unalnassnisszazaraiind ufi W Ui

2

[}

sunmaidureands Wenawiulloyniavesudarziianmmedi ndnnisvesuuiiassilie
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aaa [y v

1) wnuNa1svetsyn1AliinuAsen 2) veusuniAiaufAseTuanInwInden 1y Ay

Y v ﬂ Ll =

a a aa A v Y
bUNUU BEUndl bUUAU kazinsiuagukUasanIuy Iﬂﬂﬂm’)ﬂ@ﬂ@uﬂ’lﬂﬂ%mﬁ@u%L“U’]bL‘UEN

1
v a A a IS

wnunatsieunafivunadinas wuuiassfigninandnwde wuuiiassniupuiuioed

' [
a

(chemical surface control model) (aun15% 2.4) yaunsiinufisenaluuiuiiindu

SENINNVDILTILASVDIVAT LAZWUUTI1AINITHNS (diffusion control model) (@un157 2.5)

[
v

yuilunszuiunsaglauudn lagn1sunsnszanevesansnanup Ut uNdndusi it uly

LY

senian1sUAsen asanddugun 2.20 wenanildaduuudnassaunisegdsnd (Aviami

Y
a =

equation) a5ungnalnnisszaraIsnISARUNATENINUEILAZN1TUNINTEAB AU (AUNI3

2.6) (Ait Brahim et al., 2022; Hua, 2023)

.- M,50, %15
P diffuses cla
- . 71 R=)
P into bulk QJ =
’ wlo
Pl —
AR
s o % existing 5
\ product 3|@
i \ layer 3la Unreacted
21°
7 et core
' N
[H;SO+H,0 - 5
1 Diffuses _— 9 1
,' from bulk H? +H,0, @ °
' diffuses o tv]
<
.' through S
! product layel

Ul 2.20 uuudaeILAUNARA (Shrinking core models)

1-(1-X)"° = Kt (2.4)
1-3(1-X)?° +2(1-X) = Kt (2.5)
(n(-tn(1-X)) = InK + nlnt (2.6)

il X AeusednSnimmsvzazanalane K Ao A1AsivesUisen ¢ Aa 1ian (U¥) wag n A9

[y

auresuizen deyanisneassszgninuindeniuaunisnay Wemaun1simuizan
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figanauisaesurenalnnisiinufise1vedlans n15UseLlUAIIUUUIZANNITIINAN

q

o a1 1

wsEdAns (RY) mnAdudseansdennnusdladnaunisiuaenadesiudeya uaglviniy

WHUEIMALAINUIY BT 8VDINANIITNAABILARA BNYTIAINITONING1UNTEAY (activated

v s

energy, E,) 99dlanglaannaunisensisiioa (Arrhenius equation) Aeuansluaunisi (2.7)

1% N

Fandeunseduilifivatesdudnsniivenisiinliserdenisiufounlatgung

q

£
a

WNNATUNITAUI USRI ATeamn sainTulm s

K = AcE/T (2.7)

a

Tnedl K Ao AnsivesUAsen A Ao urnwmesmnud £, Ao wdanunszduvosufasen
(Ki/mol) R fio Amsil 8.314 J/Kmol T e saumgiiasysel (K) (Faraji et al,, 2022)
253 Bdvdwavasiulsiideadavaunasaninisyzazans
Mulsiidmadennuiwesmainufisonsvrazats uazUszansaw

nsszaratuveslaneiliulning 1989998 (Biswas & Davenport, 1994)

- YUINOUAALAZNUTIAY dUNIATLIALEN (R UARITINIZNIN) d10190

yzararwlid iesnndnundudanudivinazanewinuay

aaa =

- gaunndl gaumgiingsdudwalidnsinisiinuiisenaliuaynszuiuns
LWINIEAELSITU

~sniu anudasevlunmsniuiunTudnalieunavesudedudaiuih

[ (% ' ' [
= a v a

¥a1e uagyiiAnmMImemnaiiug @y annuiudns N sveazane gy
- ANUTNTUYBIANTATaNeIgLaINTas R IM TEaranslave Launauy

2.5.4 n1sAN¥IIAUNAAIEnINISYTazanalansifaIanuaLnesaieuloaaun

VHUNANIN

o
LY

Jupounisvzararslansiduduneudrdnlunssuiunislaninetaisazane

4 L 3

i oadnlanzoanainvesudsfioivhazazats uAdeiiAsadestusaunamansnis
yeagawdnnjuiuluiitadenisvsnadenisvzazas uazuuudassiliesurenalnnis
YLATAY

Meshram et al. (2016) l¢@nwinsvzazanslanzanuunneiaiioslessu

P 19 aa ed i Y] = ' Y] |
NEADUANINAIYAITIAIGNLLANNIIAU I1NNTANYINUINETaLdY H,SO, 1 M 9615187U
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YBIUT9ABU0WNAY 50 NTudedng auualilunisyzazaiy 95°C szewiial 240 Wil
TrUseanSnmnissraratediisy 93.4% LaUaas 66.2% Unkia 96.3% wagkuaniiad 50.2%

< v a a & AN o a ¢ En
ULAIUTEANTNINNTVLALANVDILAUDAAWATWIINNERT WadaNtAvean (Co®Y) way

o A

WUNEE (M) Hlaveendmduias intrnisibansazalensnag1umelliaiunsavsazaiy

Y

[ '
v = A & A

Igavun fadu Feiinslianssmdifieananuresndinduveslaevad (Co?) wavuuanila
(Mn29) lusuaseidld@neunanssmg H,0, wasludeuludamn (NaHSO,) a1nmIsANYINU
Wi H,0, 5% a@wnsaifiuuszansamasslaveasuazuuenidals 79.2% waz 84.6%
AIEIRY warnsruavesndsunsedulans il Tangdifiou 30.7 Ki/mol lauead
29.6 KJ/mol fintiia 42.6 KJ/mol wasuuen1iad3.9 Ki/mol n15uis NaHSO.fimnuidudu
0.075 M danalusednsnannisyzazarelanelauean (91.6%) wazuusn e (87.9%)
1NN H,0, Sm;ﬁmmsmzqﬂalﬂmi%axmaiamé’asJLLUU@Tﬂaaqaumi Avrami
(@UNN35 2.6) WagnITunasunsziuuadlangdiiiey 20.4 Ki/mol lavead 26.8 Kl/mol was
dniia 21.7 KI/mol msﬂauﬁmﬁaf\]1ﬂms%asaﬂﬂwud'FUm@ammﬁmatﬂﬁauuﬂmgﬂs’w
wasdivuafidnasiionatlunssrarareasuulas Snvadiiusinalanvantosanienan

lunsvzaraedinunndu daandlugun 2.21-2.23

31 4
2.5 -
Element Wt%
oK 23.77
AIK 02.95
Lol MnK  16.82
Kkcnt|© CoK 35.60
NiK 20.86
1.2 -
0.6
Mn Co
Ni
0.0

T L} L] L Ll
100 200 300 400 500 600 7.00 800 9.00 10.00 11.00 12.
Energy - keV

gﬂﬁ 2.21 WAIAIEVINIY SEM-EDS v89xauAalng tag Meshram et al, (2016)
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740 3s
Element
592 oK 1.0
AlK
MnK
s CoK 0.8+
b NiK KCmt
296 - ° CUK N 0.6
o .
1484 Co 0.3
|| || Co © a1 % Ni
Al Cu Co
Mn | Ni Mn Co gy
o - A — 00 e *L

1.00 2.00 3.00 400 S006.007.00 800 9001000110012, 1,00 2.003.004.00 $00 600 7.00 8.00 9.00 10.00 11,00
Enorgy - keV Enorgy - keV

(n) (@)

JUN 2.22 uadiAsnevisaeg SEM-EDS vaingnauflmasannisveazarelaeldans H,0,

fiszozinan () 1 $lus (@) 2 F2lus Tag Meshram et al, (2016)
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Element
CK
oK
AIK

MnK

FekK
CoK
NiK
Cuk

*
ol A Mn °Co Cu
1.00 200 300 400 500 600 7.00 B8.00 ;.';10.00 100 200 300 400 500 600 700 8500 9.0010.00
Eneray - keV Enorav - keV
(n) (0)

JUT 2.23 HaTLAT1ENAe SEM-EDS veengnaud indadinnisszavatelaelileine

Tudamineonlss Asveznal (n) 1 F9lus @) 2 2139 1ne Meshram et al, (2016)

Nayl et al. (2017) ladnwinsvzazarelavsdmiannuanalnalaalyd

a a

wosludeulensonled lunsnaaedldusnutalnasenanuiuergfidonesd anty
YLALANYRIBANTATAY H,S50, ANUKUTY 2 MUY H,0, 4% 8nsndiuvesudade
yaunal 1 nfusia 10 Gns gaumgilunisvzavaty 70°C attunisvzazany 120 unil
IUsgansnmnisysazanefifioy 98.8% wianila 97.8% dnifia 99.4% uazlavaad 99.6%
waznuinalnnisszaransgnatuaNdisaunnaiiuuiuia duansdusud 2.24 n- Gadien
R? 11nN71 0.90 wazdlAmaInseduvataenifa 30.1 kl/mol veslinifia 36.7 kl/mol ves
TAueas 41.4 ki/mol uazvasdifioy 37.4 k/mol Fauanslusudi 2.24 4 arnduthansazans
ANAZROUAUENTUR I AnaznouwtimlarfuelundsaisarateleiouasuaLuni pH

7.5 NUUNTDIYNAZNOULALEITAZANYDDNANAU ﬁ’?iﬁ%ﬁﬁﬂ‘ﬂ%gﬂﬂﬁﬂ?ﬁ]ﬂﬂ%ﬂ@ﬂi@Uﬁﬂ@\‘i
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Aea1TazaelBAsNAITUBLIUAT pH 9 IAARZNBULNAAAITUBLUA NTOILENTDINTNDULAY
a158ra1809nNNAU d1azatslINInnayneuATINawMIvaTazatelaisulensenlyn pH
11-12 \Ainpznaulaveadlonsonloniniu NTo3LenazNoulazd1IazaI8enINtU Lay

AnAYNBUATATAESaUgATNEMeaTarazaneluifiguaTuaiun nngneudifieun1susiun

(n ** @ " R sop
. B 20°C 0998 000099
10]{@® 25°C 0998 0.00155

0.7 4

06

0.5

04 4

1- (1-X)"

034

024

0.1

00 r T T T T T
0 2 40 60 80 100 120 140

100
TIME, min
(A) oo
R slope
0s] W 20°C 0999 0.00078 X
P M 20°C 0993 0.0006
A 084 @ 25°C 099 00011
v A
< v
+ 05| @
{ x +
X

26 28 30 32 34 36
T)x10° K"

JUA 2.24 namluananisndienaunisiadinuianeiial (n) uueniila (v) lavead (a) dnifa

(1) Al () naemaun1s Arrhenius tun1snaaadlaeg Nayl et al., (2017)
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Cheng et al. (2022) la@nwinalnnisvzazarslansannuanalnaviin
NMC622 Tunaun1svnasilsenauniy Aguseauuawesaiisulossuilideuaninlagnis

nsurluansazate NaCl enuudu 1.5 M tduian 24 F2lus andudinuainesuaula

= a

Ardufigamndl 60°C szazaan 24 dalus Mndunentaneenainiu deashlnlddauelun
Tauelng uiuiuead uasiealonsndn drufiiduualnailuAnwinalnnisszazany
wandneifiAnannsvzazansliun Wesderqiien a1sazats wazazneufivdeainnng
ygazaty daandluguil 2.25 :nnsAnwinuianznsvzazaefianzaude nsld
#13a¥an8nIAINaN 2 M 991U H,0, 1.5% lagUsuns snsndiuveaudraveavan 30 Ny
sefing aaumnilunsvzaraty 90°C anlunsvzaraty 20 Ui truseavsamnsvzavany
finifia 96.29% Teuoast 97.1% wuamila 97.6% uazdifien 98.1% lunsalfilaldasdfddama
ugasednduladiuazuszdnsainnisyraranganas inlvinalnnisvzazaiggnatuay
Foaunmsiafiuuiiuin fuanduzudl 2.26 uesandsunseduveslanedsd Ao 4322
Ki/mol dnifia 44.46 KI/mol Taueast 47.27 KJ/mol wazuuaniila 50.18 KI/mol (U7
2.28) nadifliarsindnalnnistrazaiegneuauieuuuaesaumaaduuiiuiuagns
wns Fauanslugud 2.27 uaiindsnunseduvedavzanasilolSouifisuiunanmsnaaedi
Lildans3id dail Auien 37.51 KI/mol fintAa 35.86 KI/mol Tausad 39.57 Ki/mol uag
wuanila 43 Kl/mol Wodiasneviesdusznauesnsnoudindoainnisezazaigldny
anefuvasansuouuariivsiavesergiuniudwdeld H,0, Fuanduguil 2.29 n
Tuvasfingnoufimasannisvzazarefilalld H,0, Ldnvanasuvesmivsuaz ozl
dosrnawnnuves NMC Sleududugandt fuandugui 2.29 @ Snvsaonadesiuna
AATesk EDS sauanslugui 2.30 Sauiimstrazaneseansazaiensasnivanimddma

= a

usnalaneiinia lavead uwasiusnmilaanas waziliusinavesasusulazargililouiy

[
a =

49%u (JUN 2.30 n-a) dwmTungneuncunsvrararguuuldldanssfdnuindivsunaues
langAmdoagu1nniinislidarssnad (5UM 2.30 ¢-3) annaiuniiiveseunialidng

Y

WasukUasagnasiulatn
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R
Spent LIBs Discharging
Di tli Leachate
smanting ) Leaching
&
Separator

Residue

=

Steel case

SUN 2.25 Yumaunisnaasimsvzazanglangannualng lag Cheng et al,, (2022)
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0.16 4
0.14 4
0.12 4
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7 0.10
T 0.8
0.06 4
0.04 4
0.02

0.14 4

0.12 4

0.10 4

0.08

l'(l-x)lls

0.06

0.04 4

0.02 -
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Time (min)

62

0.14 4

0.12 4

0.10 4

0.08 4

l_(l_x)|/3

0.06 4

0.04 4

0.02 A

0.16 4
0.14 4
0.12 1

0.10 1

1-(1-x)"?

0.08 4
0.06 4
0.04 4

0.02 4

10

15 20
Time (min)

JUT 2.26 nsmuansnisndenaunisiadiuilunsaildly H,0, lunmsveaewzazansualvg

1ng Cheng et al,, (2022)
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0.40 0.8 )
Li Li
0.35 4 = 50°C 0.7 4 = 80°C
] ® 60°C QI 0.6 ® 90°C
0.30 A 70°C -
P
2 0254 E 0.54 °
5 T 04 D
J o
< 020 =
g = 03 ’
0.15 =
= 0.2
0.10 -
0.1
0.05 -
0.0
0.00 +— : : : : : Ty
5 10 15 20 25 30 4 6 8 10 12 14 16 18 20 22
Time (min) Time (min)
0351 . 0.6
= 50°C - 0.5
0.307 o G I
A 70°C <
. 0.257 7 041
% 0.201 T 03-
— ”
ot -
= 0.157 = 0.2
)
0.107 - 0.1
0.057 - 0.04
W 1 15 21 b BB 4 6 8 10 12 14 16 18 20 22
Time (min) Time (min)
0.7
0.35
Co 0.6 4
0.30 - = 50°C
® 60°C 0.5
02s{ 4 7°C -
2 X 04+
7 020+ .
— = 0.3
Toas{ ; =
E 024
0.10 Q
0.1
0.05 -
- 0.0-
0.00 +— ; . : : : S e
5 10 15 20 25 30 4 6 8 10 12 14 16 18 20 22
Time (min) Time (min)
0.40 —y e
: Mn
5 Mn
03 " 50°C 0.6+ = 80°C
0.30 4 o 60°C :,' e 90°C
A 70°C 3 054
= 0.254 %
E = 0.4+
= ¥
X 0204 X
= X031
0.15- T 0.l
0.10 4 2 ,
.14
0.05 4
0.0
0.00 :

0 15 20 25 30
Time (min)

4

4 6 8 10 12 14 16 18 20 22

Time (min)

' ¥

JUT 2.27 nsrvluananisndenaunisiadnuinazniswns unsdld H,0, Tunisneaes

YrazauRiuAlnalag Cheng et al., (2022)
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0.0030  0.0031

0.0029
T

0.0028 0.0029 0.0030 0.0031

T

0.0028

gﬂﬁ 2.28 nswluansn1swdenaunis Arrhenius (n) 114 H,0, () 19 H,0, lun1sneaes

YrazanrdlAlnalag Cheng et al,, (2022)

—~
=)

=
—~
=
=

leaching 20 min residue

T

leaching 10 min residue

¢ C *ALO,

L

leaching 20 min residue

L.:l.:_u.

leaching 10 min residue

Intensity (a.u.)
Intensity (a.u.)

—_~ A A M A
a3 o 8 é pristine \(;M powder o _ g pristine NCM powder
I %‘sigl g §Es2 g z‘sls g 882
L /N, s U Te=2 I i s
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

(@) 144 H,0, Ing Cheng et al., (2022)

2.29 HALATILHAILNANA XRD Y0InLnoUManannIsvrazane (n) 149 H,0,
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() 40000
Element Weighrte Anm%
o 0 21 )
120000 4 (e 965 239
Ni 2 22
Co 13.67 69
100000 4 r Man 1197 65
F 148 23
2 800004 Al 0.3 02
g Mn
g 600004 |
o
Ni
40000 4
C
20000 4
/| W B Cowm N
0 T - T —) T rder—r
1 3 4 5 6 7 8 9 10
keV
@) 40000+ —
o Element Weight% Atom¥% 20000
o 1537 208
35000 4¢ C 314 $6.2 <
No 30.74 114 100000 4
300004 ¢ Co 9.65 36
M 892 18
A F 338 39 80000 4
:»25000 Al 0581 06
= Mn 2 0
3 20000} ¢, S 600004 ,
S )
150004 || ™ “
' | 40000 A Ma
0000 Co
| 20000 4 N
5000 1 Ul Al - ' &l
- - Co Ni N ‘ k. Ma Co Ni Ni
0 T Y Y ¥ Y T T T T 0 5. =t T T r T T
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 71 8
keV keV
Q) Q)
60000
Element Weight% Atom® 100000
o 0 1896 2 0
50000 4 ¢ 831 229 |
I Ni 842 21 $0000 -
Co 1491 79 F
40000 - Ma 1267 72
Mn F 0.97 1.6
2 Al 026 03 » 600004 Ma
- 2
330000- Co 0 ka} - Co
e e
v
20000 400004 |
C
100004 1| 20000 46
ﬂJLM ;L Al Ma coNi Ni
0 e ———" 0 T S mmant e e e
1 2 3 4 1 2 3 4 5 6 71 8 10
keV

JUN 2.30 nadiasgvisnemailla EDS vaenznauilinaeannsyzarate (n) ue NMC; 14 H,0,

(@) 10 w9l (A) 20w ;14dla H,0, (3) 15 w1l (3) 30 W9l Ime Cheng et al., (2022)
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Yang et al. (2022) laAnwn1svzazaronsualuasin NMC 811 Tagld
d15a2a18 H,50, 320/ UNIAaneIan NuIan1IsnsTsazatefiminzaufe At uty
@15a8%819 H,50, 2.5 M AMUUTUESaLaYa18nITABnNg1an 20 NSUADANT BNSIEIU
YouleRTaaral 1 nfusie 10 Jaddns samagllunisszazate 85°C wallunsvzazaiy
100 wil TiusednsSamnisssazaediiion 99.26% dniia 98.41% lausas 96.95% uaz
wienila 97.54% Funounisvzaratslangdifiougnauqudisnisund uaglazdnifa
Taveaduazuuandagnaiuqudtsaunisiadf ufwazdamdrunsedudad Sifien
31.96 KJ/mol finfia 41.01 KJ/mol Tauead 47.57 KJ/mol uagiusnida 42.95 Ki/mol

Meng et al. (2020) la@nwin1svrasatgucialnavin NMC 111 lagly

a a

a1avanenInTAsNIUTY 0.5 M dnsiduveudssievaunad 80 nfusedns gauugiilunis
Ygavay 90°C nanlun1syzazaly 80 W19l IINNINAABINUINUIEENTAMNSIEaTaNY
Aflew 91.0% fniia 94.1% lauean 90.9% uuenila 88.6% Maduas 19.5% wazevaililuy
26.9% Fenalnnisrvaratsvedlanedgnamuaudeaunisaifiuia neddmdsnunsedu
Fadi Aoy 44.1 Ki/mol Tauead 56.3 KI/mol finiiia 48.6 KJ/mol usamila 55.7 KJ/mol
NBWAI 39 KI/mol wageraililley 40.4 KI/mol

Gao et al. (2018) laAnwinisezararsnsualnaanLuaAes aisyloosu
INNTNARBINUIN FNNILNITNARBIAIBANULUTUNTARBTATN 3.5 M SRTdIUVDIUTIR
YBUNAT 40 nTufeANT aunillunIsyEaTaty 60°C AITUTY H0, 4% laguSung
szuzhan 60 U7 Iiensinisvraranslauead 96.62% afien 99.97% wuan1da 96.32%
waglinina 92.67% ﬂalﬂﬂ’li“lﬁzagaﬁﬁﬂaﬁzLﬁﬂ%’ULLU‘Uﬂ’]'iLLW'ﬁlLLazﬂﬁﬁ%mmﬁﬁua?ﬁua’s 1ng

¥
4 v A

fAmdaunseauaell S 44.1 KJ/mol lausas 41.33 Ki/mol finifia 42.29 KJ/mol

waendd 41.47 KJ/mol
nNsAnwIUSNSIAIssanTsufie s luAalansenisvzazany

Tanznuuanod aiieuloooud |d ouanin faua1sazaty H,50, 32uRU H,0, vl

UszanSnnnisvrazaslansuinnii 90%
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2.6 NSBUNISANLHEUNISIVY

mAdgluiunsSledauunmesaiiisulesaunidenaninmenseuiunslansInen
a1sazaneUsenaumedunaudfny loun nsAnwenian MIveazate NMfnyvanadans

LLaENIIRNFLNDU

2.6.1 UUNDUNITANLEYN
P Aa a A A v
wuudl 1 AngUsegliiiuunmesdvisulessuiideuanindieasazans
NaCl n3atA303A1eUseglniln ndunendualnaeenainiandu q drdwalvad le
yravarglutumnaune
WUUT 2: Agdszuuanesaienlossuidouanin 31nUuwendILALNe
29n91NTand U 9 TILALNAT LAUININLA AT ANDELU0T LasuenNNILAlNABENIIN
avalillouvlosd wawalnadlailuszazaeluduneudinly
WUUT 3: meUszguuamesaisuloasuideuanIn 3nuulILuAAesLNT
aaunfide 450-600°C a1 3-5 Falus Lilemdnnediues uazdianinglad vinisuenneiini
) =~ Y ax | a | aa a ! < 2 v AV v
NM3W108NAINTANBY 9 MILTFBN1TUA Jau I5n15iau I8 saefnulvdn WWusy e ladl
drunauniweiivedanziianduesdusznoundnuazinisuilouniniandu 4 annduieg
Yravarglutumaunn
2.6.2 VUNDUNITVZATAY
THasazarensadudivinazany wu nsadainsn ¥SensedRn SuAUAISAD
wu talasiaulaseanten n3olwwhauludamn wasinsAnYIRLUST LN 8T BIA 9N
Anududuresansazais arududuresasiig snsdiuresulwevrotnatguugl uay
panlunNIsTrazaty WsiuUTEansnInn1svraratelany WeAsuaINIaLendNsarane
= ) AV va & & °
warveudIanaINAY a1sazaedl laillossulansilussdusznavazgninlunnnzneu
@ Qll Y QAI 1 ) a 6 a d‘u 1
vouleilarensilignazarareazgninlviiasgimuinauavaisuseneundincey
2.6.3 UuUMBUANEIFAUNAAIENT
Wun1simsierinalnnisvrazanglanesienuuinandnabnnisvzazaie sl
WUUTIADILNUNARY (HUUTIABINTITUNT LUUTIADIUNATENATUUNURT) wazlhuudiaes
Avrami 48NANTANWITOMAINEINUNTEAUIINANNTTISISTEE LngAnwINanIenues
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nIndatiiin (2) dasdnreanlsievenan (3) samgilunsvrasats uag (4) anududuy
lalasiauasonnlyn

G’hLLUiﬁﬁﬂwﬂu%umaums%azmdamma’ﬁ%gﬂﬂmﬁmﬂsﬁimﬁuLLUUf&ﬂaaq
aauwamam%maamﬁﬁzjzazawﬁ’qf‘: LLUU‘\?’laaﬂﬂ’;Uﬂm’liLLWﬁ (Diffusion controlled model)
LLUUﬁfﬂaa\imUﬂqm Lﬂﬁuuﬁuﬁﬁ (Surface chemical reaction controlled model) ua e
wuUIaese 95 ila (Aviami model) §agaesiliidlanalnnisvzazanelatu uenani
nsfnamdsnunsgduteslanglutumeumssvazarsannsovilalaelfaunmsonfindea
(Arrhenius equation) $1agtaszyndseufisududmiunainfiseuasmsfinwiae

P NNUTEANS AN TVTaTANLTaNE AL NWUUNTZUIUNISS AR L AR UTEANS A wun Ty

v
4.2 YUADUNTIINAE DN
4.2.1 UYURIUNISVEALANY
n1syravarglanzusenaunigvatedunsy aeuanslusua 4.1 lagdn
LUALADTUNUBUA N LHDUANINIRAALASU DD DUNHIUNITHILUNIUF A L NLERRLUALADTDBN
[ d' 5 a o 1 I3 a @ d' % )
INTANU 9 MNULLENHIBLENINTNRONIINUNUNBIUAIBYE neBianinsanlagninluldly

ANSVAABIANEINISVEALANY WEINISANEIRILUSTAYITD9 A9l
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kUMW UsUA T LFauan welndisuloaautIuNITIHN

} N9, Tanenadhng, Nauanaawas,
APLBNIER | = Tanzevailliloy, v, don, way
! au 9
AALUALADT | — WOHANDILAY
a a&
NIDLANINGA
JUNDUNTVLAZANY

AMNLTLTUANTazaNeNTAganazn: 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, laz 3 M
onsIdITRITIRRUBIMAY: 25 ¢/L, 50 ¢/L, uay 75 g/L
lalasiaudaseanlan: 0.5%, 1%, 1.5% way 2% v/v
gauniilunisveazane: 30°C, 40°C, 50°C, 60°C, waz 70°C
natlunsszazaiy: 0-120 Ui

'

YDA
a15azad

|

a1savany (Biey 9nua 1AUDan waslkuen1ta)

— AYNAUNLIEDIINNNTVZALAY

< &
E‘U‘Vl 4.1 WU TNTUADUNTYEAZAEY

1. AnedvENaveIALL LT UIed H,S04 71 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M,
waw 3 M TnsmuauanIznIsnaestell snatdiutesudarovaamal (S/L) 10 /200 mL
gl 30°C Lanlunisyzazaty 120 uril wazdnisiiudieg1vaisazatenn 10 w1il
Wiothlulinsgvimuiinalaveiignuzazats femaia ICP-OES uagfulmmidesidud
UsgAnsammsrrazatsvedlanzainaunisi 4.1 Usnnalansluasazarendavzazany
dieufuuTunalavelutagaudsiu an 100 Weasunahmanseusnasazasuazaenon
filignvzazasesnainiu

2. Anwidvinavesdnsdiuveandsieveuvaifiivunzaudonisvrazane
Tane Tngldannenmsvnaesfivnnyauandunoud 1 thainfnwdhndumesudstovevan

1 25 ¢/L, 50 ¢/L 4ag 75 ¢/L fIN15ATUANANIIENITNARDIRIT 81588818 H,SO, 1A1Y
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Wty 1 M gamgll 30°C natlunmsvzazatey 120 wiil wazdinisiiudiegsansazalenn 10
Wi WiemUsunadanzluansazaresiomada ICP-OES wazauinidedifuiussansam
nszazatslanzainaunisn 4.1 LﬁamuLfgmﬁﬂmiﬂiaqLLEJﬂmsazmmawzﬂauﬁhjgﬂ
YLarayennNINU

3. Ainwdvnavesgampifimnzausensarazats Tagldannznsveaes
Amnzanantuneud 2 ﬂwmﬁﬂmqmmﬁms%azmaﬁ 30, 40, 50, 60 kay 70°C A5
muqmamazmimaaﬁﬁ dsazany H,50, innadudu 1 M shsndruveudssoveana
10 ¢/200 mL walumsyzazaty 120 Wil waziinisiiudiegansazateyn 10 uiil Wievn
USuadlaveluansavanemiowaila ICP-OES wazAuianlasiduiused@nsainnissrazaney
Tane (@137 4.1) Lﬁamunmﬁwmﬁmauwﬂa’raazmaLLazmﬂauﬁlﬂQﬂ%amwaaﬂmﬂ
) Imammauﬁlﬂgﬂ%azmﬂgﬂﬁ’ﬂﬂimiwﬁmﬂ%mmiamﬁmmﬁaé’wmwﬁﬂ ICP-OES
dwmvdeunsiUasunlasueesnusznauniawandismaia XRD wazILATIEIAUTIU
emewmailan SEM-EDS

