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WORANITTHA KRITSARIKAN : RECOVERY OF NEODYMIUM FROM MANUFACTURING
NEODYMIUM - IRON - BORON MAGNET WASTES VIA HYBRID — METALLURGICAL
PROCESS. THESIS ADVISOR : ASST. PROF. TAPANY PATCHARAWIT, Ph. D., 147 PP.

Keyword : hybrid metallurgical process/NdFeB magnet/neodymium oxide/recycling

This research studied the recovery of manufacturing NdFeB magnet wastes in
the sintered solid and powder forms via hybrid (pyro-hydro) metallurgical process.
Experimental consisted of two recycling routes, namely 1) route I: whole leaching and
2) route II: oxidative-roasting and selective-leaching. Route I: whole leaching process,
started with sulfuric acid leaching at 2.5 M for 24 hours, followed by roasting,
precipitation using 1 M oxalic acid and finally calcination at 1000 °C for 2 hours. Route
Il: oxidative-roasting and selective-leaching included oxidative roasting before
proceeding to the next step of sulfuric leaching in a similar manner to that of the
whole leaching to study the influence of oxidative roasting on recycling efficiency. For
recycling of sintered magnet waste, as-received composition consisted of 59.81 % iron,
23.97 % neodymium, 7.12 %. praseodymium and 0.26 % boron by weight. Through
route 1, whole leaching using sulfuric acid gave sulfates of neodymium, rare earth and
iron. Roasting at 800 °C for 2 hours in the succeeding step resulted in conversions of
iron sulfates to iron oxides, which can be separated out during water leaching step,
while neodymium and rare earth sulfates remained in the solution. Following the
precipitation by oxalic acid to give neodymium oxalates, calcination finally provided
neodymium oxide as the final recycling product, having 31.62 % recovery. The product
contained 63.16 % neodymium, 21.32 % praseodymium, and 0.02 % cobalt by weight.
By means of route Il: oxidative-roasting and selective-leaching, it was found that
oxidative roasting at 600 °C for 2 hours resulted in the formation of iron oxides (Fe,Os
and Fe;04) with reduced amount of neodymium iron oxide (NdFeOs), which were not
readily leached. Consequently, higher recovery of 76.03 % was achieved in comparison
to that obtained via route I. The recycling product contained 65.09 % neodymium,
19.83 % praseodymium and 0.03 % cobalt by weight. Furthermore, by considering the

recycling of magnet waste in the powder form, its as-received composition was 66.33



% iron, 21.66 % neodymium and 4.76 % praseodymium. According to route |: whole
leaching using sulfuric acid, followed by roasting at 750 °C for 2 hours, oxalic acid
precipitation and calcination, neodymium oxide was obtained as the final recycling
product with 59.36 % recovery. The product contained 61.23 % neodymium, 13.83 %
praseodymium and 0.04 cobalt by weight. Recycling via route Il has also demonstrated
that oxidative roasting enabled sétective leaching by sulfuric acid, resembling to that
of sintered waste recycling. Recovery was obtained at 75.46 % and the product
composition was 68.11 % neodymium, 14.93 % praseodymium and 0.02 % cobalt by
weight. Therefore, recycling of manufacturing NdFeB magnet wastes both in the
sintered and powder forms via hybrid metallurgical process provided neodymium
oxide as the desirable recycling product. The higher recycling efficiency based on
recovery could be achieved through oxidative-roasting and selective-leaching. Greater
leaching efficiency was the key, offering 92.11 and 95.73 in the sintered and powder

wastes respectively in comparison to those of 66.00 and 89.00 via whole leaching.
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1n8 Mehmet Ali Recai Onal et al. (2015)
nszvuNIMslavInevasnsiautlenidenuasialnaidey
AMNAENBULIWEN Iag Jan Pana Rabatho et al. (2013)
Han13AT19 XRD vasiledoneanludiildainniswiillefdloy
panwLanlanIe ﬁqmmﬁ 800 purlwaLdYd lng
Jan Pana Rabatho et al. (2013)
HANTZNUVBINITANYLIAVDIOUAANILUMAN ADNITE1IUS
1n8 Fupeng Liu et al. (2020)
UseAns A nnsvsazanevedlanemenn wian luseu wazlauaad
1y Fupeng Liu et al. (2020)
anwazvsudowiviniagiaiou (n) wazvoudeuiiang ()
WHUQ TR waghnaildlunssuaunisenaus
wugiuansgamninaznaildlunseurumsnuaadiudu
LLB\I‘uﬂUﬁLLaﬂﬂquﬂuﬁLLazL’JaﬁﬁisiﬂUﬂizU’mmSEJNLLi'LL‘UU

2ONTLANIN

%’umaumiﬁﬂmmiﬁﬁuﬁiaaLﬁaumﬂﬁumLﬁas[,uﬂizm‘im'ﬁwamlmmﬁﬂ

MNofdlou-man-lusou suanou Lasuiinna

a ¢ o A a v | I3 a v a
HAILATIZY XRD TnQAUSUALYRIREN a) Fllanou wag b) wlinng
NANITIATIEINIIANNSaUVRIRLAsLUAN a) vTnfau way b) ¥iie

BNENAITUNBUNITVZAZAEWAVIN LA Arelgmnala TGA - DSC
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4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

d15Ut3Y (sid)

Na3LASIEI XRD Yaadeudindnuiinien ndensyulunsvzazany
Tuwwanmad 1 ma%asmaﬁ”’mm (whole leaching)
NEIATIZY XRD T8smEneundsInnsEaLIigamad 700 uay
800 aeAwadua voudouivanydndou Tunuimied 1
MsvEazang LA (whole leaching)
NANTIATIERREmATA XRD Fumaumsanaynauveadsyindou
Tuwmsd 1 nsvzavanesiavun (whole leaching)
AT U D ANENENAINITANALNOUMILNTADBNYIANLINTY 1
Twang luansazanslavizvenn 100 fadans vosuuIvnei 1
nsvEazaTILn (whole leaching)
wanaUasiuinsnnnenauvesilleflsudedndiuveieananan
setlefdloy Tuwwamadt 1 Msvzazaneiiavan (whole leaching)
NS XRD Y8910 d8rlaNaUnaIINNISHILAATLLYY 1000
srnwadea luwued 1 ma%azmaﬁgﬂwm (whole leaching)
HaILATIZH XRD V09U0AvinAaundinIseusuuUeonseing
gaumgdl 550 600 700 WA 800 B3FLwATYE TuluIMaT 2
N3E1NLSLULRRNTATIN-N1SIRDNTTazae (oxidative roasting -
selective leaching)
HANITIATITRAEATA SEM-EDS WUULNUT Aendanseiauns
LuUeenTnTin 600 asAwaldea lukumed 2 nsgrausuuy
ponBniin-n1sidenvzazany (oxidative roasting -

selective leaching)
NaILATIZYURY XRD vowweddusiinnoulunssuiunisvzazarunie
vdsnseausfigamgiisng 9 luuuimad 2 msghausuuy
panNTLain-n1siaenTrazane (oxidative roasting -

selective leaching)
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56

56
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d15Ut3Y (sid)

a

410 WalA91Es XRD vewwendeuinfoundsninniseauiigumnd
(i) 700 (i) 800 warmznoudldaInnsvrazatefetinends
nsthausigamadl (i) 800 esmwaLdua
Tuwwniedl 2 mMsgrausuuusendndin-n1sidenszazas

(oxidative roasting - selective leaching)

4.11  NAWATIEY XRD U89900AUYRANUNENAINITANALNOUAIBNTA

20NYNAN AMUINTY 1 11815 TukuIn19fl 2 NN5E19LSUUDBNTATIN

- mMs@envzazaiy (oxidative roasting - selective leaching)
412  ANULNIUYBIANENIENEINITANALNDUAIBNTADDNTIANLTUTY
1 Tuans Tuansazanelaneienn 100 Jadans wWUINh 2

A58 LUUBNTLATIN-N1SLABATALAY
(oxidative roasting - selective leaching)
& @ '3 = a a 1 v 1
4.13  danwlasiiuan1senmAznauYeellondeusadndiuliared
aanv1anmailofillon TULUININ 2 N1FE19LILUUDNTLATIN-

n1sLaenvzazale (oxidative roasting - selective leaching)

4.14  NaMATIEY XRD 199930 RANUNEIINNISNILAATLTY 1000

9 Lwadad TukuIIen 2 N15E19WSLUUDBNTATIN-N15:F8N

Yrazay (oxidative roasting - selective leaching)

@ o [y ° [ P\ a a 1 <
4.15 LLNUﬂ’]Wﬂ’]ﬂﬂaﬁm‘UﬁN'}ﬁﬂLLﬁ%ﬁMQa’Jﬂ@ﬁ’]‘Wi‘Uﬂ?iﬂ‘?ﬁLﬂﬁ?JENLﬁEJLLN LN

ilaneululuINIed 1 Msvzaza1snaiun (whole leaching)

[y o

4.16  wRunnNsivasmverianuazaunaiandmiuniss Aavaalde
-] a v ‘:4' ' ' a a A
LLQJLMaﬂ“Uu@IﬂEJUIULLU']VI’NVI 2 NNSY1LILUUDDNGLANN-N1TLABN
¢arany (oxidative roasting - selective leaching)
a 6 = 1 I3 a [
5.1 NAAATIEN XRD UDUAYLLULAANTUANS AINTEUIUNTVLALANY

Tulwmen 1 nmsvzazaneyiavun (whole leaching)
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5.10

d15Ut3Y (sid)

HAILATIEN XRD YDIALNBUNRIIINNTENRINDUNAN 750 wae
a = ' < a a
775 aeAwalded Yo duldwanuiang TuwwInied 1
MI¥Eazaevienun (whole leaching) 80
NAN1SIASIEYEWATA XRD JUNBUNITANALNDUVDAALYNANS
TuuuInen 1 msvzazaeianun (whole leaching) 81

NAILASIZY XRD V09U UFUTTAKINEIINNITHLARTLUTU 1000

peANTayE TULLINN 1 N15¥zaza1eNiun (whole leaching) 82

a

NALASIEI XRD GuaqsuaqLﬁwﬁﬂwwé’amis}wqLLﬁ'LLwaaﬂ%mﬂWﬁqmmu
600 way 700 osrnaalda Tuuwanadl 2 msghausuuusendiaiiv-
nsLaenvzazais (oxidative roasting - selective leaching).__ . 83
HANIIATIERAATA SEM-EDS LUULNUT Aevdanseausuy

panfaiiv 600 ssrwalvaeaudeiang Tunuavd 2

AL LUUBBNTATNN-N1SIaDNTTaZ A

(oxidative roasting - selective leaching) . 84
NALAS1EIUR9 XRD Y8svaddesiandlunssuiunsvrasateniy

n§aNTE19us oM 9 Tuwuanisdl 2 msnausuuusendindin-
nsidenTrazale (oxidative roasting - selective leaching) 85
NEATIZY XRD 183 ABYIANanA 19NN TEN U TIgumgiing

TukuInedl 2 nseausuuveandaiin-nsidenszazans

(oxidative roasting - selective leaching). 86
NALASIEI XRD AMUNEINISANALNDUAIENIABBNYIAN AIULTUYY

1 Tuans vesweaderilansiiniuniserausuuuoondiaiiniigamail 600
ssrgalded Tunuanied 2 nsgreusuuusendniin-n1sidenyzazans

(oxidative roasting - selective leaching). 87
NALATIEY XRD 8998 d8SNANIRAIIINNISHHILAATILTY 1000

sargalded Tunuanedl 2 AsEreusuuUsandniin-

nsLaenvzazaie (oxidative roasting - selective leaching) 88
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5.12

d15Ut3Y (sid)

%
i

LHUAINNST A veiauazaNna Tandmsunss lAavasde
wdwdnadansluiuimied 1 nsvzazanevianun (whole leaching) . 91

[y ]

LHUAINNTS Iafvesiaguasaunaiandmsunss lfavede

q

& a A | ! a a
LLlIL‘VTaﬂ“UuG]mSLULLu’mNVI 2 ﬂqﬁﬂqQLLiLLUUBBﬂ%LWWW-

nsidenTrazais (oxidative roasting - selective leaching) 92
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Global Permanent Magnet Market volume, by material, 2013 — 2024 (Kilo Tons)
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Market Research Insights, 2016)

2016 Global permanent magnet production base on weight
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Research Insights, 2016) laun
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China permanent magnets market size, by application, 2016 - 2027 (USD Billion)

g B -

" s g BB E

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

B Automotive Electronics Industrial B Medical MW Energy B Aerospace Others

U 1.3 madiulavesnistdnuwivanansiunaiadsemedud a.a. 2016 -2027 (Wuau

m‘%mpﬁw%’g) (Magnequench (Thailand) Co., Ltd., 2020)

NMsAnw1ininsergnsldauresvende (Life Cycle Analysis : LCA) lng Rita
Schulze wag Matthias Buchert (2016) fauanslun139fi 1.1 Felddedoauufindn (key

assumptions) vadunaslanzmeinainuimvanilefidou-wan-luseunaueignisldauudy

¥
v

gnd0g19 WU s1sadadlasiduiiengnisldaueds 6 9 f8wsn1ssusuvesds
(collection rate) $o8az 60 flUsyanSnmnsuendssneududiuvende (efficiency rate
disassembly) $away 60 dUsz@nSnmNIs3laiAa (efficiency rate recycling) Sowaz 90 lndl
Uszans nmnisanalangmiannsay (overall REE extraction efficiency) $o8as 32 Wail
esnnsueniuulviniifvuadnesnanngunsaiiuildreudisenn SnviadanAnns
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A5199 1.1 Teduufnan (key assumptions) vesunadlangniginainuaiuanilodidion-

mé“ﬂ-IUiauﬁﬁumqmﬂ%muuéh (Rita Schulze et al, 2016)