4. Anw1dvnsnavesrnutudulalasiauileseanlen lngldaniiznisnnass
Avmnzanantuneui 2 tandneemididu H,0, % 05, 1, 1.5 uag 2% v/iv In1sAIuAY
anMEVAaRIRd ansavany H,S0, 1 M 8ns51dmvasudaravaunal 10 ¢/200 mL DN
mMsvzazaed 30°C natlumsyzazas 120 undl wazdnisinudiegsansazateyn 10 u1d
WenUsinalansluaisazatomemaia ICP-OES wazAuanlosidususzanininnis
srazatolany (@un157 4.1) Lﬁ'amm'gam"'}ﬂ'ﬁﬂsaqLLEJﬂa’]iazmmmwzﬂauﬁiﬂgﬂ
ygavangeananiu lnsnznouilignazararsgniiluiinsevimuiinalansinundese
wadla ICP-OES 518fsns1aaeunsasuntavesesdusznounendnsemaiin XRD way

o

AnsgidugIvIneImemalia SEM-EDS

5. finwidviswavesgumnifmnzausiensvzazats Tagldannznsveaes
fumngannduneud 4 dundnwiganginissrazated 30, 40, 50, 60 uax 70°C fin1s
AIUANANTIENITTZAY AT a1902818 H,S0, Ainuidudy 1 M Sasrduveaudede
Yauuad 10 /200 mL H,0, 1% v/v Liattunisvzazane 120 Uil wazdnisiiudledns
a1saza1enn 10 und il emuunalavgluaisazatesemaia ICP-OES wayAum
Wedldudussansnmnsurazanelany @unsi 4.1) Weasunawihmanseusnansazas
uagmznauiilignuzazatsoonainiu Tngmzneudilignuzazatsgmiluiinssimuiinm
Tangfnandomomaila ICP-OES T2ufensaaounsiUasunUasensdsenounienan

MENATNA XRD WaXILASIENAUSIUINGIAENATA SEM-EDS

9



83

4.2.2 mMFATERlsEANSANNTTzazaelans
msesesiviinalanglunsdidninsauazaznouiilignuzazany a1unsnii
lalagn1sepanianinianes (Aqua regia) (Usznaualsdnsidiunsalalasnaeinnansn
lun3n 3 o 1 nJuFonediet DI uwaztluiasest ICP-OES thAnTildannnnsinsizs
wivSnaldangluveaudsainaunisi 4.1 uazansavarendawravarsanunsamUssansam

nsvraranslanelaannaunisi 4.2

ANulLTuvedlansinla (me/L)xUsunsaisazans (L)

Usinalanzluvosuds = - — aun1si (4.1)
USunalavglunsdianinge (g)

L Usinalavgiignuzazans (g) p
Ussansnmnisveazatelans (%) = — — x100 aun1In (4.2)
Usunalanzlunsdianinse (g)

JauNAAIANs N1sTEazatslansauIsadnwlaainalsednsainnis
ygagaofildanmmeasdluiaanaiig 9 uagiigamniuandneiu Feagyiliidnlatsnaln
nsvzazarsveslanzudazyie lnonaseuiioudvuuudtassiiisadaaiioniniu
wangaLveIUUTaesidvue msldemdulszans (R Tumsussdiunrudenndessening
Yoyanisnaaesiunuudians mne1 R? fidngs uansinwuudiaesiidonldannsassue
nszvrumsvzazanslanglsiodindede mne1 R? fidnies uanviwuudassiidentdlsl
annsneduienszuumsldimiiians wusassidenldlunismasesdided uuudiaes
PUANUAATERUALAT (aun137l 2.0) WUuTIABINITULNT (AUAIST 2.5) uazuuuTIABd
Aviami (@unsl 2.6) Welduuudiassiimnzauudrazgmilundentuaunisenfindea
(@57l 2.7) Wlemamdssninszduveslavgidnw

4.23  N19IATIZINNANVDITAAUATNANA I
nedidnlnsnuaznznauivdeainnstrazaisgmiuniinsizsilasiadianan
showmaia XRD Tagidenyuaunu 20 lugie 10-80° Adnsnnailunisaunuy 5° doundl
AT N U FUFIUINGMATNITNTLIUAIVDI5 A8 SEM-EDS Lagldussaulnii 15
Alalias LLazizasmﬁwdwﬁyuﬁaéhaﬂmﬁuLauﬁﬁuamé’awamiﬂﬂ (Working distance,
WD) 7 15 fiafiuns Tinsgdruineyniadasiaeeslasldi o dudanats uenand

¥

N15LATILRLAVIDNTLATULAENITIUA V90U UNIBLANINTATLATIZRA8MATA XAS

Tnelgaaniuwis Artemis wag Athena
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4.3  Han15738azanusy
4.3.1  wamIAIATvaNAnMuAliuaznInIennveingiu
4.3.1.1 VUABUNISHENAIUUTZNBULUALABIVUADLTEN LD DOUNHIUNITLHN

M3fauendLUTENRULUAReIE L uAlW T deuanmaTindi o
lepouiiniunsin (gamgil 500°C) feismsfauendeile wuitannsausnddsznaulng
dwinlFRed e Aerstidhwdonnnauumaed 32% nadiinlngn Aensvestiaualya
wazuoluaf gnusnesnainnesuasnesd 8% lanzorqiiidoy 9% neaunsvosd 5%
Taneneauns 4% fon 4% uazdu 9 35% éTQLLamsLugiJﬁ 4.2 uag 4.3 MNNITIATIZAF0E9
naruaznadiEninsadaemaia ICP-OES wuimsdidninsadusunalaeiuinvesdifion
3.47% laueas 10.16% dnifia 11.82% wienila 4.04% wazozgiiilon 4.22% luvadisesni
Uimnalastmidnueslansaifion 1.59% laveas 3.139% unaniila 5.36% wazozgiiien
8.02% Fauandlunseil 4.1 Feaziiuldimadidninsadvsinnvedansdiiion lavoad
dnAafiuInnIsas LLazﬁmiUuLﬁausmuaﬁu‘ﬁﬁaa Fatunuideifadennedidningeun

Anwlutuneunisrzazany

30, 4%
el \SPL L ZL,

35%

4%

8%

TRt
" d

4
s

32%

- P HATLEN 157 Tavienowas [55000 neaweaviosd

o o a - v BT -
Iam:a::qmuam “ WORARIDTRATHN ;:;:;&;:: on 2U 9

(% '
[ o Y ]

5UN 4.2 dnahudmidnvesdiuuseneufiiunisdauen



a &
N9DLANINGA

A,

.

NOILAINDEE

NOAUDT

JUN 4.3 ShvaueTaniignueneenainiuameseueudliideuanmelingiiesleosu

T Y

MEUNITHT (@ANENTIN: nQH 500°C)

A1599 4.1 duNaLNNLATINIDIEaNINIALazNIAT (las1ziialeinaila ICP-OES)

. Usuausg (wt.%)
AI9ENg

Li Co Ni Mn Al other

HIBLANINSA 3.47 10.16 11.82 4.04 4.22 66.29

[

ANl 1.59 3.13 521 5.36 8.02 76.69
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4.3.1.2 99AU52NaUNIBALVDINBLANINTA

nididnlnsaiignueneenunlfiudnsiesiiufuardagiuinen
yesaynAsenaiia SEM dsuandlugud 4.4 nuingusiweseynialiauanas uaznis
nszarefveteynaliaiale Msllanginansznefuesinmg o fnuuuiiuiives
ounafmemaia EDS fauandlugud 4.5 n nuidnsnszanedvesesndiou uusniia
Tavead wardnifalufiufiiiendu uazdinisnszaeivosnsinesaiideusuiueandiau
?ﬁqmsﬂizma@maaaumﬂm?{a (Dgp) 40.556 lupseu Arguien (Do) 7.059 luasou uaz

ATSENgIU (Dso) 11.762 lupsou (FUN 4.5 ) uardinsziasusenauvearaddninsaiey

'
a

wAdA XRD (5UN 4.5 A) NUALUNASUVDINIBLANINTARD ANSUDY warasusznoudifiau-

Y

a o

ovgfidousenled evgiidon-lavoad lavead-inifa uazusnidasenled Snvislddng
ATvdsUIavRNTintulazTuszuedlantlunsdianinsasemaiinnisgandussdiond (XAS)
Inwatunnsuvesdaanas XAS Usenausme X-ray Absorption Near Edge Structure (XANES)
way Extended X-ray Absorption Fine Structure (EXAFS) Gfﬂiﬁmyagaaﬂﬂuzaaﬂ%Lﬂﬁbu
Tnssadraveseznen uazauenWusyilaulald 99n3Uil 4.6 n) nuimsgandussdves
dnfafidunnnitansusznouuians Nifoil waznsganduisddesnitarsuseneuuians
NIO wiitpgslafinumnguunlvuvomdsendiiod uiidilndiAstu Ni foil wag NiO Fethy
anuzeandinduinifalunadidninaiidieglurae 0 uay +2 993U 4.6 %) nuannsy
EXAFS dusyrasvosiuss Ni-O fiszes ~1.2 A 6‘5&LLUUﬁwamhjmm3@?\1@16&’8@155% VUi
fisgos ~2.2 A Gaoandeadusiusy Ni-Ni wuudiassanansailaliegiauaiug wanads
Tassasna Ni-Ni fsudn druvasiusy 3-6 A doyaliaonadosiuuvudiass 819iiAnain
Tnssadsszoglnanionnaliifuszifouiuuudastiinsaunqu 91n5UR 4.6 A) wuin
Taveadilanuziavendindu 0 uaziusduitiu +2 Wesnusdidnlnsaiinisgandused
uarndanulndifesiuansusznavuiavsnes Co deuandlifiudanmstiogvadlavoadiily
sULUUsIRuaransUsznaveanlafuaniinidmuiiuuudassanunsofinldegeuug
5839 Co-O Wag Co-Co fszueaiusy ~1.3 A uay ~2.3 A muddiu druteiusy 3-6 A
Toyaliaonndastuuuudians enainanlassasiaszeylnansonwluidusudoud
wuudiaeslinseunay fauanduguil 4.6 9 dmivunanainsgandussduazndany
wilouruansUsznauuans MnO Fessyldinaniuzeendindufie +2 fuuandugud 4.6 2)
uaziin1sadaiusy Mn-O uaz Mn-Mn fiszoziuss ~1.6 A wag ~2.4 A auddy dautas
Wusy 3-6 A deyalidenndesiuwuudiass enainaniassadesserlnavieaulidu

seideuiiuuinasdlinsaunqy uag 4.6 %)
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0.4 fhegnenmanensBdnInsademadn SEM fifndaene (n) 1000x wag (v) 2000x
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Absorbtion intensity (normalized)
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U7 4.6 avnasunisganaussdiendvesdieganedianingn (XAS) (n) awnesudnifaludu

K (XANES) () a@vnmsudniialutig EXAFS () aidnasulauaas gt K (XANES)

(9) arunmsulauaan LUy 19 EXAFS (2) @tdnasunuani1datuy W K (XANES)

() @UnASULLaNIRal YT EXAFS
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4.3.2 Uadehdanasionisvzazangaiioy wuenilda dnia wazlavaas

4.3.2.1 dNdWavBIAUINTUEITAZAINIATANIIN
INATANYIAIUDUTUVRIEISAzANY H,SO, Tueae 0.5-3 M wuin
langaanlen (MO,) MU ASe1ivaIsasae HSO, T8t H,50, utinflilusaou (HY)
unlanzeonles dwalilavzoanleodiinnsnisaarssudulosaulany (M™) wazin (H,0)
Aaandluaung 4.3 mﬂﬁ?uiaaauiamﬁmﬁﬁ%mﬁusﬁ’aLW@iuawsaxawa Aaduasazany

langdain (MSO,) fsuansluauns 4.4 u,azgﬂﬁ 4.7

MO, + nH"— M™+ H,0 (4.3)
M-oxide + H,SO,—> MSO, + H,0 (4.4)
S
™ G
(@) HE 2-
5] 2 5> S(0)
o) - b,
+ — -
Yy @ .
2
i rz\
SO,> MSO,
SO,*

JUN 4.7 andnaeanisiinuisenlanzesnleiuaisazale H,S0,
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luansaganey H,50, AULTUTY 0.5 M 71 10 U9l wudndiiieugn
Yraza18oanINEIdLaningals 80.76% wasduuiliugnuzazaieiiuduegssailes
Wlansunavzazany 120 Wil Uss@nsnmnisyzaratedisuiindudu 97.86% uenaind
LAY UTUYRIEITATAY HySO, 11NA97 0.5 M Nudndiisugnizazaigeenain

a v & v v ) ~ ~ 1Y)

wadlaninsalanwaakazltiialunsyeazatetesas fawandluuil 4.8 n 1lesainiuse
5e1119 Li-O Tulassasrsvasiagualnaiindsnugamilemiandemieuiulansdu q vivbi
Wuszgniangladieniniusgredangdy q wagdifisuilaudilunsgnuzazaiyladiendn

Tavzuusniila dniAa wazlavead (Yang et al., 2022)

100 [ ~100F
2 9}",100
= S
80
£ o4 : ooy
[{ =
£ 60 >
G 1 < 60l
& 2
€ 40 | £ a0
£ -
- =
=0l = 05M—e—1M —a—15M| & 20{—=—05M—e—1M —A—15M
- J[—T—2M —e—25M— 3 Epr—2M e 25M—<—3M
} t t ; + + 0 } 1 } : t }
0 20 40 60 80 100 120 0 20 40 60 80 100 120
a1 (w1il) a1 (W)
il U
35 (n) 35 @)
3 3
S 304 3{; 304
@ &
& 251 2 251
) e
< =
& 201 e 20+
© 3
8 g
& 151 & 154
€ e
g £
€ w4 £ 10+
[{'=] -
& 5| —=*—05M—e—1M —a—15M :g s|—*—05M—e—1M —a—15M
32 “I* e e
= —v—2M —e—25M—<—3M | 5§ — % 2M —e—25M—<—3M
o+ 0 : : : : } }
0 20 40 60 80 100 120 0 20 40 60 80 100 120
a1 (W) a1 (W)

(A) ()

sUN 4.8 UszdnSainnisyzazarglangluaisarany HSO, ALY UTW 0.5-3 M
(n) awlen (U) wuendd (A) dntia (1) lavean @N12gn15Aae: S/L
10 ¢/200 mL, gauuil 30°C, 13a1 120 w9)
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Usgansnmmstearansuwsmialuansazans H,50, innnsdudy
0.5 M wuitlutag 10 wiitusn fseansannnsvzarats 63.27% uasiiiniudu 72.72%
e 120 Wit Weiuanududuaes H,50, W 1-3 M wuIsEAniamnisyzavange
TUSEUI 66-T6% PADATLELLIAINITNAABY @ suanslifiuITnIs AT U uY a9
A1587A18NIARAZIIAINTTTATANTd AR NS NUSEAVS A sYzazanaLisndnies
Wity fadu nsiuaududuresansaratensauayssznainisvravane lilldinaog el

Y

DEG

g ! a a

fseUszAnSammMIvrazateuuenila dauanslugui 4.8 4
UsganSamnisvrazarefiniiawazlauaantuaae 10 uIiwsn wuI
AU LT UVDIANTALA18 H,SO, T4 0.5-3 M TUszansnnnnisyraraiayininii 10%
WeoiuszeslIaIN1svEaraleuInndl 10 u1f nuirdnifauaslaveadgnizazaloiiuy
I3 v 1 < a a % ° 1 [ 2
Wdndey og19lsinn Usedninnnisveazaisdinedinin 30% lunnaaududuyed

1%
v v

d@19aga18 H,SO, NANYY AITU NITINUAIULT UV UVDIANTATAIYNTALALTTYLLIAINTS

Y

yrazanliladinaneedidedn

1Y | a

raUsyAnsammsvzavanelinianazlaueas dauandlugy
7 4.8 A way 4.8 9

INNITANYIDNBNAVBIANT LT UETAYANY H,S0, Tura9 0.5-3 M
wuhaududuresarsaranonsadlfistudmadensrrazansdifionldifan uarldinarlu
msvzarawananiiennududuasazaensafindy sgaslsinin msiueududures
asazanunsaliladwasgslidedrrynonisvrazatouaniia dnifa uazlavead oty
annefimunzaulunistazarsfenisyrazatunsaIsazaly H,50, Anududu 1 M
szuznatlunsvavats 120 Wi dshsannsliuSnansawasliussdnsamnnsvzazans
Tavesial Auten 100% wusnila 75.39% Tniiia 27.29% uazlavead 23.94%

4.3.2.2 VBNAVDIONTNEIUVDIUTIADVDUNAL

INATANWIOASIHIUVDILT 90 BUDIUAT 25 ¢/L, 50 ¢/L, Uae
75 g/L wui18ns1diuvewdsonennadil 25 o/L way 50 ¢/L aunsavvaratudifieyld
W uidlednsauiudui 75 o/L danaliiszansnmnmsvzazaisdiiisuanasasasd
MABATYIZLIATIUNITTEATANY é’fmamiugﬂﬁ 4.9 A @NTUNITVTATAIBULNNILE WU
Snsduvedwevosmariint udwaliussans mwnnsvzaransuusmiasingt 80%
Tunndnsrdmiidne duandluguil 4.9 lunsdvesinifauaglaveadiivmliunmsvzazans
firuadrendeiy wuinUssansammsvzazanevedanyitdastananiesnsndiuvouds
foveuvaniintuduiy JsseAnsnmnserarareinifauaslaueadsiinit 40% lunn

gnTdIUNANYINABATEELLIAINITNAGDY Auandluun 4.9 A uay 4.9 9 annaiiviln
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1 <@

US¥ANTNINN152araglansanadiil 90N IIEIUYDILTIABYBDIUAILNLTY LUDIaNnUSU0
naBdNInIaluaITazaeNINTY dsnaldnuNiNduatuaIsazaIunNInanas harANULIUTU
YeIETaEatganas vilinsviuasenseninsluianavesnsauazlaveanas dnviedavinlu

asldarsefifindulagldiAnusedns amilAdu (Wang et al,, 2022; Yang et al., 2022)

AU @N1IEN1INARDITLULNZ ANV AT IEINVDILT IR BYBLAIAE 50 ¢/L 1ia1lunis

¥
[

Yrarany 120 w1l Wuseandninnisveavanslanesal aisy 100% widn1ia 75.39%

Jniia 27.29% wazlauean 23.94%
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= 401 & 404
g —=—259L| & — =259l
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ag 20+ —e—50¢g/L q§ 204 —e—50¢/L
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< 0 : : : : : H o720 : = : : : .

0 20 40 60 80 100 120 0 20 40 60 80 100 120
a1 (w1i) a1 (W1d)
(n) ()

fal BN a0l —=—25¢/L

—e—50 gL —e—50¢g/L

a

a

SATNNIIVSATAYUNINEG

30 —a—T759L 30L —a—75¢/L

UszanSaawnisvrazanalauead (%)

20+ 20+
@ 104 104
4¢3
33
=

0 } } } } } } 0 } } } } } }
0 20 40 60 80 100 120 0 20 40 60 80 100 120
@l (W) A (ui)
(@) ()

JUT 4.9 Usz@nSamnisvrazaslanednsndiuvendsnevennaiil 25 ¢/L, 50 ¢/L, uay
75 g/L (n) Awisy (3) wuenidla () dnwia (1) laveas @n11gn15naass: H,S0,

1 M, gaumindl 30°C, 13an 120 1)
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a

4.3.2.3 dNONAVDIQUNYII

v

a

1NN15ANYIRUNNTYI 30-70°C Wudnfigaumnil 30°C Usednsaw
nMs¥raraediisuiiniueg walalenaensruzaluNIvEazay lnedinieugnurazaiy
livsnuanigluszeziign 80 wiil wingamaiuiududu 40°C wuiatlunisvzazans

20 wnil anunsavrazanedfioulaaun dusuaamgingadulugae 50-70°C Aiey

NnUAse1eg19590157 Tagszeziianiies 10 u1il Avisugnuzazatsldvianun 100%

[
= 1

Fauandluzuil 4.10 n fedu mafugamgidwalinisszazaredifioniind ues 193052
wsmiladivszAvsnmnssraraneifivgatudogungiaind 30°C lneflgamafl 40°C uag
50°C syeziianlunisvzazans 120 unit liseanSamnisvzazaned 89.50% uay 93.56%
gy iefiugumnfininndt 50°C nudssmialimssrasaneifindusgiedeiiles way
ansntzaraelivionun fuandlusudl 4.10 @
dnRauazlaveadiinginssunsvrazarendondsiu Inofigumgd
n13B¥arats 30°C uay 40°C UszAvBamnisvzararsiniiauaslaveadiiud udndes

o w 1

Fafteilifiduddyunn egnslsfnu Wdemingumgiluyis 50-70°C asaszezinanlunis
yrazary Usydnsnmnisvzazatsvesdnifauarlaveadifinty widnadusesdnsninnis
ygavanesinit 85% nasasveznaTlunsvrazats sulandlusui 4.10 A uag 4.10 9 N3
WingangRdmalimdsnuaatasuanaasnsimiuty vildaruidvesnsouiusenin
Tuanagelu Ssdsnalifnufiseneduntuuesdatu fidugumgifigiuannindiodia
UszAniawnsvzararsld witnifauaslaveaddiaaiussdvinmnsugazatsfisindd
Afsunazuiniia Wosnnwdsnudawmideassrisiuslulassaisvesdnifauaslavoad
gan71 Jeihlimsiateusesenineduianadinin (Fan et al., 2020; Yang et al., 2022)
Fadfuannensveassfimanzaufionissravatefiguundl 60°C Wuaan 120 undt Fsls

UszAnSamnisuzazatediisn 100% widniia 100% Tdniia 66.60% wazlausan 61.67%
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a1 (©19) a1 (ud)
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SUT 4.10 UseAnSnawnnsvzavarelaveigumnd 30-70°C (n) Ao (1) uuaniila
(m) Aniia (1) laveas (@nzn1snnass: H,S0, 1 M, S/L 10 ¢/200 mL, 1ian 120

=1
UIN)

4.3.2.4 dnswaveslalasauiesoanlun

nsAnwdninavesgungilunisvzavarslang (ide 4.3.2.3)
WUIN LﬁaLﬁuqquﬁms%azawﬁﬂ 70°C aLVldEJZLILLazLLuQﬂﬂﬁﬁQﬂﬂjzaﬁa’]EﬂﬁﬁjﬂMuﬂ WA
Uszansnmmsvzazansvesiniauazlaueandiniiinia 85% dsdeildifisanensaiy
Foams faii iilefiuUsEansnmnnsvravanevesiniiauazlnueadasldviinisanundnina
189 H,0, Tuapnnududu 0.5-2% msuiinanududuves H,0, lilddwaseadvedfy
foUszansanmssraransafisudioiusoufisusumsliia H,0, lngAeudsausagn
yeavangldiomuanuund dfauandugud 4.11 n nserararsumsmiafinufazeins

Yravaneag19TInSILaza1NTaTEaransLNIn1dasenannedianinsalanaruaniely 10
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undt lunnarmdaduyes H,0, ifnw Faandusuil 4.11 ¥ dwfuiinifanisida 1,0,
WiBs 0.5% dwaliszAnsnmnissrazatsdnfadfistuegsiaau lnefinan 120 und
fUsEdnsAImn1syzazats 71.79% wavil ol ua2 1 uTuves H,0, 110037 1%
UsyAnBnmsvzaratsvesdiniafistuninndt 90% Tunndaanandivihns@inu fauand

lusun 4.11 A dwsulaveadiiussdnsaimnisveasaeiiugdudleniy H,0, 0.5% Miaan

Y

120 Y% AUs¥aNSA1nNISIEazany 65.39% waztioliiAnuldutuves H,0, 41nn31 1%

Usgansnmnisyzazanglaveadiiugaduannndy 80% aakanslugui 4.11 <
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gﬂﬁ' 4.11 Uszans namnisvzazanslansves HO, fiaududu 0.5-2% (n) Aoy
(9) wusnta (@) 9niia () Tausad (@n17gn15nAand: H,S0, 1 M, S/L
10 g/200 mL, gaunqil 30°C, 1381 120 W19)
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nsnUsEansamnisvzazaelangiiugadusgadauieiieuiu

6

nshlld H,0, Wunaanaudfinisiieujise3nend (Redox reaction) Ing H,0, d1u13a¥i
winifutsansoendlad (Oxidizing wazans3nad (Reducing) ﬁu@&iﬁ’u&immnmé’@mn
grazaslnenisidenlduadidninsafitunswniiaud ey ewndnunzaisuseneu
wazoIAUsENoUNILATURITanlAINLANA 199N TaRLALNA (LINIMN,Co,0,) huULAY
Tnglanzanuziaveendnduradanewnassiaininuwans1anu (Vieceli et al,, 2023; Zou
et al, 2024) TngnsdidnInsalunddeiitdnfaitianuresndindu 0 uay 2+ Tavsadiiay
anuzoandindu 0 1undn uasuusniaianiugoondindu 2+ Wundn (U 4.6) et
H,0, Fsmtiiiduaseandlag GziwLﬁuamuzaaﬂ%m%’maﬂamwaﬁfﬁﬁﬂmmf]ugﬂmw
laaou (cationic forms) flanunsaazanetnld et unavdnalinsvrazanedussansam
Wty daandluaunisi 4.5 way 4.6 (He et al, 2017) nMswWasunUasanuzeandiadu
Tovauvaslanstioisinisaateiusyszning lans—oondau uas lans—lans edawaliensd
mszazaeiiniy lnslanzeg19BaUsyansnmnisvzazansvesiniiauarlauoad ity

287199749 (Sun et al., 2018)
2H,0, — 2H,0 + O, (4.5)

Moxide+ H,50, + H,0,—> MSO, + H,0 (4.6)

[ '
v @ =

FaUY AN1ILNISNARBITLAUNTANEINTUNSLAN H,O, AB 1% v/v
a1 120 YilAUsEansnnnsvrazatelanesad awfien 100% wuanida 100% dniia
94.39% LazlAuaas 83.36%

a

4.3.2.5 dnswavaslalasuasoanluduazaamgil

Y

a a

AMsinUsEansSainnisvraratgvedlansiniawaslavaaningly

[
Y

H,0, (W98 4.3.2.4) Wui1UsEans nmnsvrazaredniAati uguu1nni1 95% we
Uszansamnisvrazarslauoaddninga 85% satulitowfinusyansawnnsyrazans
Tnuoadliigedy §33eTsfnudrinavesgamgilugag 30°C-70°C Saffumsld H,0, A
iy 1% v amsnaassuinslioamadifiutudamalfozneuiindsnuratifivg sty
ylFernouAnn1siad ouitunnd U wazeneuAAN1STURUTENT 190 YADUNINTY
TuvausiienfuansazanonsnasiaunilnsazunslUfesnouvoud dainedy (Wang et

al, 2022) vldAnmsuaniUasulusneusazgneandladiinanailulessuniannsoazanelu
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ansazanglanniu wenvntujisenaiiduintuliegisings dmalidiieuuazuaaniis

a

lunnaaumgiindnwignuvazaslaviavan dewanslusui 4.12 n waz ¥ dwmsuliniia wuid

¥
= 1

nsligamgiifigeludsnaliuszavsnmmavzarasinifegelunazanailumsvrazany
as fauandluzuil 4.12 A nmsvzazatslaveadlurasgumgll 30°C-50°C UszAnBamnnsg
yrazatoLfindulazanm 5% vaurgaumgll 60°C uag 70°C fuszAnsamnisvrazate
Taveadfiud ulseann 10% vngasnaiidnw duandugud 4.12 ¢ fefugunagfid
Winzaume gl 60°C FaliuszavBnwnisvzazatediiion wenia LLasﬁmﬁaqqﬁqm
100% uaglauaad 97.17%

1004 1001 & & & PN N 8 - o o
S 2 . ‘
= >
2 80 ug 804
dg g
$ 60+ 5 601
33 o,
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€ a0l ——40C| 2 40+ 4T
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@ 207 —v—60C| 3 20+ =w=—o0t
2 .
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€ a0l & 40L
g —Aa—50°C| & — & 50°C
P . S
& 20+ —v¥—60C| & 201 —v—60°C
33 . =
3 ——70°C g; —e—T70°C
0 : | : ; : H =0 | ; : | | :
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a1 (W) A (W)
(m) )

U7 4.12 UszAnSamnnsvzazanslansigungd 30°C-70°C (n) Ao (¥) unennila
(A) dniia (©) lauead (@n1zn1snaaed: H,50, 1 M, S/L 10 ¢/200 mL, H,0,

1%, 1381 120 Wi
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MnnnsAnutladufidmadeuseansnmnisurazatslavgdiiiou
wan1ila niia uaglauoad (Fide 4.3.2.1-4.3.2.5) nuitanngimugauianlunis
vravanelangie @15avane H,S0, AMILTNTU 1 M 8ns1duveudsnovonnad 50 ¢/L
AMILTUTUYDS Hy0, 1% v/v @il 60°C uazlian 60 w1l lidsednsaimnisveazany
Aifton wwaniila uazdnifa 100% uazlauead 97.17% nansaeifiAat uaintuneunis
yeavafie asavatsuarmzneuiilignuzarats (3UT 4.13) ansazanedilduesioniiuan
Fudhaady fuanduzuil 4.13 0 Tneftusinalansdendsd aiten 1.835 ¢/L uusniila
2.504 ¢/L finiia 6.222 ¢/L lauean 5.000 g/L LLazﬁmsUuLﬁaumaqazqﬁLﬁsm 3,675 g/L
feasaranelansdauiniazgminludnueludunounisanaznou iledAulanedanduin
wagnadianinsniilignuzazarsnesionandudci duandusui 4.13 ¥ aggninly
Ansgrimadsulasiadimant dugiuinewazyimnalane fewmaia XRD uay SEM-

EDS iienvivaeukaviududayanuuinastnalnnisyzazaiefigniden

(n) (%)

a a L s a & a « av o
JUN 4.13 nandaeiniinantuneunisszazane n) a1savatelans v) nadiantnsailign

YLarany
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4.3.3 WANISANEIAUNAAIENIVBINISYEazANeanzilAn

msfnwvaunarmanimaaiiilunisfinednsnsiiauiseneiuazdade
fdawaronuiiivesnsiinujizer lnemisldaunisnsadinmansesureianalnnis
yrazaneiintu (Larouche et al,, 2023) Fsouaildaniadefl 4.3.2.3 way 4.3.2.5 1
wionvannsfifivun uwazaunslaiaenndesiudeyaamsaszyldinnalnmsvzazane
vodlavegnarunslaeUfAsenadl visgnaruANLUUMILNENIzAY WiaIRRTuTIADILLY
5ﬂﬁqé’qmmsamwa“hmumzﬁu (activated energy) MAnTuldveurarlans ogrslsAny
diolilddeyatiuiugrunndu fn1snsnaeunsdidninaailiviiufAsewieldgnazazans
(residual) aaewnaila XRD, ICP-OES, uag SEM-EDS L‘Vd\iaizqaﬂﬁU‘izﬂaUVI’NLﬂﬁﬁLUgﬁluLLﬂaﬂ

a a

Tneviadofiutssenidu 3 vadevdn léun vsnavesgamgifidsmasesaunamanslunsdl
14lslnsauesoenlas svinavesgavniifidsanosaunamanslunsdnisldlelnsiou
wWefeenled uariinseiesdusznoumaniivesnsdidninsndilignuzazane
4.3.3.1 Svidwavasgumglinidmasiovaunamansnisyzazaelunsailaly
lalaslauasoanlyn
11NN15ANYIBNSNATE a9 UMY d sriar DA UNARART VDI
vgagarglanglaglulyd H,0, nuinnisvgaratsdfisulaziusndaaiunsassuiglanae
wuudiaeann1snns Aviami Il (@anns 2.6) @il R2 11nndn 0.9 fauandluguil 4.14 n
uay 4.14 9 uUUTIaeaun1s Aviami siifiuinalnmwrazansvosdifivauazusamiagn
muqm’hamiLLWﬁLLaz‘Uﬁﬁ%mLﬂﬁuuﬁ‘yuﬁaémﬁ’u dwmfuiniAauazlaveandliay
ponBindu 0 wag 2+ wasifuseiudaussnd dwalviiniunaiossenisvzazanslunsauay
gamnifudsuluas TeyailidannndeatuuuuIansaun19N1TAIVANLUUNITULNG

(@un13N 2.5) Ingden R 11nndn 0.9 dauanslugun 4.14 a wag ¢ WsihAanudunlaan

=

sUfl 4.14 (n-9) wmdentuaunisensisilioa @un1sit 2.7) wuinAwdaunsedy (E,)
(3U7 4.14 1) vaslavedidsil Ao Aoy 9.888 J/mol Tavead 59.151 J/mol dnifia 68.657
J/mol wazuaanila 0.576 J/mol anan E, il wusuasniladian E, Gi"']ﬁ'qm Fawansliiiiu
Tumndaannsafinujiseuasiarewussaildineninlanedu q luvazilaveadias
dnAadien £, g9 wansfsmnuaiosienisvzazatsiigenin Tnededdndsanulunsviane

NUSLLANUIN VUL DN UNUBLIN I RALA AL
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4.3.3.2 3vwavosguuniifidawanaaaunamansnisvzazane Tunsdinis
1ilalasnuaseanlun
MNNIANIBNENAve I UNTITi dawasieaaunamIansveanis
srazanelanzlngld H,0, (Fded 4.3.2.5) wurdifion dnia waglaueadlviveyadenndes
fuLUUTIa09EINNg Aviami (@Un157 2.6) Feildn RZ 1nndn 0.9 Aawanslusuil 4.15 msld
lelasinuadeanladsuiunisligungddmalivssansnmnissrararoifiugaduuas
Uffseefifntuesannd esmnmsvuiuveserneilaneifiniy viliAsniseandlad
Taneuagvianetuseldiety dmaldimsvzarasfifion Gnifa waglaveaignaiunudie

nalnnsunswarUize Al uunuRswiy WaSeudsue £, wuiinisly H0, Freanan

v
v a a A

wdsunseduasegsfidedfnyileisuiunsalibildlalasauvesoonled dail Aoy
7.829 J/mol finiAa 5.646 J/mol wazlausad 5.077 J/mol (3Ufl 4.15 9) A1 E, flanas
Fiuannsld H,0, ﬁﬂ‘iﬁawmmﬁlﬁmﬂﬁﬁ%miéﬁw%uuasﬁmmiwé’qmuﬁaaaﬂumi
ateuse dmsuieniida wuinfaudisealiegnssings lneaunsagnuzazaneliegny
auysainielu 5 undl fadu doyaunsnidaldanunsnirumdonniuaunisd fmuald
desndeyaliifitasafienuifismelunsfinsuuusiassaunisi. (Meshram et al,

2015)
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25 1.0 .
m 30°CR°=095619 @  40°C R’ =0.91561 m 30°CR =0.91037 *
°C R? = 0. °C R = 0. °C R = 0.
20l A 50°CR*=098511 z 60°C R® = 0.91544 ogl ® 40CR=090047
&  70°C R’ =0.94940 A 50°C R = 092863
S < 064 60°C R’ = 0.90212
E ‘_cf
T € 041
0.2+
—— 0.0 4 ———————————————+
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 4ac
Int Int
il U
0.12 ( ) 0.10 ( )
B 30°C R’= 0.94427 m  30°CR’=091484 CQ
0.104 @  40°C R’= 0.98583 008) ® 4OCR =097375
50°C R'= 0.99945 A 50°CR’ = 098904
Sj 008 60°C R’= 0.99848 3 ‘
P - & 0061 v e R’ = 0.99802
oF 70°C R’= 0.98671
,12 0.064+ ¢ SQ 70°C R? = 0.95722
iy & 0.04 -
& 0.04- ot
0.2 i *
0.00 - — 0.00 4
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
181 (U) a1 (U1i)
(R) ©)
o% ':__.w.:_.
u L Ea = 9.888 KJ/mol
i Co: E, = 59.181 KI/mol
A Ni:E_ = 68.657 Ki/mol
y iy )
c v  Mn:E =0.576 KI/mol
-641
1
B, 1
-10 t t t t t
29 3.0 31 3.2 3.3
1000/T (K™
(@)

JUT 4.14 saunarmansnisvzazanglaveiieuiuiaan nsallal H,0, () Aflex (1) wianila

(m) dniia (1) Tavead (3) waemauns Arrhenius
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A
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60°C R = 0.98736

1.00
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5
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A

Li:E, = 7.829 KJ/mol
Co - E, = 5.077 KJ/mol
Ni: E, = 5.646 KJ/mol

3.1

1000/T (K™

()

SUN 4.15 saunamaninisveasanglavziisuiua asaly H,0, (n) Siieu (v) dnifia

(@) Tauaad (1) WABRENNS Arrhenius

4.3.3.3 Asziesdusznaumnaaiivaskedianinsailignuzazane

nsAnwInalnnisvzazatsnedianinsavinlwiglannszuiunisi

AT uluseninanIsvrazalelans LAgNaaINNITYLaLaIgNUINLNANA NN LA ATUAD

A <, s a a A A = a ¢
a']ﬁaga']EJWNIaﬂ%L‘Uu@ﬂﬂﬂﬁzﬂ@ULLagLﬂ@“U@QLﬂHﬂaﬁgﬂau‘miﬂgﬂsﬁgagaqﬂ FINTIIILAINE W

nzneudibignuzazaramemaiia XRD uay EDS ansnsalidoyaddniieafudssansam

waznalnnisveazatelane n1sld HOSwAvgamndl dawalviusuinalansdeniivieylu

Y] o | Ao o W A a ¢ o
AENBUNAINIIVL ALY UDYAIDY WU UYEAEY (E‘UVI 4.16) NFAATIENALUNATUYDINZNDU

lignvzazarenuinfivsunamsuougs audmuansusenaunlignizavane 1wy oxqiiun

availlleu-lavead ua

2ovaill
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N153ATIENAUFIUING AL DIAUTENOUNIUATIVBINENOUA Y
waila SEM-EDS wudnianlunisszazaie 10 w1l vuinvessyninanaeg1iiula i
Tnotanzegedslunsdinsiiy H,0, Sevhliusinalansuusnila lavoad wasdiniiaanas
othaunn Weiunanlunisvzazateuniy LN dauasiniiagnueazaleeanannmg

(Y]

Sudninsnldomn sniulaveast asueu ovglidion wasdaulesfissadiog Fuandugud
4.17 way 4.18 Wan151LAs1EiR wAnLanslfiugn wWeld H,0, swdvaamgilunis
grazans Usinalavefivaelungneuaztosninsdifilile H,0, Immawqﬂﬂuaaﬁﬁmﬁaag
Wles 0.29 wi% uazezaiiden 1.03 wi% dauandlunisnad 4.2 luvagdilunsddlaileld
H,0, fanuinfiudaniila dnifia warlaveadindesglungnauluduauinniinisiu H,0,

(U7 4.19 uay 4.20)

A A Graphite
® ALO,
A Al73C027
’ (C03Ni?)0.4
3
&
=
R
=
o L H.O
& 272
N.® om0 4 o
b1 laifi H,0,
s | ¥\
' } ' } b } ¥ } + ¢ ' } ¢
10 20 30 40 50 60 70 80
20 (94dn)

JUN 4.16 adnmsi XRD Axnauilvaiednnsvazany Wavzazatgmelian 10 Ui
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AN 4.2 HAILASIZY ICP-OES TaneadnenauNmanannn1sseasalsLil 0vsaransnie

1387 60 WU

USHaus19 (Wt.%)

fi19819
Li Co Ni Mn Al other
mzﬂauﬁlﬂgﬂ%asma (laisis H,0,)
(@n11gn1sneaes: H,S0, 1 M, S/L n/a | 4.570 | 4.550 | n/a | 2.438 | 90.730
10 ¢/200 mL, gunqd 60°C)
avnaufimdenisvearans (A H,0,)
(@nnegnsneans: H,50, 1 M, S/L n/a | 0.290 | n/a | n/a| 1.306 | 98.400
10 ¢/200 mL, gunqdl 60°C, H,0, 1%)
*n/a linulany
I’ Sum Spectrum Weight Atomic
: Element
) )
CK v 85.10
oK 15.59 12.90
Al K 091 0.45
SK 1.00 0.041
Co K 0.52 0.12
ry Ni K 0.95 0.21
0 """‘;" ('3 ' E'S 10 12 16 18 20 Cuk 387 0.81
Full Scale 1618 cts Cursor: 0.000 keV

JUN 4.17 Hadimsneyt SEM-EDS vasmznaunlignuzazate Wevrazagmieiial 10 Uil iy

H,O, (@n1gn1snaasy : H,SO, 1 M, S/L 10 ¢/200 mL, Qamqﬁ 60°C, H,O, 1%)
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Element

Weight
(%)

Atomic
(%)

CK

83.34

88.53

oK

12.45

ALK

JUM 4.18 HalAs1zyt SEM-EDS veenznaui lignyzazaiy 1laveazaienislial 60 Ui

Wi H,0, @nngmmeaes: H,50, 1 M, S/L 10 ¢/200 mL, gaunqil 60°C, H,0, 1%)



Sum spectrum

MM B A B Sl B Bl B A A B

0 2 4 6 8 10 12 14
Full Scale 2227 cts Cursor: 0.000 keV
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- Weight Atomic

(%) (%)
CK 38.54 64.09
oK 15.71 19.61
ALK 1.13 0.84
SK 1.22 0.76
Mn K 1.24 0.45
CoK 17.47 5.92
Ni K 22.10 7.52
Cul 2.58 0.81

gﬂﬁ 4.19 Na ALY SEM-EDS maqmzﬂauﬁlﬁgﬂwazma ilovzazandonan 10 Wil
Llaldin H,0, (@n1enIMAaed: H,50, 1 M, S/L 10 9/200 mL, aaungil 60°C)
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Sum spectrum Weight Atomic
Element

(%) (%)

CK 87.79 91.85

OK 9.46 7.38

ALK 0.27 0.12

SK 0.70 0.27

Mn K 0.44 0.10

y CoK 0.90 0.19

0 2 4 6 8 10 12 14 16 18 20 Ni K 0.44 0.09
Full Scale 1618 cts Cursor: 0.000

Ul 4.20 wadlasesi SEM-EDS vesmzneuilsignuvazate 1ovzazansfonan 60 U
Wilaldn H,0, (@n1En1snAaes: HySO, 1 M, S/L 10 ¢/200 mL, gaunqil 60°C)

4.4 @yUnanITYTaTaIELALNNg

msfnwnalnnisvragatsuasnsnaulanediiey wsnilia dnfia waglaveadain
a d' 1 = = a a o d' 1 1 [ ng =

HaDLENNTAMENIUNITT TABTIN1SANY19NSNaVe LU SNdINasanISYEazanesall (1) Anwn
dVSNaaTaraIunIATaNITn (2) ANWIDNSNATAAILVDILTIFBUDIMAT (3) AnwBnSnavaq
gaund (4) Anwidninavedlalasiauaseanlen (5) Anwidnswavesgungdsiuiu
lalasiulasoanlan way (6) ANWIRAUNAAIANSNISTLALANY A1NN1SNRaRINgladn Y

A o vo g

nsnaaeInirue awnsaagulanal
1. AnUWutuaNsazvae H,50, dmanalsednsninnisvrasanslany lagdiiey

LALLM IUAT USEEANT AINAISTLaLAN g N UV UBY 19T ALIULL DAL UTUENTALAUNTA

' '
a a 3

WLTY dnnakazlaueandussa@ns nnniserazalgninin 40% wagn1siA LA UTY

a v

asazanensnliladimanaUszansnmnisvrazatsveslangiivassedsiitodngy
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2. mMsfinshsdruvesudsovesnarfinaseuszansnmnsezazaislans Tned
§n51du25 o/L way 50 o/L liUszansnmnisrzararslansiilndifeetu egaslsinunis
Wiudnsaiuvendasevenanu 75 o/L dwalinmsvrazaislancanatessdnay

3. msuugamgiilumsvzazated swalviusedns amnisvzazasvesdiiion
wusnila 9niia LLazIﬂuaaﬁLﬁuqﬁumaamwmmmwzagma ag4lsAnuUszansSam
mM3vrararvvesinfanazinuoasniansiinis 90%

4. n1514 H,0, Wuarseendladersliuiizeaiinisvzazaivvesdifisuuas
wsmiaiatuegnenadlunndsmesruduiuiiinw dusuinfauarlauead maudia
ANMUIUTY H,0, 110077 1 Wasibudlagusunns deanaliused@nsninnisyeasaredniia
Ty 90% urdmdulaveadUssavanmnsyrazanedennia 90% ewniussTiudauss
wasiaveendnduiades

5. Msldaaumgiisiuiumsiiy H,0, dwalvidimeuuaziasnidafinujiseuaiog

a

samsuazivszdninmniszazaregenigalunndasgunginAnwy dmsuidniad

[

UsgAnSnwnistraranefigefigaloliemmginisvraraisannnin 60°C luvnizilaueads
Usgavisnmmssrazanefiuusnnnin 90% Lﬁ@iﬁqmmﬁmwzazmmnﬂm"] 60°C

6. §w§wasuaaqquﬁﬁ'a'maafaaauwamam% Tunsalladld H,0, nu3annalnnis
Yravarpvesdifisuazuusndagenadesiuaunis Avrami sadunalnnisvzazatonay
(MsunssufunsmuauUiisenaivuiiuie) nfausslavoadaenadosfuuuudiassns
und uenanindsuaunsesu () vesdiiien 9.880 KJ/mol lavaad 59.181 KJ/mol was
fniia 68.657 KJ/mol wagiasnila 0.576 Ki/mol

7. 'Sm%'waﬁumqquﬁﬁdwada%uwamam‘ Tunsainisly H,0, nuinalnnng
yravarsvedlanzaiiivy niia wazlaueas denadesiuannis Avrami dadunalnnns
YEAZAULUUNANTENI NN TUNT TN UMsmuANUiAs e neduuiiuis nasununsedu
(E,) vasdLfiuy 7.829 KJ/mol laueasn 5.077 KJ/mol wazfiniia 5.646 KJ/mol anasagig
wulddniiafisusunsainildlalnsauleseonles daandiiiuinnisle H,0, WBuans
oondladteidsufisensravansiAstulfig

8. AN1ENTVTATAIET IMLITANE NS UNISYEazaBNIBE NINITATIKIUNITIHA AB
asazany H,S0, 1 M 8nndiuvauienoveval 50 ¢/L anudiudu H,0, 1% v/v aangll
60°C 1381 60 U7 danauszdnsninnisvzazantsainey wuenila wazilniia 100% way

TAuaan 97.17%
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N1SANAZNaUYaYlanslAIAINENsYTazaNY

51  uni

nsanagnaulangdidion dnifa lavead wazuusnidaainaisaratefiniunis
vgavaneiuduneuldsuaninlossuveslanyliiduasuianiniearsusznavluanin
vosuds Uadeiidsnasionisnnazneulangliun A1 pH vesansazats gamgil uavuiinves
avsanagneu \esnlanzusdarviadnuandAnaaiuazanuauisalunisazaed
wansinafy ansiedfidenldlunisannzneu tdun ludeulensanled (NaOH) Taiiex
ASUBLUA (Na,CO,) lataaunadains (Na;PO,) kaznsnoongnan (CH,0,) Feaansausuan
pH Iinuzaunulansusazvia Wwu n1sldlanvulansonlanuaznsnoangdandinsy
anaznoulaveas dnifia wazuuenida lunauefdifisnauisannaneuldaeladiey
lonsenlud Tufonasueiun uazlufsuwoamsiilausudn pH 110191 10 waziiugamai
s‘z’fa%y’umaummﬁﬁzhaLﬁumz?m%mwiuﬂmwﬂiamaaﬂmﬂmﬁazmmmmﬁummﬁqméw

NARNAUN

5.2 %gumaumsvmam
521 funsunisanaznou
nsanazneuLiisnonlanziiA1eonainaisasanefinunisvrazateidy
Tuneuiifinududou iionauifnuaivesdansadreadeiu nsnnazneusanilu
4 Fumeu fail (1) ANAENBUNNIRSIANATY (2) annznaulavead dniia wavuueniila
(3) mannaznauwnila way (4) Sumannaznoudifion Fuandlusuil 5.1
1. Mamnagnauindnsauaiu thansazaneildandunounissrazaion

v a

annznaundIneraliloussnainaisazaty ngldarsazanslameulansenlandudu 30%

Y

< A vee ! ! I ! = J A ° [
Juansanagnou Mmeaesildfnwidiem pH faus 1-10 Wien1en pH Awsngaudmsu
msanagnauezaiifluy Tussnininisneasslaiinisinuimedvansazanaiiiounluinsen
Usunalavzluansazangsemaila ICP-OES AuiumiUszaniammsanagneulanzuaz
a A a

Ysunaldangluansazatsldanaunisi 5.1 was 5.2 walaan pH anpznouazqiliiuud

Wizay a1sazanuazaznauiindulsgnnsesienaenaniu lagansazatgasgniill

Y
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naznouludumeudaliifiousnlansdu 1 agneufiiAnduazgniludrailudasday
vesudeoreanaii 1 ¢/10 mL iiiefdnindonsearsiiovu vlingnouiiauuians
Wit mnfuhnzneuiilaludinseisinalaveiemeain ICP-OES wazduianlesifu
ANuUTaNSvesmznaudsaun1sf 5.3 Tinsgiilasndnuosngnaudemaia XRD uay
AnneinnneynanznoufeiesinvLIneyNALALYDS

2. msanaznaulavead dniia warwuinida taisazaefiniunistida
ozqiliounanmzneuisusnlauead dniia wazuusnidassnainaisazate lasldnsn
panv1aniluarsnnagnou n1s@nwidnsidrulaeluansneonendnselossudniialuy
arvazarsludnindiunng o sl 0.5:1, 1:1, 1.5:1, 2.5:1, 5:1, 7.5:1, 10:1, 12.5:1 u@z 15:1
Taeimuagamgilumsanmazneu 60°C uaz@nuiszeznanlunisnnagnoui 30, 60, 90 uay
120 W luszwinamsnaaedddiinsfusmegasazaneidiiothluinseduiunalansly
ansazanesamaia ICP-OES Faunamuszansnmnsanazneulansuasuunalansly
asazangldainaunsii 5.1 waz 5.2 Weldannznisnnnzneulavead dnfa wasuueniila
Fnzan ¥insnsesuenaIsazateuasnznauiitindu asazanefildiilunnaznouly
Supoudnly pznouiliniuihludraniludnsdmnedsevanaii 1 ¢/10 mL \fieridn
indevdeansiievu vilingnoulinnauiavdifiudy mnduheenoudildluliesgiuium
Tavgsnemaila ICP-OES uazdunaalafiiunnuuiaviveangnoufeaunisii 5.3 Jiase
1ASINENYDINENOUMIELNATIA XRD TATIWRANTININGWBINENoUMIENALA SEM-EDS uay
AnngivuneunanznoufeiaiesinvuineynALaLes

3, nsenazneukiInifa thansazanefiiunisanagnaulaveas dniia
wazwindaunnnneuwendaeonainaisazatsdnas e Ineldansazaneleioy
lansonledidudu 30% Wuaisanazneu lunsneasild@nwian pH 7 2-12 1ienen pH
fimuzaudmsunisanazneuwianiia lusswinnismeaeslddinisifudiegeansazans
W luieszivsinatansluansazarsdamaia ICP-OES §efuiauszaninmns
annznoulanzuasUSunalansluasazareldanaunisy 5.1 way 5.2 deolde pH luns
ANAZNOUT LN IN1SNTEMENENTAZAELATAZNOUBBNIINAY d15azanefl el
anmznovlutuneudaly pzneufiisduinludrnilusasndiueudsoveunani 1 /10
mL efdmndeviearsiFovu vilvinzneudiauuianiiintu ndmndraheenouiils
thlulesgivimnalavgdemadia ICP-OES uasdmaiesifuruuiansvesngnause
aunsil 5.3 Aasgilasmanuesmenaumeinaia XRD Anseidusuinewemenause

wAtlA SEM-EDS kAt IiAT1g1iruInoyn1AngnaumeAIedinuuIneynInLaLYes
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4. msenezneudifioy Wiasavateiiiiunsanasnoulandaunnnzney
Aisuseanainatsazany laeldludeuluneamaduansannznay InsAnwdnsidiulng
Tualosoudiiiouselaladoulelnsiaunoaa fai 1:1.5, 1:3, 1:6, wag 1:9 WiouIANW
gaumgilumsnnazneudl 60°C, 90°C, uay 100°C wagszuzaalunsnnAzneu 10, 20, 30,
40, 50, waz 60 Uil seensneassladnisitusietvansazaneiiothlUimsnzduiuna
Tanzluansavaremeomaila ICP-OES Feruraulszansnmnisannznoulans wasuSuna
Tangluansazangldannaunisf 5.1 waz 5.2 Weldannznmsanayneudifioudimnzay
NIBLUNEITATALLALALNDUDDNANNAY mzﬂauﬁLﬁm%u%Qﬂﬁwlﬂé’wﬁ’jﬂué’mﬂéaummLL%@
Heveuvaadi 1 ¢/10 mL iierdnindensoansiiovurinlinzneudainuuians futy
w§sandaintnzneudiladiasziusinalanydomain ICP-OES uazfulanUesidu
AuuIavsveInznaudisaunsil 5.3 Anseilasmdnueangnaudieowada XRD TiAT1e
duguingrvesnznaunlemain SEM-EDS LLaz’?meﬁﬁuumaqmﬂmsﬂauﬁ’ham?aﬁ@

YUINDUNIALALYDS
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ansazane (Lit, NiZ*, Mn?*, Co®, AL")

vinergiiiiyy

Anududuansazanelafaulansenlan 30%
A1 pH : 0-10

|

YD
ansavand

|

ansazane (LiT, Ni¥*, Mn?*, Co?", AY)

— Ni-Co-A(OH),

anaznoullniia lauead wazlusnide
snsdulagluansneengdnselesouiinia : 0.5:1,
1:1, 1.5:1, 2.5:1, 5:1, 7.5:1, 10:1, 12.5:1 915 1
Uil : 60 By LTALTYA
1381 : 30, 60, 90, 120 w9l

}
YD Na,SO,, a1 (Ni-Co-Mn)
GREGETR (Ni-Co-Mn) C,0,-2H,0 C,0,2H,0

asazay (Lit, Mn?)

ANALNOULLINTE
ANuNtuansavangleeulensanlyn 30%

A1 pH : 2-12
= a1sin
VoW | _, Na,SO,, Mn,0, —— Mn,0,
GEEEML)

a1sazany (LiY)

|

AnnLnaUALEY
dnsdulasluadiiouse Na,HPO, : 1:1.5, 1:3, 1:6, 1:9
a0 : 60, 90, 100 eALYALTYH

gl y

1381 : 10, 20, 30, 40, 50, 60 W

!

asaran
ENIRE

— d198sa1y

Na,SO,, Li,PO,
} st
Li,PO,

SUM 5.1 WHURINISHNAZNDULANE

Y
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522 malwsgianuuignivesdndusiuarualanslussazas
mMnTeieuUavEveman s arnsavinldlasnisdesdensatanes
(Aqua regia) Faduasavanefwionainnisuaunsalelasrasinuaznsnlunin lusnsndy
3 60 1 91N 091deth DI wazlUAmseidhomedn ICP-OES namsitasesianunsa
dnfuaszaninmnisanaznoulanzainaunsi 5.1 Usunadansluansazaisain

= a £ a o ¢ d'
d@1N1IN 5.2 LLazﬂ’JWQJUSEleﬁSUQQNaMﬂm%ﬁ]’maumi‘w 53

Usunalangluaisazay (ppm) o
aunisn (5.1)

Uszdndnimnisanaznaulang (%) = 100 - — -
Usunalaneluasazanesasy

Usunalavgluansazaie (ppm) = Arududueslansiiin (ppm) x Ysuiasaisazans (L)

aunns (5.2)

ANNUTANTVRIHARSY (%) = 100 - UIAVBITINUATIUNIVUA aun1i (5.3)

523  MTIATIINILATIYDINENS a0
wandusifldannnsanazneuldiuiinigilasiaiwdnlaoimaia XRD
Tndenyuauny 26 Tugaa 10-80° warlddnsiausalunisaunu 5 downd dugiuiven
WAZNNINTELMVBITINNIAATIZYIRY SEM-EDS Ingldussiulnil 15 Alaliad uazimua
sepysvisiuAahegsiuauduasndasgansaat (Working distance, WD) 71 15 fiadiuns

wazinvuneynesgtaesiagldin DI Wufinans

5.3 wan1sAnwntadenng q Ndmananisannznaulansiian

53.1  YUABUANALNBUAIINSIANATU

(%
v a a a

d1vazateNn1unIsvEazatenuIdusuiulaneasll dniia 6,222 ppm

lauead 5,000 ppm waen1ila 2,504 ppm ALfiva 1,835 ppm kazorqiliiley 3,675 ppm

FelSuuergiiflongeuasdiasennuuiansvesaisarale aeiudadanudnduniazdes

[

mMinezadiflsnesnainaisazargnauiiazandunisanaznaulaneiia1du o lunsdnenil

Y

WWonldasavanslafeulansenlanidutu 30% LWeUsuaT pH vesa1TazaIgniug 1 84 10

WaAnwINavesAT pH Aan1sanaznouarg ey INNANITNARBINUTN Lil DA pH VBl
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a1sazaneunnd 4 leseusrgiillon (AP luansazangezqililondainm (AL(SO,)s) Az
UfAzenfuledeulansenled (NaOH) iian1sanAzneusradideuuinnin 90% gy
a1sUszneulvIuaesezgiiflenlansenled (AUOH),) filiazanetuazarsuszneulefey
dauln (Na,SO,) fauansluaunsyi 5.4 15ioan pH yasansaraoLfiuduannni 7 wuin At
gni1dneenanansarareiiouionun (98%) Fauandlugudl 5.2 Fanisusuen pH s
ansazangliidu 7 seludeslensonladiduraen pH fungauianlunsmdna AC oon
Mnansazas Welildansazanefideuuianiaindu egralsfinu nsanagneutding

goydelavedienlaun Tnifia 43.88% lauead 40.78% wuen1ila 21.37% wagdiiey 15.37%

¥ £
=

= ' a = o« | ° aaa o = 12
ﬂ'ﬁqmlﬁﬂiawﬁL‘Via']uLﬂGWJ‘L!Lu@Q‘UqﬂUqﬁﬁﬁum@ﬁIa‘wgmqﬂﬁ ﬂifﬂﬂ‘UI"ﬁL@ ﬂﬂlaﬂiaﬂl"ﬁﬂlu

£
= 1 a

an13efiAn pH Wingeu dawalinnnznausiuivezalilieulansenlyn

Y

AL(SOy), . +6NaOH 1> 2AUOH ) +3Na, S04t o aunsfl (5.4)

100+ g | o~
=+ "

90+ —o—Ni

;@ 80+ & (o ;

E 70 4 —p—Mn I
- ,

§ 60 - —¢—Al /

2 1 |

=

= 50 /

[ren 1

g a0t

an T ‘

o Sl

2 1

= 5 |

10

JUN 5.2 Usgdniamnisanaznaulanei pH 0-10
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ansazae? pH 7 danvazidunznounviuassduian (3U7 5.3 n)

Ao Y

WiauhlunsalennenauwaraIsaralgeanaNiuy wulnasazanefleianwas lawaslddy

¥
a

(5U7 5.3 ) Wngran1siasigiesdusenaumaaivesansazatenuiniilanglulunaunail
dnAa 3,492 ppm lAausan 2,961 ppm Lusn1id 1,969 ppm aLtigy 1,553 ppm

wazeaiidey 67 ppm ArNauiilaaINNIsNILLazaUwsllianwuednuTL (FUA 5.3 A

Y

way 1) 31NNITIATIBARENaUAIBWATA XRD nudtaiunasuilaiduaisuseneulaiiey
Fawln Aauanslugui 5.4 Wetwenauaeud DI anansaminlabsudamneanatnaznould
dwalvianasunlandeannnisdraiinisidsundas dawanddugun 5.5 nuidiiainiag

e ) A a = = o a cav v A = o
YUY UV UNYULVBIAITUTLNBUNUANNLTUNGNA I@EJU']N@'J LﬂiWSWW‘lﬂLﬂiﬁJ‘ULWEJ‘Uﬂ‘U

=

NUITAY (JUT 5.6) Feduduladinzneuillaretniia-lavead-svgiideulansonlyn
(Ni-Co-AlOH),) Nin1sAnAznausuiY Adkandlusuf 5.7 uagdiasienusuialanseie

WALA ICP-OES WindUdUNanInNany Aduwandtum1s1en 5.1 lngngnaunasauIusenaunig

a

pradiiion 10.880 wt.%, fniia 12.760 wt.%, LAUDaH 8.125 wt.%, wWidN1Ha 0.855 wt.%

Y

A8 0.302 wt.%

() @58Lan8nRaINTad

(M) MTNDUNAINTDI (1) PLNOUDULIILATUA

JUN 5.3 ndndueintaainnisiminezgiiiey
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2000

@znoy pH 7

1500 -

1000

500

Intensity (a.u.)