Product Standard Collection Rate Efficiency Rate Efficiency Rate Overall REE
Lifetime Deviation Disassembly Recycling extraction
efficiency
Electric 5 1.25 80% 90% 92% 66%
Two-Wheelers
Air 12 3 60% 90% 92% 50%
Conditioners
(HEV 15 3.75 90% 90% 92% 75%
MRI Scanners 12 3 80% 90% 92% 66%
Wind 22 55 90% 90% 92% 75%
ators
HDD 10/6 2.5/1.5 60% 60% 90% 32%
Acoustic 8 2 50% 50% 92% 23%
Transducers
Separators 10 25 80% 80% 92% 59%
Other 20 5 80% 90% 92% 66%
generators
Other motors 13 3.25 80% 40% 92% 29%
Others 10 25 30% 10% 92% 3%

nsiinvendewsinanilafden-wan-lusey arunsauuseantdu 2 Useian Taey
Usuinnusnidureadesiaiinannssuaunisudn wu Tussninstuneunisnandulansus
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floaAUsznauvessIglangynen (Rare Earth, RE) 1wy Tlofdlon (Nd) Sadulavy
Afisrauns (anlansileAdonvesiuil 1 nuansius 2564 egil 65,037 CNY/T) Fadudu
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anwalgmenennil 2 ¥ila loun wewalwdn (giinding sludge) Tneflvesdeiintulneiade
Foway 20 89 30 (Ming Yue, Xiaowen Yin, Xiantao Li, Meng Li, et al., 2018) Y0INanA U7

19 wazwdanau (bulk solid waste) FUANINNATLUIUNTEIKNTEN TngUSUNUURRFLYRANDUT
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AndulpewdeAndudesas 25 (Xiaowen Yin, Ming Yue, Qingmei Lu, Min Liu, et al., 2019)

v cal o v

voanAugNndald vaudeainnszuiunsudadainanaisnasinundignszuiunisileda

v o A

wenanifdiveadennunergmsldnuniodeuanindniie Jalidnvaznenmenimduieu

dld :5 A a
NUY

URLARRURRYRUgUNTAl ¥50LATEILDANN 9 F9ADIDIAINIT0DALENEIUDNNINIUATT

]

54

- 1 o E2 1 a a 1
AnkenUssinnnewdidngnssuiunssiafasiely



Powder waste

Solid waste

1

a a a = 1 [
EUW 1.4 3395075 AVDIYUALAYLLULNAN

Tutigdudsswelnedvigninwauniaianiuvgsinfertunisudn dudi 9t

A

wazdimanulmvan sauanslunisned 1.2 (newaus waldwawa, 2565) danabilunidalinng

nanuarldrududiugunsalag q Ndwimanduesddsznoudiuiuuin wazludmia

[y a

a a a o =Y L4 o o P [ a ~ a a
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LAYAIDINNILUMAN WaXUNAINT I USENIUNNART UdUBLENNTaTNd WU USEM HAwA
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P399 1.2 UsSIlulszmelnedings 1¥dn wazdseanwidivaniulsewalne (nsuwaus

LWALALNALAE, 2565)

Fausem Vg Jin
uitm lemeu 39 Buiide 91in Unduagdmheudminynuiia NIUNNUVILAT
U3HN 12.91.8 91in Funusmmhewimanildlunugramngsu NTUNNUMIUAT
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ST Bua gl wliniia $ain WA Y11 deoonudiindn NTUNNUMIUAT
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UTEN @1UuuA WA 3710 diouasFudaihudivdnnneie way wimdnlu NTHNNUMIUAT
anaMNITUYNia (MAGNETIC) warusindndndes
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U3t 19 ¥ 8 drim Wndruiindn NIUNNUVIUAT
U3Em Jlaundin 1in Ynduaziunudmiieusivdn NTHNNUMIUAT
Ui Inevhameduimefuduuua d1ia e uilwidin Magnet widnaas, Ferrite NFANNUMIUAT
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nszurunstanInenlausa (amineiansazalswazlaringnninusau)

1.3  2ULUAYAINISIVY

1.3.1 nQAuSNAY

'
a Y

TagAusuaull 2 Uszam Lo
- U9 AUTAANIIINATEUIUNTHAANIULLAGN
- ¥padrrIANBUINATTUIUNISWIRTINTUITLLLIWAN
1.3.2  daudslunisneaas
aa a a a 1 @ a a @ 1 I
B measslunsslufavesdsudinanilofdon-wman-Tuseu wusesndu
5 35%an 9 lawA NMSEUsUUUoRNTAAN NNSPLATA1Y N1TE19LT NTANATNIUNILAL Lag

ANSLLAATLUY U

1.3.2.1 M3k uueendianu (oxidative roasting)

- wrlvimnuFeuiianmgdl 550, 600, 700, 800 sswwATEa/1 Falug

1.3.2.2 nM5vzazany (leaching)
- nsagaiasn (H,50,) ANUNYyY 2.5 Tuans

- fnanuvadararannal (S/L) i 50 n$1/500 faddns
- nalumsyzazas 24 $3lu9

1.3.2.3 N1587443 (roasting)

- WNTIRNQE 700 - 800 BT NTATEE LA 2 Falud

1.3.2.4 MINNAZNDUNINLALN (chemical precipitation)

- ANAENBAUMIBNIABBNTIAN (oxalic acid)

1.3.2.5 ASEBAATLUTY (calcination)

- biAuToungamgil 1,000 s waea/2 Il



1.3.3  N15ATIZRRMENYMZIANIE

- nsTesiziandiniananudounieias o Thermosgravimetric Analysis
(TGA) / Differential Scanning Calorimetry (DSC)

- MIlAsidnvLarefUTzNaUYesTaNMeBLATBs Scanning Electron
Microscope (SEM) W%Jamqﬂﬂiaﬁmiwﬁﬁm Energy-Dispersive X-ray Spectroscopy (EDS),
Wavelength Dispersive X-ray Fluorescence (WD-XRF), X-Ray Diffractometer (XRD), X-Ray
Photoemission spectroscopy (XPS), Inductively Coupled Plasma - Optical Emission
Spectrometer (ICP-OES)

ANTTATIERUUIALAZNITNTZINEF IV INIAIBLAT 09 Laser particle size

distribution analysis (PSD)

1.4  Uslewinaininazlasu

141 nywisdmssludaiedauilofflonanveadowimdnidsge nduunly
Usgloilnl

1.4.2  9UilQuUnNiinIsELsIuueandaiin (oxidative roasting) Tuyas 550-800
araidua Aunzaudmiumadenszazansluduneudan

1.4.3 y51uisemgiinsg1aus (roasting) Turae 700-800 ssrniwaldea Mmanzay
Tun1sidnimneanledldludunounisszagatsdaeunilmuzaudmiunisviiliife
TloAenoonladfifionuuiansuniign

1.4.4  N51URBNTNAVBINTLUIUNITATENINAAU (crushing, oxidative roasting)

[
1Y

feudingluneurraraly SogaznsnAukarANUSaVsvesiloniduusanlyn



Ui 2

USNALITTUNTTURAZINUILNNYITD

2.1 UseANvaamituananas

v A

Usznnvaaudinananisitdaululagduliey 5 Useuan liun wiwmdnieslsd
(ferrite magnet), widniilofideu (neodymium magnet), Wildne Ll su-lauead
(SmCo magnet), Lilanuaaila (alnico magnet) kazudinanviuuissu-wan-lulnsiau

(Sm-Fe-N magnet) (John Croat lkag John Ormerod, 2022) Feflswazidonuansteseluil
2.1.1  wiwmaneslsd (ferrite magnet)

wiiwmanieslsd dustuaimanen a1 coercivity guiflaisuiuusdu Falu

[y

Janfagdeanimanuduwimantden danuudusadanamnuazwanindieddndudedd
1 CY o a (3 [ a ] s A a

Nuedeselingeds winneenlenveninuasiinanauiieunsusiun (SrCO,) vivowuSey

AISUBLUA (BaCOs,) Hrunuazunswia q d@msunisidanuluusmesivi lauily wieq

Audaladn szuulnsatuIay waskilinaniaIosrausnlans Wumu

2.1.2 wiwaniilefllen (neodymium magnet)

'
[ =

wiwanilefdeudutanniussudiningsiianludagiu dyanuiudvun

9 U 9
EnuaiusIwlanuin Yardeaaiduatiudny daduliivanfvinannusmenniud aaiu
& a ¢ I @ as a a & A AT A oA =
wlwanwlinlaveas (cobalt magnet) lnsuslanilofdlouinananilonideu wan uag
Tuseu (NdFeB) idudulsznevaunsaldianyseiing wwwes a1safan wazueweasini
Wy

g

2.1.3  wimaneuuiseulavaad (SmCo magnet)

'
[y P

wildnguaseulaveas Wutaniuswivingsesanudmanilefdey
Toffeiduadulienn wagldnuldngamgige wilieanndauudusaudananiuasuaniin
' £ o « ¥ ¥ ! Y [ ! [ o 4 a 4
Peunddndudedddnuegisedaseds wivdnansniusigags Tlugunsalnsuaiiges

Asaliodn wEn lawly wazuswmasind [Wusu
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2.1.4 wiwanueailla (alnico magnet)

o’ A i a  a )~ 3 a al' Y o A
waanuweaiila VIUWE]QM‘VIQMQ\‘IG]MWﬂLLﬁBlIﬂ’J']@JLLGUQLLix‘ILSUQﬂaVIQQ RIGHEER)
a < 1 < [y a a a a a 3 < =
Qiy‘LﬂﬁJﬁﬂWWﬂ?’WQJLUuLLNL‘Mﬁﬂiﬂﬂ’]&llﬂﬂ NARINBEHULUYN UNLNEG lavaan Laginan Ay
al 1 <@ [ ] 1 aa a 1 1 <
Lﬁﬂﬁi%@ﬂﬁuquLﬂJL‘Viaﬂq\‘l NUNNTNANTOULALAMULUTE IﬁUQWumuqqumqq bYU LLALARA

LATRIAALEN WUWANEING T19e3 wazuawmas Wumu
2.1.5 wiwmanvuuiseu-wian-lulasiau (Sm-Fe-N magnet)

wldneualsa-taan-lulnsiay (SmyFe Ns) ﬁ’jmﬂumimﬁﬂﬁgﬂﬁwmsﬁu
Tl Wnewlaluladunieuldannsliufaweuludevielulnsauwdevlmian nsusuuss
Tassad1alaanisunsndl (interstitial modification) ﬁamﬂ’ﬁﬁﬁLﬁﬁjmﬁmﬁ’mmmﬁﬂﬁgﬂﬁwm
wneuning willfosinAewlafitesduszneuredlulpsiouandumaiiaiossainmseans

1Y

Ngaumgiivszann 600 asrnwaded Fududodninluniswindnlilaanumuiuiugs usded

s

Ao ausadugUlngldwedwesniolusowluasdnlaf (bonded magnet) 8nviedan

coercivity 110 53ufeilguniiAl3 (curie temperature) @4 Lardanuaen1sAnNTaULay

sondwmtulaanniUSsusuAukimanydedlefley

Tuendfed daruaulaluusininidsgelofidos-manTuseu Sediosddsznounis
wilaeiialy Fapn51991 2.1 (Stanford Magnets, 2021) Tnefifilofidoylugiadosas 29-32
wmanfevay 64.2-68.5 uaz luseufesar 1.0-1.2 1udu dslassadrsqanialaeivluves
wimdndananiidefudumailofdlou-wanluseu (Nd,FeB) warduusnamounsy
szusznovludmemadiilefdenunn (neodymium-rich), wafisiluseuun (boron-rich)
wazoonlys (oxides) oﬁ"qmemﬂmwma‘[mqa%wamﬂLLasmwaLﬁmiugﬂﬁ 2.1 (Cui Luo,
Xiaoming Qiu, Yuxin Xu, Yuzhen Lu and Fei Xin (2020) k&% Stephanie Kruse, Karoline

Raulf, Anna Trentmann, Thomas Pretz and Bernd Friedrich, 2015)
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A15199 2.1 aaAUsznaunaailagialuveswlmanilofideu-nan-luseu (Sauazlng

ﬁlmﬁﬂ) (Stanford Magnets, 2021)

Main elements within NdFeB Percentage by weight
Neodymium (Nd) 29 - 32
Iron (Fe) 64.2 - 68.5
Boron (B) 1.0-12
Aluminum (Al 02-04
Niobium (Nb) 05-1
Dysprosium (Dy) 08-1.2

boron-rich phase

6111]1\ .

neodymium-rich phase

Y

JUN 2.1 Iasaasnsganiavesuinanilofiden-luin-luseu d1esag SEM (41e) (Cui Luo et

al., 2020) waznwaLNmlAsIEs19ganIa (¥21) (Stephanie Kruse et al., 2015)

a 1 <
2.2 NITUIUNIINARNLLA LGN

i
[ a o

nsEUIUMIHARLLIIMANA S sgeliduneunansdsgURl 2.2 BuainthingRuSudusvh
msnasungilagliinmasuimieniigaygyinia (vacuum induction melting) uazvaaLiu
Aoudunen (ingot) Y1AeUBUNBYNIAAYUINRYIU (crushing) mumBUAazLden (milling) AU
fvwadnnd 5 luaseu ndutnuiufiameuauiuuingn alignment in the magnet
field) Muf8n138A3 Y (pressing) TiivunauargUimudesnis deuiundigtunou
nswnilniagaugeau (sintering and annealing) sisndavinistauTuussguslvigusa
wieniluldunasiadouils aavineidignszuaunisinbiinan nanudundvan

(magnetizing) waziluuszneulududiuresaunsalaing  sely



13

Vacuum Induction DD
ﬁ Melting N7
Ingot
= ; 9
Crushing @
|
< 500 pm ﬁ
s o, 0&
Milling o f 4
Monocrystalline
Powder
=5um
Allignment in the 0000
H
m ” magnetic field aooo "'
P)
isostatic 7+ ”P- Pressing R m;m in the tool

T = ~ - (0000000}
'b_ | Sintering, Annealing ooopooory

Grinding Slurry ¢= @ I Grinding, Coating Q{{;;

ﬂ -
H m“ Magnetizing of

JUT 2.2 nsguaunskanuimvaniilefleu-ndn-luseu (Stephanie Kruse et al., 2015)