100 +
4 Na,SO, (PDF02-0839)
80 1

60 L

201

0“ ; | ; | ; II II II|II III|||II
10 20 30 40 50 60 70 80
2Theta (degree)

(%

JUT 5.4 dnwaiznsideaiuusadidnduesmgnauil pH 7

nznoU pH 7 WA

0 " | | | l 1 |

’;:\ 1 1 T T T T
£ 1000 + — Ni(OH), (PDF06-0144)
2 —— ColOH), (PDF 89-8616)
c 500+
g
£
0 ' 1 I ; I —1 I ' I ; | I'l L l{ 1
200 AL(OH)a (PDF 89-4333)
100
0 -
10 20 30 40 50 60 70 80

2Theta (degree)

(%

A dy v A& s ~ v v
EU‘V] 5.5 anwaeNITLRYAUUINEDNYVDINENBUN pH 7 NaI8
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- S ——Ni-Co
a 3 g | 8§ . [—Nal
T = o = Ni-Co-Al
< Ni

Intensity (a.u.)

T I

20 40 60 80
2 Theta (degree)

[

U7l 5.6 dnwaizmaiasiuusiadndussazneu Ni-Co-A(OH); (Gu et al,, 2019)

SUT 5.7 WHUAIMNINTEANMIEINANG o sewalla SEM-EDS vaingnaufl pH 7
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MI599 5.1 WadlATIzReemAtlaA ICP-OES wasnznauil pH 7

Ysuausinluansusznau Ni-Co-A(OH); (wt.%)

o flaudna MR
Al 8.14 10.88
Ni 9.81 12.76
Co 6.30 8.13
Mn 1.29 0.86
Li 0.64 0.30
Si 0.05 0.04
Fe 0.09 0.14
S 9.08 LOD
Na 10.56 LOD
P 0.49 1.72
Other 53.58 65.18

5.3.2  Wan1sAN¥INIsANAznaulniia-lauaan-uuenIila

asazaneilldanmsminezaiiflougmirunmnnzneusiolagldnsaeenendn
(Oxalic acid) \uansanaznau mMsvaassiifnednnavessnsduluarinsnosnenande
lovesuiinifaluasazaisiidwasenisanaznauiinia Taveas wasuueniild 91nn1Mnaes
WUl MslsnTdluasvesnsneangnanaslossuiinfaiiunnnin 1.5:1 dewalidniia
wazlavoadanaznausanuilauings 99% Tuvasfinusnidannasneusenuilauszua
84% sauandlusuil 5.8 esnlavemaniidulavelundulanensuddudsdanauifng
wilnardiaveendndu (N2, Co?, wag Mn?) find1omasiu iliaufasendunsneen
ganludnuaradeTunasinansuseneuiiazaneulaenldun Nic,0s CoC,0s MNC,0q
(@uN157 5.5) nsanazneuveslansieauiuind undoutunasuenesnainduldsnn
(Schmitz et al,, 2024) dwmsuaifisuiunnnzneusenuluysutalosnin 6% wiosan
avisndulanglungulanedanlad danuaunsalunisasareganinlanslungunsuddu
dwalinsanavneuvesdifinluduneuiivesunniiewssuiiousuinia Taveasd way

WINNTHE AIUUNNTANAZNAUNNLAG LAUDARA LATLUINUEAI8TNIIEIULLANSNIADBNTIAN
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definifa 1.5 o 1 1Usyansamnsanazneufimuizay nsansatlunisanazneu
wuindiniia Tausadiinnisnnaznausananansazansldiieuriaun (99%) aneluran 30
W wazuisndainseanazneusiudieUssuna 83% luvasiafisunnnzneussnuily
Uinautiosndn 5% luyndrsnandiviinsdne fauaaslugui 5.9

(NI, Co, M)SOq(pq) +M,C,0q9>(Ni, CO, Mn)C, 04 +H,50, aun1sa (5.5)

)

100 4 ~ ~
1 A —h A
f80dl
33
= 4
3
§60—— —a— Ni
&
g 1 —e—Co
i
[
£ 40 + —&— Mn
= :
s —wy—Li
@
23
w901
X AR EATRRSY —— v —7
L R e . L T B S e B B e

|

I I |
EDGNE 9 10 IN12 13 14 15
n(H.C.0,) : n(Ni*")

27274

I
0 A 2 3 4P5

a

U7 5.8 dnSnavesonsndruluaisnineanasndnmaussansnmnisanaenaulane

CaN

(@n1EN1INARRY: guugil 60°C Uaza1lunsnnaznau 120 W)
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100 r o, " ]
| A A —h— -
. 804
> —m—Ni
= 1
= —e—Co
P
g —ad— Mn
e
é T + Li
fa
d% 40 4
=
G
E,E 1
=
20 4
T -— WS»M—-—H-“’”W__—-'
0 ' | ' ! | ! ' !
0 30 60 90 120

1281 (Ui)

JUN 5.9 anSnavesnareUszansammsanaznaulane (@n1znsnaae: snmdiulug

vaansneenyansetnifialessu 1.5:1, aamni 60°C)

asazatenasnnaznaunuIdinsinangneudvuniindu (UN 5.10 n)
MHIIINNTBIMEANZNBULALATAZAI8R8NAINAU Iarsazarendanulavasidvundou
(5U% 5.10 @) Fenwudndivsunalavetinifa 35.2 ppm lavead 16.4 ppm wisn1ila 777 ppm

avgliilon 11.7 ppm wazdiflen 1533 ppm sziiulainuusndadinadivsunaroudiannly

[
¥

(% gj s o P o w IS gj (% A
GUELERNLS! muumiasmau%gﬂuﬂﬂmmﬂamwammLmeualuﬁuumaumlﬂ Arnauila

Y

o ] < P ) A va ¢
‘Viaﬂ'ﬂ']ﬂﬂi@ﬂLLagaULLWQNaﬂUmzLﬂua%ij (E‘UV] 5.10 A Wag ) Lﬂauqﬁgﬂ@uw‘lﬂqlﬂiﬁlgﬁ

wuIduasuseneuiiniiia-lauead-wuanidlaasanaan talewnse (Ni,CoMnC,0,-2H,0) A

[ = o =

wansluzun 5.11 Jamzneunlifidnwarnsidenuusididndiindeadafiunisfinuiluanuide

1%
= I~

994 Li et al. (2019) (gﬂﬁ 5.12) GefudunalaiinznouiliAnd uiio Ni;,CoMnC,04 2H,0

wan i dn1531AT1ERN1INTEEAIVRIMAIBmATTA SEM-EDS Aauanslusun 5.13 n

=3

1 a a 3 a oA U I L Ao LY = I
wulnilniia lavean LLazLmeuammasmamanguw WEINU FILUUNITANAZNBUNAN

sy wardnisvwldeuveduinguuazdaiasdyinlvninuuIansvesansusenauey ¥
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98.792% 1asanninznauluann wulnanunsandnlatfsuazdaineseanainaznaule

(5U1 5.13 2) FedenalvimuuIansvesansusenauliuduiie 99.704% aawandlunisad 5.2

(M) ALNDUNAINTDI (1) PLNOUNBIDULAILAZUA

JUT 5.10 windaueinlaannnisanagnaumiensneanynan (@a1enmeaes: dhsdiulua

nsneeneansielinifalossu 1.5:1 1381 30 ur¥l eangll 60°C)
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Ni,CoMnC,0,* 2H,0

CoC,0,"2H,0 (PDF 25-0250)

A1 |\[|n,|| | |M|,| i

Ni,C,0,"2H,0 (PDF01-0299)

Intensity

\ I
MnC,0,*2H,0 (PDF25-0544)

| ‘|, Ly gl |\U|| LU

10 20 30 40 50 60
2Theta (Degree)

JUT 5.11 dnuauzmsidenuuisdianduasmznen NigCoMnC0, 2H,0

A M3
J D R p—h o B
s M2
©
=y
")
8 M1
Q
<
- | JCPDS#01-0283-Manganese Oxalate Hydrate
I l  wd 014
| JCFl’DS#01-0299-NickeI Oxalate Hydrate
| I 1o (I
| JCPDS#01-0296-Cobalt Oxalate Hydrate
L | I § Ly 11 |
Y T ¥ T T T X T ¥ T X T ¥
15 20 25 35 40 45 50

30
2-Theta / degree

= v 1 LY & v a & 3 a a (3 =
E‘U‘VI 5.12 feg19anwaEN1SIaeIULSELngvangnaulinina-lauean-uuentdassngan

1ag Li et al, (2019)
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(@) Ni,CoMNC,0,-2H,0 a1

gﬂﬁ 5.13 WNUAMNNIINTEAIUMIEINEN 9 998 SEM-EDS veemznau NigCoMnC,04-2H,0

(n) MLNBUNAINNALZNDU (V) MLNBUNAIAIILN
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A5 5.2 HAIATIEREIE ICP-OES 1039znoU NigCoMnC,04-2H,0

U%u'wﬁ'wﬂ,uaflsﬂﬁznau NicCoMnC,0,4-:2H,0 (wt.%)

i foUANg RAIANY
Ni 9.27 9.66
Co 9.37 9.87
Mn 6.92 7.16
Li 0.10 0.08
Al 0.01 LOD
Fe 0.01 0.01
S 0.47 LOD
Na 0.61 LOD
Cu 0.01 0.013
AUUTENS (%) 98.79 99.70

5.3.3  wanmsAnuIn1IsanaAznauLNInIla

ansaratedildainanazneudnifa lavead wazuusnifatuianagnou
wueniladnass lnonisldasaransledeslonsenladidady 30% iieUsuen pH ves
AAYANELAYANYINANTENUTBIAN pH AonsmnnznaukLanildlutiedn pH Aaus 1.64 T
12 99nMIneasanUI1 MInnmzneuusemiaiuszdnsaingsandian pH u1nndn 11 3
amnsnAnAgneuLLaNIRaNInni1 98% varfiaifisudinsegluasararonaslaiiinnng
anaznoulumle pH AINa ﬁmam’iuguﬁ 5.14 Fafudl oH 11 Wuanngfiunzaudmsu
nsanagnauwlaniia Annsneaesdunanudl a1sarateinisildsuudasdidiedn pH
ity (3U7 5.15) Tnglugag pH 2-5 mannagnauduintusasdvesasazanodoudua
Huuazaam MaAsuulasivesmsarasiifnanmseendladuatlossu Mn? linanewdu
Mn** Gefiddudaunsluatsazats (@unisfi 5.6) 1uvae pH 69 leau Mn** 3Aadnduidu
Mn?* uazuFasendulansenlediliFuianisanazneuvesuuaniia (1) lensonles
(Mn(OH),) (aun15i 5.7) iledn pH w1An31 9 asaransuaznzneuiilint uduiatuanie

Feaziinuiserdueandiaulueiniavinlid Mn(OH), inUAseduansusznauwueniia
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gonlas (Mn,0,) iU naidunsodan (@aun1s7 5.8) (UNEP et al, 1981; Wang et al,,
2023)

MnZ40,, +aH" —2Mn” +2H,0 auns (5.6)

(ag)

MnSOqaq) +NaOH g —>Mn(OH),+Na, SO, aun1sn (5.7)

6MN(OH),(5) +O 5 —>2Mn304) +6H,0 aunsil (5.8)

(ag)

100

80 4

60

40

UsEANTAIWNITANAZNDUY (%)

20

JU 5.14 Usgdnsaimnisanagnauuianiilan pH 1.64-12



JUT 5.15 ansazanenainnaznouwiantan pH sy

MFIINATANAZNOURNINT AT pH 11 @15a%a18uasAZNoUT LANTY
Fauandluguil 5.16 ievin1snsosugnansazasiazazneuaendINiu arsazano i ledl
Snwazdivdeda (Uil 5.16 1) TaowuiivSinauuan damdony 8 ppm uardiion 1533
ppm s?famiasmsﬁasgﬂﬁﬁlﬂmﬂmxﬂauiu%umauﬁmlﬂ nenoudilindaninnisnsesdidnua
Fudthena (Uil 5.16 @) Wethleulanutu vesmgneuasidsuduiinady (qui
5.16 1) MnuTAsEinznauslawmaiia XRD (gﬂﬁ 5.17) wuiimzneudl pH 11 faudu
HANAN LpsanmEnauiiAnt wduansUsenevusamialensenles (Mn(OH),) wagluenila
sonlas (Mn,0,) Tnewnildlensenlesiianudundnddeualiaunniu XRD Usingudu
anwalz adugu (Moyseowicz et al., 2024) yennidanunisundeuveslnfoudamnly
ngneu ileifiuauuiansuaranuundnveangnou ngneudinadldgndrain DI e
Mdnlnondaminuazdieliuuenilalonsenleddudatuesndiauluennimunniy duwald
AnnsiUasuudasanuusnidlensonlesluduwusndaoanles (Mn,0,) Ssflaudundn
Srttaiy ImEJmmﬁqw%‘maqmzﬂawé’qmsﬁwfwaq’ﬁ 96.316% (137197 5.3) WoNaNH M3
WIBUBUNaIATIZY XRD AUsuideaes Atique Ullah et al. (2017) wuaunasuiinag
AdeRdsiu (U7 5.18) Bedudulsimeneuiinnesnuniduasusznouuaniidasenles uay
Ansrinmanszaneiivessiadioinaiia SEM-EDS ndsnnagnaukasudsda (JUfl 5.19)

W udunanIsianluReutasdamas
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(A) @15aransnaInnaznaU (V) @158¥AN8RaINTDY

(M) AZNDUNRINTDI (1) ANBUNGIDULIBALUR

JUN 5.16 nandaeinlainnisanagnausislyfedlansenleni pH 11
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nznau pH 11

4
2 <o

fenaU pH 11 a19un

Intensity

Mn,O, (PDF 89-4837)

'8 ‘, ‘,I L‘ | ‘ I‘,I 4l 1l

10 20 30 40 50 60 70 80
2Theta

U7 5.17 dnwauzmsideuussdidndvesnzneu pH 11

80
Mn, 0, nanoparticle
Q
60+
o
~ o
= N
<
- o«
2 40- =
Q
L)
S « S
— = o
e T o
204 S
3
W !
0 T T T T T
10 20 30 40 50 60 70

2 Theta (degrees)

gﬂ‘?‘i 5.18 anwuENsagUuTEIONGI09 Mn;sO, 1ne Atique Ullah et al,, (2017)
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40um

(n) agnau pH 11
3 0 b LD ¥

™ L5 .-‘1_9}” s .
‘ . “‘ '
e % \ L
5 Nt 3 ‘.' : o . n". X

() m¥nou pH 11 nasas

JUN 5.19 UHUAINAITNTEILAITINAN 9 mginatla SEM-EDS vewmgneu pH 11

(n) PLNOUNAINNATNBU (V) ALNDUNAIAIIUI



A13197 5.3 nadtAsizvmemaila ICP-OES 199nznau MnsO,

132

Ysuusinluansusznau Mn,O, (Wt.%)

519 — —
nauaq NAIAS

Ni 1.27 1.39

Co 1.37 1.51

Mn 41.6 50.35

Li 0.34 0.15

Al 0.12 0.11

Si 0.1 0.17

Fe 0.08 0.08

Mg 0.16 0.18

S 5.49 LOD

Na 7.85 LOD

P 0.07 0.09
AN (%) 83.16 96.31
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53.4  WaMsANYINITANATNDUALIEY

asazaneildndaainnisnnaznouuiendagnihunnpznoudiionlneld
Taleieulalasiaunedn (Na,HPO,) tuarsanaznou iWunisdnwiladedidinasonis
anaznaudiion lauwn aamgll vian uagdnsadiulualalaifeylalasauneanndelossy
Sitsuluansazats 9nnsdnwInudn UjAsenaiifinduvesdifivalesey (L7 lu
avsazareiulalasiaunealnlessu (HPO?) MiAnannisuandaveslaifesluviaas
(@un157t 5.9) Waduaisusznevdifiounaams (LisPOy) Fauandluaunis 5.10 Fan1udiy
Somdwluaveslalnfeulelasaunoas vliseansammannaznoudifosfutuly
nnddfinu uasmaiivgumgilunisanazneudsrastaiiedfydeussansam
msmnnzneu Taemsifingamafiann 60°C 1 90°C Ensndrulua 1:6 uavszazaalums
pnaenau 60 W) ViliszAvsamlumsnnagnoudifissifintuan 78% du 83% oehals
finn LﬁaqquﬁLﬁuﬁuLﬁu 100°C Uszd@nSnmmsanmzneudifisuanas 1ieanndiiioy
woamniinnaznausenilassaiendndalyianysal elaunufouazaaieiuazazans
ndudtedu demalivszansnwnisanagneudifiouanas fauandluzuil 5.20. uenainil
asavanefiiunisanaeneuseuntiienailosuduluidouey dudunissuniunis
pnaenoudifieslutunaugarig wu iAanisayids HPOZ Faduasiiduiulumannagney
Avlow dswaliaifiouusdnlianmsannagnausenuild (Shin et al, 2022) Kuiuaniig

n1sanagnaudLieuvingaufe dnsdiulua 1:6 gaumail 90°C Nsveslian 60 Uil i

UsgANSAMNISANRNaUdLNgL 83%

Na,HPOy—>3Na " +HPO; aunsi (5.9)

-+ 2- . =
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100 L — W 60°C (1:1.5) —@— 60°C (1:3) ——l— 60°C (1:6)
——60°C (1:9) —I+—90°C(1:1.5) —O—90°C (1:3)
é\c: —"—90°C (1:6) —=—90°C(1:9) —F—100°C(1:1.5)
= 90 +
= —F— 100°C (1:3) —— 100°C (1:6) —=#— 100°C (1:9)
ag 1
§ 80 + O 1.
[ *-s——__-_'ﬂ—'
& 4
v T} fﬁ
=
£ 70+
[
w3
s il w
g =
> 60—+
50 : ! ! | b ! ! | ! | : |
0 10 20 30 40 50 60

a1 (W)

SUN 5.20 BnSnavetaumnniiuarensidiuliaves Na,HPO, deUszdvinmnisnnaznau

RIRIIE
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vdaananazneudiiisuasazaneildianvazdun duandusy 5.21 n e
nIesUENAzNOUNATANsATaBBENINAUNYT ansazanefilatdnuasdlalifid fauandlugy
7l 5.21 ¥ wazazneuildmdsannnsssuazeuursiidnuadvn dauandusud 5.21 A uay 9
Emasmaﬁlé}’mﬂﬂflsﬂsaqa‘iﬂ%mmaLﬁsmmﬁaaq 260 ppm ArnoudildainnIsanazneu
thluTinszsidiemada XRD wuirannsuvesansusznauiildUszneuseaifiourioamn
waglafsudauln eiunuuianslifuansusznoudifisuoansn tnsneuludiaiy
wuiaunsaidaledendamnoonld fuandusud 522 uenanilifinseifiuiudae
LHUAMNTEAIBR D95 NS INNAzn oL Id 13 axifulddngneundedeinluny
Tnifsuuazdaules Jeaonadosiunaiinesi XRD fauandluguil 5.23 uazanuuiavsued

Adoueamniilefe 99.388% (151991 5.4)

(M) @sazangnaInneznol (¥) @15a¥a1gnadInTad

.,
o8 >
""A"f’.—- |

AL e
RS

v

S %%? [ o ‘x,‘é'
V\:‘:'.»v‘. ‘..1 . )

«)I

(A) AENOUNAINTDY  (9) ATNOUNAIDULAILAZUA

a Y 6

JUN 5.21 wandaueilaannsanagnaume NaHPO, (@n13gn1snaaes: enadulug

Na HPOLLI* 6:1 9eungil 90°C L3an 60 W)
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AZNDUNAINNAZNOU

AZNBUNAIAILN

Intensity

Na,SO, (PDF 24-1132)

WITRAIN IR TIRTRTTIIN

Li3P04 (PDF 71-1528)

, L‘ i

\,H K ||\,\H|||,||HQH| N | T

40 50 60 70 80
2Theta (Degree)

10 20 30

JUT 5.22 dnuaizmsiaenuuiidionduenzneu Li;PO, neuwazndidnul emalin XRD
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40um

(N) ALNDUNAINNHTNDU

(V) A¥NBUNRAIANUN

JUM 5.23 WHUAIMNITNTEAMITNAI ) AdeinaTla SEM-EDS ves LisPO, () ngnaunas

ANAZNY (1) HENDUNFIAIIUT
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A13197 5.4 nadiAsizvmemaila ICP-OES vemnzneu LisPO,

Ysuausinluansusenau LisPO, (wt.%)

i NaUA1Y RAIANY
Ni 0.06 0.06
Li 11.40 15.32
Al 0.15 0.14
Fe 0.06 0.06
Mg LOD 0.05
S 2.27 LOD
Na 1.77 LOD
P 21.10 24.75
Cu 0.10 0.18
Ca 0.10 0.12
AN (%) 89.48 99.39

54  ayunanisanaznaulanganansvzazang
nsfnwdnSnavesdiulseng q fdmanensanaznaulanedidiainalsveazans

[ a

fideil (1) Bviswavesen pH vesansazareiidsaronisuinerafiden (2) Bviwaveansnoon
ganuaznarfidawanisanazneudniia Taveasd uazuueniia (3) vSnaveadt pH v
asazateiidsanonisnnaznaunuania (4) dnsnavedlufonluneamauargumgdn
dwadensanaznoudifien annsoasUlffei

1. msvinevgiiflon msuFuan pH vesansaraesemsazasleieslansenlydi
pH 7 anansardnevaiiilousenanaisazatulauinnit 98% lasinsnnaznaulaneiien

(3 a A

vsdiuTinmgluguvesansuseneuiiniia-lavead-szaiiiloulansenlas

2. msnneznauliniia lavean waguusnila loonsiduluaveslessuliniiasensa
pany1an 1 Mo 1.5 ﬁqquﬁ 60°C waghanlunsanazney 30 Wil awisannaznaultniia
wazlaueadlauseunns 99% warAnNAENaULIININATINA28UTEUI 60% LAndu

a15Usenaunnna-lavaan-wudn1dasanasantalamsai dnisUunl osuladoudangm
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n1sdadIasandnlefsudamnwasinlinuuIansvewmaniueigadu (Auusans

99.704%)

a

3. mMsaneznauuisnila Idaisazanslafvulansenlenusuan pH aisazaned 11
au1sannaznouLuIn1alauszuna 99% duduarsusznovnusnidasonlendisinig
Judoulsifendamn nmsdshannsadalefoudamauasyiliauuiarduesuandas
Qﬁu (AHUTANS 96.32%)

4. msaneznaudiieu Toonsiduluavedlossudiiisunalalgnaulalnsiauneainn
7l 1 ¢ 6 gaumgdl 90°C srezaTluMIANAzNBY 60 U AansannAzneuALienlsUsEINN
83% AnduansUsznovaiiouneamlpfidmsuudeulnfoudamn nsdrsinamsanidn

lgRendamniayyinlinuusavsvenandaeiglu (AuUIans 99.39%)
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ARTICLE INFO ABSTRACT

Keywords:
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Calcined black mass
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Recovery

The increasing demand for lithium-ion batteries (LIBs) has raised significant concerns regarding the sustainable
management of spent batteries, particularly recovering valuable metals. After the separation and leaching of
black mass from spent batteries, the resulting pregnant solution served as the initial solution for valuable metals
recovery in this investigation. The precipitation-based methods for separating and recovering Al, Ni, Co, Mn, and
Li from the pregnant solution were investigated. Initially, Al ions were selectively removed using a NaOH so-
lution, achieving approximately 98.18 % Al removal. Then, Ni, Co, and a part of Mn ions were selectively
precipitated using oxalic acid, resulting in the recovery of approximately 99 % of Ni and Co and 84 % of Mn as
Ni-Co-Mn oxalate dihydrate compound with a purity of 99.70 %. The remaining Mn ions were then separated
using a NaOH solution, precipitating around 99 % of Mn as Mn304 with a purity of 96.32 %. Lastly, Li ions were
selectively precipitated using disodium hydrogen phosphate, resulting in approximately 83 % recovery as LizPO4
with a purity of 99.39 %. The comprehensive material balance for the proposed process was also evaluated in this

study.

1. Introduction

Lithium-ion batteries (LIBs) are crucial for powering electric vehicles
and electronic devices due to their performance, high energy density
and high cell voltage, leading to increasing demand for LIBs consump-
tion [1,2]. The LIB industry has experienced rapid growth in recent years
and continues to drive lithium consumption. Lithium, which is one of the
core elements that provides high reactivity and electrical conductivity
[3,4] demand increased from 9760 tons in 2015 to an estimated 12,160
tons by 2020, with projections reaching 21,520 tons by 2025 [5,6]. In
LIBs, the type of battery is identified by materials made in the cathode
depending on the functional properties and application, such as Li
(Ni/Mn/Co)0, (NMC), LiMn,0, (LMO), LiCoO, (LCO), and LiFePO,
(LFP) [7,2] However, with a relatively short lifespan of 3 to 5 years, LIBs
are expected to generate a substantial volume of waste batteries shortly.
Improper disposal of spent LIBs poses significant environmental risks
due to their high content of hazardous heavy metals and leads to
resource waste. These end-of-life batteries contain valuable metals such

as Li, Ni, Co, and Mn. Therefore, recovering and reusing these metals
conserves scarce resources and helps reduce environmental pollution
[8-11].

In the recycling industry, spent LIBs are commonly categorised into
two pathways: pyrometallurgical and hydrometallurgical processes (or a
combination of methods). Pyrometallurgy involves melting batteries at
high temperatures to extract valuable metals as mixed alloys and slag,
while hydrometallurgy refers to using aqueous solutions to leach valu-
able metals and recover the target metals from the leached solution [12,
7]. Pretreatment of spent LIBs is required prior to the processes. Waste
LIBs are necessary to discharge the residual electricity energy before
separation to avoid the risk of self-ignition or short circuit [13,14]. The
active cathode and anode materials, known as black mass, are then
separated from other parts of the spent batteries by several methods,
such as calcination treatment, mechanical separation, and solution
treatment [7,15,16]. For example, calcination treatment can be
employed in the temperature range of 150-700 °C to eliminate organic
materials and pyrolysis binder (such as PVDF and PTFE) [3,15,1,1]

Abbreviations: LIBs, lithium-ion batteries; ICP-OES, inductively coupled plasma-optical emission spectrometer; XRD, X-ray diffraction; SEM-EDS, scanning

electron microscopy and energy-dispersive X-ray spectroscopy.
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resulting in separation of black mass from current conductors (Al and Cu
foils) and other parts.

Hydrometallurgy is one of the common methods for recovering
valuable metals from spent LIBs. This approach involves a series of steps,
including pretreatment, sulfuric acid leaching [17-19], impurity
removal, solvent extraction, and chemical precipitation [20-22]. These
combined techniques efficiently extract metals such as Li, Co, Ni, and
Mn from the spent batteries [23,24]. Currently, most lithium-ion battery
recycling efforts for electric vehicles focus on recovering metals from
cathode materials, typically of the LiNixMnyCo,O» type, where
x+y+z=1 represents the stoichiometric ratio of Ni:Mn:Co [25,2].
Various methods have been developed to extract valuable metals from
the leachate of spent lithium-ion batteries. According to existing studies,
precipitation is commonly combined with solvent extraction (see ex-
amples of precipitation process in Table S1). These approaches aim to
recover valuable metals as compound products such as lithium car-
bonate, lithium phosphate, nickel-manganese-cobalt oxalate dihydrate,
cobalt hydroxide, cobalt oxide and manganese oxide [5,6,8,10,26-30].

This study presents the separation of metals by simple precipitation-
based methods from a pregnant solution (containing multiple element
ions, such as Li, Ni, Co, and Mn, including contamination of Al) obtained
from aqueous sulfuric leaching of calcined black mass. This approach
aims to optimise the precipitation and recovery efficiency from the
pregnant solution, contributing to the conservation of metal resources
for LIB technologies. Moreover, a simple calculation of the overall mass
balance and cost analysis are evaluated to provide economic viability
and the potential scaling up of the method.