Y = a 1 =3
2.3 anWUSUDILAYVUALLULIAAN

WNIRTANUsTANUB U FERIMAN AT AATUSEHININTEUIUNTHAARLIWEAN WU
voudey 2 Usenn dewandlugui 2.3 loud sllafteuiiinanudemeniendeniswanin
(broken production waste) Laz¥aadgNLAAINNTEUIUN1TTAUTULAS3UTI9 (grinding

sludge)

a v Y

Uszanusniuveadsviadoud tinninuidenisniendsnisiwiniin (broken

. I o Ao | a v
production waste) +Juveade dvuialiiduluniuuinsgiu enainnisuaninidenie
Fuauiwntdnudaldesdusznaumandbiiduluauuinsgiu wiedusufidausiauin
] Y o 2 a MMy - a wa o "’ ¢
sUaalyuedeuity wililaunsgiu vieeradAmaudiniwimanlidulumanaei
o ) ¥ = = 1 dy o LY = a a < 1 13 o w v v [
Avue Wudy Fwweadawarlannsadinduanslofandadunimaniidegedndle Iaein

Youdefiinduninisidatuadevsen anduiidignszuunisiasy waanuwdng

Y

[

a I ! < J ral Y d' 1 < a =) a [
nsvurunsndndundmdniasgeduddnasedsguil 2.3 agelsnd mssladaludnuas
fana1s Sndussainisuenviinesduszneuveiiingn neudndigiunsunisiiluvasyln

wWialdlmannisUulou
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Usziniigeaduveadeiiinainnszuaunisdnusuusegusng (ginding sludge) &
voudeydnffidnuvuzidunaiieningnifes dausuunmuialifigusisindeniludsenay

) q” ] & 1 a dy o al a Yo a [ o =
WUIUAIUVDIUNTUANS 9 sumLamJizmwummsammﬂsﬁmahLsuummnu Tagivoade

9

aaa a

wwhbiAndjise1eendndu (oxidation) wievinlviesdusenaunisaiiegluguveteanlen

1 [ %

PNTUTNDIFNTLUIUNNTVEAaLANY ULagnsruIUNTananefviazate (solvent extraction)

Weadalilalulanemenniieglusureseanlan wse Wgeelss uaihndudignssuiuns

v o

a 1 <@ 1% 2 (% A
NARLLLULANAIYNTEUIUNITIANTUAITUN 2.3

Y

Raw Materials |

A

y
-_W i RE-oxides or
Reduction < | RE-fluorides

"

4

. Production of Solvent
[ Pre-Melting I’ Alloy J | Extraction

. n

Removal of >
Coating: [ Leaching ]—)[ Fe, B ]
* A
\ 4

Broken Pressing, Y
Production Sintering, b[ Grinding Slurries ]-)[ Oxidation [ Drying ]
Waste

Grinding

1 2 A 4
(ot )

-/

JUT 2.3 nszuunssleAaulinaningaas (Stephanie Kruse et al., 2015)

2.4  AS3UIUNISENALLEANEURINLLS

TutagUuunasusfiidulangmenn (Rare Earth Element: REE) 7iddyvaslanie
w1ae Bayan Obo fiuszimaiu (Andrea Schreiber, Josefine Marx, Petra Zapp and Wilhelm
Kuckshinrichs, 2020) #Usuaudses 3 Ty 4 vedlan wndsdBuusnymdowsindnlud 1940

UNTENaU 1965 BUTNSHARWUARL YA (bastnaesite) wagluunled (monazite)

- wuadilled (bastnaesite) 1uusarsuaiunngesdu Joonledvadlansmienn
(Rare Earth Oxide, REO) $awag 75 lasunidulanesinmeiniininiun unas
LN LsEAde wanAsualng Wi Mountain Pass wupdnesidle ansgoiusn

wag Bayun Obo luneslnide Usyineiu
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- luwled (monazite) LuusWeoawaiidsiglanemeindmidniud lnenges &
REO Foway 70 Wuusiiinegludiuunsiln Weswnduusihmings Jeinlusiuds
Tuauus Wuwswassldannsvhmeawsminanaiuwsnan dawlud 5ind uay

s ) v
\waIRRU LUUAY

£

IngsuaInNMsyimieata (open pit mine) Ao WillawsnzAvsyALazvLUGDNGY
A a P ) b | ~ & ~ a MY N °
309U (overburden) MUaviuuutuLsaanlufiastunaunsyandnusls Tanvaen1svinau
sguuiAulaglisoaanzaluad Faagldiduusiv (raw ore) udniluvinsuawazanuun
Junszisfivwinanndy 70 luaseu newiluusnmeudngn antudidignazuiunisusus
WU N15a08ws alanswuadiled wazluuiles Nianudutuseay 55.6 way 34.1 Y89 REO
AuaRu naenassnsazgninlugrusineldnsadaniasnlummiwuunyu vilildidu
Falnvaslanrenienn (rare earth sulfate) walunlUvzazalsmeukazyinn1sNIod BaIaIn
Juinikazwauluisuluaisuaun azvinlmian1sennznaua1suatunvaalaneienn (RE
carbonates) Watiuinaznsalalasaassnazvinlmudsu RE carbonates ﬁmmnauwagﬂu
sUansavae RE chloride wenanididduneunisaindvhazarevaledunsuiisuendu
Hlefduuoang1ian (Nd oxalate) lnemsnnagnauniensneans1an waitdillkNgamad
900 esmwallua azliduilefideneglugusenlus (Nd,0,) danandluununing 2.4 lu
a A D ' A A oa & ° ° ¥ s

nsevamasun1ageile Ingseunillefilleteanledazgnihuinlvieglusuvesigeslsd it

lvledulanzilomdlousionszuiunisaraniasladalaaldindelangvasuinal (molten

salt electrolysis) AIuaAASLULNUATNATUYINE D
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l Resources

s Bayan Obo process chain '

| | -~

1 : ! - ¥

' Open pit —>|  Hydro ! /" | Main inputs: Main outputs:

! mining metallurgy ' - :

M 1 { | Electricity—> |5 Ammonia |

| Raw ore \L l RE chioride | I Hydrogen Neodymium 1

: I N ! flyoride —>| fluoride Hikooen |

. : Solvent ) VAR production Al

i Crushing and extraction ) X | Ndoxide —> -

! grinding and ' | ',

s precipitation ) p e LSk (e Xt v

:Orepulo l l Nd oxalate ; ................

: A I 1 kg Nd fluoride (FUy)

I Magnetic Calcination TS, S N

: separation b 1

! ' ! Main inputs: Main outputs: '

1 Non ferritic l Nd oxide 1 > :

fore pulp ! | Nd fluoride  —>| —> CO 1

| 2 !

: Molten sait | | s i : Nd oxide — —>f —> CO, ,

i | Beneficiation electrolysis production |, | Electricity —> Mot o —> Dust !

: : ! Lithium fluoride —>/ elecen 1> Hydrogen fluoride |

:t?o':\cenlralel | | Graphte —> [ Morides ;

I : , Tungsten —> — CF,. C,F, )

I ’ ]

| sulfatizing : :

L [ | /O .
i - |

| [} Y A o )

'RE sulfate I }

: ) l 1 kg Nd (FU,)

Cercecrcmecrcecsccccccsccdccacce o oilel - -

Emi ! System boundaries:
HRSHINS. | 1 kg Nd (FUg) — — — - Entire process chain

_____ Nd fluoride production
————— Molten salt electrolysis

gﬂﬁ 2.4 LAURINTZUIUNNTUDS Bayan Obo fiUssmAIu (Andrea Schreiber et al., 2020)

2.5  msslaAalavesmeinannuaiinaninasgs (Rare earth magnet recycling)

Tuaanaunsaitlaguillangmennimnudesnsldaugs mananlavzainusislsiena
Weswesoanudeinisuslan dadumsslofalanemie1nannveideannsEuIunsKanuse
ﬁgumqmﬂ%’mu f{'fqLﬁuﬁﬂmmwﬁﬂﬁ%amﬂiaag%’ﬂﬁl,ma'w%’wmmuazammamwu
MIFURIINEDY BB IRETEUUNISUIMSIANSTLATiiUTEAVE AN BUALAINAISLAY
59U MsuenFuaIuYsEney LLazmﬂﬁLm‘Eu‘Eaﬁlmﬁaﬁmmzaﬂumiﬁﬁuhmmsnﬂ
& dludruvesnisuend udrulseneuvesveudetu uSENEA13 (Yonexiang Yang, Allan
Walton, Richard Sheridan, Konrad GUth, et al, 2016) ladinswauineluladfiawnsodn
wendudruwimdnlavesneneenanuansuminldudaldeiussansam fesvuusanan
gnianldludonded Taoniesdnslagnesnuuvailelddundndasianizogis 19y

§ a (3

F15ARAN USOABNINTALYDSLASIUSUDINTA LUAU F1uSUNTEUIUNISRLTLAT B99nTTUNNT

v
a |

wonTuaIulsenevvesasnfaniasil (HDD dismantler) Asuanafaguil 2.5 Fudulagi
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1SAR AN bASH LY 1LAS BIUNT UAIU LA BWEN Voice Coil Motors (VCM), base, cover,

electronic circuit board, disk kag head 89n31NF1SARAN LATH Iﬂﬂi’aﬂﬁﬁmmmﬁﬂ Kl

a a

<@ [y d’ 1 1% v a [y ] = =
LARN QSQﬂLLEJﬂE]EJﬂ‘-U’]ﬂ’Jﬁ@]E]U ] LU UNT DEgUULUN AIULATBILYNIER dIU VCM Fannglud

Y

o’ ° ° & o . . v Y
LULARNDHAZONUININIAEFAAINAIULUULILAAN (demagnetlzatlon) WQEJLG]'WLN']"LWW'] AMNUU

Y Y

wndndtuneunsfnuenuimanesnaindavsenu (yoke)

HDD dismantler Material recovery machine

Aluminum separator

Magnetic

Glass

circuit board screws
fragments

Magnetic
scparator
(s O

Electric furnace
(dcmagnc(inli:m) Inlet feeder

Yoke lian:—canh magnet

HDD: hard disk drive  VCM: voice coil motor  SUS: steel use stainless

d' | v | & o o s a ¢ 5
JUN 2.5 nsvuraunisuendiulsenauskas) ALl mannidsasainarsafandtasi 1oy

Yongxiang Yang et al. (2016)

Asyatean nAuduwmdndanusndusdneds TunszuiunIAnLenTUAIUIN

gunIaleing q Ndueensld Weminmnunuiudigluneunsunanvuataelila

a

Hunsvhateaninaaduwimén Aasibiwiwandilufnediueiosun siuddnediu

Y

a

prunssdnuun Inevhluwimvdnilofiden-manusoussduanimanuduuindniigumad
Uszaned 350 asAwalded (Mikiya Tanaka, Tatsuya Oki, Kazuya Koyama, Hirokazu Narita
and Tetsuo Oishi (2013) wkag Ching-Hwa Lee, Yu-Jung Chen, Ching-Hua Liao, Srinivasa R.
Popuri, Shang-Lin Tsai, et al., 2013) ez AU e dun LN denlutuneunis
Taufou venanilaiinisAnwuavadraedesiiolumsvharsanimauduuivining

nslrauuiwdnluianisnssiutuldgufeatu
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2.6 miﬁnwﬂnizuaunﬂs%'lsszﬁaﬁzlaaL?iml,aim?inﬁ'\é'\aqa

NNsAnwTIUTINdeyanuITefiierdesiumsslundarendauimanilofde -

wian-luseu a1unsaslaAalagldnssuiunslanyineansazane (hydrometallurgy) SuU

NITUIUNITLaNEININIIALTDU (pyrometallurgy) ds1eazidensial

Tavinendnsazane Ussnauniedunaunan ¢ fesaluil

[

[ o . [~ gj Ao a o :glj (% = |
N158719911ANNEEDIA (washing) LWWUTUABUNNIIRAIVIUULUBUNNNUYBILEYN DU
Wnignssuiunsanly

. & I ~ A v Y]
n1svzazany (leaching) tduduneufiveazatslanziinein15annvenuin
1 I3 o v I (% Y] P P [~ |
wiwanmasaddviegluansazarememvrazateNvangay S99 dunsanse
a1 Aeulddrnunaziiunsadaiasn (H,50,) lunsn (HNO,) vsalalanaasn
(HCV) Jugu lngUseEnSAmnIsvEaransUuegiuSNYEN1INNIENNTYDIVDNEY
ANUTLTUNTA TRT1AIUVDIRTIRDVD LAY QUMHLATIIANNTVEATANY TIUD

< @

Wuanusisevlunisniu

nsanAee@Ivinazane (solvent extraction) WUTUADUADIINASULAILAILNTA
TngazLaantidniskonsafmunsaunulansiinesnisazlinad uluaisazans

'
aa

nszuunsiEnsduiunuiiie ldndsnui waslanefiuenldiarunsandas
uiteidede WunszuaunsAddunuiigs ondsgratu nsld undiluted ionic
liquid trihexyl (tetradecyl) phosphonium chloride (Cyphos® IL 101) Tun1s
anmlave wian nesuns dind warlaueadeonun ualdausoainlangdinin
dniia waglangmennls WWudu (Tom Vander Hoogerstraete, Bart Blanpain,
Tom Van Gerven and Koen Binnemans, 2014)

N1IANAZNDU (precipitation) ﬁﬂlﬁﬂﬂi%ﬁﬁﬁﬂﬂﬁﬁ%mﬁ’u‘[awﬁazmﬂaaﬂu
arsarany avhliminndevienznouaisuszneudildansaasanele vilwle
Usmnadavgigaulsas shedunuuesnszuiunisionn uidesdenviinvosansiias

iAansanAznaw aaumgll Way pH Yasansazanglvisnzay

s
a

N3 UAMILTNTUAITaZATY (solution concentration) wWazN13YINAUTANS
(purification) 1Junsvinlvansagaefiilansidesnisainazalvogidudug

ey lllAuuTansunTu
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TaniIngn19nudaun Usenaufiaunaunan ¢ feralull