2. Material and methods
2.1. Materials and reagents

The calcined black mass was obtained from a company in Thailand
that consists of ca. 3.5 wt.% Li, 10 wt.% Co, 12 wt.% Ni, 4 wt.% Mn, and
4 wt.% Al. The chemicals used in the experiments were of analytical
grade, including sulfuric acid (HySO4, QREC™, 98%), hydrogen
peroxide (H202, QREC™, 35%), sodium hydroxide (NaOH, ACI Labscan,
99%) and disodium hydrogen phosphate (NagHP,4, ACI Labscan, 99%),
and oxalic acid ((COOH),-2H,0, Kemaus, 99%).

2.2. Precipitation method

In this study, a pregnant solution was utilised as the raw material.
This solution was obtained through a leaching process of a calcined
black mass under a controlled condition of 1 mol L™! H2SO04, 1 %v/v
H05, a solid-to-liquid ratio (S/L) of 50 g L7, and a reaction time of 60
min at 60 °C. The leaching procedure details and the raw material source
were explained in our previous investigation [31]. The separation and
recovery experiments were conducted in four sequential steps: removal
of Al by adjusting the pH with NaOH solution, precipitation of Ni and Co
by using oxalic acid powder, precipitation of Mn by pH adjustment with
NaOH solution, and precipitation of Li using NapHPO4.

The Al ions impurity was eliminated by gradually adding a 30 wt.%
NaOH aqueous solution to a volume of 1020 mL of the pregnant solu-
tion. The optimal pH range (from pH ca. 0 to 10) for Al removal via
precipitation was identified at ambient conditions (ca. 30 °C) to obtain
aluminium hydroxide (Al(OH)s) as a product. Subsequently, the solid
precipitate was isolated from the liquid phase through filtration.

Subsequent to Al removal, the solution was subjected to Ni-Co pre-
cipitation by the controlled addition of oxalic acid powder. The molar
ratios of oxalic acid to Ni ions were systematically varied from 0.5:1 to
15:1 while maintaining a reaction temperature of 60 °C and the reaction
times between 30 and 120 min. The optimal conditions for Ni and Co
recovery were evaluated based on the precipitation yields. Following the
reaction, the solid precipitate was isolated from the liquid phase via
filtration and washed to eliminate residual salts (ca. 1:10 S/L ratio).
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The separated solution was then processed for the Mn precipitation
steps. A 30 wt.% NaOH solution was added to adjust the pH between
1.64 and 12 at ambient temperature. Upon reaching the optimised
condition, the solid Mn oxide precipitate was then isolated from the
liquid phase through filtration and washed to remove residual salts (ca.
1:10 S/L ratio). The remaining solution was then prepared for subse-
quent precipitation stages.

Finally, the solution was precipitated for Li recovery by adding
varying amounts of Na,HPO, powder, with the molar ratio of NayHPO,4
to Li ions ranging from 1.5:1 to 9:1. The temperature varied between 60
°C and 100 °C, and the reaction times ranged from 10 to 60 min. The
optimal conditions for Li recovery were determined based on the effi-
ciency of Li precipitation. After the reaction, the mixture was filtered to
separate the solid precipitate, which was then washed to remove any
residual salts (ca. 1:10 S/L ratio).

The precipitation steps for aluminium removal and nickel-cobalt
precipitation were conducted in a 500 mL glass beaker covered with a
watch glass to minimise vapour loss. In contrast, Mn and Li precipitation
experiments were performed in a 500 mL polypropylene (PP) bottle due
to the highly alkaline conditions. The vial for all experiments was placed
in a water bath on a magnetic stirrer with an electronic contact ther-
mometer for precise temperature control. The purity of the precipitated
powders was calculated from inductively coupled plasma-optical
emission spectrometry (ICP-OES) results. The precipitation percentages
were calculated using Eq. (1):

Initial concentrationofmetal — Final concentration

Precipitation (%) =
P *) Initial concentration

x 100
)

2.3. Analytical techniques

A Mettler Toledo SevenCompact pH/Ion meter was used to monitor
and regulate the solution’s pH during all precipitation reactions. After
each precipitation process, a vacuum filtration system consisting of a
flask, Biichner funnel, and vacuum pump was employed to separate the
solid and liquid phases. The concentrations of metal ions in the solutions
were quantitatively analysed using ICP-OES with an Optima 8000 in-
strument (PerkinElmer, Waltham, MA, USA). Prior to ICP-OES analysis
for the solid samples, 1 g of the sample was digested in 40 mL of aqua
regia (a 3:1 mixture of HCl and HNO3) and heated to boiling for 10 min.
After cooling, the solution was filtered into a 100 mL volumetric flask
and diluted to the calibration range. Additionally, the precipitated solid
samples were characterised using X-ray diffraction (XRD) with a D2
Phaser diffractometer (Bruker, Billerica, MA, USA) over a 2-theta range
of 10° to 80° with the step size of 0.02° with DIFFRAC.EVA software for
matching with reference peaks. Morphological characteristics and
chemical compositions were also assessed through scanning electron
microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS) using
a JSM-6010LV instrument (JEOL Ltd., Tokyo, Japan). Particle size dis-
tribution of the precipitated solid was analysed using laser diffraction
particle size analysis conducted with an LA-950V2 instrument (Horiba,
Kyoto, Japan).

3. Results and discussion

The black mass was dissolved using an optimised leaching process
condition from our previous study of 1 mol L1 Hy804, 1 %v/v Hy04, 50
g L1 S/L ratio, for 60 min at 60 °C [31]. The resulting pregnant solution
serving as the raw material for precipitation steps in this study, was
characterised by ICP-OES. The initial solution volume of 1020 mL con-
sists of ca. 1835 mg L™ Li, 6222 mg L™ Ni, 5000 mg L' Co, 2504 mg
L~! Mn, and 3675 mg L' AL The presence of Al contamination was
likely from Al foil, which is a common contamination in the black mass
separation process [32-34]. Al removal is deemed essential to ensure the
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production of high-purity precipitate products [35,36]. Four distinct
separation processes are employed in this study to selectively recover
metals from the pregnant solution in the form of their respective com-
pounds, as shown in Fig. 1. Al is removed by adjusting the solution pH
with an aqueous NaOH solution. Ni and Co (and a part of Mn) are
subsequently precipitated using oxalic acid powder. Mn is then precip-
itated by pH adjustment aqueous NaOH solution. Finally, Li is recovered
using NayHPOj, as a precipitating agent.

3.1. Aluminium precipitation

The removal of Al from the solution was carried out using a 30 wt.%
concentrated NaOH solution to adjust the pH of the solution. This pro-
cess facilitates the precipitation of Al as aluminium hydroxide (Al(OH)s,
which can be efficiently separated from the solution (Chernyaev et al.,
2021). The results are shown in Fig. 2. The pH of the solution increased
to 5; aluminium sulfate reacted with sodium hydroxide to form an Al
(OH)3 compound in yields exceeding 90 %, alongside sodium sulfate
(NapS04), as indicated in Eq. (2) [37]. When the pH was further raised
beyond 7, the removal of Al from the solution approached
near-complete levels (ca. 100 %).

Aly(SO4)34q)+6NaOH gy~ 2A1(OH) 5 +3N25S 04 s aq) )

3(aq;

Although the objective is to precipitate Al from the solution selec-
tively, other metal ions, specifically Ni, Co, Mn, and Li, also precipitate
when the pH increases [38,39]. However, it is necessary to remove Al
impurity from the solution. A pH of 7 was selected as the optimal
adjustment point for further experiments to minimise co-precipitation
while achieving near-complete Al recovery. The solution precipitated
at pH 7 exhibited a physical appearance of purple-grey colour (Fig. S1a).
After filtering to separate the solution from the precipitate, the resulting
solution appeared orange (Fig. S1b). The complex metal compounds
precipitate obtained after filtration and drying was dark grey (Fig. Slc
and d) with a particle size of ca. 53 um. XRD analysis of the precipitate
revealed the presence of NaySOy, as shown in Fig. 3a. The precipitate
was then washed with DI water, which resulted in a broad peak spec-
trum, making it difficult to match with known compounds using the
software. The researcher, therefore, compared the XRD analysis with
other studies involving the precipitation of AI(OH)3 and other possible
matching compounds [40]. It indicated the presence of Al(OH)s, Ni
(OH),, and Co(OH), as the predominant compounds, as shown in
Fig. 3b. ICP-OES analysis of the precipitated metal compounds revealed
a composition of approximately 5.78 wt.% Al, 9.81 wt.% Ni, 6.30 wt.%
Co, 1.29 wt.% Mn, and 0.64 wt.% Li. However, this step showed a
notable drawback in the significant co-precipitation of other metals,
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Precipitation (%)

Fig. 2. The effect of pH value on the precipitation of various metals.

with about 40 % loss of Ni and Co, 20 % of Mn, and 15 % of Li [38,39,
41]. Therefore, further investigation to develop a more selective Al
removal strategy or implement effective management of the
co-precipitated metals is required [39,42].

3.2. Nickel and cobalt precipitation

The solution of 1050 mL obtained after Al precipitation, which
contains ca. 3492 mg L™! Ni, 2961 mg L™! Co, 1969 mg L™! Mn, 1553
mgL ! Li, and 67 mg L' Al (ICP-OES result), is used for co-precipitation
of Ni and Co with oxalic acid powder (precipitating agent) in this step by
varying the molar ratios of oxalic acid to Ni ions from 0.5 to 15. As
shown in Fig. 4a, the molar ratio greater than 1.5 results in ca. 99 %
precipitation of Ni and Co, while Mn precipitates at around 60.35 %.
This is because these metals, being transition metals with similar
chemical properties and identical oxidation states (Ni**, Co*, and Mn?*),
tend to react with oxalic acid in a similar manner [43], forming poorly
soluble compounds such as NiC204, CoC204, and MnC204 (Eq. (3)) [44].
These compounds share similar properties in terms of solubility and
precipitation, which leads to simultaneous precipitation of the three
metals and makes their separation challenging. In contrast, Li is an alkali
metal with higher solubility compared to transition metals [45],
resulting in the precipitation of Li being minimal (lower than 1.5 %)
compared to Ni, Co, and Mn under the condition. Therefore, using a 1.5
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Fig. 1. Schematic diagram of metal recovery from pregnant solution in this study.
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oxalic acid to nickel ion molar ratio of 1.5:1, 60 °C) on the metal precipitation efficiency.

molar ratio of oxalic acid to Ni ions yields effective precipitation of the
targeted metals. Additionally, the study on precipitation time revealed
that 30 min is sufficient for the precipitation of Ni and Co (with a portion
of Mn), as shown in Fig. 4b. However, Mn cannot be precipitated
entirely during this time, which requires further Mn recovery in the next
step. The precipitated powder obtained after filtering and drying was
pink in colour (Fig. S2a and b) with a particle size of ca. 6 um. The
analysis identified the precipitate as nickel-cobalt-manganese oxalate
dihydrate (Ni, Co, Mn)C20.-2H-0 [46], as shown in Fig. 5a. Further,
elemental distribution analysis using SEM-EDS (Fig. 5b) confirmed that
Ni, Co, and Mn were distributed in the same area, indicating
co-precipitation of these elements. Additionally, there was contamina-
tion with sodium and sulfur, resulting in a compound purity of 98.79 %.
Washing the precipitate with water effectively removes sodium and
sulfur (Fig. 5b), increasing the purity of the compound to 99.70 %.

(Ni, Co, Mn)SOa4(aq) + H2C204(s)—(Ni, Co, Mn)CyO04(s) + H2SO04(aq)
3)

3.3. Manganese precipitation

The solution after the co-precipitation of Ni and Co obtained a pink
precipitate (Fig. S2c and d). This solution contained ca. 777 mg L™ Mn
and 1533 mg L~! Li with small trace amounts of Ni, Co, and Al (<60 mg
L1). The presence of significant Mn in the solution was then precipi-
tated in this step by adding a 30 % concentrated NaOH solution,

adjusting the pH from ca. 1.64 to 12, as shown in Fig. 6a. The obser-
vations during the experiment showed that the colour of the solution
changed at different pH levels after manganese precipitation, as illus-
trated in Fig. 6b. The initial solution was clear, but precipitation began
as the pH increased to between 2 and 5, and the solution turned orange
and pink. This colour change was due to the oxidation of Mn?* ions to
Mn®*, which appear orange to red in acidic solutions [47]. As the pH
increased to the range of 6 to 9, Mn>* ions were reduced back to Mn?*,
resulting in the precipitation of manganese (II) hydroxide (Mn(OH)3). At
a pH higher than 9, where the solution and precipitate were exposed to
air, they reacted with oxygen, causing Mn(OH): to convert into man-
ganese oxide (Mn304) (Eq. (4)), which is dark brown or black [47-49],
as shown in Eq. (4). The experimental results showed that Mn precipi-
tation was most efficient at pH 11 and 12, where >98 % of the Mn was
precipitated. Meanwhile, lithium remained in the solution with no
precipitating at this pH. Therefore, pH 11 is the optimal condition for
manganese precipitation.

MnSO4(aq)+2NaOH zq)— 1 / 3Mn304(5)+NaSOs(aq)+ HaOqy ()]

The separated Mn oxide, which was isolated from the alkaline pre-
cipitation process at pH 11 (shown in Fig. S3), was characterised by XRD
and SEM-EDS analysis (Fig. 7). XRD analysis revealed that the precipi-
tate powder at pH 11 (before water washing) exhibited low crystallinity
due to contamination from other components. Elemental mapping of the
pH 11 precipitate showed contamination with sodium and sulfur
(Fig. 7b). However, after being washed with water to remove the sodium
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Fig. 6. The effect of (a) pH adjusting with aqueous NaOH solution and (b) colour of solution changing on the precipitation of Mn and Li.

and sulfur, the precipitate powder showed improved crystallinity [50].
The precipitate (after water washing) was identified as manganese oxide
(Mn304) with a purity of 96.32 % and particle size of ca. 30 pm.

3.4. Lithium precipitation

Conventional lithium recovery from aqueous solutions involves
carbonate precipitation. Typically, utilising saturated Na;COs3 is a con-
ventional precipitant of the current technology used to precipitate
Li»CO3 [7,51]. However, this process exhibits limitations, such as being
ineffective for a low lithium concentration solution (lower than 20 g
Lfl) and requiring large consumption of the NayCOg3 solution [51,52].
Moreover, the relatively high solubility product of Li;CO3 (Ksp, = 8.15 x
10~ in water potentially leads to significant LiCO3 losses in the
washing step to remove sodium impurities [53-55]. Consequently, this
study explores phosphate precipitation as an alternative approach
driven by economic viability and scientific advancement considerations
[51,54].

The solution (contained ca. 1533 mg Lt of Li) obtained after Mn
precipitation was used for lithium precipitation using Na;HPO4 as the
precipitating agent. Various factors influencing Li precipitation,
including temperature, time, and the molar ratio of Na;HPO4 to Li ions
in the solution were studied. The chemical reaction between Li ions in
the solution and hydrogen phosphate (HPO3 "), which is produced from
the dissociation of NapHPO, (Eqs. (5),(6)), results in the precipitation of
lithium phosphate (LisPOy), as shown in Eq. (7) [54]. Fig. 8 shows the
effect of temperature and the molar ratio of Na,HPO,4 to Li ions on Li
precipitation efficiency. The study revealed that increasing the tem-
perature from 60 °C to 90 °C, at the molar ratio of 1:6 and a precipitation
time of 60 min, improved lithium precipitation efficiency from 78 % to
83 % (Fig. 8a). However, when the temperature was further raised to
100 °C, the Li precipitation efficiency decreased, causing the precipi-
tated LizPOy4 re-dissolve [56]. Additionally, increasing the molar ratio of
NapHPO, to Li ions led to arise in Li precipitation efficiency and stayed
constant after the molar ratio of 1:6 (Fig. 8b). Therefore, the optimal
conditions for lithium precipitation were determined to be the Na,HPO4
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full results of all Li precipitation condition in Fig. S5).

to Li ions molar ratio of 1:6, with a 60 min precipitation time and 90 °C,
achieving a lithium precipitation efficiency of 83 %. However, the Li
precipitation efficiency is not 100 %. This may be attributed to several
reasons, including the loss of PO;  due to hydrolysis of dissociated
PO3~, which can hinder the reaction with Li. Additionally, competing
side reactions involving hydrolysed HPO3~ and other ions can prevent
the full conversion of the Li reaction. Furthermore, if side reactions
consume PO?{ without consuming enough OH ", excess Li may remain in
the solution [54]. In addition, Li's precipitation efficiency is influenced
by its concentration in solution; lower Li-ion concentrations can result in
reduced precipitation efficiency due to a low number of Li-P nuclei [51].
While Na,HPO, effectively precipitates LisPO4 in conjunction with
NagPOy, prior research has indicated that NagPO,4 can slightly improve
precipitation efficiency [57]. Therefore, further investigation into uti-
lising NazPO4 as the sole precipitating agent may offer a potential
avenue for enhancing overall precipitation efficiency.

NayHPO4(5) — 2Nagsg) + HPORyg) (5)
HPORq)+ H200) — HyPOgg) + OHgg) (6)
3Liag) + HPORg) + OHgag) — LisPOs(s) + H20() @)

After the Li precipitation, the precipitate was then separated from the

solution through filtration, resulting in a clear solution (Fig. S4) and a
white precipitated powder. The solution contained a residual Li con-
centration of ca. 260 mg L~1. The precipitate obtained from the Li
precipitation was analysed using XRD, revealing a spectrum corre-
sponding to LisPO4 and NaySO4 compounds [58]. To enhance the purity
of the lithium phosphate, the precipitate was washed with water,
effectively removing sodium sulfate, as shown in Fig. 9a. Further anal-
ysis of the elemental distribution before and after washing (Fig. 9b)
demonstrated that the washed precipitated LisPO4 powder contained no
sodium or sulfur, consistent with the XRD results. The SEM micrographs
of LisPO4 precipitated particles from both before and after water
washing show a rod-like morphology with a particle size of ca. 6 um. The
purity of the obtained LisPO4 compound was 99.39 %.

3.5. Material balance of the overall process

Fig. 10 presents a comprehensive material balance for the proposed
process in this study, illustrating the overall input and output streams.
An initial 50 g black mass underwent leaching, yielding approximately
1020 mL of pregnant leachate, which served as the initial solution for
metals recovery by precipitation methods. Subsequent precipitation
steps resulted in the recovery of various valuable metal compounds: ca.
55.7 g Al-Ni-Co-Mn hydroxide compounds, 7.5 g (Ni- Co-Mn)
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C204-2H50, 1.4 g Mn304, and 12.7 g LisPO,. The diagram also details
the chemical reagents utilised in each stage. Note that minor discrep-
ancies in solution volumes may arise due to inherent losses encountered
during the experimental procedure, such as filtration, collecting
precipitated solids, and withdrawing aliquots for analysis. The recov-
ered products must be reintegrated into industrial value chains. For
instance, LisPOy is a critical component that can be used as a raw ma-
terial for lithium-ion batteries [56]. Additionally, this compound finds
applications in thin-film and glass-ceramic electrolytes, where it con-
tributes to improved ionic conductivity and stability [59-61].

Even though the process can recover valuable metals from the
pregnant leachate, it generates a secondary waste stream. This necessi-
tates appropriate disposal strategies. The waste solution primarily
comprises Na' ions originating from the sodium-based precipitating
agents (NaOH and NayHPO4,) could be further processed to extract Na
salt powder as a valuable byproduct to enhance the process’s economic
viability and minimise wastewater volume [62]. In addition, further
investigating the utilising pressure leaching, which is a leaching process
that leaching temperature exceeds the solution’s boiling point in a
closed autoclave, may improve the leaching efficiency and consequently
increase the recovery percentages of the valuable metals [63-65].

4. Conclusions

The study successfully demonstrated a comprehensive process for
recovering valuable metals from the leaching solutions of calcined black
mass using precipitation techniques. The proposed method effectively
recovers aluminium, nickel, cobalt, manganese, and lithium from the
pregnant leachate, yielding high-purity products. The optimised condi-
tions for each precipitation step and achieving efficient recovery can be
concluded following:

-

. Aluminium Removal: Approximately 98.18 % of the aluminium was
removed using a 30 % sodium hydroxide solution at pH 7.

2. Nickel and Cobalt Precipitation: A molar ratio of oxalic acid to nickel
1.5:1 at 60 °C achieved over 99 % precipitation efficiency for nickel
and cobalt, though some manganese was co-precipitated. Subsequent
washing improved the product purity to 99.70 %.

3. Manganese Precipitation: Manganese was effectively precipitated at
pH 11, with about 99 % removal, forming manganese oxide with
purity of 96.32 %.

4. Lithium Precipitation: Lithium was precipitated using sodium

biphosphate at a 6:1 molar ratio of Na;HPOa to Li ions for 60 min at

90 °C, yielding an 83 % recovery rate and purity of 99.39 %.

While individual steps, such as Mn and Li separation, demonstrate



N. Wongnaree et al.

high recovery efficiencies for their respective compounds, the precipi-
tation steps for Al, Ni, and Co encounter significant challenges.
Achieving adequate separation of Al, Ni, and Co precipitates to produce
pure products remains problematic. This limitation necessitates further
optimisation strategies within each precipitation stage to offer a sus-
tainable circular economy for battery recycling.
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ABSTRACT: This study aimed to investigate the leaching kinetics of | Saeting proesgs}
valuable metals contained in the calcined black mass derived from the i

incineration of spent lithium-ion battery (LIB) modules. The effects
of sulfuric acid (H,SO,) concentration (0.5—3 M), hydrogen
peroxide (H,0,) concentration (0.5—2.0 vol %), solid/liquid (S/L)
ratio (25—7S g/L), leaching time (10—120 min), and leaching Crushing

Spent Li-ion battery

temperature (30 °C—70 °C) on metal leaching efficiency from black - 2
mass were investigated. The optimal leaching conditions were

achieved with 1 M H,SO,, 1 vol % H,0,, and a S/L ratio of S0 g/  cacinations
L at 60 °C for 60 min. Under these conditions, Li, Ni, and Mn had 5""‘1”“""
leaching efficiencies of 100%, with Co at 97.17%, respectively. An -
investigation of the leaching kinetics utilizing H,O, as an additive
revealed that the Avrami model fits the metal leaching process. The
results of this study suggested that diffusion and surface chemical reactions controlled the leaching mechanisms of these metals, with
activation energies of 7.829, 5.646, and 5.077 k] mol™" for Li, Ni, and Co, respectively.

it il
.li. = °

1 Avrami - Unreacte
meactod  model
particlo

" Leached solution Residual

Black mass

1. INTRODUCTION Effective recycling methods for spent LIBs include
e . 14,15
Lithium-ion batteries (LIBs) are widely used in electronic pyrometallurgy, hyldrometallurgy, anld direct regeneration,
devices such as mobile phones, laptops, cameras, and electric The pyrometallurgical process consists of melting spent LIBs
vehicles (EVs).' ™ The economic growth of EVs is expected to into an alloy. The alloy can be further refined into pure

accelerate over the next 25 years, increasing from the products via hydrometallurgy. However, pyrometallurgy
forecasted 7 million in 2022 to 180 million in 2045.' LIBs requires high energy consumption, emits hazardous air
provide several distinct advantages over other battery types, pollutants, and has lower product purity than that achieved
notably, high specific energy density, high power density, via alternative methods due to the formation of slag
lightweight construction, long cycle life, and rapid charging byproduct.'®"” By contrast, hydrometallurgy stands out as a
capability,”” thus playing a crucial role in various techno- prominent metallurgical process renowned for its environ-
logical applications. mental sustainability, lower energy consumption, production of

LIBs are structured with two electrical terminals: an anode high-purity metals, and high recovery efﬁciency.w‘Zl Leaching
(negative electrode) and a cathode (positive electrode). The is a key step in the hydrometallurgical process. This process
anode is comprised of a copper foil substrate coated with involves extracting metals from a solid substrate using
graphite, while the cathode consists of an aluminum foil inorganic (e.g, sulfuric (H,SO,), nitric (HNO;), and hydro-
substrate coated with various lithiated mixed transition metal chloric (HCI) acids) or organic (e.g, oxalic, citric, and lactic

oxides such as LiCoO, (LCO), LiNiO, (LNO), LiMnO, acids) acids.””>* Inorganic acids exhibit high leaching
(LMO), LiFePO, (LFP), and LiNi,Co,Mn,0, (NMC) efficiency for certain metals (Li, Al, and Cu); however, Co,
(where x+y+z = 1). Thus, the cathode contains valuable Ni, and Mn possess stable oxidation states (Co®*, Ni**, and
metals, such as Li, Ni, Co, and Mn*"'" In addition, LIBs Mn*") that make them less soluble in such reagents.
exhibit an average operational lifespan ranging from 8 to 10 Consequently, metals with a high oxidation state must be
years within the context of EVs, with a substantial escalation in
the accumulation of spent LIBs projected to yield a volume of -
4 million tons by 2024."" Spent LIBs are considered harmful to Recgived: g 302074
human, animal, and environmental health due to the presence Revised: - October 31, 2024
of heavy metals and organic chemicals (electrolytes and Qi ctie “November 7, 2024
separators). Therefore, recycling of spent LIBs can reduce Piablished: Noyember 12, 2024
these 1problems and facilitate the recovery of valuable

metals." "

© 2024 The Authors. Published by
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Table 1. Experimental Variables and Results of Leaching Spent LIB Cathode Materials with H,SO, and H,0,

H,S0, H,0, S/L

Sample (M) (vol %) (g/L)

NMC 111 1 1 40
NMC 2 N 100
NMC 811 2 3 50
LCO and NMC 111 2 10 33
Mixed LIBs 2 4 100
NMC 111 1S 30
LCO, Li,CoMn, Oy and (LiysNis) 1 N 50

(NiO,)

NMC 111, LCO and LMO 2 2 50

Tem Time

e (h) Leaching efficiency ref
40 1 99.7% Li/Co/Mn/Ni 27
60 2 99% Li/Co/Mn/Ni 28
50 1 100% Li/Co/Mn/Ni 29
70 3 99.76% Li, 98.46% Co, 98.62% Mn, 98.56% 1

Ni

70 98.8% Li, 99.6% Co, 97.8% Mn, 99.4% Ni 12
25 80.2% Li, 93.2% Co, 90.3% Mn, 91.5% Ni 30
95 4 93.4% Li, 79.2% Co, 84.6% Mn, 96.3% Ni 31
80 1 81% Li, 98.2% Co, 97.1% Mn, 98.7% Ni 32

converted to a lower oxidation state (Co**, Ni**, and Mn?*)
using a reducing agent such as h}rd_rotgen peroxide (H,0,),
ascorbic acid, or sodium bisulfite." >

The leaching of cathode materials composed of Li, Ni, Mn,
and Co (NMC) using a combination of H,SO, and H,0, has
been well studied, as shown in Table 1. These investigations
focused on crucial parameters such as H,SO, and H,0,
concentrations, solid-to-liquid (S/L) ratio, and leaching
temperature and time. The results indicated that a H,SO,
concentration of 1-2 M, H,O, concentration of 1-10 vol %,
S/L ratio of 30—100 g/L, leaching temperature of 25 °C—100
°C, and leaching time of 1—4 h. These experimental conditions
provided leaching efficiencies greater than 80% for Li, Ni, Mn,
and Co metals from NMC.

Additionally, investigations have been conducted to
determine the optimal leaching conditions for LIBs, with
many researchers studying the leaching kinetics. Such studies
have explained the leaching kinetics by fitting the reacted
shrinking core and Avrami models.**~*° For example, Sahu et
al. (2023) studied the leaching kinetics of LCO cathodes using
0.8 mol/L ascorbic acid and a S/L ratio of 50 g/L at 70 °C for
60 min.'" The results indicated high leaching efficiencies of
nearly 100% for Li and Co. The low activation energy (E,)
values for these metals suggested a good match with the
surface chemical reaction model. Additionally, Yang et al.
(2022) investigated the leaching kinetics of NMC cathode
powder using 2.5 mol/L H,SO,, 20 g/L oxalic acid, and a S/L
ratio of 1 g/10 mL at 85 °C for 100 min. The leaching process
resulted in high Li, Ni, Mn, and Co leaching efficiencies greater
than 96%.%° The leaching kinetics for these metals were well-
described by the Avrami model, with E, values ranging from 31
to 48 kJ/mol, indicating that leaching of Li was primarily
controlled by diffusion, while Ni, Mn, and Co metal leaching
were controlled by surface chemical reactions. The study
conducted by Gao et al. (2018) examines the recycling of
NMC using weak acidic leachate. Optimal leaching conditions
are found to be at an acetic acid concentration of 3.5 mol/L, at
60 °C, and 4 vol % H,0, as a reductant. The reductant shifts
the rate-determining step from ion diffusion to surface
chemical reactions, improving efficiencies (nearly 100 wt %
of leaching rates). Kinetics analysis reveals activation energies
for Li, Ni, Mn, and Co values ranging from 52 to 56 kJ/ mol.>
Research carried out by Meshram et al. (2015) investigated the
recovery of valuable metals from spent LIBs using H,SO,
leaching and a reducing agent additive, sodium bisulfite
(NaHSO,). The optimal conditions were identified as 1 M
H,S0, and 0.075 M NaHSO; at 368 K, with a S/L ratio of 20
g/L for 4 h. Under these conditions, the leaching efficiency
achieved was more than 90% for Li, Co, and Ni and 87.9% for
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Mn. The dissolution kinetics of the metals followed a
logarithmic rate law, suggesting a chemical control mechanism.
E, derived from Arrhenius plots values ranging from 20 to 27
kJ/mol (Li, Ni, and Co).*® Previous research in this area has
focused on the leaching and kinetics of spent LIB cathode
materials such as NMC, LCO, LMO, and black mass.
However, black mass separation can be isolated through
various separation techniques, such as mechanical separation
and calcination.””® The raw material black mass used in this
study was obtained via a calcination treatment process at about
500 °C. This temperature regime effectively decomposes
organic components and pyrolysis binders (e.g, polyvinylidene
fluoride, polytetrafluoroethylene), thereby facilitating the
separation of black mass from other components (e.g., current
conductors and battery casing).3 773 Therefore, unlike
previous studies, the incinerated black mass from spent LIBs
in this study is heavily contaminated with aluminum
compounds, carbon from the graphite anode, and decomposed
organic and binder materials. The differences with this
material, such as the complex chemical composition and
crystal structures compared with those investigated in previous
studies, could suggest a potential deviation in E, values when
observed under leaching kinetics analysis. The focus of this
research is to study the leaching behavior of the material using
sulfuric acid, with and without the addition of H,0, as an
additive, to determine the optimal combination of acid and the
additive. By optimizing the use of acid and the additive, the
recovery of NMC-based materials can be enhanced, minimiz-
ing the recycling costs and also reducing secondary waste
generation. The experimental method was designed to
investigate the effects that certain critical parameters have on
the leaching process, such as reaction time, acid concentration,
pulp density, amount of the additive, and temperature.
Additionally, this study employs the unreacted shrinking core
and Avrami models to investigate the leaching kinetics of LIB
cathode material, thereby enhancing the understanding of the
leaching process mechanism.