- msvlius (drying) 1 udumeunisliauseuiiamdnaa1uiu wieunly
luanavesendeiiunszuiunsyzaraneneuiazdidignszuiunisaall
- MIWNgnRige (calcination) sinviluussenmaniinismiuau ieliianis

danevesansuiaiaanesilidelasuninusou wu nswmdniagseans

2 °

Aa = 2 v I A o Y a s A
NiawenvseasTEme Wusu wara1assidunswieviiiiinesnled w3e
o ya o <
ldanwouztung
- A19879U3 (roasting) WumswnliAnUfATensewinsfsuazueuds 1wy N3
wsflesrUsenavvesdalns avvlidalnddsudueenled drudamasaziin
& e o § @ v & Yo ' P Al Y
Juiadamlesineanlen 1Wudu viseanaldiumserusifianududugs laenis
Tianuseuaunimanansseimeoanlilngliiiinnisnasu
- msviaeuage (smelting) Wunslianufouduussuiumsldansinad ietielu
nsanaelangesnu lAAamaaeNiateg sty 1w Tudiunay wazla
p9RUsENaUdUNERv Iufe vSedauan
TullagUulaiinisfnunideiiesladalanemennainvesdeusimanindsgmainane
wmadan8iy (Mikiya Tanaka et al., 2013) Ingluwuinmsusnidunisiduumielaninen
asazans lagldnszuiunisvzazaieyianug (whole leaching process) @enaldnsadaniagn
lalnsmaesnuazlunsn Wudu lnsannsvzazarsmensatuazyliailendlounazinan
QNYTATAILIUNLA WAINTUAIBNITANATNDY (precipitation) WwIMeT 2 WWunisuszendld
wuIslamineianuseulaea denise1LsuazvEarane (selective roasting-leaching) ¥4
| | & o & o ' o § vay a a '
nsgusimuauidlalasauazleun (H, - water vapor) duynifnevilviillefideuet
TugUresesnlus (Nd,0,) drumninaveglugilansnasunaiwazazgnuenasnin lagaIuay
nsrUIusIUnranmasiulauding uaiduitnisvrazansuaranagneay LIUAU dauluInia
.q' a 1 1 1 a a I~ . . . .
71 3 L59N71N158 LT LUUBBNYLANW-NT1TLa BNYraLae (oxidative roasting-selective
leaching) LSHAUAINNTTENUSIUUTIINAUNG 1NUUTLAZAILAIBNTA LAITINIUAIYATT
anaznau laenisgrawstudunounsniy Jinguszasdiovinlindnegluslveseanled
(Fe,05) Fuibidlofdoniugnuzazanglannii eg19lsna lusasinalindisnistuaiunsali
Usgdninmwesnisainlave anuuiansuasyinvamdndagiiuandiueenll gduide

[y

Jagnanen1sAnwI8 Mg IR lUl
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2.6.1 n13loAandmaniiloflisu-man-lusau A28N5TUIUNITVLAZANYNIAUA

(whole leaching)

.dg’ = 1 Y o a v d‘ g IS
NIUgAAIMNTTUNUFIULAZNSWTBLT (Mns.) lavihmsideineiunalulad
Sludalangmennanenuivdnindsgedadududlussafan (nsugpamnssuiiugiuuay
madlews, 2562) NflesrUsznauvennanwasilefdeusosay 60.2 uar 30 ANEIAU A

[ a

M13°99 2.2 13uduaInnswIsuingdulaewnieviateanudusdmdniigungll 500

q
[

psAngalded Wunan 10 Wil anduualinduns (< 0.5 fadwns) neuthlUvzavareniensa
Faf23n Wudusavay 10 lnad3u1ns (%v/v) warduianagneunleleifeulansenlen
(NaOH) finrandaduosay 75 Tnethmiinsousanns (%w/) seaintudignisuiumadau
fedudlon Tnaisuaninzneuunidadamesmeasazarslafiounsusiun (Na,COs) 7

pH = 2 ulddunznouvesiilofidenaududugs (Nd concentrate) FaiTunDURALANTIE

NINARBIRIUN 2.6 Uarlufiseniiertesdsaunisi 2.1 - 2.3
URAseINsvEazae

2Nd (5) + 3H,50, () = Nd4(SO)s (U + 3H, (9) aunsil 2.1
Ufisensanaznausie NaOH
Nd»(SOg)s () + 6NaOH (1) = 2Nd(OH); (s) + 3Na,S0, () aunsi 2.2

REE3 + 25042- + Na+ + ﬂH20 —> NaREE(504)2 ; nHzo ’dﬂm’ﬁ‘ﬁl 2.3

R S w
WIMANNTRGINEIIARAN 170 N3u

NILUIUN TR TUNAIDEN

! walavsA70 A3

H,50; 10% (96vA) .
: e NTEVIUMTTEAZAN + nnaAznau 272 N3y
2337 uadans

+ ATiAzay

—.| NILUIUNTIANAENDU pH 2 ‘

NaOH 75% (S6wi/v)
107 fiadding

TRuwmEn
L]

asazany 2444 n3u | nznou (Nd Precipitation) 174.4 nu |

¥
D| ASEUIUNITANAZNEY pH & |

{ l l ' |

a1sasaty 2486 NSy nenau (Fe Concentrate (i) asazae 1406 niu mvnau (Nd Concentrate (W)
286 n3u 111.5 niu

NaOH 75% (%wiv) Na,CO, 10% (%wi/v)

e nszuunTsidRdamas
1406 Undans

408 fiafidns

P el a ! 3 o w § a 3 &
EU'VI 2.6 ﬂi%U'ﬂUﬂWiﬂ‘(jLﬂaLLMLV@ﬂﬂ’]ﬂQQQRﬂﬂS’]iW@ﬁﬂ I@EJﬂiZJQG]ﬁWMﬂiiZJWHE’]ULLazﬂ’ﬁ

Willaaws (USUUTamna1nenansnIugnavinssuiugIuLagn1siilodus, 2562)
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PNKANITNADINUIN UAIINTzazAIBLaInNAznaunslgfvulansonlen
aznoudilafilefidonoanlasd (Nd,O,) Sosay 49.8 (nanesnles (Fe,0,) Sovay 2.33
wardamaslnseonlas (SO,) Savay 36.8 9Nty Wievhnsmdadamed wuin USuiaes
Tondlevoonlemiintuduiosas 63.7 uardaeslnsoenlaranasndodosas 17.2 &
wanaUsuidteulumsned 2.3 faduasdiulddn nssuiunmsdinanansadauilofdonly
sUvasoanlemlundn wavaunsoanUsunaesvanlilumaneenledsevay 2.53 sautian

USunadawlastvdeasla

1597 2.2 pefUsEnauuAlivadlnanidsgeanesnfan Jnsieimemaila XRF (N3

PREMNTINHUTIUUAZNTIIBMNS, 2562)

§16) Fe Nd Si Dy Eu Pr Pd | Other

dndu (%) 60.2 | 30.0 | 2.19 1.82 154 | 049 | 0.18 | 3.58

a & ~ A Y oW v a &
AN 2.3 89AUSENAUNILALVDINLNBUN LA 1a991NN1SANAEnaun8luReulansanlas
Laznendan1smIndames Ainszvialewmaiia XRF (NSURAaIMNTINAUSIU

WATAISHLBIWT, 2562)

o Nd,O5; | SOs | Na,O | Fe,Os | Dy,Os | Eu,O5 | PrgOq; | Pd | Other
NITVIUNT
PAINTT 49.8 | 36.8 | 6.82 | 2.33 1.11 | 0916 | 0.809 | 0.173 | 1.242
ANAZNDUME
NaOH
WAINTT 63.7 | 17.2| 109 | 253 1.41 1.38 1.00 | 0.207 | 1.673
mindanes

UIT8lag Panya Buahombura, Anuthai Kareram, Waraporn Piyawit and
Sarum Boonmee (2020) léins@inwifeafunisslafalansmeinansnuimaniidegs
Tusindardilidenanmvionuneignisldauudasenszuiunislaningiaisazane il
p9AUsTnaUvesillemdun (Nd) Sesay 25.37 iwsdlefillon (Pr) Sesaz 6.53 lausas (Co)
Yavay 0.90 Tusou (B) Yovay 3.63 uavivan (Fe) fovay 63.57 lnstimithn euanslunisnad

2.4 Busuanmswisningaulaemiatsanuluwiviniiaamall 450 ssrnwadea (Ju
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1181 1 F2lu9nduanvuln (10-20 Jadwas) neutlluvzazaltenlensataiisndudu
2 Tuans Wuan 24 2lus wadinisanaznauslslafeulansenles Wuty 1 luag 9

pH = 6 sienuugnIzUIUNSTZarateLieridnmaneanaINnzney (Nd-precipitates)

a [

shensadaiinin Wutu 2 Tuand auldiduasuszneuvedlavemenn fausunwlusud 2.8
1INNANITITE WU @rnsavibibailleddluuegluguveansusenay NaNd(SO.),H0
Fauandlunanisiiasgidaemeada XRD Tuzufl 2.8 uenainilnaiiaiey WD-XRF nui &
ssdUsznevvesillefidlonsovay 26.36 msTlonllausosas 8.13 luseuseway 5.00 uawvan

Sp8ay 0.14 srudanuUSunvedlawiey (Na) Seeay 4.36 dawnas (S) Seway 14.62 way

a va o

20n31aU (0) say 38.29 lastniin 9819l5Af AuzEITulAvinNsANwILRNALI N NE V1A

Y

¥ [
= a 0 v

arsusenavilleddoudainuuiani uindu lagii udunoun1a 19n 1881 582ae

a

Toanlansonlys Wudu 2.5 Tans uwasiinfigaumgil 1000 ssrwadea Wuan 2 Falus

U

a

wavibe wudn ilsilamgnauntendeainnisinigamgiiaaldsusvannarsuseney

Y Y

£ %

fleddeulansonladluiluarsuseneviilofdenoonleniiinuuignigesesas 90.5

Y

(s esinne XRD) drwimaaiduilledesulensenlas (Nd hydroxide) Seway 8.54 wagunu

Lifimanindedeluey

NdFeB magnet scrap

450°C, 1 hr l

| De-magnetization |

| Crushing |
S/L ratio 1:10
2M H,S0, solution _’| Leaching '—— Residuals and Ni-coated metal
pH 0.6 1 Leached solution

1M NaOH solution ——[ Nd-precipitation ]—— Nd-recovered solution

S/L ratio 1:10 l Nd-precipitates

Eliminated-Fe from
Nd-precipitates

2M H,S0O, solution —— & Fe-removal solution

High purity Nd and
rare-earth compound

SUN 2.7 ngurunsslgAauininmdaninansafanivuneignisidaunds lng Panya

Buahombura et al. (2020)
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o w s

M13797 2.4 9IAUTZNOUNILATUBINTZUIUNISS MLAaudinanindsgeainansnnanvuneny

Y

nsldau Jirsizviatemaiia WD-XRF vitqg: 1Wesiduslagiiugdn 1ae Panya

Buahombura et al. (2020)

Condition Nd Pr | Co B Fe Na S O
NdFeB magnet scrap 2537 | 653 | 0.90 | 3.63 | 63.57 - - -
Residuals 19.96 | 5.85 | 0.17 | 4.49 | 3.65 - 10.24 | 45.03
Nd-precipitates at pH 0.6 | 26.50 | 8.46 - 418 | 1.19 |4.09 | 14.16 | 38.29
Nd-compound after 2636 | 813 | - |[500] 0.14 |4.36 | 14.62 | 38.29
remove Fe
8.0e+0041 N d—com};ound after Fe-rer_noval

6.0e+004

Intensity (cps)

4.0e+004

2.0e+004

oceooo,__LA |l J 1 ilﬂllLllJL :1.“ POV BT

NaNd(S0,),.(H,0)

L bt L LL,ﬁ,O X T

20 40 g 100
2-theta (deq)

JU7 2.8 nan1siaediaiemaila XRD vesansusznevilledifisundsandidawman lag

Panya Buahombura et al. (2020)

IMuTTelag Tanongsak Yingnakorn, Piamsak Laokhen, Loeslakkhana
Sriklang, Tapany Patcharawit wag Sakhob Khumkoa (2020) la@nwinisgaulavemieinain
vpudsuainanilofdon-wan-luseu arenszuIuNsdenvzarale (selective leaching)
Tnonuideiingusvasduiiafnugangdflimunzauludunounisgiaus (roasting) n1euda

& ~ o w < s v 1 = a a a Y a
PMNTUROUNTVEATANY Lilanaaneanlyn (Fe,05) tnagneliused@nsnn Inslunauisy
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n1vendsinvrazatgnlunsadaiasn Wudu 2 wans wawihlviuie gaumgdl 110
ssraidoa deazldansusznavdainvesilefdounanndn arnduthuduniseous
(roasting) Tlgaumgil 750 — 900 ssrwaidoa Wunan 2 alus ilewdsumdndauinlfogly
sUveumaneonles (Fe,0,) Falsazanoth antuszihazneutunsenasuETEazany
#aein (water leaching) igaungdl 25 ssrwaioa Wuian 1 $alus iileusnaznauiman
ponludeaninainansarasfifiilefdounaslongmendu 4 luuiinugs eidunaunis
yARBAAIAITUT 2.9 nNHanFITe WUl Msgausiiguvadl 775 ssmwaia awvililel
wafigansesAusznevvesilofiflondain uarannsalasumdndamalioglusuveanin
panlenla AINaILATIEY XRD Iugﬂﬁ 2.10 Tngansusenaudatnnvaawnan (Fe,0(S0,),,
FeSOsxH,0) Huannsadsulhdumaneenlussliazarstnld Tnedradsainaunisi 2.4
(Ranjani V. Siriwardane, James A. Poston Jr., Edward P. Fisher, Ming-Shing Shen and
Angela L. Miltz, 1999) - 2.5 (M.S.R. Swamy and T.P. Prasad, 1983) waziilovhunIunis

yrara1wmen whliansalaasazatedamnnivsinauasanuuignsvesillenideuas

'
2 =

ﬁqm PRIUN 2.11

Y

Fe,0(50, ),=Fe,0,+250, aunnsil 2.4
200-400°C >575°C 4
FeSO,xH,0 — FeSO, — Fe, 04 dunien 2.5

[ NdFeB magnet scrap ]

N " Acid leaching
L,,I:IE?QL,.’ 25°C 24 hrs) 2 M of H,80,

|

: S/L Separation Residue

} { cparatio ]_‘[ e85 & ]

P B = Y l Leachate

' Acid plant ! Drvi

| et perG g i rying
4 110°C, 24 hrs)
1

______ _ ‘L_ Roasting
| and H,O | | (Varioustemp., 2 hrs)

Water leaching
25°C, | hr
S/L Separation
High purity of
REE solution

Iron Oxide
Residue

(%
Y

JUN 2.9 Tupeaunss dawivinilefdiou-wdn-luseu Wiladuansavanedamnvadlans

#e1n I Tanongsak Yingnakom et al. (2020)
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A: Fe,04
A B: Nd,(SO,);
C: Nd,0,S0,
D: Fe5(SOy),

Counts

A
900 °C
A C A
JLL’BJLAJM g o
20 30 70 80

2Theta (Coupled TwoTheta/Theta) WL=1.54060

JUN 2.10 BnSnavesgaumniifs1aiureInseuIun1senans 1ne Tanongsak Yingnakorn et al.