2. EXPERIMENTAL METHODS

2.1. Materials and Reagents. The black mass separated
from the calcined materials of spent LIBs was used as the raw
material for this study. The chemical reagents used in the
leaching process were of analytical grade and procured from
Quality Reagent Chemical Co. Ltd. (Mueang Chon Buri,
Thailand), including HCI (37% purity), H,SO, (98% purity),
HNO; (69% purity), and H,0, (35% purity). Dilution of
chemical reagents was performed with deionized water to
prepare any requisite solutions.

https://doi.org/10.1021/acsomega.4c05086
ACS Omega 2024, 9, 4682246833
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Figure 1. Analysis of black mass separated from calcined material of spent LIBs: (a) black mass sample, (b) particle size distribution of the black
mass sample, (c) XRD pattern of the black mass sample, and (d) elemental map of elements in the black mass sample.

2.2. Leaching Method. The investigated parameters of
this study included H,SO, concentration (0.5—-3 M), H,0,
concentration (0.5—2 vol %), S/L ratio (25-75 g/L),
temperature (30 °C—70 °C), and leaching time (10—120
min). The leaching experiments were conducted under
controlled conditions in a 600 mL beaker covered with a
watch glass to regulate vapor loss. The solution volume was
maintained at least 95% of the total volume, with a solution
volume of 200 mL and a solid mass range of S—15 g. A water
bath, consisting of a crystalline dish equipped with an
electronic contact thermometer, was employed for precise
temperature control. The raw material and liquid mixture were
continuously stirred using a magnetic stirrer until uniformity
was achieved. Following the leaching process, a vacuum pump
filter system was employed to separate the solid and liquid
phases, including a flask, Biichner funnel, and vacuum pump.
The leaching efficiency of the metals was calculated using eq 1:

Leaching efficiency of metal (%)
Metal dissolved in the leachant

= X 100
Total content of metal in the raw material

1

2.3. Analytical Method. The metal ion concentrations in
the raw material and leaching solutions were quantitatively
analyzed via inductively coupled plasma—optical emission
spectrometry (ICP—OES) using an Optima 8000 instrument
(PerkinElmer, Waltham, MA, USA). Before ICP-OES analysis,
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the solid samples were prepared by digesting 1 g of the sample
in 40 mL of aqua regia (a 3:1 ratio of HCl and HNO;) and
heating to boiling for 40 min. After cooling to room
temperature, the solution was filtered into a 100 mL
volumetric flask, subsequently diluted to a final volume of
100 mL, and then diluted to the established calibration range.
The solid compounds were characterized by X-ray diffraction
(XRD) using a D2 Phaser diffractometer (Bruker, Billerica,
MA, USA) within the 2-theta range of 10°—80° at 0.02° step
size. The morphological characteristics of the sample were
assessed via scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM—EDS) using a
JSM-6010LV instrument (Jeol Ltd., Tokyo, Japan). The
particle size distribution of the raw material was analyzed by
laser diffraction particle size analysis performed using an LA-
950 V2 instrument (Horiba, Kyoto, Japan). X-ray absorption
spectroscopy (XAS) was utilized to gain insights into the local
environment and electronic states of the elements present in
the raw material.

3. RESULTS AND DISCUSSION

3.1. Raw Material Characterization. The black mass
separated from the calcined material of spent LIBs (obtained
from a Thai company) was black in color and a coarse powder,
as shown in Figure la. The calcination process was employed
at about 500 °C. This temperature facilitated the decom-
position of organic matter and binder,””*’ resulting in a

https:/doi.org/10.1021/acsomega.4c05086
ACS Omega 2024, 9, 46822-46833
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Table 2. Chemical Composition of Black Mass from Spent
LIBs

Element (wt %)

Sample Li Co Ni
3.47 10.16

Mn Al other

Raw material 11.82 4.04 422 66.29

sufficient separation. In contrast, the calcination at higher
temperatures (e.g,, 700 °C) led to several drawbacks, such as
scraps exhibiting increased fragility, the active materials
becoming contaminated with aluminum foils due to the
metal’s low melting point,®® increased energy consumption,
and altering the structure of metal compounds.*’ The average
mean size (Dy,), mode size (D,,), and median size (D) of
the black mass particles, as shown in Figure 1b, were 40.556,
7.059, and 11.762 pm, respectively. The XRD analysis revealed
that the black mass was composed of graphite, Li—Al oxide,
Al—Co, Co—Ni, Mn oxide, and other constituents, as shown in
Figure lc. These metal alloys and oxides were distributed
throughout the bulk of the material, as demonstrated by EDS

mapping (Figure 1d). However, Li could not be identified due
to its lightweight nature and the use of low X-ray energy in the
analysis. The chemical composition of black mass (determined
using ICP-OES) included 3.47 wt % Li, 10.16 wt % Co, 11.82
wt % Ni, 4.04 wt % Mn, and 4.22 wt % Al, with trace elements
(Table 2).

XAS was employed to infer the metal oxidation states of the
black mass, specifically using the K-edge X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) techniques, as shown in Figure 2. The Ni
K-edge XANES spectrum of the black mass revealed
similarities with that of the Ni foil reference, but the absorption
intensity was greater for Ni foil and less for the NiO reference.
This suggested that the Ni mean oxidation state in the studied
material was within the range of 0 and +2, as shown in Figure
2a. The corresponding EXAFS spectrum in Figure 2b displays
the radial distances. The first peak, at approximately 1.2 A, was
associated with Ni—O interactions, while the second peak, at
approximately 2.2 A, was correlated with Ni—Ni interactions.
Figure 2c presents the XANES spectrum of Co in the black
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Figure 2. XAS analysis of black mass separated from calcined material of spent LIBs. (a) Ni K-edge XANAFS spectra. (b) FT EXAFS spectra of Ni.
(c) Co K-edge XANAFS spectra. (d) FT EXAFS spectra of Co. (e) Mn K-edge XANAFS spectra. (f) FT EXAFS spectra of Mn.
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Figure 3. Leaching efficiency of metals with different H,SO, concentrations and a S/L ratio of 50 g/L at 30 °C: (a) Li, (b) Mn, (c) Ni, and (d) Co.
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Figure 4. Leaching efficiency of metals with different S/L ratios and 1 M H,SO, at 30 °C: (a) Li, (b) Mn, (c) Nj, and (d) Co.

mass compared with reference materials (Co, CoO, and
C0,0,). The spectrum of Co in the black mass was similar to
that of the Co reference, indicating that an oxidation state of 0
was most likely. However, it was not entirely 0, with some
portions exhibiting an oxidation state of +2. The EXAFS
spectrum, as shown in Figure 2d, indicated Co—O interactions
at a radial distance of approximately 1.3 A, and a second peak
corresponded to Co—Co interactions at a radial distance of
approximately 2.3 A. As shown in Figure 2e, the XANES
spectrum of Mn in the black mass was more similar to that of
the MnO than MnO, reference materials, indicating a likely
oxidation state of 2. The EXAFS data in Figure 2f indicated
Mn—0 and Mn—Mn bond distances of approximately 1.6 and
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2.4 A, respectively. The observed characteristics of the calcined
black mass suggest a significant alteration in the chemical
structure from the pretreated black mass (original compound).

3.2. Optimization of Black Mass Leaching. The black
mass is a coarse powder containing valuable metals and
graphite. However, it is difficult to solubilize all the valuable
metals in black mass using standard acids without optimizing
the leaching conditions. Thus, by optimizing the leaching
conditions of the black mass, the valuable metals can be
recovered from the black mass for further processing. This
study investigated the influence of various leaching process
parameters on the extraction of valuable metals (Li, Mn, Nj,
and Co) from black mass, including H,SO, concentration, S/L

https://doi.org/10.1021/acsomega.4c05086
ACS Omega 2024, 9, 4682246833
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Figure 6. Leaching efficiency of metals with different H,0, concentrations, 1 M H,SO, and a S/L ratio of S0 g/L at 30 °C: (a) Li, (b) Mn, (c) Ni,

and (d) Co.

ratio, temperature, and H,O, concentration. To optimize the
H,S0, concentration, leaching experiments were conducted at
a constant S/L ratio (S0 g/L), temperature (30 °C), and
leaching time (120 min), with the H,SO, concentration
varying between 0.5 and 3 M (Figure 3). The results revealed
that 1—-3 M H,SO, led to a rapid initial Li leaching rate, with
greater than 80% leaching efficiency achieved within the first
10 min, which approached 100% after 80 min. Conversely, a
lower H,SO, concentration (0.5 M) achieved a lower leaching
efficiency within the duration of the experiment. Leaching of
other metals (Mn, Ni, and Co) exhibited differing behaviors.
While not completely dissolved, these metals achieved leaching

46827

efficiencies of approximately 70% for Mn, 25% for Ni, and 20%
for Co at 80 min, which remained relatively constant
throughout the experiment. Consequently, 1 M H,SO, was
selected based on its capacity to achieve an optimal Li leaching
efficiency of 100% while minimizing acid consumption.
Optimization of the S/L ratio was investigated from 25 to 75
¢/L while maintaining constant conditions of 1 M H,SO, and
30 °C (Figure 4). The results indicated that complete Li
leaching was achieved within 80 min at S/L ratios of 25 and 50
g/L, whereas higher ratios induced leaching efficiencies less
than 80%. Hence, a S/L ratio of 50 g/L was selected for
subsequent experiments. However, complete leaching effi-

https://doi.org/10.1021/acsomega.4c05086
ACS Omega 2024, 9, 4682246833
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ciency for Mn, Ni, and Co was not achieved under these
conditions, necessitating an increase in temperature. As shown
in Figure 5, increasing the temperature to 70 °C substantially
enhanced Mn, Ni, and Co leaching efficiencies (>80%).

The effect of varying the H,0, concentration from 0.5 to 2
vol % on metal leaching efficiency was investigated and
explored. Experimental conditions (S/L ratio of SO g/L and 1
M H,S0, at 30 °C for 10—120 min) were maintained and kept
constant throughout the experiment, as shown in Figure 6.

46828

Rapid reactions were observed, with Li leaching efficiency
approaching 100% at 60 min, as shown in Figure 6a. Mn
leached the fastest, with nearly 100% leaching efficiency
achieved within 10 min for 0.5—2 vol % H,0, concentration
(Figure 6b). Adding H,O, had an overall effect in accelerating
the reaction rate, with Mn being the most susceptible out of all
the other metals. Figure 6c demonstrates the Ni leaching
efficiency. At 0.5 vol % H,0,, the Ni leaching efficiency
increased by approximately 60% within 10 min and continued

https://doi.org/10.1021/acsomega.4c05086
ACS Omega 2024, 9, 46822-46833
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Figure 9. XRD patterns of leaching residues with 1 M H,SO, and a
S/L ratio of 10 g/200 mL at 60 °C for 120 min, with and without
H,0,.

to increase steadily, reaching 72% at 120 min. At higher H,0,
concentrations (1—2 vol %), the Ni leaching efficiency reached
909% within 10 min, slightly increasing to approximately 97% at
120 min. Figure 6d presents the Co leaching efficiency. At 0.5
vol % H,0,, the Co leaching efficiency increased by 60%
within 10 min and then slightly increased to approximately
65% at 120 min. At higher H,O, concentrations (1—2 vol %),
the Co leaching efficiency increased to 80% within 10 min and
then slightly increased to approximately 83% at 120 min.
Therefore, a higher H,0, concentration (1-2 vol %)
substantially enhanced the metal leaching efficiency compared
to that in the absence of H,0,. Adding H,O, changed the
valence states of the metal ions, breaking metal—oxygen and
metal—metal bonds, thereby increasing the leaching rates and
greatly improving Ni and Co leaching efficiencies.”” In general,
H,0, can exhibit dual redox behavior in acidic solutions, acting
as an 4o;ddizing and/or reducing agent, as illustrated in eqs 2
and 3.

H,0, + 2H' + 2¢” = 2H,0 (2)

(©))

However, the calcined black mass used in this study presents
a unique redox profile compared to the original Li-
Ni,Mn,Co.O, cathode materials.””** For instance, Ni was

H,0, =2H' + O, + 2¢~

present in oxidation states ranging from 0 to 2+, Co
predominantly existed in the O oxidation state, and Mn
primarily resided in the 2+ oxidation state for the starting
material (as confirmed by XAS analysis, Figure 2). In this
context, H,O, functions as an oxidizing agent, promoting the
oxidation of these metals to their cationic forms, thereby
enhancing the leaching process. The optimal conditions
determined from these experiments was 1 vol % H,O, for
120 min, resulting in Li, Mn, Ni, and Co leaching efficiencies
of 100%, 100%, 94.39%, and 83.36%, respectively. However,
the Co leaching efficiency remained less than 85%. Therefore,
further investigation was conducted to determine the
combined effect of H,0, concentration and temperature on
metal leaching efficiency.

The effect of changing the temperature of the leaching
solution between 30 and 70 °C was investigated in order to
optimize the leaching efficiency of black mass from the spent
LIBs. Data was recorded at every interval of 10 °C, and H,0,
concentration was fixed at 1 vol %. The results showed that at
60 °C, the target metals were close to being completely
leached (Li, Mn, and Ni, with Co approaching 100%), as
depicted in Figure 7. Therefore, the optimal conditions for
leaching the target metals from the black mass were 1 M
H,S0,, 1% H,0,, and a S/L ratio of 50 g/L at 60 °C for 60
min, resulting in leaching efficiencies of 100% for Li, Mn, and
Ni, and 97.17% for Co, respectively.

3.3. Kinetic Analysis of the Leaching Process.
3.3.1. Kinetic Analysis. This study investigated the leaching
kinetics of Li, Ni, Mn, and Co from spent LIBs using 1 M
H,S0, with H,0, added as the additive. Leaching experiments
were conducted at various time intervals (0—35 min) and
temperatures (30 °C—70 °C), with a fixed acid concentration
(1 M H,80,), H,0, content (1 vol %), and S/L ratio (50 g/
L). The resulting data were employed to evaluate and compare
the fitting efficacies of the shrinking core and Avrami models to
describe the metal leaching kinetics. The shrinking core model
consists of two distinct equations: chemical reactions
controlled by surface chemical reactions (eq 4) and diffusion
(eq S). The Avrami model (eq 6) is employed in the study of
multi metal leaching, representing solid—liquid phase trans-
formations or a mixed kinetic model that incorporates surface
chemical reaction and diffusion control.***¢

@RSV = Kt 4

Leaching with H,0,

o L S

Figure 10. SEM images of leaching residues: without H,0, at (a) 0 min, (b) 10 min, (c) 30 min, and (d) 60 min; with H,0, at (e) 10 min, (f) 30

min, and (g) 60 min.
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where X represents the metal leaching efficiency, K is the
reaction constant, f is the reaction time (in min), and # is the
reaction order. The experimental data were fitted to the kinetic
models to assess their suitability. A lower coefficient of
determination (R? value) indicated a poor fit, suggesting that
the model did not accurately represent the data, whereas a
higher R* value indicated a better fit, ensuring the precision
and reliability of the experimental results.

The activation energy (E,), as determined by the Arrhenius
eq (eq 7), elucidates the correlation between the rate constant
of a chemical reaction and temperature:

K=Ae™/ED )

where K is the rate constant of the chemical reaction, T is the
temperature, A is the frequency factor, E, is the activation
energy, and R is the universal gas constant (8.314 J mol™' K™).
To experimentally determine E,, the Arrhenius plot involves
plotting In K against 1/T. The resulting linear slope from this
plot is denoted as —E,/R.

The leaching kinetics of Li, Ni, and Co at varying
temperatures were analyzed using the shrinking core and
Avrami models (Figure 8), focusing on the initial 10 min of
leaching with H,0, due to the potential for complete Li and
Ni dissolution within this time frame. The Mn leaching data
are omitted due to its rapid dissolution in the acidic media,
which was attributed to the cubic arrangement of MnO
(confirmed by XRD (Figure 1c) and XAS (Figure 2e))
facilitating high solubility and rapid reactions with the leaching
and additives.”” By contrast, Co leaching exhibited a slower
process, necessitating data collection for up to 60 min. As
shown in Figure 8a—c, the Avrami model effectively described
the leaching mechanisms for Li, Co, and Ni, with R? values
greater than 0.93, suggesting that surface layer diffusion and
chemical reaction control played substantial roles in the
leaching processes for all three metals. Figure 8d illustrates the
apparent E, values associated with the metal leaching process
across different temperature ranges. Specifically, the apparent
E, values were determined to be approximately 7.83 kJ mol™"
for Li, 5.08 k] mol™" Co, and 5.65 kJ mol™* for Ni. Compared
to previous research in this field, our work explores the
optimization of leaching conditions for the incinerated black
mass. By varying the concentration of H,SO, and H,O, at
different temperatures, our findings showed significantly lower
activation energies than other studies (Table S2), indicating
that surface chemical reactions and diffusion controls
leaching *>3773%424=30 Thig disparity may be attributed to
differences in the initial raw materials and metal oxidation
states before leaching.

However, a comparison of the models applicable to the
experimental data without H,0O, added as an additive, as
illustrated in Figures S1 and S2, indicated that the kinetic
behaviors of the metals presented notable disparities in the
presence of H,0,. The Avrami model exhibited excellent
agreement (R* > 0.90) for Li and Mn leaching, suggesting
rapid leaching kinetics that were potentially controlled by a
combination of surface layer diffusion and chemical reactions.
By contrast, the diffusion-controlled shrinking core model best
described the Ni and Co leaching data (R* > 0.90). This
observed difference could be attributed to the lower oxidation

states of Ni and Co, potentially leading to stronger bonding
within the cathode material and, consequently, slower leaching
rates compared to Li and Mn. Moreover, the E, values for
metal leaching without H,0O, were considerably higher than
those obtained with H,O,, with values of 9.888 kJ mol™" for Li,
59.181 kJ mol™ for Co, 68.657 k] mol™ for Ni, and 0.576 kJ
mol™ for Mn. The efficacy of H,0, as an additive is notably
evident in its ability to enhance target metal liberation from
calcined black mass. This facilitates their subsequent recovery
through established selective separation techniques. Several
well-documented precipitation processes employing specific
pH adjustments and precipitating agents can be effectively
utilized for metal recovery from the leached solution. For
instance, Ni precipitation can be achieved using either NaOH
or Na,COs, while Co separation can be accomplished with
oxalic acid or NaOH. Similarly, Mn recovery can be facilitated
by Na,CO; or KMnO, precipitation, and Li can be selectively
precipitated with Na,CO; or NayPO,."'>>%!

3.3.2. Characterization of Residues from the Leaching
Process. The residues from the leaching process were
characterized by XRD analysis, and their morphological
characteristics were investigated via SEM-EDS. Comparative
analysis was performed on the leaching residues obtained with
and without H,O,. Figure 9 presents the XRD patterns of the
leaching residues, revealing substantial changes in the spectral
peaks. The spectral peaks attributed to LiAlO,, MnO, Al;;Co,,
(Co3Ni;)o4 and AIMnNi, (Figure lc) disappeared in the
spectra of the leaching residues compared to that of the initial
material. Treatment with a leaching solution containing 1 vol
% H,0, caused gradual weakening and eventual disappearance
of these spectral peaks. Nevertheless, those attributed to
graphite and alumina persisted in the spectra of the leaching
residues. The leaching process demonstrated selective
extraction of valuable metals, while graphite and aluminum
compounds were retained in the residual material. The
chemical compositions of the residues assessed by ICP—
OES, as shown in Table S1, indicated that Li, Mn, and Ni were
absent in the leaching residues, suggesting that these elements
had leached into the solution. This finding indicated that Li,
Ni, Mn, and Co completely reacted with the leaching solution,
and their maximum leaching rates were reached. The SEM
image of the black mass before leaching showed a smooth
surface and asymmetrical, agglomerated shapes (Figure 10a).
However, the leaching residues exhibited a reduced particle
size following leaching with H,SO, at various intervals, as
shown in Figure 10b—d. Upon reaction of the black mass with
a leaching solution containing H,SO, with H,0,, metal ions
were released into the solution. Figure 10e—g illustrates that
H,0, had a disruptive effect on the black mass surface, as the
surface of the leaching residues exhibited more holes and
defects than those without H,O, treatment. The EDS analysis
also confirmed a decrease in the particle size and reduced
distribution of Ni, Mn, and Co in the leaching residues, as
shown in Figures S3—S6. These results were consistent with
the XRD results and further confirmed that leaching for 60 min
was, in fact, the optimum leaching time. The XRD and SEM-
EDS analysis results of the leaching residues further supported
the applicability of the Avrami model to the black mass
particles, suggesting that metal leaching was controlled by
surface chemical reactions and diffusion.
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4. CONCLUSION

This study investigated the leaching behavior of valuable
metals (Li, Ni, Mn, Co) from calcined black mass derived from
spent LIBs. The optimal leaching conditions using H,SO,
achieved high efficiencies for Li and Mn (100%), while Ni and
Co exhibited moderate efficiencies (89.13% and 82.23%,
respectively). Kinetic analysis revealed diffusion-controlled
leaching for Ni and Mn, while Li and Mn followed the Avrami
model. Significantly improved leaching efficiencies were
achieved by incorporating H,0,. Under these optimized
conditions (lower temperature and shorter leaching time),
complete leaching of Li, Mn, and Ni and near-complete
leaching of Co (97.17%) were obtained. Kinetic studies
indicated a shift toward the Avrami model for Li, Ni, and Co
leaching with H,0,, suggesting a change in the rate-limiting
step. These findings demonstrate the effectiveness of H,0O, in
enhancing the leaching process for recovering valuable metals
from calcined black mass, offering a promising approach for
LIB recycling. The enriched leachate obtained using H,O, can
be further processed for selective separation of target metals
using appropriate techniques.
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Abstract. Spent lithium-ion batteries (LIBs) have significantly increased due to the high consumption
of LIBs for automobile applications; therefore, the recovery of valuable materials to use as the second
resource can bring economic benefits and reduce an environmental impact. This study investigated
the production of lithium phosphate (LizPOs4), which can be used as a starting material for the
synthesis of LIBs, from spent LiNixMnyCo,02 (NMC) cathodes. The experimental procedure started
with discharging, dismantling the battery, and removing the aluminum foil, followed by the leaching
of cathode material before precipitating the lithium phosphate from the solution. In the leaching stage,
the parameters to optimize the process were studied. The results showed that the lithium leaching
efficiency could be achieved at 96.10% using 2 M H2SOj4, 8 vol.% H>O», 40 g/L pulp density, and 4
hrs at 70°C. The final precipitate product of 98.98% purity of Li3PO4was recovered from the solution
using NapHPO4 under the experimental condition.

Introduction

The pursuit of high-performance energy-stored sources with a reusable, sustainable, and friendly
environment leads to a significantly increased consumption of lithium-ion batteries. Especially for
the lithium-ion battery, which is predicted to use over 100% of lithium-ion batteries in electric vehicle
industries in 2083-2087 [1]. On the contrary, spent lithium-ions are generated after approximately
10-12 years of use [2-4]. Moreover, spent lithium-ion batteries consist of valuable metals such as
lithium, cobalt, nickel, manganese, copper, and aluminum, which require urgent of technology
improvement for extraction of those metals to be used as secondary resources materials instead of
mining [5].

The critical recycling path of lithium-ion batteries is the cathode electrode, which can be divided
by chemical compositions of active materials that coat on an aluminum foil surface.
This is for examples LiNig33Mno33C003302 (NMC111), LiNipsMno3Co00202 (NMC532) and
LiNi.83Mno.05C00.1202 (NMC811) [6], which costs about 65-70% of the materials in a cell [7].
Recently, the hydrometallurgical and direct recycling methods have attracted the attention of
researchers because of the advantages of low energy consumption, less carbon dioxide emission, and
can provide high purity of the final products [8-13].

Lithium compounds such as Li;CO3, Li3PO4, LiNO3, and LiOH, which are used as a lithium source
to synthesize the active materials in lithium-ion batteries, have a dramatic demand and limited supply,
leading to an increased cost of lithium compounds. Consequently, the strategies for recycling Li are
economic benefits and attract people’s attention. However, the Li-recovery technologies still need to
be further improved [14]. Therefore, this study proposes the recovery of lithium from the spent NMC
cathode by producing a LisPO4 compound that can be used as a precursor to regenerate lithium iron
phosphate (LFP) active material and can be applied to produce LiOH, which is used to synthesize the
active material for Ni-rich cathode. In addition, removing Al foil from the cathode to separate the
active material is operated, followed by studying leaching conditions with different H2SO4
concentrations and temperatures. Moreover, the LisPO4 precipitation process and its purifying by
washing with hot water are studied [15, 16].

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (Research Gate for subscription journals-07/02/24,12:00:40)
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Experimental

Material Preparation. The experiment started from discharging of a battery module in a 10 wt.%
NaCl solution for 2 days, followed by physical and mechanical separation of the battery to wire,
casing, metal, polymer, anode, and cathode. Then, the manually separated cathode was cut into a
small size of 55 mm?, as shown in Fig. 1, which was used as the raw material of this experiment.

(b)
Fig. 1. Cathode material a) cathode b) reduced size of the cathode.

Methodology. The overall route of the experimental procedure in this study is shown in Fig. 2,
which consisted of discharging the battery, mechanical/physical dismantling of the lithium-ion
battery, removing the aluminum foil, and followed by hydrometallurgical processes to recover
lithium. Firstly, aluminum foil of the cathode by dissolving in 2 M NaOH at a solid-liquid ratio of
50 g/L at 50°C for 30 min to separate the active materials that coated on the aluminum foil surface.
Additionally, the stirring on the hot plate with a magnetic bar was applied in order to accelerate the
leaching reactions. Then, the cathode material was leached at varied concentrations of HoSO4 from
1 M to 4 M, which a concentration of HyO», temperature, time, S/L ratio, and stirring speed were
fixed at 8 vol.%, 70°C, 4 hrs, 50g/L, and 250 rpm., respectively. The leaching efficiency of lithium
was calculated by Equation (1). In the lithium recovery step, the prepared solution of 300 g of NaOH
in 1 L of deionized water was used to precipitate Co-Ni-Mn ions from the solution to form metal
hydroxide compounds reaching pH 10. After that, the filtered solution was heated up to about 95°C
before adding Na,HPOj into the riches lithium solution with a 0.2:1 molar ratio of NaHPO4 and
lithium ion to precipitate LisPO4 white powder. Finally, the precipitated Li3PO4 was washed in 95°C
hot water to remove contamination Na.

| Spent lithium-ion battery |

v
l Discharging l
¥
| Dismantling |
NaOH :2M
S/L ratio :50 g/L v
Temperature : 50°C = Removing Al |
Time : 30 min ¥
H,S0, 12M | Leaching process |
H>0, : 8 vol.%
S/Lrato  :40gL v
Temperature : 70°C Precipitation | =» Ni, Mn, Co compounds
Time : 240 min ¥

LizPO4

Fig. 2. Experimental flow chart.

Leaching efficiency of Lithium (%) = Amount of lthium In solution x100 (1)

The initial amount of lithium in the active material
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Characterization. Crystal structures of the initial cathode material and precipitated LisPO4 were
examined by X-ray diffractometer (XRD) (Bruker D2 PHASER) using Cu Ka radiation. The
concentration of metal ions in the solution was analyzed by the inductively coupled plasma-optical
emission spectrometry (ICP-OES) (Optima 8000, Perkin Elmer). Comparison of Na content in Li3PO4
powder before and after washing with 90°C hot water was measured by wavelength dispersive X-ray
fluorescence spectroscopy (WDXRF) (PANalytical AXIOS).

Results and Discussion

Raw Material Characterization. Fig. 3 exhibits the X-ray diffraction pattern of the active material
in the initial cathode, which can be matched with the standard pattern of Li(Mng333C00.333Ni0.333)O2,
and also has the same appearance as NMC111 commercial grade XRD pattern [18]. Additionally, the
carbon peak is detected in the XRD examination, which generally came from the carbon black mixed
in the slurry before coating onto the aluminum foil step in the battery-producing process.

14000 2
A Li(Mng333C00 333Nig333) 02
12000
m Carbon
10000
= 8000
g A
5]
© 6000
A
4000 a l
A A A A
2000 i S| M A A i AA
0
10 20 30 40 50 60 70 80

2- Theta (deg.)

Fig. 3. X-ray pattern of the initial cathode material.

Removal of Aluminum

The cathode material that covered two sides of aluminum foil surfaces is separated by selectively
dissolving an aluminum layer with 2 M NaOH solution. In this process, Li, Ni, Co, and Mn are not
generally leached into the solution except the Al, which strongly reacts with the alkaline solution.
The changing of chemical composition before and after the aluminum removal is shown in Table 1.
It is apparently shown that the aluminum foil is completely removed from the cathode material.