(2020)

. —Fe
: = P
- T
=]
;3‘ 60 -+Dy
g --Co
540
=
5
=

20 \

0+ + + + + T 4
750 775 800 825 850 875 900
Roasting temperature (°C)

£
—

100

80

60

=+ % REE extraction
-=- % REE purity

REE extraction and purity (%)

750 7S 800 825 850 875 900

Roasting temperature (°C)

=2
—

d‘ U d‘ a 1 |dl 1 U a a
JUN 2.11 msanialanglagnisvrazaieNgaumninisgnauwsiuaneeiu (a) Ussdnsamees
nsanalave, (b) MyaialanemeInuazAuuTans g Tanongsak Yingnakorn
et al. (2020)
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UIT8lag Mehmet Al Recai Onal, Chenna Rao Borra, Muxing Guo, Bart
Blanpain k&g Tom Van Gerven (2015) iAnwinssludawsimanrdsgeiilofdeon-wman-
TusouseIsdaumdu (sulfation) NM3819u3 uazn1sszazatedei dauandluununingui
2.12 IARNANTSILATIZUNIAIIUTBUAEINATIA thermogravimetric analysis - differential
scanning calorimetry (TGA - DSC) 83nznouwiafi lindsainnisvzazarefiensadailagn

WndugeRagui 2.13 wudn Uisennnendesiunisiasundasansusenaudainvelans

1 (%
a v aa o A

Wenuwazvenan Iasife m@mLLiﬂm']mmLLazﬁ;ﬂuiuLaqaazgnﬁﬁmaaﬂlﬁwmﬁqmmﬁ
laiiAiu 300 esmwalda wagignmgdl 325 ssmuwaldua inaziAansrleusvesmdndains
(anhydrous ferrous sulphate: FeSO,) %38 Fe,0(SOy), mﬂﬁ?uiuszmqmmﬁ 600 — 700 84A"
WBoadea ansusznoutanimveandnazidsudumaneenles (Fe,0,) uazgavinefiommg
Uszu 870 esawaided tinn1sesuiduaisuszneveanddainvaslansniein

(REE,0,S0,)

NdFeB Magnet

[

Disc-Ball Milling
(<40 micron)
Wat
iy Acid Mixing
A S0,+H,0
(14.5 M at 25 °C)
H,S0, T
; L »| H,O
g 8 4
< o (24 h at 110 °Q) Heat
A ﬂ
; Selective Roasting
SO/50,+H,0 |4 Heat
7o hat7s0°0 [
W Water Leaching
ater |—»
(0.02 g/ml, 1 h at 25 °C)

‘ Wash Water H S/L Separation H Wash Water

Hematite Residue Leachate
(989% REM Purity)

JUT 2.12 urunmnszuiunssiefawivanilefdioy desdamdu nsgrausuassyazany

Ing Mehmet Ali Recai Onal et al. (2015)
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120

3.9
1104 268.75°C ]
w -0
324.88°C
84.44%
1004 © \ S
90+
80— 689.86°C
5
£ 704 64.32% 2
5 8
s 60 v
m

g 5
o 50 E
- .

40+

30

20 2.325% ||

10

0 T T T T T T T T T T -8
0 100 200 300 400 500 600 700 800 900 1000 1100
Exo Up Temperature (°C) Universal V4 5A TA Instruments

JUN 2.13 HaiAs1einnenusou (DSC-TGA) UaengnouliafilandaaInn1sysaga1emense

U a

Fan3nuTY 1ne Mehmet Ali Recai Onal et al. (2015)

INNUIFLAINENINUIENIENINNGRMANER 15UNUTNQAVSUAUNIUA
Tndunavunn < 40 luasen AewilUrzazatemensadailasn Wudu 14.5 Tuais wavinle
v a a ) & o v i ' P a
wisigauudl 110 asmeaidea 13an 24 93lus MnUudngnIzUIuN1sEuINgUMll 750
paAugalded Wuan 1 9alus sentuwihluvsazareniedrlundaun 1unan 1 97lue
Uy Y] Y] PN A Y] !
unseslallungnounainisveazany aanunInluzun 2.13 lnenan1izn1snnasifangn?
ililaansveazane (leachate) MilA1uUTgMEvodlaneyeIniasaeay 98 3NKANIS
AATIzRAEwATia Inductively Coupled Plasma (ICP) TagAuladlaainaunisi 2.6 diu
UszanSnnlunisaialane (% extraction efficiency) @usasuwialaainaunisy 2.7
Z REM in solution (ppm)

Z M in solution (ppm)

Purity of solution (%): ] X 100 aunsi 2.6

M in solution (ppm) xwater in leaching (ml)

Extraction efficiency (%)= [ ] x100  @unsit 2.7

M in magnet (%) xmagnet amount in acid mixing

o
Y [

Aty nuanIseaesRaandluzun 2.15 audiulain aamgfinildlunisens
widanaUszansnmlunisadalavewenn lnglugisgamall 650 - 750 asenwaided 1Ju

YantiusEanSAmlunsadalanereniaiausesas 100 towa dladudion (Nd), wnladidew
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(Gd), wazfalnsi@uu (Dy) WDudu uazigungiuszaia 800 asrnwaildua Sudwmalid

UszansSamlunisanalanemenananiasissay 90

1004 £

904

Extraction %
3

604

504

40

650 700 750 800 B50
Roasting Temperature (*C)

JUN 2.14 dvdnavesgunginisgrusselszdninaimveinisadalae 1ng Mehmet Ali

Recai Onal et al. (2015)

4143389849 Jan Pana Rabatho, William Tongamp, Yasushi Takasaki,
Kazutoshi Haga and Atsushi Shibayama (2013) Ainwimisnauillesillen uazdalnsi@ey 210
ArnouLUAnmeIslaringtasaratey Tnethunvsazatenionsalunsn Wudy 1 wans 57y
fulelasiaudedoonles (H,0,) Wudu 0.3 Tuand WHuarseenduaud 91ntunnnzneudae
Toeulansanles 7 pH 23 Wi sawanasnanaisavans newnmsanazneuilefiey
fensneenean (H,C,0,) Wadu 1.1 luasedns welildiunznouvesilofifionosnagian
a3 (Nd,(C,0,)5-10H,0) waziiiown (calcination) 7 800 asrwaidua axvhlildilondioy
oonlud fiflnuiansiovay 68.6 Tasfinsrurunsuanssguil 2.16 waziloAidousenlen
Fladnamsinszisomain XRD Wiowd 800 ssrnwadea 1Wuan 30 uifl sauandly

UN 2.17

€aN
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Nd-Fe-B sludge

Nd Dy B Fe
[ 52
wife 351 1.087 | 0.529 29.5
mg/L | 20251 | 906 | 440 | 24545 Acid leaching HNO; + H:0,
Nd Dy B Fe S/L. Separation I—- Residue
mg/l | 28728 | 740 442 | 4,120 ¢ Leachate
le(%) | 982 | 817 | 995 | 168 NaOH
le = leaching efficiency
Nd Dy B Fe S/L Separation Fe precipitate
mg/lL | 22262 | 565 308 0.0 [— Filtrate
+(Ge) 79.5 To.4 68.6 =99
P Nd precipitation H.C,0,
pe = precipitation efficiency
Nd Dy B Fe S/L Separation [—* Solution
mg/l | 20380 462 0.0 0.0 .
—— Precipitate | (Nd2(C204)s. 10H:0)
pe(%) 91.5 81.8 0.0
fri%e) | 69.67 51.0 0.0
fr = final recovery
Nd (wt%) 58.0
Nd> O purity (%) 68.6

Y

= a YA A a a a = &
sun 2.15 ﬂigU'J‘lJﬂ'ﬁV]'NIa‘W'JVIEJ']GUENﬂ']iQﬂuu(LaﬂLllEJlILLagﬂaIW§LGUEJ§J7{l']ﬂG]3ﬂ§JULL3JL‘Viaﬂ

1me Jan Pana Rabatho et al. (2013)

T

GO

3000 -

4000

3000 -

Intensity (cps)

2000 -

100K =

A NdO,

A A

20

30

40 50 60 70 80
26 [ degree

JUT 2.16 nan153As1e9 XRD vesiiladullsueanlenilaainnmiswniledideueangiants

LWSH NOUNN

9 Y

11 800 paAwALTYd LAy Jan Pana Rabatho et al. (2013)
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ludrvestunounsvinlviflefidioueglusuveseanlediu gumgdilélunis
wnfedndinnuddnyegneds lasunaAues Nathans, MW. wag W.W. Wendlandt (1962)
Ig@Anwnswasunlasasuszneudamnveslansmenn Gemddlefdlouse Ineldinaia
A1531A129 N3RS oY TGA - DSC fignsinistiainudeu 10 ssmwadoanaui lu

UITEINALAADIT NN WUIaITUsEnaUTaaazAinnIsidsuldualsusenausanddaius

&

(M;0,(SO0)) Tura9gaumadl 855 - 946 aeAmnwai@ea nUumntiugungilngaiuiag
Anufiselleansusenaveenlenlutigamgil 1090 - 1250 aerigaded Aewaun1sin 2.8

LAY 2.9 MUAIRU

MASOg)s — MyOL(SO,) + 250, + O, aunIsii 2.8
1 o
f\/\202(504) —> M203 + SOz + ; Oz AUN1IN 29

AzLula a1 91n9UATeANe 9 Nlananiu1919@iu 1ag Jan Pana Rabatho et
al. (2013) wago19dsannszuIUNsHanillafileuanlena1nisnIenIzLUIUAS Bayan Obo

(Andrea Schreiber et al., 2020) wu31dn1sldaamginisiniogluaieiaus 800 - 1000

'3 (%
Y

~ ° yag a o sa a £ & Y a
PNGRISKBISIA] Iﬂﬂﬂ’]iwqﬁlmWUIa@LNSNQ@ﬂl%@WUiQWﬁq@uu u@ﬂﬁ]qﬂﬂgeﬂuaﬁljﬂquWQMﬂqﬁ

=

LHRATANIZUTIBINARAIE T B AUTURaUReunT L iBanUSuaauranbiliunfigndn

Y

¥V

MY

= a ] < = a a < [ 1 ] a
2.6.2 n1ssboAanduanilefluu-1nan-luseu A28NSTUIUNITEIUSIUUDDNT

in-n1staBnvzazate (oxidative roasting - selective leaching)

WUINIINITY 1T UUUBRNG AT W-N15La anYeasate (Tom Vander
Hoogerstraete et al,, 2014 wag Fupeng Liu, Antti Porvali, Petteri Halli, Benjamin P. Wilson
and Mari Lundstrém, 2020) 4 (Suannmsgnasluussenmalniudidessazaneanensa 1wy
#afla3n lunin warlelasenein Wudu nouhluidigdunaunisanagnou udauun
(calcination) Tuduneugaiieiielildilofifonoonles lnstaguszasdlunisgrausuuy
ponduniiineutilurzaranedensatiu ilevilindneglusuveseanled (Fe,0;) Gefiagyin
Tiledfougnuzazaedonialddiedu uasanaznaueanundudlefifoudaims
(Nd,(SO,);) 8819l mssJ'NLLi'ﬁqmmﬁqqLﬁulﬂawﬁﬂﬁl,ﬁmLﬂumiﬂixﬂ@waa Hloddlay
wEneanlys (NdFeO,) Sefiazvliusyansnmlunisvzazarzanas 99n91u348vee Fupeng
Liu et al. (2020) \afunanszNUIBINITEUIHoUTEANE AMWNSvzazas Tagtueaide
wimdnuEiunsantua Wieynevuindaus < 25 lunseu auila > 450 lunseu uén

Wngausnaamnill 500 - 800 ssrnaalliva agulean maudmaniifiouniaswinannii 200
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lunseu sufamsgrsusiigamgd 700 - 800 sarwaldoa Urazivunzaunenisvinly
WnujAsereendiadu (Andu Fe,0,) FauansanumdnfiRudy (mass increase) 1ugﬂ17i
217 Tngnendsa1niwaind nfinunisg1eusuvinisveazatesonsalelasaaesn
ATy 0.5 - 4 Tuans Snsdruveamasevesuds (L/S) windu 10 igunnd 80
samaldua wudn Ussdnsaamnisvrazanslavemenlageds > Sevay 99 druwmand
stﬁ‘m%mwmimazmaﬁﬁwﬁqm G‘fummﬂugﬂﬁ 2.18 Mnvuasazasas U unoy

N1SANAZNBUMENIADBNTIAN kaINNMETURBUNTH el lntlaRduuoenlynlufign

400 - 400
a <25 ym b
350 ( ) 2563 ym 350 ( )
63-180 pm il ——
o0 300 (- — 180-355 ym B - 300
Z —— 355-450 ym — g
< 250 >450 pm 7 S 250}
- L]
§ 200} Vo § 200}
3 5
E 150} 7 £ 150}
S 100 s, s 100} /
= P b //
50/ S0 25pm  ——180-356 pm
0 0 2563 ym —— 365-450 ym
63-180pm >450pm
Y N~ e | v N q 7 Y — L
01 02 03 04 05 06 07 08 09 1.0 05 10 15 20 25 30 35 40
Time (h) Time (h)
300 -
(c) 500 °C
—— 600 °C|
250 L 700°C|
C ——800 °C]
Z 200}
2
<
o
g 150t
2
E 100}
=
50 |

0 A 1 1 1 I AN A
00 01 02 03 04 05 06 07 08 09 10

Time (h)

PN 1 <@ 1 1 [} .
JUN 2.17 NaNITENUVBINITANTUIAYBIBUNARIILIANFBNI5E19WS 1Y Fupeng Liu et al.

(2020)



Leaching of REEs (%)

0 20 40 60 80 100 120 140 160 180 200 220 240
Leaching time (min)

Leaching of boron (%)

65

JUN 2.18 Usgansnmnisvgazanevadlangmien

et al. (2020)

0 20 40 60 80 160120 140 160 180 200 220 240

Leaching time (min)
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~
o
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8

Leaching of iron (%)
8

n
o

10

100

80 -
70 -

40"

Leaching of cobalt (%)
3

20

8 3

0 20 40 60 80 100 120 140 160 180 200 220 240

(b)

—a— 0.5 mol/L
*— 1 mol/L]
—a— 2 mol/lL
v— 3 mol/L G
+— 4 mollL T

-?/l/‘/./:;j.%:\‘\'\-\’

Leaching time (min)

( ) s —§——3%
L s
A e
b d w
v A
L]
b d & s
o
L4 o, /7).,)_'—'—l
M P —=—0.5moll
| .,,,'/ +— 1 mollL
A/ / —a— 2 mol/L
K74 ¥— 3 mollL
Lo —+— 4 mollL
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Leaching time (min)
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wan Tuseu uavlauean lae Fupeng Liu

pg19lsAa 3neuIdeves Wenbin Xin, Yongchun Deng, Yinju Jiang, Ye

Yuan way Pengyu Wang (2020) lauansliisiuiinisgnsusiiieliiinan1izeondindulag

auysad (full oxidation) Nigaunnaciiu 800 asrwallied vitlin NdFeO, uag NdBO,

FaENN1SN 2.10 way 2.11%szdwarlvnisvrazargennIuludunaudaun (Mikiya Tanaka

et al,, 2013) F9AITHAONYUN

'
aa

Y

AUNNUITHU

Aawdneanlus (Fe,0s) usthimsgaiuldawiliiin NdFeO, uaz NdBO, fanan

Fe203 (S) + Nd203 (S) —> 2NdFeO3 (S)

8203 (S) + Nd203 (S) —> 2NdBO3 (S)

lunisgnaus lnggaumgiituavaesganeniaeyinli

Aun157 2.10

AUnNS7 2.11

UL ULAI 1T IF DL UINITNAINITIFUY AD NTLUIUNITVEALANE

Nvin (whole leaching) wagn1sgusuUURNTLAiN-n191@0nTzazay (oxidative roasting

- selective leaching) 1uwuinisiihaulalunisiiuidszendldiiioslafavoadauimdn

[

masgviailoffivu-win-luseu lasauided aulanvsiivesdoudvaningsgenin
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NITUIUNITHARN NIFRANILAZNDULINIUTUABUN TS LLAAANY 9 TnaldanuuIn1svzazaiy
VINUA FINAUILUININUIINIIUITEVDS Tanongsak Yingnakorn et al. (2020) ¢l A N5

YLATANYABNIATANISNANANULIUTUNT N1TE1IWT NNSVLAZANLAILUT NTANALNDY kAT

a

wwaadutuieiladlefdisusenleddundadusianineniinnuuiansas wendanilasi

9

N9USEUMEUAURLINIINSE LS UWUUBRNTLATIN-N1TLRBNYEaEaY WBRNYINANTENUVDY
TUNDUNTE NS UUUDBNTATINABUN T YAz UM oUTE AN NN TYTaTALALAIUUTEND

voatilofiouaonlys Medvosdsniindnilomdoy-1nan-lusaui uiundnwidu wuindl

Y

USunawesmsveugedsldannsainlusladalaenisvasulmild (5Ufl 2.3) agslshid wui

v a 1

N5 lwLAad NWUIMIaNTdaR e @1U150UIUINIUNTZTUIUNNTAAAISUDY AU LT E

Y

ASYUIUNITIANTU (reduction —diffusion: RD method) taenslawaatde (Ca) kazhAaidl

Aaalsa (CaCl,) (A. Saguchi, K. Asabe, T. Fukuda, W. Takahashi and R.O. Suzuki, 2006) ué

[

930N LU LA NAILTN9AU

LY

p1adiaNue N Aeiuluaide
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ASALRUNISIVYUAZNANISTIATIZILUDIAU

a o dy Y2 YN I a a a a 1 < N a a
ATeilafnwinsiauilefdlsnanveadelunssuiunisndaudivnanil ofidiew-
[ 1% a a 1w = 1 @ I A

widn-luseu menssuiumslaviveilavia lnsuvsdnwauzvsadoudianidu 2 Useian fe
voudurlinnou (sintered waste) Lazaaudsyiang (powder waste) Tnaidasdulaviinig
aszinemnseuveendsriawimanaiendinsvzazatesiensadaiiain iessy
gaumglinsgansiunzauiou Mnuuinhvesdoulivanis 2 vladndnszuiunissiafa
TnglduuImianisieu 2 wuamnie fie wuIvnan 1 nsveazangiavan (whole leaching) uag
WYY 2 N1TEISLTLUUEDNTLATI - A1SABnYzazay (oxidative roasting -selective
leaching) Inafidunoundn ¢ fail

& a = a 1 13 .

JuPDUN 1 NTUABATLINYBAIABBRALLILAN (crushing)

TUADUN 2 NITYNUTUUUDDNTAAN (oxidative roasting)

JUABUN 3 NTAIYIALEEIAMBUT (water rinsing)

Tupoun 4 n15uzazals (leaching)

& A | ] .

JupOUN 5 N15879U3 (roasting)

JuRBUN 6 NSTTaLaIenIEUl (water leaching)

TUROUN 7 N15ANAzNaU (precipitation)

TUADUN 8 NISLILABTLUTY (calcination)

lngaznaniaseazdenvesianaunsal Junau Laylsatiun1snnaeseluil
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3.1 Jaguazgunsaildlunisidy
3.1.1 e

voudeuimanmasgeindouninnszuiuniswninddnvauzluiounse
WAIUIAANLE1IUTZUI 4 - 10 LURLLAT AIUVDIBRANILILIAE NAINNTEUIUNTTHE AN

! 8 Ao < [ 13 ' a a [ A
LULAANUANWULLUUNAATUIALANNIT 1 UARLUAT @]QEU‘V] 3.1

ﬂ |

RN nnzm :1;‘}1 .‘f’:!:\

10 111
6 f
L TR R

JUT 3.1 dnuaizveadeuimaniiageiiafou (n) uarveudeviiang (v)

3.1.2  @15Ad

(3 I

- N5ATaNISA (sulfuric acid) 98 Wasidus ansniaadl : H,50,

- nsalalasnaesn (hydrochloric acid) 37 wWasidus ansniaadl : HCL

- n3nlumdn (Nitric acid) ‘65 Wesidud gasviaall : HNO,

- n3AEBNYIAN (oxalic acid) 99.5-102.5 Wosldud ansniaedl : CH,0q
ldewlansanlas (sodium hydroxide) 98 Wosidud : gnsniuadl : NaOH
- 1hiile (deionized water)

- 4eanesea (alcohol)
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3.1.3  YagunIaluazinsedile

- ypgunsaiinieuivaassiliiuansied

~ WPSe3nIuinEn (magnetic stirrer) n¥ouunuliinnudou (hot plate)

- ip3psiioanvunn 1u ATNTIL ATLNTIRATUIA mesh no.70 (210 luAseu)
- NgANMNTOY Do WhatmanTH Luef 42 durugudnans 110 dadiuns
- YPLAIRINTDN

- Hugeyainae

e

Anaiusarleseme
- LATDITIATLDYANATYN 3 ANLIAUY

&€ o Y ‘Y] 1 1 = v 1 [~3 v
- gunsaldmsuanulaendesing 4 wu geile ninn wiuen Wudu
- WwndedwWida (muffle furnace)

- YANELAEILEANDERRA MU D808
3.1.4 1A30930LATIENVUGY
- 13RI EAIMTUTLATIENUTUIUEY Inductively Coupled Plasma - Optical
Emission Spectrometer; ICP-OES s;u Optima 8000 8% Perkin Elmer

- ad edledmsuTiasvsiantAnd saunarusuia Thermogravimetric
Analysis; TGA Ju TGA/DSC1 8o Mettler Toledo

“ipdesdedmiuTianeiuas@nuinmandiuinai uiivesian X-ray
Photoemission Spectroscopy; XPS

- inseslledmsuilaTeasusenoumewaila X-Ray Diffraction analyzer;

XRD 3u D2 Phaser §%o Bruker

- 1AS pelld1nsudtAsIgviesAUsenaunitad aunaida Wavelength

Dispersive X-Ray Fluorescence analyzer; WD-XRF 3;14 AXIOS MAX 8 Panalytical

- NR099aNIIAUBIANATOULUUABINTIA Scanning Electron Microscope;
SEM W3auLA3 0931AT1E9I519 A 28mAllA Energy Dispersive x-ray Spectroscopy : EDS §u

JSM-6010LV %a JEOL
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3.2 AITIATIZUNINANNINSOUTRIUBL ALIIMANBAINISYZaZAY

=

msfnwilewiunewivendea 2 ¥l Widnszuviunsslafa dududenivends
wlmdnuIuNsYTazanedensadaiin3nuaniluinsinisanusewiiesyugumgiv

WLNEANTUTURBUNTTENGMS IA8TTUADUNITNARDITUDIAURIL

3.2.1  NISATINA2DES

Fsvvaadeusianvilniay
- Susuannsiveudsudmanydanouunitnisyzazans (leaching) Aae
nNsAaTSNAMLLTY 2.5 THans 9ns1dIuYeIuderavadnal 50 nSu fe 500 Jadans 1u

) < | ~ & % =
LIa 24 SU']IlN ﬂ’]qllﬁ’ﬂumqﬁﬂflu ~ 150 39UMDUMN ﬁ]qﬂUUﬂﬁa\iﬂfJﬂﬁﬂLﬂiaQﬂiaq

a

- dhansagaefiiunisnssaniaiuseuvuuiulinuseunigamgil 120

d a

peALaYd JuNINEITaratazwia nautnlvaulannuduaiemasiledWiiaNnauunn

q Y

250 9ALGRLTYE

A UYUR U AANYITNEI
- AUVDNAYVRANS UINININISVLALAIEAIBNTATANITNAIUTUTU 2.5
Tuans snsdrureInderavadinial 50 N3 ¢a 500 Jaaans Wuan 24 9lue Ausilunig

MU ~ 150 5aUsBUIY INUUINLINTBINIEYALATOINTEY

a

- ihansazansunviausouvuwiuliausounaamgil 120 ssmwaifea

Y

=

AUNINE@15aTaNezLIie waztuiliaulamud un1emesR AT Wi an auund ~ 220

9 Y

DIALYALTYE

3.2.2  A15IASITHNIeAUSaU

SeazdunLandbI LN 3.4.4

3.3 YUABUNITIbLAA

Tudunoumsgauilefdlonnnvondslunssurumsndauiminilofdion ndn-
luseuviinfiou (sintered waste) uazwfiang (powder waste) @mnsauseonluaodiuinig
Aouuanied 1 n1svzavatesianun (whole leaching) WagWUINIT 2 N158194T WU
panduniin-n1sidenvzazane (oxidative roasting-selective leaching) Tnewsdasuuaniadl

o o &
FNY[SLBYANIU
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3.3.1 wWIed 1 nMsyzazatensnuna (whole leaching)

Fsuvaudeusianviiniay
- IBUANINAT¥EaEa1Y (leaching) MensAgaRIsnAMNTUTY 2.5 Tuans
FM51d1UVDTIRDVDNNAT 50 NS ¢ 500 Haddans Wulial 24 F1lus anuslunisniu

~ 150 59UsiBUY INTUNINTBINIYALATOINTEY

a

- dansazaneiiunsnseasviimsiianuseuuuisuliaueunigumd

Y

120 paAwaLgd AUNI1@1sarat8azwiid naudrlUaulamudualrewinivinsdwWiiad

QNI ~ 220 BeANTALTYE LTENTUnaUEIINTYINILAY 1138 Drying

a

- dAENBUNBUIUUTIUAIN NI TURoUN1TE19UT (roasting) gaumigdl 700

Y

waz 800 asrwawea 1unal 2 92lus WeasunarUasslidusaluwmn AagUN 3.2

- M3Tzavaemieul (water leaching) Tidnsaiuveudnavaunan 1 iy
fo 30 daddns Moamgdvies Wuaan 1 99lus arandalunisniu ~ 250 seuseuil w7

11110594 Insansazateinsedladazisaninansazanslangynegnn vse RE solution

(%
] ¥

- ansazangaIna1Id g Tunaunsnagnau (precipitation) A3N3A

9an91dn (oxalic acid) ANLTUTY 1 Taa1s ludTuas 10 20 30 uay 45 Jaddns se
a aa < ' = [ o

a1vazarelanenien 100 dadans A5 luN13NIU ~ 150 50URADUIT YRI91INYINTS

annznauasa asazalefilaninsesnleyanioinses udnznoudliundieiiniig

avorniietnfle tngldausalunisniu ~ 250 seuseuIil NTUAIUMATDINIUTIQUNS

v

110 aemwadaa Wiavinlrwraduian 10 Ui 2nduiuIngeednase wazinznauilaly

a o

auuasgn Y ladiila Noumall 110 ssmiwalges

- TURBUAANNEUINENBUN BULN WAL UR T LAATLUT U g eungd 1000
sarmwadea Wunan 2 49lue Yaeeliudalundagui 3.3 agldduilefidleueenled

v 6 ¥

(Nd,05) anulundnsdnigaring
dmsuvauFeusiianvilaa
WIS MlAavedestnydanadinnuuanasaInveddesinneu Ao 14
gaungiluntsenaus TnefleanBondetelud
- YraragnlgnIadaiisnANLdutY 2.5 Tuas ens1diuvelaveavan
50 n3u sie 500 dadans Wunan 24 $alus rwiEalunisniu ~ 150 seuseu?t aantiuian

N3099LYALATBINTD
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- darsazaneunsnsesnliaussuvuukuliausoun gaumg i
120 p9ALgaLed aunIna@sarangazwie nautnluaulamnudunigminivdadwiian