Table 1. Chemical composition of initial cathode and after aluminum foil removing analyzed by
ICP-OES.

Chemical composition (wt.%)
Li Ni Co Mn Al Other
Initial cathode material 4.75 13.59 | 12.79 | 11.98 | 12.61 | balanced

Cathode material after removing
the aluminum foil

Sample

6.00 18.14 17.1 15.87 - balanced

Leaching of Lithium. The leaching step is aimed at dissolving lithium into an H2SO4 solution,
and H>O» is used as an oxidant to accelerate chemical reactions. The lithium leaching efficiency is
studied by varying the concentration of H>SO4 under constant condition control of temperature and
time. According to the data as presented in Table 2, it can be seen that the lithium leaching efficiency
with different concentrations of H2SO4 does not exhibit a significant difference at ambient
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temperature, which the result shows about 67-72%. However, the effect of the leaching efficiency of
metals is dramatically increased to approximately 96.10% at 70°C, as shown in Table 3. The lithium-
ion concentration in the solution is 2.4 g/L, which will be further precipitated to recover the lithium
metal in the form of lithium compound in the next stage.

Table 2. Leaching efficiency of lithium in different concentrations solution of H>SO4 at ambient
temperature and 8 vol.% H20: for 240 min. and 40 g/L of solid and liquid ratio.

The concentration of H2SO4 (M) | Leaching efficiency of lithium (%)
1 67.33
2 68.74
3 71.09
4 71.94

Table 3. Leaching efficiency of dissolved metals in 2 M of H2SO4 at 70°C with 8 vol.% H»O; for
4 hrs and 40 g/L of solid and liquid ratio.

Metal Li Ni Co Mn
Leaching efficiency (%) | 96.10 | 100.00 | 100.00 | 96.48

Precipitation of LisPQ4. There are two stages in the precipitation of metals from the solution:
impurity metals removal and LizPO4 precipitation. In the first stage, impurities metals that are cobalt,
nickel, and manganese were removed by selective precipitation to be complex compounds with
NaOH to pH 10. Then, the remained lithium solution is increased temperature and recovered by
adding sodium hydrogen phosphate to obtain LizPO4 powder, and the chemical reaction of LizPO4
precipitation is expressed in Equation (2). At this stage, precipitated LizPOjs still remains a high
amount of Na (4.74 wt.%), which was contaminated by flocculants and needs to be removed by
washing with hot water. The result before and after Na cleaning is shown in Table 4. It can be seen
that single washing with hot water can significantly remove Na content (remaining 1.25 wt.%) in
precipitated powder. Additionally, the LisPO4 can be further purified to obtain the requirement of
battery-grade materials by increasing the water washing time. It may result greater amount of
wastewater, which indeed requires treatment. In this study, 98.69% purity of LizPO4 powder is
achieved according to the ICP-OES result, as shown in Table 5. Moreover, Fig. 4 represents the
picture of a cleaned Li3POj4 particle and its XRD pattern, which can be perfectly matched with the
LizPOy4 standard pattern and shows the same pattern as in other research papers [17, 18]. Therefore,
it can be confirmed that the obtained powder is in the LisPO4 form.

3LiSO4 + 2NayHPO4 = 3NazSO4 + 2Li3PO4 2)
25,000
|
20,000 A u
« 15,000
2
O

10,000

5,000

Acrh,

[ | ‘,i...- - .

50 60 70 80 90
2-Thata (deg.)

Fig. 4. XRD spectrum of precipitated LisPO4 powder.
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Table 4. Chemical composition of precipitated LisPO4 powder before and after washing with water,
which was analyzed with the XRF technique.

Element | Precipitate (wt.%) washed precipitate (wt.%)
O 50.39 56.98
P 43.25 40.06
Na 4.74 1.35
Co 0.05 0.05
Mg 0.17 0.17
Al 0.03 0.03
Si 0.20 0.21

S 0.86 0.80
Cl 0.24 0.11
Ca 0.07 0.07

Table 5. Chemical composition of LisPO4*.

Element Al Si Mg Ca Na
wt.% 0.170 | 0.105 | 0.102 | 0.055 | 0.880

* Calculated by 100 wt.% of impurity metals

Summary

This work aims to investigate the lithium recovery process from the spent lithium-ion battery, which
the experiment started from dismantling NMC111 cathode, followed by removing the aluminum foil,
leaching, and LisPO4 precipitating steps. It can be noticed that cathode material could be entirely
separated by selectively leaching aluminum foil under the condition of 50 g/L of S/L ratio, 2 M
NaOH, and 30 min. at 50°C. Under the appropriate condition of the leaching process, lithium could
be leached with a high leaching efficiency of 96.10% using 2 M of H2SO4, 8 vol.% H20>, 40 g/L pulp
density, and 4 hrs at 70°C. Finally, the purity of 98.69% Li3sPO4 could be precipitated from the
solution by selectively precipitation of undesired metals at pH 10, followed by LisPO4 precipitation
with Na,HPO4 at 95°C.
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Hybrid Recovery of Copper and Silver from PV
Ribbon and Ag Finger of EOL Solar Panels

T. Patcharawit, C. Kansomket, N. Wongnaree, W. Kritsrikan, T. Yingnakorn, S. Khumkoa

Abstract—Recovery of pure copper and silver from end-of-life
photovoltaic (PV) panels was investigated in this paper using an
effective hybrid pyro-hydrometallurgical process. In the first step of
waste treatment, solar panel waste was first dismantled to obtain a PV
sheet to be cut and calcined at 500 °C, to separate out PV ribbon from
glass cullet, ash, and volatile while the silicon wafer containing silver
finger was collected for recovery. In the second step of metal recovery,
copper recovery from PV ribbon was via 1-3 M HCI leaching with
SnCl> and H20: additions in order to remove the tin-lead coating on
the ribbon. The leached copper band was cleaned and subsequently
melted as an anode for the next step of electrorefining. Stainless steel
was set as the cathode with CuSOa as an electrolyte, and at a potential
of 0.2 V, high purity copper of 99.93% was obtained at 96.11%
recovery after 24 hours. For silver recovery, the silicon wafer
containing silver finger was leached using HNOs at 1-4 M in an
ultrasonic bath. In the next step of precipitation, silver chloride was
then obtained and subsequently reduced by sucrose and NaOH to give
silver powder prior to oxy-acetylene melting to finally obtain pure
silver metal. The integrated recycling process is considered to be
economical, providing effective recovery of high purity metals such
as copper and silver while other materials such as aluminum, copper
wire, glass cullet can also be recovered to be reused commercially.
Compounds such as PbCl> and SnO: obtained can also be recovered to
enter the market.

Keywords—Electroreﬁning, leaching, calcination, PV ribbon,
silver finger, solar panel.

1. INTRODUCTION

V panels have been increasingly used for decades and in

recent years have been recognized world-wide towards
circular economy, not only in developed countries but also in
developing and undeveloped countries due to energy
dependence on economic growth. For renewable electricity
generating capacity, solar cell is taking the lead, accounting for
57% of total renewable energy capacity, followed by wind,
hydro and bio power. Installation of 22.5% (115 GW) was
reported in 2019 [1], due to government support schemes and
policies on the grid connection in most countries ranging from
self-consumers to large scale systems. Despite the decline in
China, India and Japan, Asian countries are the majority for
new PV installation around 50% of the global addition. This
indicates great amounts of end-of-life (EOL) PV panels piling
up in the following 20-25 years.
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Directives concerning waste management and recycling of
EOL solar panels have become effective across Europe and
Anmerica, along with Asian countries particularly in Japan and
China [2]-[5]. In Europe, first enforced in 2003, the WEEE
directive has been the most comprehensive scheme especially
in Germany and UK to drive EOL solar waste management
through producer responsibility from the take back, recovery
and recycling, regardless of manufacturing facility locations,
along with environmental impact and public health safety [2].
The policies also encourage product development based on
easy recycle with less raw materials used and simpler design
for dismantling as well as boosting up awareness of cost factor
on collection and recycling of EOL panels. In the USA,
regulations for EOL solar wastes have been treated differently
depending on each state such as California and Washington in
particular [3]. Various schemes have been exercised to promote
PV recycling awareness through all stakeholders. Japan’s
regulations include Specified Home Appliances Recycling
Law (SHARL) and Law for Promotion of Effective Utilization
of Resources, 2000, raising the awareness to increase recycling
ratio of materials used for electrical and electronics devices.
Japan’s roadmap for PV recycling announced in 2016 [4],
concerns guidelines for collection, dismantling, logistics,
pretreatment and suitable recycling. In China, Waste Electrical
Electronics Product Recycling Management Regulation has
been mandatorily effective since 2011 [5] for collection and
recycling by qualified institutions coupled with special rules
and regulations for EOL PV panel recycling to boost up
recycling rates. In Thailand, a new draft WEEE law approved
by the cabinet in 2015 is based on a hybrid scheme of Extended
Producer Responsibility: EPR and governmental-fund model
through the Ministry of Finance [6]. If enacted, that would
facilitate collection, dismantling and recycling of the PV waste
more systematically by stakeholders involving governmental
bodies, private partners and public participation. Besides, the
PV waste is not yet clarified as hazardous waste according to
the Notification of Ministry of Industry, Subject: List of
hazardous substances B.E. 2556 (2013). With the Alternative
Energy Development Plan: AEDP2015 to boost up PV
installation in the Thailand being 2,983 MW in 2019 and to
reach 6,000 MW in 2036, the annual installation since 2011 till
2019 has been fluctuated depending on government support
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policies, giving the average annual installation of
approximately 380 MW [7]-[9]. Hence, PV waste of significant
value has been collected and accumulated gradually. Measures
should therefore be undertaken in order to prevent PV waste to
be end up in unauthorized recycle markets.

As the PV panel management and recycling schemes have
not yet been fully developed or administrated in most Asian
countries (except for Japan and China), it is also unlikely that
EOL PV panels will be treated systematically and ecofriendly.
Upon unawareness of local communities on solar panel
recycling and perhaps related regulations have not yet come
into effect, there is more chance of illegal household disposal
and later where valuable materials such as aluminum frame is
deliberately taken off and sold to the market, leaving behind the
solar cell sheet to be ended up in the landfill. This will
eventually cause economic-environmental issues within the
countries. Therefore, in order to solve the foreseen problems,
PV panel recycling scheme adaptable through local social
context would help to lead the way towards sustainability, in
complied with technological and economical feasibilities. This
paper therefore focuses on solar panel recycling via hybrid -
metallurgical process in order to obtain valuable metals such as
copper and silver to circulate back for re-fabrication or other
markets available domestically. The Department of Primary
Industry and Mine (DPIM) collaborative with the Innovative
Production and Recycling of Metals Research Center
(IPRMRC) initiated the first sustainable recycling of EOL PV
panels in order to motivate local producers, consumers and
collectors involved in the scheme by the recovery of high
valued metal such as pure copper and pure silver along with
other materials such as aluminum and glass cullet that can enter
back to the market. General steps of mechanical dismantling of
the PV panel followed by thermal separation of the PV cells

(6) aluminium frame

[10] have been adopted in order to proceed to the recovery of
copper and silver from PV cells. Selective acid leaching of
similar kind of wastes from variable sources in many
investigations relied on HNO;, HCI, and H,SO,, depending on
waste compositions (Ag, Cu, Sn, Pb containing wastes)
followed by solvent extraction and precipitation processes
[11]-[16], were generally found to be the case. In the purifying
step, electrorefining [17]-[19] is considered to be effective to
give electrical grade copper where high purity silver can be
achieved by means of precipitation. Therefore, in this research,
following the mechanical and thermal waste separation,
hydrometallurgical process, electrochemical processes and
precipitation were selected as the feasible means of metal and
materials recycling with potential revenues, and sustainability.

II. EXPERIMENT

A. Waste Pretreatment

As the architecture of PV panel is rather complicated, as
simplified in Fig. 1, one of the most important aspects of PV
recycling to start with is to effectively dismantle the whole PV
structure while still containing highly concentrated valuable
wastes for subsequent recovery processes. Recycling of PV
panels is known to start from mechanical dismantling to
separate aluminum frame and corner joints used for
encapsulating the PV cell sheet and these frame and joint can
go directly to secondary markets. The cable (junction box) is
then detached, leaving a PV cell sheet to be cut and processed
in subsequent recycling route. The PV cell sheet consists of PV
cells laminated with EVA layer on both sides, which were
enclosed with tempered glass on the top layer and attached with
protective backsheet on the bottom side.

/ (3) tempered glass
/

+-(2) EVA

(5) edge seal ¥ '\

Fig. 1 Simplified architecture

(1) solar cells

of PV panel (crystalline silicon)
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"~ PV ribbons

silicon wafer

(a) PV cell

(b) Cross section of PV ribben

silver finger
AAAAAAAA
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silicon oxide
n - type emitter
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(¢) Cross section of PV cell

Fig. 2 PV cell architecture showing PV ribbon and Ag finger functioning as electricity harvesting components

According to a previous study [20], the whole EOL solar
panel weighed 21.4 kg, for example, giving the laminated PV
cell sheet of 19 kg (88.78 wt.%), aluminum frame of 2 kg (9.35

International Scholarly and Scientific Research & Innovation 16(6) 2022

wt.%), aluminum joint of 0.2 kg (0.935 wt.%) and cable of 0.2
kg (0.935 wt.%). On the laminated PV cell sheet of interest,
laid PV cells containing high valued metals and materials,
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having architecture of PV ribbon and silver finger are as
illustrated through Figs. 2 (a)-(c). On solar harvesting of
electricity, photon reaction at the p-n junction once directing to
the sunlight originates electrons traveling through fine parallel
line metal finger, then crossed with the PV ribbon and through
the bigger bands of busbars, heading for energy storage. The
busbars are particularly of similar composition to that of PV
ribbon but appears in a bigger size. Both are usually composed
of electrical grade copper band coated with thin layer of
soldering alloy such as Pb-Sn or lead free Sn-Ag for electrical
contacts as shown in Fig. 2#b). Ag finger however appears as
very tiny parallel lines running normal to the PV ribbon. The
Ag finger is positioned on the spiky surfaces of multi-coated
layers of crystalline silicon layer as illustrated in Fig. 2 (c).
With the complicated structure of PV cells, each recovery step
should be taken with care to conserve these valuable metals in
order to achieve final recycling products of high purity and
percentage recovery. Table I lists constituents in weight
percentage after PV cell sheet calcination giving PV ribbon and
busbar of 0.81 wt.%, along with Si wafer debris lined with Ag
finger of 4.17 wt.%.

TABLEI
CONSTITUENTS AFTER PV CELL SHEET CALCINATION

Constituent Weight Weight %
PV ribbon and busbars 18.77 0.81
Ag containing Si wafer debris 96.41 4.17
Glass cullet 1,824.30 78.95
Ashes 38.48 1.67
Volatile 332.86 14.40
Total 2,310.82 100.00

The purpose of this research is the recovery of copper and
silver of high purity from EOL PV panels through pyro-
hydrometallurgical processing or a hybrid process. The EOL
PV panels locally and regionally obtained were mechanically
dismantled to separate the aluminum frames/joints and junction
boxes, leaving the PV sheets to be cut into 15 cm x 15 cm
pieces, designated as cut PV cells. The cut PV cells were
calcined at 500 °C for 1 hour and the PV ribbon and busbar
together with silicon wafer debris were retrieved from glass
cullet and ashes. The PV ribbon and busbar are of similar
composition, being the first type of waste to be recovered as
pure copper. The silicon wafer debris lined with Ag finger are
considered as the second type of waste to be recovered as pure
silver and silicon fragments.

B. Copper Recovery from PV Ribbon

Acid leaching was first applied for Cu recovery, followed by
anode melting and electrorefining of pure copper. The calcined
PV ribbon obtained was subject to leaching using 1-3 M HCI
at 70#C over 15, 30, 45 and 60 minutes, and 400 rpm stirring
speed. The S/L ratio remained at 50 g/L, with additions of 2
wt.% H,O, and SnCl, at 5 g Sn*"/L. After leaching, leached
copper was sieved, rinsed with DI water and alcohol and blown
dried. The leachate was subject to cooling at 5° C for PbCl,
precipitation. After filtering, the precipitates were dried while
the solution was subject to precipitation using NaOH in order
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to obtain Sn(OH), precipitates. Precipitates were heated above
105 °C to obtain tin oxides. Best selected leaching condition
was employed for further refining of leached copper through
electrorefining. Therefore, the leached copper was melted
using oxy-acetylene around 12004#C and cast to prepare copper
anode. The electrolytic cell was set up using cast copper as an
anode and stainless-steel plate as the cathode while CuSO4
solution was used as electrolyte. The applied voltage was in a
range of 0.2-0.3 V for 24 hours to obtain the copper cathode of
high purity. Characterization of the calcined, leaching and
electrorefining products has been carried out via SEM coupled
with EDS and EXD analyses. ICP-OES technique was utilized
to obtain wet composition analysis of the leached copper and
to confirm the purity of the copper cathode after
electrorefining.

C. Silver Recovery from Silver Finger on Silicon cells

For Ag finger recovery, the silicon wafer debris containing
Ag on its surface was subjected to HNO; leaching at
concentration of 2-4 M with the applications of ultrasonic
vibration using solid to liquid ratio at 100 g/L, 40-45 °C for 2
hours. Leaching by using magnetic stirring at 250 rpm, room
temperature for 2 hours has also been performed for
comparison. Precipitation using NaCl solution prepared at
NaCl: H,0 at 300 g/L was carried out to achieve silver chloride
(AgCl) prior to reduction using sucrose (C,H2,0,) and NaOH
to obtain silver precipitate. Finally, recovery of pure silver was
conducted through melting of the obtained silver precipitate via
oxy-acetylene heating. ICP-OES was operated to analyze the
purity of leached products, and silver after refining.

III. RESULTS AND DISCUSSION

A. Calcination of PV Cell Sheets
PV ribbon

Glass cullet

¢) calcined PV cell separation d) hand dismantled & calcined
PV ribbons

Fig. 3 Calcination of PV cells to obtain PV ribbon and silicon wafer
debris lined with Ag finger

The first step of waste treatment included PV panel
mechanical dismantling, PV sheet size reduction and finally,
PV cell calcination, to obtain PV ribbon and silicon wafer
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debris containing Ag finger on its surface as shown in Figs. 3
(a)-(d). The surface of calcined PV ribbon appeared rough and
dull due to oxide formation during calcination, as compared
with bright surface PV ribbon obtained by hand dismantling.
Cross sections of both calcined and hand dismantled PV
ribbon are comparatively shown in Figs. 4 (a) and (b). It can be
seen that the cross section of PV ribbon originally contains a
thin layer of approximately 20-30 um with Sn-Pb coating on
Cu band of approximately 0.2 mm. Analyzed by SEM coupled
with EDS, this section has changed into different interlayers
after calcination due to thermal diffusion designated as cracked

a) Optical micrographs of c:

Cu-Sn layer and Pb oxide at the outmost layer respectively. The
thickness of the Cu band has also significantly reduced.

Silver fingers on the Si wafer substrate before and after
calcination are compared, according to Figs. 5 (a)-(d). Ag
finger underneath the fractured glass on top surface can be seen
as very tine deposits lining in a parallel direction and crossing
the PV ribbon in Fig 5 (a). Silicon wafer, found as debris after
calcination, had the remaining Ag finger on its surface with
contamination being observed as shown in SEM and EDS
result, while the intact one showed clean surface of both Si
wafer and Ag finger, as illustrated in Figs. 5 (b)-(d).

ned (left) and hand dismantled

(right) PV ribbon cross sections

3

b) SEM micrographs ccincd (left) and hand dismantled

(right) PV ribbon cross sections

EDS point analysis at different positions

Element Calcined Hand dismantled
Position | Position | Position | Position | Position | Position
1 2 3 4 1 2
Cu 100 74.26 - - 100 -
Sn - 25.74 29.85 . - 55.70
Pb - - 56.89 67.44 - 25.26
- - B 19.61 - 11.45
C - - 13.26 12.95 - 7.59

Fig. 4 Phase analysis of intact and calcined PV ribbon
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fractured glass

ondop strface

g
Ag fingers on Si wafer
a) location of Ag fingers on the
EOL PV cell.

calcined

Si wafer
substrate

Ag finger

intact

b) Ag containing Si wafer debris;
intact and calcined ones.

53, IV e g A A
¢) calcined Si wafer containing d) intact Si wafer containing
Ag finger. Ag finger.
EDS area analysis on Ag fingers
Element Calcined Intact
Ag 83.36 95.34
7 A Bl 119 |\ 3.18
Si - 0.87
Pb - 0.61
Y P o7, B

Fig. § Structure analysis of intact and calcined Ag finger on Si wafer

B. Recovery of Pure Copper from Calcined PV ribbon

1. Leaching of Calcined PV Ribbon

The oxide layer of Pb — Sn on the calcined PV ribbon was
leached out by using HCI solutions at 0.5-3 M, leaving the Cu
bands as shown in Fig. 6 (a), with some precipitate being
clearly observed. SEM investigation, as demonstrated in Figs.
6 (b) and (c), shows different structures of precipitates and plate
residue. EDS analyses showed spectrums 1-3 consisting of
mainly copper with small traces of Sn and Pb. Plate residue as
in spectrum 4 revealed composition being mainly of Ag. This
silver band attached to the PV ribbon for electrical conduction
has not been completely etched by HCI, leaving it in the form
of Ag bands, which could be easily filtered out for further
recovery.#

Influences of leaching time on leaching efficiency are
demonstrated in Figs. 7 (a)-(c) for Pb, Sn and Cu, respectively.
According to experimental results, rapid leaching was observed
from the first 1-15 minutes and then became stable until 60
minutes. ICP-OES results showed that Cu has been leached out
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giving the greatest concentration of metal left in the leached
solution, followed by Sn and Pb while Ag has also been
detected in minor amounts. Higher HCI concentration gave
more leaching efficiency, as shown in Fig. 7 (d). However,
leaching at the greatest HCI concentration of 3 M resulted in
rough surfaces evident on the leached samples. SEM
investigation revealed various leached products left as
precipitates. Leaching at lower acid concentration offered
cleaner copper surfaces. It is therefore appropriate to select 2
M HCI leaching as the optimum condition for further step of
electrorefining.

As the leached solution contained Sn and Pb in significant
amounts, it was then subjected to a low-temperature
precipitation approaching 5 °C to obtain Cu and Pb chlorides in
the flake-typed and needle-liked morphologies, respectively, as
demonstrated in Figs. 8 (a) and (b). XRD spectra confirmed the
existing phases in Fig. 8 (c). The possible precipitation
reactions can be explained according to (1)-(3) in the presence
of H,O; as an oxidant.
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i SR T el

¢) precipitates on leached surface
(enlarged of b) in rectangular.

d) Plate residue f) plate residue surface
EDS point and area analysis on leached products
Position Cu Ag Sn Pb Cl (6]
53.01 0.10 - 1.39 25.53 19.97
2 56.83 - - - 22.67 20.49
3 61.62 0.80 - 0.24 31.51 5.93
4 0.65 92.02 1.46 0.26 - 5.61

Fig. 6 Morphology and phase analysis of leached products

2Cu, .. +2HCL, —2C0? B & (I)# Cu and Ag compounds were also obtained. The related
() 0 ( 22) : . . .

reactions are expressed in (4) and (5) to obtain hydroxides of

Q) tin and copper. Tin hydroxide is known to be subsequently

heated to finally achieve tin oxide, that is ready for the market.

rp)

Pby,, +4HCl,) — H,(PbCl,), + Hy,

H,(PbCL,),, —=2 s PhC

2(pp)

+2HC],

Q)#

[SnCLT. +20H,, — Sn(OH),, +2CI,, ## # (D#

(aq) (aq) (aq)

After filtering of the leached solution to get rid of
precipitates previously mentioned, tin oxide can be further
obtained via precipitation using NaOH at pH ~ 2.0-3.0. Other

Cull) +20H,, — CulOH),, #t # # # (5

(aq) (s)
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el Y T ~* T anode for electrorefining and 304 stainless steel is for cathode.
- & - - il . . . .
2 TG S Slaano Electrolytic cell was set using CuSO, solution as electrolyte
2 1000 2 and controlled the potential at 0.2 and 0.3 V for 24 hours.
2 &8 o @& & £ Comparison was made between the calcined and the leached
£ s00 A g 8 o © @ PV ribbon to study the effect of Sn-Pb oxide layer on the
K] s B & =X s s L recovery and purity of copper in the step of electrorefining.
e % e = ICP-OES result of the deposited copper cathode is listed in
T ks ek ot K ontlie ks Galid Table II. Electrorefining of the calcined PV ribbon led to
R precipitation of PbSOy in the electrolyte, calling for a halt after
'é © i ::2 '§ 9 Sor g proceeded for 20 hours. Recovery defined in (6) is obtained at
£ 2000 adad Sl Pl x x 94.01%. On the other hand, electrorefining of the leached PV
£ i B . B x ribbon performed well and no precipitation was obtained,
g — : . & g . o 2 giving 96.11% recovery (%R) according to (6) when the
5 S g . potential was controlled at 0.2 V. Increasing potential to 0.3 V
& g L% a s gave a little lower recovery at 96.03%. #
0 15 30 45 60 0 1 2 ]
Leaching time (min) HCI concentration (Molar) w
. ‘ . - %R =| —2 |x100 ©
ig. 7 Concentration of Pb, Sn and Cu in leached solution in (a), (b) .

and (c) respectively, and (d) effect of acid concentration on leaching

f Ag, Pb, Sn and Cu for 60 min of leaching ti 5 : : i :
OFAR T, Snanc T lor ST min ot leaciung Ul where W, is weight gained at cathode and W7}, is weight loss at

2. Electrorefining of Copper anode.
The leached PV ribbon was subjected to melting to make Cu

3 0

" a) Copper chloride (CuCl)

b) Lead chloride (PbCl,)
40000
CuCl A CuCl
® Cuy(OH);CI
W PhCl, 1
30000 - O Ag-Cu-Pb-Cl-OH. 2H,0
O PbSn0Oy/PHO.SnO,
2
520000
[&]
10000 - CuCl
-
CuCl
1 PbhCl, CuCl
0 x . A : l_rn wom ll A

10 20 30 40 50 60 70 80
2Theta (Coulpled TwoTheta/Theta) WL = 1.54060
¢) XRD spectra of precipitates after HCI leaching
Fig. 8 SEM and XRD analyses of CuCl and PbCl: precipitated from leached solution

International Scholarly and Scientific Research & Innovation 16(6) 2022 95 ISNI:0000000091950263



Open Science Index, Energy and Power Engineering Vol:16, No:6, 2022 publications.waset.org/10012588/pdf

194

World Academy of Science, Engineering and Technology
International Journal of Energy and Power Engineering
Vol:16, No:6, 2022

TABLE II
RECOVERY AND PURITY OF COPPER

Condition Voltage (V) Time (h) % Recovery % Purity
Leached PV ribbon 0.2 24 96.11 99.931
0.3 24 96.03 99.917
Calcined 0.3 20 94.01 98.580

Purity of Cu deposited at the cathode analyzed by ICP-OES
is summarized in Table III. Comparison has been made
between the Cu cathodes after electrorefining using the
calcined PV ribbons with and without acid leaching. When
using cast calcined PV ribbon without leaching as the anode,
elements such as Sn and As were found in greater amounts than
the composition limit when compared with C10100 grade,
yielding lower purity of 98.580%. This indicated that it is

necessary to get rid of Sn — Pb oxide layer formed during
calcination of the PV sheet via acid leaching prior to
electrorefining. In the case of leached PV ribbon,
electrorefining at 0.2 V potential gave the maximum copper
purity of 99.931% whereas higher potential at 0.3 V led to
deposition of Ag at the cathode, giving the purity of 99.917%.
XRD and EDS analyses of Cu cathode recovered after
electrorefining and anode slime are illustrated in Fig. 9. Only
Cu peaks were detected for the obtained Cu cathode. Anode
slime contained mainly Ag and Ag-Sn according to XRD
results and consisted of around 89-95% of Ag analyzed by
EDS. This Ag anode slime could then be subjected to further
refining to achieve Ag of higher purity.

TABLE III
COMPOSITION OF COPPER (METAL IMPURITY)

Condition ICP — OES (% element)
Ag Pb Sn Fe Zn Mn As Sb Ni
Leached (02V)  0.000  0.000  0.011  0.045 - - 0.000 - 0.013
Leached (0.3V)  0.015 0.000 0.010  0.053 - - 0.000 - 0.014
Calcined (0.3V)  0.000  0.000 0200  0.050 3 E 0.017 - 0.000
C10100 0.0025 0.0005 0.0002 0.0010 0.0001 0.0005 0.0005 0.0004 0.001
60000 = = C. Recovery of Pure Silver from Silicon Wafer Containing
. 50000 | . Silver Finger
\ Pure Cu
[ 2400001 1. Leaching of Ag from Si Wafer Containing Ag Finger
.
3 30000 | Concentrations of Ag along with other metals in the leached
20000 | solution are listed in Table III. First, comparison of leaching
o via mechanical stirring and ultrasonic vibration was discussed
I~ LA B when using 2 M HNOs. Generally, ultrasonic vibration
%% 20 % 40 50 60 70 8 provided superior leaching efficiency to that of mechanical

2Theta (Coupled TwoTheta/Theta) WL = 1.54060
b) XRD spectra of Cu cathode

a) Cu cathode after
clectrorefining

14000 -
. . Ag
12000 4 o Ag,;Sn
10000
P
S 8000
Q
© 6000 5
4000 { J .
e/ /1 L L
1\ 1)
® e
10 20 30 40 50 60 70 80

¢) Anode with slime 2Theta (Coupled TwoTheta/Theta) WL = 1.54060

after electrorefining d) XRD spectra of anode slime

EDS analysis
Element Yo
Ag 93.94
Cu 2.50
Sn 1.87
Mn 1.02
200 um lection image 1
e) EDS analysis of Ag slime Ni 0.67

Fig. 9 Cu cathode recovered after electrorefining and anode slime
with XRD and EDS analyses
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stirring. Greater amount of Ag at 89.23 g/L dissolved in the
leached solution using ultrasonic vibration was evident in
comparison to a value of 0.720 g/L attained from stir-leaching.
Furthermore, ultrasonic vibration leaching showed Ag leaching
efficiency dependence on acid concentration. HNO;
concentration at 4 M gave the greatest amount of Ag in the
leached solution at 110.73 g/L, and where Cu, Si and Pb were
detected in much lesser amounts in the range of 1.56-4.84 g/L.
It is also noted that Cu and Pb were leached out possibly from
the remaining PV-ribbon still attached on the Si cell. Amount
of Al is quite prevalent in this case as it was used as the back
surface shield according to the PV cell architecture previously
shown in Fig. 2.