QNI ~ 220 DIANTALTY

- 192N UTN DUIUWAIUA W NG TUnoUN1TE 1SN o unQd 750 way

775 aernwaea 1unan 2 92lus Weasunatvasslidusaluwmn

- ANSVEALANUAITUIDNTIAIUVDILT A DVDIMAT 1 NTU Mo 30 Hadang

a v

gamaiivios Wuan 1 Hlus Ingldenualunisniu ~ 250 seusiewndl udathuinses

- 11@158aN18UINNALNBUAIENTADDNYIAN AUINTY 1 Tuals 45 Jaddans
#8 RE solution 100 dadans A1u5lun15n3U ~ 150 50UABUNT KAUIRLNBULIA1SY
Auazonseinile Tnoarmsalunisniu ~ 150 seusounit antussuuadesniuiy
a1 10 w1t udansesdnads wdningneuildlueuuiaienmvdainia fgungd 110
N RIKRG!
- Gi]dumauqmﬁwaﬁ’mzﬂauﬁauuﬁmﬁ’mnmLma%l,u%’uﬁqmmﬁ 1,000 89¢

wawea 1ual 2 97l Yaeslidusaluwi azladlefdousanladesnudunindue

gaving
3.3.2 WU 2 NI5E1TBUUBBNT AT - N1StAanYzazany (oxidative

roasting - selective leaching)

LWUININA 2 IZUANAINAULUINIIA 1 ASIN LN UTURDUNITUABATUIA

(crushing) wazg1LsuUUOBNTLAN (oxidative roasting) @sazvinliainisalfenyzazaiy

—

(selective leaching) iflssanndnuisdiuazilasuliegluguveteanled lnefisnvaziden

De
De

veuduusimanviiniou

- FuAUANUIRLdsHANDULIYINNITUAAAYWIA (crushing) Tnen1ssAIY

ASNAULAINTOIUALLNTIVUIN 70 LY (210 vLiJﬂSEJ‘LI)

- ANTUTINIU A NI NN TUAZLATIUIVINITE 19T LUUDDNT LATIN
(oxidative roasting) Migaunaf 500 600 700 wag 800 asrwalded \Wuiian 1 Falus Yase
Tdusluen dgun 3.4

- ntuthundneihanuazeameiile (water rinsing) N8ns18IUYDIMDS

1 [y J a aa <@ 1 = 1 )
feYaMal 1 NSU Ao 30 Jaddns ASLUNITNIN ~ 250 SOURBUIYI ’e]‘Ulﬁﬁ'J']ll?I‘Ll@'lEJ
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wsYadianguvgll 110 eerwalBea unINeke neutdingnseuIunTIvarany

v

NATINMULEINIT 1 Uanesiaguit 3.5
voudeusivianvilnns

WUININTS lAavawdsrdaviannailnukAnA19INYe L dAeTInN U AD T4

9o ITUNITENUIHUVDRNTATING 600 — 700 Bernaed lnellsuavidunsssialull

- SUAUANUNVDNALFLAKNILIINNITUAAATUIA AINTBINIUAEHLATIVUIA

70 LU

a

- UINILANTINTUAZUNIIENUS L UUDDNTATIW TIgamall 600 waz 700

)

parawea 1Wunan 1 93lus Yasslidudluwn

- INTUAIINANAZDIAMIELNALE NORTIEIUYRILTIREVRNVAY 1 NTU HB

=

30 Jadans AU lun1snNIL ~ 250 seusieuni aulamnutumewmmsiaswiianonnni

q Y

110 sarwalda nouddngnIzuIunIsAINnaIu UL 1

Powder magnet waste : (750, 775 °C)
Sintered magnet waste : 700, 800 °C

-

O 2 h. 4
< \\
& o
% S \("“f;
+ o M (=)
o ] Ce
= < <,
8 N
£ {4
]
|_

Time (hour)

JUT 3.2 urugiiuansgaumil uazlafldlunssuiunisenaus



Temperature (°C)

Temperature (°C)

41

Powder magnet waste : (1150°C)

Sintered magnet waste : 1000 °C

2h.

Time (hour)

JUN 3.3 unugiuansgamgiuaziamldlunszuiunsiniwnadiugy

Powder magnet waste : (600, 700 °C)
Sintered magnet waste : 500, 600, 700, 800 °C

1

U

Time (hour)

71 3.4 ununiuansgauniinaziafidlunseuiunisgansuuuoendain



Sintered, Powder waste

42

route |l

route | ‘ Crushing
l Seiving #70 mesh
‘ Oxidative roasting F Temp : 500, 600, 700, 800 °C/1 h
il (Ternp : 600, 700 °C/1 h)
Water rinsing
— Fe,0,
SAL1g: 30 ml (D)

¢ (soluble in water)

Drying

110 °C

v
2.5 MH,SO,, RT, 24 h leaching

—
(2.5 M H,50,, RT, 24 h) S/L 50 g : 500 ml

l—» Residue

‘ Drying 220 °C

l

700, 800 °C/2h
"
(750, 775 °C/2h) 4% oasting

l

Water Leaching
RT,1h — s/L1g:30ml (D)
(S/L 1g:30 mlL (D)

l—» Fe,0,

RE Solution

|

Precipitation

upto 45 ml/100 ml RE solution

e 1M CH,0,

}

‘ Calcination

1000 °C/2h
(1000 °C/2h)

!

Nd,O,

“mnewme s1pasidaalwdiuduvesreafousiminpians

: Route | = whole leaching

: Route Il = oxidative roasting -selective leaching

%
Y

JUT 3.5 Jupeunisnwinisifuiileddenanvesdelunssuiunisudaudvan dlofidew-

wian-luseu vl Lazydang
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3.4 AsUsanwzUaedEn (Characterization)

lunsazduneunsifuidlendenainvesdslunszuiunisndaudivanilofdeon-
wian-luseu 9ndudesinisusdnvazaesianiosnnndndueiiladnnuuananaiu waz

4:4' v 3 a A a X a o eav v & ° a
LW@iWWiWU@Qﬂﬂi%ﬂ@‘UV?@L‘V\I?Wl Lﬂﬂ%uﬁlumaMﬂmﬁmﬂﬂLLmaz‘?Jumau I@EJ‘N']@JTJLV‘W?']%‘W@']EJ

wAtlAng 9 fauandlugun 3.5 warliswazBeadadaluil

3.4.1  MSIATIZHAY Inductively Coupled Plasma - Optical Emission

Spectrometer

d1115UTAT189UTU1Us19 0 28 Inductively Coupled Plasma - Optical
Emission Spectrometer U Optima 8000 f1a Perkin Elmer 193 1a51gvinanSaaifilaann
FuneunIsUAanuUIA (crushing) N5Vl wRs (Drying) uazaisazane RE solution 39
winfusinldluduneuunanuun uavouwis aveglusuvosesds Feduludonilvieglusy
ansazans TneSuduanimansaeifldudessensalalasaas3nsutunsalundn snsdu
3 do 1 ntaluseudsnsfosueanesed Haliauninavazanovun daluwdousietng
arsavansiinnud g usng 5 oA 100 Wi 1000 111 waz10,000 L9 Lﬁ'aﬁﬂﬂ%miwﬁﬁmﬁ
#aan13 Mawn wan lefden tns@lof oy luseu Aalnsdon wagdu 9 1udu dau
d158a18 RE solution t@3 86298197 AN U4 U 100 1111 1000 V11 waz 10,000 191
WULREINU

3.4.2 N159LATIERAY X-Ray Diffraction analyzer

NITansIeasUseneumemeiln X-Ray Diffraction analyzer u D2 Phaser
f%0 Bruker Svagldinsizinansariildanduneunisgrwsuuueendmiin nsviliuie
581w Msanaznou waztenlagldainudougs vinnsitasesilagld3sd Cu Ka Ay
(2theta) 10 - 80 p9rn a@iulnal (step time) 1 37 wazadUled (step size) 0.02 a3rn v
nsnsziiieg1slugUiuuresdilansasunaziden waidnlduwiulddiogie (sample

holder) wwmé’umuquéﬂmﬂ 2.5 LUGLUAT

3.4.3 A153LATIZHA2Y Scanning Electron Microscope - Energy Dispersive x-

ray Spectroscopy

N137ATERAEMAT AN 999N T3AUSLANATBULUUEBINI1A (Scanning

Electron Microscope) WS 8utA5 897 LAS1¥Y1 519 A 18LNAT A Energy Dispersive x-ray

v
& a I3 %

Spectroscopy 31 JSM-6010LV 8@ JEOL Famallatiagldiinsisrindndnaiaintunaunis



aq

gausuuunandiadin Feagldluun secondary electron image (SEI) Tun1sananin Tgaau
AeAng 15 Alalian szueyingu (working distance) 15 fiadluns osanduaudieeigliin

INA TR TIUT U UVUBHUNUAISUDU WALARDURIAIDE19989DY

3.4.4  N15ILASIZHA8 Thermogravimetric Analysis

dmsuinseautinguwasyTuia Thermogravimetric Analysis 31
TGA/DSC1 %@ Mettler Toledo \dumafiafilifinngianuaiosvesiagiloldiunuiou
Tnsmsimnavesianiiuasuuvadunsazdisgamgiseindest siifialigs uenanuia
#219819ud7 s8UU TGA/DSC Saimnislvavesanufeuludiogiamiondu deaeliaiosie
amnsonsaduaufoundendunsidsunlasvesia 1wy msdsuaniuzveands-
vl Wudu Sunedatarlifinssinandngiandunaunsyiliuks (Orying) eswnas
nsudgungiifirlilunimeaaeddudunounistins Tnevinimeaeulutisgamnd 25
- 1200 esmwaldua lnelidammaiiuvesenmgil 10 ssmwadoareudt meldussenie

andaunazlulnsiay wazltonsINsivaveseInia 20 dadanssauni
3.4.5 N159ATITHAY X-Ray Fluorescence analyzer

1A5 oafled s U AT IE oA Usznauniuadl aaawmaila Wavelength
Dispersive X-Ray Fluorescence analyzer; WD-XRF sq'u AXIOS MAX § %8 Panalytical
wnasAdalwihdananuansdng 50 Alaliad wag 20 Jadusuuds amnsasneinisvinauls
efimslsauuvessydunssiu 220 Tad aglurag +- 10s% viosnnin Wuvaenisdidnd
uwuutesdesisdiivansvesiavasn (End Window Tube) Ingl#ian Beryllium (Be) finm
wurldunnnda 75 Lilaswesidudemdining $amaon (Anode) ¥indae Rhodium (Rh) auau
Dduwuuesidn vietanddaudfeueiu dsvvundaifunisluieszuisannudeuliiv
Anode warszuuauUaensudmiunasnsadiing wissnzianisiaulaesaludfidle

SELUURAUNR

3.5  NaN15ILASIAIUIAU

a L3 dy 2 ¥ a L3 6 =
Nan15AsIEiioIRulsenaulunie Nan1sIASIZN9RUTENBUNILAT hasINEYD4
Youdeuiimaniasgaviinfeusasyiang iessussdusznounaziuunyinvonds uaznis
SLATIZUNIIAINNS DUV VDU WU LNANT 9ADIFTALAUNIUT UADUNITVLAZANEAIENTA

U A

FaT3nuawI LA Lieseytimaumailutunounseus fesvazdenseluil
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3.5.1 89AUsznaun1eall (Chemical composition)

HANTIATITYRIAUsTNoUMLAdve e sdsutvanainn oulaslang 6l
A3 0sila AT gsiUT IS MR BImATlA Inductively Coupled Plasma - Optical Emission
Spectrometer Inevin1siiAszivesdeidewininIUNSUALATANTLIA HIUR1SNSBIAE
AYUNSY TR 70 Y vie 212 Tuaseu linadamnsedl 3.1 91nnansinszinuitveade
wiwmdnedefeuiivsinamweaniniovas 59.81 Tneniwin sesaundeilondeudesay 23.97
Tnethodn uazdy q druvendswivdnsiandivsunaundnunnnii fie Sevay 66.33 Tne
dhwetn dleRdlondosas 21.66 Taetnin uarau o dauanduased 3.1 fuslerSeuiiou
fuesAusznoumaeillnesiluveusimanidsgeillofdlon ndn-luseu (NdFeB) (Stanford
Magnets, 2021) wuniiuszanavesnan wasillofdevginivendewindnyiafeusazyin

paANtee vallonailiosunannisivesdainiadusanlesveandnuwazdlofdsuundiy

A9 3.1 NAIATIZIDIAUTZNDUNINATVDIVD WAL MLLENTIIT TN o ULAS NG BATlA

ICP - OES (*Stanford Magnets, 2021)

Compositions (wt.%)
Types
Fe Nd Pr B Dy Other
Sintered 59.81 235977 7.124 0.261 0.062 balanced
Powder 66.33 21.66 4.76 - 0.056 balanced
NdFeB* 64.2 - 68.5 29 - 32 - 1.0-1.2 08-1.2 balanced
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3.5.2  WansaAs1zinaaawmata XRD

lngannnsimsziinghusuduvesveadewivanyiiniou (sintered waste)
mawmailn XRD wuin awnasvesilefdenmanluseu (Nd,Fe;qB) turpudiuaudn fagui
3.6 LATNUAWUNASIV89ANS UBULANT0Y TedanAdoInUNAILASIEY ICP-OES Tumisiait 3.1

A A o a o A& @ ay a o 3
LW@EJUEJU‘UU@GU@QL?{EW]L‘UULLNL‘V]aﬂiﬂ@ﬂLNﬂNLWﬁﬂI‘Ui@u

2000 a) | PDF 26-1077 C Carbon
PDF 36-1296 Nd2 Fe14 B Boron Iron Neodymium
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3.5.3 WANISAATITINIAUTDU

YouFeusivanvilaiou

HANISILASIENN19AIINT BUVDIVRNLA LU LA NV AN 8 U AarunAdlA
Thermogravimetric Analysis (TGA) Tngvnsiiassivsadefinmutuneunisvzazaiode
nsadaiingn 1unan 24 Falus udavinliude Idnadsgud 3.7 () Feunu x uansgangd
(temperature, °C) fidsuwdasiuTuusazdianan duwnu v (@e) wansdouazlagtveing
m18lU (% weight loss) Fauanduateya TGA dauuny y (127) wananisinavesauiou
(heat flow) wanssadaya DSC lngaziiuirlutaeusniigamgd 65 - 150 ssmwaidoa
Eunsn TGA ansnag Lﬁﬂmﬁqaglﬁafmﬁfﬂ \fie91nAuT Y (moisture) LLazﬁwﬁgﬂ@m%’u
(absorbed water) gni1dald @enndosdun1siinU]ise19nn1us e (endothermic
reaction) 91nudunswl DSC 9niutnlulutanaszgnidaeenldvuaiigaumnids 400
DIANTALT YA feauN1ST 3.1 (M.S.R. Swamy et al., 1983) LﬁaLﬁmqmmﬁﬁaﬁN 600 - 820
psrnwadea wuinAnufiseganuioudnafmil deaenadestunsin TGA uansimin
fely Tnearnitaisuszneudamnveananazildsudunanoenles (Fe,0,) waziig
Faweslasoanles (SO,) faaun1sfi 3.2 (Ranjani V. Siriwardane et al., 1999) dauﬁqmmﬁ
820 - 960 ssrniwaLda IAnUfTe1gaRLTeu Fshazasandesiumsosufuarsuszney
sonddamlnuedlannenn (REE,0,50,) Uanainidu TGA wanswhvindimell Fanniuin
Jufredamoslaoanlas (SO,) uaziweonduau (O,) fsaumsi 3.3 (Nathans, M.W. et al,,
1962) LLazqmﬁwmﬂLﬁ'uqmmﬁmm’iw 960 peATaLTga Annaziiaduasusenau
ponled faaunsfi 3.4 (Nathans, MW. et al., 1962) flfumnatursaidongamgfinagions
Fnnzan fansarhlndamaveananeenles faunsaensenainilemdoudama lay

mMsvzavareieiluduneudnun Fwaslidamalugiresaisazais diuninaenledgnuen

sanungnau

200-400°C >575°C 4
FeSO,.xH,0 — FeSO, — Fe,0, aunsi 3.1

600-820°C )
Fe,0(50,), — Fe,0,+250, aunnsi 3.2

820-960°C 4
M,(SOq)s —> M,0,(S0,) + 250, + O, AUN1N 3.3

>960°C .