TABLEIV
METAL CONCENTRATION IN NITRIC ACID LEACHED SOLUTION

Leaching HNO; Metal concentration (g/L) by ICP — OES

technique concentration Ag Al Cu Si Pb
Stirring 2M 0.720 38.86 1.52 1.62 322
Ultrasonic 2M 89.23 640.58 3.18 3.65 4.18
vibration 3M 9628 699.82 3.61 4.84 434
4M 110.73 722.92 2.80 459 4.64

SEM investigation on the leached Si wafer surfaces also
confirmed the leaching efficiency dependence on acid
concentration mentioned previously, as illustrated in Figs. 10

ISNI:0000000091950263



Open Science Index, Energy and Power Engineering Vol:16, No:6, 2022 publications.waset.org/10012588/pdf

195

World Academy of Science, Engineering and Technology
International Journal of Energy and Power Engineering
Vol:16, No:6, 2022

(a)-(d). Lesser Ag left on the Si wafer was observed when using
higher acid concentration. By using 2 M HNO;3, traces of
unleached Ag finger were evident, while one using 4 M HNO;
gave much less Ag left on the Si wafer surface and with very

u'nlcachu{;\g fing|

Si wafer

a) Leached Si wafer at 2 M HNO,

SEI 1Y WO1Smm §558

¢) Leached Si wafer at 4 M HNO,

small Ag traces observed at high magnification. It is therefore
appropriate to select the acid concentration at 4 M at this
leaching step for further Ag recovery through precipitation and
reduction.

Ay particle
left on i

covafer, %

SEL ASKV . WO 1nn 8535 xbd

b) Leached Si wafer at 3 M HNO,

100+ e

ot

d) Leached Si wafer using 4 M
HNO; at higher magnification

Fig. 10 Leached Si wafer using 2 - 4 M HNO3 under SEM

Fig. 11 Ag recovery; (a) ultrasonic leaching, (b) precipitation of AgCl and (¢) Ag metal#

Related reactions are expressed in (7) and (8) for low and
high acid concentrations respectively. #

4HNOy, +34g,,, — 3AgNOy, + NO , +2H,0,, (N#
2HNO,, + Ag,) = AgNO,, + NO, ,, + H,0,, ®

2. Precipitation and Reduction of AgCl

After ultrasonic leaching, the leached solution containing
silver nitrate (AgNO3) was then subjected to precipitation using
NacCl to produce AgCl appearing as opaque white precipitate,
as shown in Figs. 11 (a) and (b) while the solution remained as
sodium nitrate (NaNOs). The related reaction is expressed in
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AgNOy, + NaCl,,, — AgCl,,, + NaNOy O)

24gCl +2NaOH + 2e (sucrose) — 24g + 0> + H,0+2NaCl (10)4

NaOH together with sucrose (C,H2,0,) waws used [21] in
the later step to reduce AgCl to Ag powder. The reduction
reaction is given in (10). Then the obtained NaCl can be reused
in the previous step of precipitation. Further melting of Ag
powder provided Ag metal of high purity. Composition of the
recovered Ag by EDS analysis showed 100% purity.
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IV. DiscussioN

The recycling routes to recover Cu and Ag from PV ribbon
and Si wafer containing Ag respectively can be summarized as
follows and are illustrated in Fig.#12. In the first step, the
process starts from PV panel dismantling to give aluminum
frame and junction box for the recycling market. The PV sheet
is then cut before calcination at 500 °C. Glass cullet can be
separated and reused in small addition in the float glass industry
while ash and volatile are collected and neutralized. Then in the
later step of recovery, first in the case of copper recovery from
PV ribbon (left hand side route), the calcined PV ribbon was
leached using 4 M HCI with H,O, and SnCl, prior to being
filtered and cleaned to make anode material for electrorefining
purification in the next step. The solution is then through 2-step
precipitation; first, cooling to 5 °C to obtain PbCl, and CuCl,
then followed by NaOH addition to precipitate out Sn(OH),
that requires heating > 105 °C to give SnO,. The impure Cu is
then set as the anode in electrorefining cell and stainless steel
is used as the cathode in CuSO; electrolyte. The potential at 0.2
V was set for 24 hours to finally achieve Cu of 99.92% purity.

For Ag recovery (right hand side route) the Si wafer
containing Ag finger is leached in 4 M HNO; for 2 hours in the
ultrasonic bath. The leached solution is subjected to
precipitation using NaCl to give AgCl, which is then reduced
using sucrose and NaOH to finally obtain Ag powder. Via
melting, the high purity of Ag metal is obtained. The leached
Si wafer can be leached with NaOH to remove the remaining
element and can be further reused.

Preliminary feasibility study for local investment on pure
copper and silver recovery from EOL PV panel of 1,200 tons
per year, will arrive at the breakeven point in 2 years with the
internal rate of return or IRR of 100.37. By year 2060, local
accumulated PV panel waste predicted due to AEDP2015 will
be over 700,000 tons [22], [23]. Therefore, it is feasible via the
integrated recycling technique employed to recover valuable
copper and silver of high purity. The process can be sustained
by using accumulated domestic waste within the country and
also from neighboring countries. Collection centers should be
decided where logistics cost is minimized. Furthermore, panel
dismantling can be handled manually by local skilled labors
along with automated machines. Metal and material
concentration in the waste can be increased and in turn raises
the efficiency and recovery of those high valuable metals and
materials.

V.CONCLUSION

According to the hybrid pyro-hydrometallurgical process,
recovery of pure copper and silver can be achieved via the first
step of waste preparation through dismantling and calcination
of the PV sheet. In the second step, leaching of the PV ribbon
by using 2 M HCI with H>O, and SnCl, was found effective to
recover pure copper of 99.93% via electrorefining. Pure silver
was recovered from silicon wafer containing silver finger by
HNO:; leaching followed by AgCl precipitation and reduction
to obtain Ag powder, and finally by melting.
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PV module waste

Dismantling of PV panel

PV sheet

Cut PV sheet

Calcination

Copper recovery

Step I: Waste treatment
- Al frame

+ Junction box

500 °C/ 1h

Silver recovery Step 11: Metal recovery

Calcined PV ribbon Ag - Si wafer
T
L "(;1! 1 *POC; _of Ll"‘fl?j : Leached Si wafer
caching |, | = »CuCl eacl :15 p
. [ ching |
s l»r::::»;:::m 3 - AgCl Lc&lL"IIng
E - | Precipitation '
M clting v L " H
Reduction ‘
E o < ’
Electrorefining | [Melting]  Cleancd Si wafer
v =%

I D> Pure silver

Fig. 12 Flow chart of EOL PV panels recycling to obtain Cu and Ag
from PV ribbon and Ag finger
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Abstract. The aim of this study was to develop a recycling process to recover silver metal from solar
panel waste. Experimental procedure consisted of mechanical/physical separation, leaching of silver
from silicon wafer and precipitation to retrieve silver chloride (AgCl) precipitate. The precipitated
AgCl was reduced to silver precipitate form which was subsequently heated up to produce silver
metal. The leaching process was first conducted by using 4 M of nitric acid for 24 hrs. The silver-
containing leached solution would then be added by sodium chloride solution to precipitate AgCl.
The precipitate was filtrated out from the solution and was rinsed with water ready for further step.
The rinsed precipitate was dissolved in water, then sucrose and sodium hydroxide were added to
achieve precipitated silver. Finally, the precipitated silver was burned with acetylene gas to finally
obtain silver metal. Base on the experiment the purity of silver metal of 99.98% can be achieved and
by considering recycling of solar panel of 1,000 kg the recycling product of pure silver of 0.23 kg
could be acquired.

Introduction

Electricity generation by solar cells is recognizably acceptable as clean renewable energy with no
emission in services. Currently, there are three main types of solar cells available, crystalline silicon,
thin film and new concept solar cells, Generally, a useful lifespan of solar cells/panels is up to 25
years. After service, when it fails to function efficiently, the end-of-life solar panel then becomes
undesirable waste, and could be quite problematic if there is no appropriate waste management
integration as shows in Fig. 1 will however result is an example of End-of-life solar panels become
undesirable waste and can be quite problematic if there is no appropriate integrated management.
Suitable recycling technology and management is however required not only to suppress burden cost
on disposal and environmental issues, but also to give value added to the recycled products. Recycling
of end-of-life solar cells can be conceptually divided into two distinct ways; i) recycling for reuse in
the solar manufacturing process and ii) recycling for other purpose. The first concept aims for
retrieving crystalline silicon to be reuse in the manufacturing process. This comprises long recycling
steps such as 1) mechanical/physical separatio, i.e, crushing, magnetic separatio, floatation, 2)
hydrometallurgy process including acid leaching and solvent extraction, 3) pyrometallurgy process
including roasting, smelting, melting and slag forming, and 4) disposal [1-4]. In Thailand, 85% of
solar panels are crystalline silicon typed and will account for cumulative amount of waste in great
number. It is therefore worthy to aim for recycling of end-of-life crystalline silicon solar panels.
Recycling of end-of-life solar panel as shows in Fig. 2 starts with panel dismantling by
mechanical/physical means, giving aluminium frame, bus bar and junction box as well as silicon
wafer with plastic coating on the back end with glass laminate on the top. Aluminium frame and bus
bar can be directly recycled/sold to the market, leaving the cells to be rid of glass cullet, which can
again be directly recycled/sold .However, Plastic backsheet and EVA have to be rid of from the
ripped cells in order to readily extract silver for recovery [5-6]. Experimentation on silver extraction
from such solar cells involves mainly chemical precipitation. Research on extracton of silver from
solar panel has been published [7-13], however, the purity of acquired silver has not been reported.
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The objective of this research is to develop the recycling process and study its feasibility to extract
silver from end-of-life solar panels.

Fig. 1. Example of end-of-life of c-Si solar panel (ront and back cover).

PV waste

‘ Aluminum frame

) . [ Back sheet & Junction
Physical Conditioning/Separation
Temper glass

‘ PV cell with metal electrode - 1

Metallurgical Process === s e e 1
Ag metal

Silicon wafer (Pure silicon)
Fig. 2. Recycling process of solar panel.

Experimental

Experimental procedure consisted of mechanical/physical separation of the solar panel and
metallurgical extraction of silver from solar cells. The later process consisted of leaching out of Ag
from silicon wafer, precipitation of AgCl, reduction of AgCl and finally produce silver metal. The
experiment flow chart is shown in Fig. 3. The solar panel waste used as raw material in this study was
a c-Si type and was supported by a solar farm located nearby Suranaree University of Technology in
Thailand.

The experiment started with the separation of aluminum frame, wire and glass from the solar cells,
leaving the cells attached to EVA at one ends and plastic back-sheet at the other end. Then, EVA
from the cells was separated by submerging in acetone. After EVA is removed, the cell was cut into
the size of 1x1 cm?. The sample was further leached with solid-leachate ratio of 200 g/L by 2-4 M of
nitric acid at room temperature for 24 hrs. Stirring of leaching is required in order to accelerate the
leaching reaction. The silver containing leached solution was then be subjected to further extraction.

The extraction of silver was performed by adding sodium chloride solution (300 g of NaCl in 1 L
of water) to precipitate silver chloride (AgCl) seen as white precipitate. The ratio of silver leached
solution to sodium chloride solution was 1:1. Then the mixing solution was filtrated and the
precipitate was rinsed well with water. The rinsed precipitate of AgCl was then dissolved in water,
then sucrose (C12H22011) and sodium hydroxide were subsequently added to finally achieve silver as
dark precipitate. In this experiment the weight ratio of sucrose to AgCl precipitate was 2:1 and the
weight ratio of NaOH to AgCl precipitate was 2.5:1. The solution containing dark precipitate was
then filtrated to separate out the silver precipitate, which is then subjected to cleansing and drying.
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The dried silver precipitate or silver powder was then burned with acetylene gas to finally obtain
silver metal.

| Mechanical dismantling ||:> Al frame, Junction box

Acetone | Module smashing I E> Busbar, Glass particle

HNO3 |

(2M, 3M, 4M, 200 g/L) Leaching (24hrs) l |:> Si wafer + EVA

«

NaCl: H,O 300 g/L | Ag leached solution l E> NaNO; (solution)
CaH2,0, + NaOH | AgCl (solid) | |:> Solution
' Ag powder l

‘ Firing
Ag
Fig. 3. Recovery process of silver from PV waste.

Results and discussion

Mechanical Dismantling. Recycling product of this experiment is shown in Fig.4. It was found based
on this study that the main component of solar panel is glass weighing 16.2 kg of 21.4 kg of the whole
panel and other product of mechanical separation is shown in Table 1.

Fig. 4. Recycling product in this study.

Table 1. Component of the solar panel.

Component Weight (kg)
Glass 16.22
Aluminum frame 2.00
PV adhere back sheet 1.90
Cable 0.20
EVA 0.67
Bus bar 0.21
Aluminum joint 0.20

Total 21.40
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Leaching of Silver. The chemical leaching of silver with nitric acid can be represented by
chemical reaction as shown in eq. (1). For leaching process, silver from solar cell will be dissolved
into the leached solution in the form of AgHNO3s. The leaching accompanying with stirring was
performed at room temperature for 24 hrs. The effect of acid concentration of 2 M, 3 M and 4 M on
extraction of silver was investigated. It was found as shown in Table 2 that leaching with 4 M of nitric
acid gave the better results than using 2 M and 3 M. Based on this study nitric acid of 4 M was
proposed for leaching process.

3Ag+ 4HNO3; = 3AgNO3 + 2H,0 + NO (1)

Table 2. Effect of leaching concentration on extraction of silver from solar cell.

Concentratio of HNO3; | Silver in solution (ppm)
2M 12,348
3M 134,176
4M 208,040

Precipitation of AgCl. Extraction of silver from solution can be carried out by adding sodium
chloride solution to obtain AgCl precipitate. The chemical reaction of AgCl precipitation can be
represented in chemical reaction (2). From the reaction, the white AgCl precipitate is obtained. The
NacCl solution was prepared by dissolving 300 g of NaCl in 1 L of water. In order to precipitate AgCl
from AgNOj leached solution, the ratio of NaCl to AgNOs3 of 1:1 was used.

AT L ORNTANTS

NaCl + AgNO3z = AgCl + NaNO3 2

The precipitated AgCl was analyzed by using XRD technique. The analytical result is shown in
Fig.5. It was found based on this experiment procedure that the precipitate composed of nearly 100%
of AgCl.

AgCl

1 taw
1

POF 06-0480 Ag CI Chiorargyrite, syn

6000 AgCl powder

2Theta (Coupled TwoTheta/Theta) WL=1.54060
Fig. 5. XRD spectrum of AgCl powder.
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Reduction of AgCl. The precipitated AgCl was rinsed with water and then dissolved in water.
After dissolving in water, sucrose and NaOH was subsequently added to achieve silver powder. The
chemical reactions of reduction of sliver are shown in equation (3) and (4).

Ci2H22011 + H2O = 2C6H 1206 3)
2AgCl + 3NaOH + C¢H1206 = 2Ag +CsH1107Na + 2NaCl + 2H,0 4)

From reaction (4) the dark precipitate of silver will be achieved and contained in the solution. The
dark silver was separated from solution by filtration and then was cleaned and dried. The silver
powder was then burned with acetylene gas to finally obtain silver metal. The silver metal was
analyzed by using XRD technique and the analytical results is shown in Fig. 6. It was indicated that
the metal consisted mainly of silver. Moreover, it was confirmed by XRF analysis that the purity of
sliver was 99.98%. By considering recycling of one solar panel according to laboratory
experimentation, silver weighing 4.9 g is obtained together with silicon wafer weighing 19.27 g.

| PDF 04-0783 Ag Silver-3C, syn

Counts

Silver Metal

T T T T T T T T T 1
40 50 60 70 80

8-

20

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 6. XRD spectra of Ag powder.

By considering recycling of end-of-life solar panels of 1,000 kg, aluminum frame weighing
102.8 kg, copper wire of 9.35 kg, glass cullet of 757.8 kg as well as EVA 31.2 kg and bus bar of
9.77 kg will be obtained .The tedlar of 79.12 kg and silicon of 10.11 kg are also achievable .The
desirable recycling product of pure silver metal weighing 0.230 kg is acquired.

Conclusions

The experiment of recycling of solar panel consisted of mechanical/physical separation, leaching of
silver from silicon wafer, precipitation of AgCl and reduction of silver. It was found that leaching
with 4 M of nitric acid gave the better results than using 2 M and 3 M. The precipitation of AgCl
from the solution can be done by using NaCl. The reduction of AgCl to silver powder can be achieved
by using sucrose and NaOH. Finally, the silver powder is burned to obtain silver metal with purity of
99.98%. By considering recycling of end-of-life solar panels of 1,000 kg, the silver metal of 0.23 kg
can be acquired.
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Abstract. The aim of this research was to study the recycling process and the feasibility to smelt the
spent nickel catalyst for the production of nickel alloy or ferronickel. The smelting process was
carried out in a laboratory induction furnace. The effects of Si02/CaO for slag forming on metal
recovery and smelting time were investigated. Petroleum coke was used as reductant. Mill scale was
used as an iron resource for ferro-alloy production, while CaO was used as slag forming agent. The
raw materials were mixed together and put into a graphite crucible, which was then placed in the
induction furnace. After the melt was completed, the melt was poured into a mold to solidify. The
chemical composition of the product was analyzed by XRF and XRD. It was found that the smelting
time was decreased with increasing SiO2/CaO from 1.0 to 2.3. For nickel alloy production, increasing
of Si0/Ca0 increased the weight of metal product. For the ferronickel production, however, the
weight of metal product was found not to vary with different ratio of SiO2/CaO.

Introduction

Nickel is commercially important as being mainly used as high performance alloys, key alloying
element for stainless steel production and electroplating to improve tribological properties and
decoration on many types of material surfaces. While nickel consumption is still in high demand,
extraction of nickel from ore called ‘laterite’ however finds some drawback. The ore is classified to
‘limonite’ containing 0.8-1.5 wt.% Ni and ‘saprolite’ containing 1.8-3.0 wt.% Ni [1,2]. With such
low content of nickel, the extraction requires high amount of ores and fluxing materials. Therefore,
nickel recycling from industrial wastes offers alternative solutions for engineering applications and
environmental issues.

One type of commercial catalysts used in sweeteners industry is nickel containing catalyst with its
good performance for addition and removal of hydrogen in the hydrogenolysis to synthesis aspartame.
After deteriorated in service by the formation of coke, which leads to deactivation [3], the deactivated
nickel catalyst has to be eliminated as industrial waste. The spent catalyst contains significantly high
amount of nickel of almost 30 wt% and some contains up to 40 wt.% of aluminium and some has
10 wt.% of silicon [4, 5]. Due to high nickel content in the spent catalyst, it is therefore suitable for
recycling as the renewal resources with value-added, and can reduce disposal by incineration as
hazardous waste and landfill. As a result, this study initiated recycling process to recover nickel from
spent catalyst as nickel metal or ferronickel.

From the literature survey, extraction of nickel from spent nickel catalysts could be performed via
hydrometallurgical and pyrometallurgical processes. The hydrometallurgy process involves acid
leaching to obtain nickel in the solution prior to extraction by using different techniques, giving
mostly nickel compounds [6-9]. Pyrometallurgical process involves smelting of the spent catalyst
from the petroleum refinery resembling that of nickel smelting from ores in submerged arc reaction
furnace in the iron ore smelting. The attained product is nickel in the form of ferroalloy [10]. In this
work spent nickel catalysts waste from aspartame production were used in the smelting reduction
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process via induction furnace to produce nickel alloy and ferronickel. In order to produce a
ferronickel, mill scale waste from the hot rolling process of steel which mainly contains iron oxides
was the source of iron.

Materials and methods

Raw materials. Spent nickel catalysts waste generated from aspartame Production Company in
Thailand was used as one of the raw materials for smelting in this study. The chemical composition
is shown in Table 1.

Table 1. Chemical composition of spent nickel catalyst.

Element Ni C O Si Al Fe Mo P S Other
mass% 223 | 22.1 | 40.2 | 11.3 | 1.8 | 0.32 | 0.33 | 0.4 | 0.06 | balance

Calcium oxide was used as fluxing material. The addition of CaO is required depending on the
content of SiO; contained in spent catalyst. However, the ratio of Si0»/CaO of 1, 1.6 and 2.3 was
adjusted. Petroleum coke with the chemical composition as shown in Table 2 was used as reductant.
Petroleum coke is used at equivalent to amount required by stoichiometry. Petroleum coke is not
required when the carbon content in the waste is sufficient high. In order to produce ferronickel, mill
scale waste from the hot rolling process of steel was used as the resource of iron. Mill scale is added
according to stoichiometry for the production of ferronickel of various commercial grades. In this
study, ferronickel grade FeNi40 was taken into consideration. The chemical composition of mill scale
composed of 80 wt.% of Fe,O3 and 20% of Fe3O4 is shown in Table 3.

Table 2. Properties of petroleum coke.

Type of reductant Fixed carbon [%] | Moisture [%] | Volatile matter [%] | Ash [%]
Petroleum coke 98.72 0.08 0.43 0.85

Table 3 Chemical composition of mill scale.

Element Fe (0] Si Mn Ca Al Other
[mass%] 70.43 | 27.45 | 041 0.32 0.29 0.14 balance

Analytical Methods. The chemical compositions of the raw materials and products were analyzed
by WD-XRF technique (Rigaku model ZSX Primus IV, 10 mm. beam size, and scan time 18 min.).
X-ray diffractometer was used to determine phases and compounds (Using Bruker model D8
ADVANCE Cu Ka at condition 40 kV, 40mA).

Smelting Reduction Process. The smelting reduction of spent catalyst was carried out in
laboratory induction furnace. All of the raw materials were crushed and ground with a jaw crusher
machine to obtain particle size of 2-3 mm. Spent catalyst of 1 kg was used for each of smelting
condition. The raw materials were mixed together according to the stoichiometry calculation (based
on 1 kg of spent catalyst) and SiO2/CaO ratios were specified for each condition before putting into
a graphite crucible. Then, the graphite crucible was placed in induction furnace. The smelting
reduction of raw materials took place during heating up the furnace. Smelting was completed in about
50-58 min. and the melt attained at temperatures of about 1500-1550°C. The melt was later poured
into the steel mold. The solidified metal and slag were collected, weighed and analyzed. The
experimental procedure flow chart is illustrated in Fig. 1.
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Results and Discussion

Si0; and CaO are the common slag’s components. These components determine the properties of
slag, e.g. melting point and viscosity, which correspond to refining of the melt. High ratio of
Si02/CaO results in lower melting temperature of slag. For this preliminary study, the ratio of
Si02/Ca0 of 1, 1.6 and 2.3 was selected. Based on this study, the effect of SiO2/CaO on the recovery
of metal and smelting time were investigated. The chemical composition of metal product and slag
would be discussed.

Spent Ni-Catalyst

-
Grinding

‘ Mixing

Smelting Reduction ‘

a

Mill Scale

Flux

a

Slag

Off gas

-

High Ni content Metal/
Ferronickel

Fig. 1. Experimental flow chart of smelting reduction of spent nickel catalyst.

Effect of SiO2/Ca0 on Metal Yield. The effect of SiO,/CaO on weight of metal product is shown
in Fig.2. It was found that the weight of ferronickel production grade FeNi40 was not effected by
Si0,/CaO ratio. For nickel alloy grade, increasing of SiO,/CaO increased the weight of the metal
product. However, the weight of metal product was not significantly different for SiO»/CaO ratio at
1.6 and 2.3.
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Fig. 2. Effect of Si02/CaO on weight of metal production.
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Effect of SiO2/Ca0 on Smelting Time. The effect of Si02/CaO on smelting time is shown in
Fig.3. For both nickel alloy and ferronickel production, the smelting time decreased with increasing
Si0,/Ca0. It may be therefore interpreted that high fraction of SiO; might influence the decreasing
of slag melting point. That means, the smelting time of raw materials containing slag component with
high SiO»/CaO decreased. For nickel alloy production, the smelting temperature of 1480-1500°C was
reached with the smelting time of 50 min. For ferronickel production the smelting temperature of
1500-1550°C was reached with the smelting time of 52 min.
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Fig. 3. Effect of Si02/CaO on smelting time.

Effect of Si02/CaO on refining of metal and slag. The chemical compositions of the metal
product and slag were analyzed by the WD-XRF and shown in Table 4 and 5, respectively. For nickel
alloy production as specified in, trial conditions 1-3, the high content of nickel of up to 89 wt.% was
achieved. High nickel recovery increased with increasing SiO»/CaO. For ferronickel grade FeNi40
production, as stated in trial conditions 4-6, the content of nickel contained in ferronickel alloy was
approximately 40 wt.%, which is in good agreement with ferronickel grade FeNi40. Moreover, the
recovery of nickel of more than 98% has received.

Table 4. Chemical compositions of the metal product of each smelting condition.

Elements [mass %] Y%recovery
Ni Fe C Si | Al | Mo | P S | Others | Ni | Fe
Ni | 86.00 | 1.12 | 2.00 [3.60 | 0.09 | 1.36 | 1.20 | 0.06 | 4.57 |97.8 | 89.6
Ni|8740| 1.13 | 1.90|2.80|0.08 | 1.33 | 1.10| 0.08 | 4.18 |98.8 | 89.0
Ni|89.00 | 1.55 | 1.40]3.10|0.15|1.24]1.30|0.07| 2.19 |55.2]63.0
FeNi40 | 39.50 | 56.00 | 1.20 | 0.12 | 0.09 | 0.82 | 0.41 | 0.21 | 1.65 |99.2 | 90.0
FeNi40 | 39.70 | 56.00 | 1.00 | 0.14 | 0.08 | 0.84 | 0.39 | 0.22 | 1.63 | 98.8 | 89.5
FeNi40 | 39.80 | 55.00 | 1.00 | 0.21 | 0.06 | 0.86 | 0.42 | 0.20 | 2.45 |98.5|87.6

Conditions | Targets

Q[ | |W|N =

The slag composition of smelting reduction to produce nickel alloy and ferronickel is shown in
Table 5. For nickel alloy production, trial conditions 1-3, the main slag system is Si0,-CaO-Al>Os.
Typical slag composition contained of approximately 41.6 %SiO, 42.3 %CaO, 11.0 %Al,03, by
weight with Si0»/CaO = 0.98. Such a slag system has a 1350-1450°C melting range. For ferroalloy
production, trial conditions 4-6, the main slag system is SiO2-CaO-Fe;03-Al20s3. Typical slag
composition contained of approximately 38.6 %SiO,, 27.4 %CaO, 18.2 %Fe>03 and 10.5 %Al03,
by weight with SiO2/CaO = 1.41. The slag has a 1400-1450°C melting range.
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Table 5. Chemical compositions of slag of each smelting condition.

Conditions : . Elements [mass %]
Ni Fe Si Ca o Al | Mg | Na | Mn P S |Others.
1 0.12 | 0.08 | 23.0 |25.79|44.98| 3.7 | 0.64 | 1.08 | n/d | 0.01 | 0.12 | 0.48
2 0.16 | 0.06 | 21.0 |28.32|44.71| 3.3 | 0.62 | 1.07 | n/d | 0.09 | 0.08 | 0.59
3 0.18 | 0.2 | 17.0 | 33.3 |44.32| 2.6 | 0.66 | 0.69 | n/d 0.3 | 0.06 | 0.69
4 018 | 7.1 | 21.8|22.0[43.0| 2.7 [0.51|1.25]0.29]0.32]0.02 | 0.83
5 014 | 62 | 188 |26.0[432| 23 |051 | 1.3 | 0.6 | 0.31]0.02 ] 0.62
6 0.11 | 58 | 152 |30.58[43.0| 1.8 |052| 1.3 | 0.8 | 0.24 ]| 0.06 | 0.59

Morphologies of metal product and slag are shown in Fig. 4. The weight and amount of metal of
nickel alloy were lesser than that of ferronickel due to the addition of iron concerted mill scale. The
characteristic of slag was shiny black, dense, and brittle.

(b) Ferro-nickel alloy production
Fig. 4. Recycling product (a) nickel alloy production, (b) ferro-nickel production.

Conclusions

The experiment on smelting reduction of spent nickel catalyst to produce nickel alloy and ferronickel
was carried out in laboratory induction furnace. Effect of SiO»/CaO contained in raw materials on
metal recovery and smelting time were investigated. It was found that increasing of the SiO,/CaO
ratio increased the weight and %recovery of the metal. In addition, smelting time decreased with
increasing Si02/CaO. Based on this experiment, it was feasible to smelt nickel from spent nickel
catalyst in the induction furnace to produce nickel alloy. Ferronickel can be produced when smelting
spent nickel catalyst together with mill scale in the induction furnace.
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