M0,(509) — M;0; + SO, +- O, aunns7 3.4
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vouFeusivianvilans

NANTIATIEAIAILSeuveseudwimAnyliang Fa3Ufl 3.7 (b) wansli
WiunsiinuFAseeng q adeadaduveadowimanvindeu willdragumgdnunnsiaiu
ponlufsil nfinnsandsnisdsuudasnansusenoudamlmreaninluidumdnoonled
voavedeviansaziind gungdninitvendeviniou e guunilurag 550 - 750
psrwalTya wazanvheaznswesduasUsznousenddarinvedavgmenniivasgumgd
750 - 890 @aALTALTYA

FafuarnaansTinsginauieunuingaumgdfiegiliamisoden
wiandawlalidumaneenledndmsurendesiindou Ao 600 - 820 ssrnwalva wasdmsy
vilans Ao 550 - 750 ssmnwaidea lnpazvinisidentisgamaniilunisgisus @ 700 - 800
ssrwaldea dwsuveadeviinfou waz 750 - 775 ssmwaldua dmiuvendeuiang Lile

maniiivsngaudmiuiuneunsgaus
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TGA - DSC Nd Sulphate (Sintered)

67,51°C 348.74°C /~ 7k\\

—\ 820.51 °C \
\ /\/ \ / \‘ /’

f f
\ / \ f
| a85.240C \ |

N/ 2msasec
\ /
\/

228.51°C \

Temp (°C) = 65-150 : remove of physically bonded water. ‘

Temp (°C) = 200, 230, 275 : three-step dehydration of Nd, Pr, Gd, and Dy sulphate.
Temp (°C) = 400 : ferrous sulphate or concurrent oxidation and hydrolusis of the monohydrate
to form Fe,0(S0,), and FeOHSO,.
Temp (°C) = 600-820 : two-step decomposition (Fe,(SO,), —> Fe,0,).
Temp (°C) = 820-960 : REM oxysulphate formation.
718.78 °C
0 100 200 300 400 500 600 700 800

Temperature, °C

TGA - DSC Nd Sulphate (Powder)
276.52°C / N\

752.929 °C
r z

{

323.70°C
w1\ 4
|

202.12°C \
Temp (°C) = 65-150 : remove of physically bonded water.
Temp (°C) = 200, 240, 280 : three-step dehydration of Nd, Pr, Gd, and Dy sulphat;
Temp (°C) = 330 : fertous sulphate or concurrent oxidation and hydrolusis of the
monohydrate to form Fe,0(S0,),and FeOHSO,,.
Temp (°C) = 550-750 : two-step decomposition (Fe,(SO,), --—> Fe,0,). |
Temp (°C) = T50-890 : REM oxysulphate fermation. /

673.55°C
100 200 300 400 500 600 700 800
Temperature, °C

P
/ 9s8.40°C

895.33°C

900

1000

—TGA (Solid)
—DSC (Solid)

1100

891.70°C

828.91°C

—TGA (Powder)
—DSC (Powdcr)

900

1000

1100
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~exo

-0.0005

-0.001

-0.0015

-0.002

-0.0025

-0.003

-0.0035

1200

€X0

-0.0005

-0.001

-0.0015

-0.002

-0.0025

-0.003

-0.0035

1200

JUT 3.7 nansiesnziinienuioureendewiivan a) iadeu waz b) laua nend

JUNDUNSVL AT ALV LAWY Peldinafia TGA - DSC

Heat flow , 1/°C

Heat flow , 1/°C
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NANISNAADILAZILATICANANITNAADY

N335 lwAavaduimanviniou

N15NAAD95 IULAAYDUALUINANTRAN U LU0 D UADILUINIIAI8AY Tag
WUINNUINAZATUADUNEAN & MINAIRUAIL ADN1TTZAZAIEY NITLILT NITANAZABU NIT LN
LARTLLTY dIULWINITABIIEANANULINNLINATITURDUNDUNTEUIUNNTILALANY A Y
HTUNBUNITENUIULUURNTAN YL AITNNIAIFUT 3.5 dumseit 4.1 uanadnsduginlaly

1 5 a a | d' P =1 1 = o v 1 <
WHAZIUNDULALAAUS SUTEUTENINUINIT 1 ke 2 F9azwiulaindl dnnauwuvan
v 1 & A o < 1 = 1 Zj a a
1NUAAATUIN 9 LANILILAANANIAIVUIALENNLT 212 MUATOU LAzl aNIUTUNBUNTS bULAA
& Y a o & v & = Ao I3 ~ A o ¢ & )
WaodwInvglindndudiaaradunsdmniiesnusznavvesilofdousonladdumnan

= 3 ay a a = Ay v ! a U &
iﬁﬂﬂqaafﬂfﬁ@ﬂaﬂLWisﬁI@@LNEﬁJ SZNNaﬂqimﬂaaﬁﬂlﬂf\]gﬂa’]'ﬂﬂﬁlagL@ﬂﬂﬂﬂ@@iﬂu

(%

A15199 4.1 NAAS NN LA LULA AZTUNDUYDINITS MLAavaddsuwdlndnayindau WSsuwiau
' & . | \
LUINIIN 1 n1sveazalgndunua (whole leaching) kag 2 N15819LTBUU

panTaNn-n1sdonTrazaiy (oxidative roasting - selective leaching)

Step Route 1 Route 2

1) Crushing of sintered

jlhlI|I|l|lllh|l|lll|IIlIII:I‘IMﬂILﬂ
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Step

Route 1

Route 2

2) Oxidative roasting

“zl I ||':|‘\| i u'zl ) uq‘herl

3) Water rinsing

4) Leaching

5) Drying

T
i
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Step

6) Roasting

7) Water leaching

8) Precipitation

9) Calcination
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= a = & a v a
4.1 Naﬂqﬁwﬂaaﬂi'lsﬂlﬂa?]'ﬂqLﬁEJLLﬁJL‘V]aﬂ?Iuﬂﬂau (LUIN19N 1 N1sYLarane
N9%UA: whole leaching)

= 1 < a v
4.1.1 WNaNIIVLASAYVDUHYLULNRANYUNNDU

dlovmsudmdnuniiunisyzazatedensadaiazn sxlsduasazanefifia
w48y (brick red) LLaswumzﬂaumﬁaagjﬁf’ﬁ’um%uz dlonsewmzneussnudiiaisavaleun
yiluisas i undnfusidoonauym Jwansiinsizsinznoumemaia XRD wuadnas
vpaillofioudaing (Nd,(SO.)s) waztnandaine (Fe,(SO,),) tHuainnsiudn é’qgﬂﬁ 4.1
yonanisemamuaunnsiveandnsenlas (Fe,0, way Fe,0,) dlamilaunanlas (Nd,0)

s = =3 3 & o v | & 1 [
azA13uaU (O) ealanuay "\]’]ﬂuu‘lﬂLGZJWQGUUG]EJUWWEJ’NLL%]EJVLU

4 Fe,O4
Fe;0,
5000 - . & Nd,O,
i v NdFeO,
4500 e,
4000 - " Ndy(SO,);
3500 - * C
& 3000
Z 2500 -
£ 2000
£
= 1500
1000
500 »
0 T 1

20 25 30 35 40 45 50 55 60 65 70 75 80

* LC : Leaching

JUN 4.1 nadins1edt XRD veudeudidnudndow ndsnszuiunisvzazats luwwinied 1

N3¥Eazaeyianun (whole leaching)

4.1.2 wWan1sg1ewIvaLALANYiafau

nsyzazargmensadaiiinlutuneuneuntdwihlvldaisusgneululves

'
a

Faln MnuudeinisgusiTeuiisuigamgll 700 way 800 ssrwaidea vilinan
P H =

Falpuasudumaneenles NansuNNlalae0nUIR1aLAd TIINNANITILASIEHAE XRD
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[

Faguil 4.2 wuanasweananeenlus (Fe,0,) ust o oaumgiinisenausdananidsnsdsing
ananvesilefifoudamnuasssnaduannsmdn uonand ssdunalddiniserausd
gaunndl 800 esAwallua dwaliaunasveaninesnled uasillefdendamnginiinis
grausfiguund 700 ssaneadoa fuuniseieuifioangd 800 osrneadea unasu
auninistausfngay ogalsid nisgreudia 2 gumgitudsamuanasvesndn
dauln Tlefloveanled uarafvoufisndniios daulutuneudaluagyinisszazansdae
ih dsillofflevdamaiinyludunounistrusduazgnazanendulegluguvesansavansrnon

Wngiunaun1sANAzNoumENIABaNYIanN

A F3303
Fe;0,
12000 - 5 NAO,
v NdFCO}
10000 - I O Fe,(SO,);
B Nd,y(S0,);
4 * C
—~ 8000
5
2z 6000 LC, R 800 °C
g A A
o]
E 4000 At
2
000 LC, R 700 °C
A A
0 T T T 1
45 5 70 75 80

20 / degree

* LC : Leaching; R : Roasting

JUN 4.2 #a3iAT1997 XRD ¥83ngnaunainInn1sgausiigamnil 700 uaz 800 eemaaldysa

a & a v q' ] .
voudsudindnviinnou TuwuInien 1 nsrzaralensnun (whole leaching)

4.1.3  wan1sAnagnauvasdeutimvianyiinfiou

1INNSANALNDUAYNIABDNYIANYINIA LI NAN A UNNLAVINILAAILUAITI N
4.1 waziilaurimsizisemaila XRD wuilanaswesdlefdlsuasnganlawmsadundn

=2 a a a v <3 [ d'
i’lllﬂ\'iL‘Wi“ﬂ@ﬂLMSN@@ﬂ%WL@@lSLﬂi@ u@ﬂ‘\]’]ﬂENW‘ULﬁﬁﬂ@@ﬂ‘d’na@ﬂe’ifmi@] @QLLﬁﬂﬁIUE‘U‘W 4.3
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NANTSILASIZA ICP-OES Ue9ansaranglansmeInnoulagnadinIsnnAsnau
funsneoneanaududy 1 lwas luansazanslavzwenn 100 fadans SeiiUSunames
flediflonsudusglumsazanswindu 2.167 n3udedns wansiaguil 4.4 anfulsiileldu
nsmeeny1anUSunu 3 fadans vliusunavesilefdleuluaisararsanateg1esinisiiaud

! (I) dl a ¥ ! U U ! a d‘ a a a aa
mmqmwmmsmlmwﬁlmL‘mmJ 0.009 NFUMDARNT LUBLAUNTABBNYIAN 15 UAADRNT

[
= [ 1

drufevarmsnnaznauvesilloAllonlunwinien 1 Jusgivdadiuluaves
naneanganseiiloflou (n(oxalic)/n(Nd)) wuinfovaznisannznoursstlafilunaay
Windulutsusnaulnddesas 99.84 Wedndruveinsneeneianseilofdeuiiantlng

Uszann 2.41 fauanslugudl 4.5

* ng(C304)3 lOHEO
. ® Pry(C,0,);10H,0
9000 1 3 ¢ e
] A F6203
8000 v FeO,
7000 1 4 3 Y N
6000 - O Fey(SO,)
a = Ndy(SO,);
g 5000 | " C
E\ »|
Z 4000 -
5
E 3000 -
2000 |
1000 4.
0 T T T T T T T T T ‘ I

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

SUN 4.3 nanmshasizvisiemaila XRD Tunaunisanaznauveddeyiaiou Tuluinied 1

N3¥Eazaeyianun (whole leaching)



56

®-Nd (g/L)
5 25 #-Pr(g/L)
.
=)
) 4-Co (g/L)
.8
g
S 15
Q
=
[=]
S
o
15
= 05 \
0 4 | ‘ S S
0 5 10 15 20 25 30 35 40 45 50

Oxalic acid (mL)/ RE solution (100 mL)

JUN 4.4 anuutuvedlanenignadinisnnagnaunlensneang1dnidutuy 1 lwans lu
ansazarelaneienn 100 adans ¥99wUIN1a7 1 NsvzazalenInum (whole

leaching)

100 —ecmiiiiiiao

80 -

40 -

% Nd precipitation

20 -

0 I ! ! ! I I I I I 1

2.41
0 0.5 1 1.5 2 25 3 35 4 4.5 5

n(oxalic)/n(Nd)

JUT 4.5 uanwlesidudnisanaznownesilofifleunedndiuveteenmandeilendeon Tu

WUINNA 1 NSPEazaIesnun (whole leaching)



57

4.1.4 wanswWLAadiuduvendeuimanyiiaiau

ABVERINNTRLABTILTUTIgMYT 1000 Bemwadua 1Wunal 2 93l
yMlilanadidoanwmdy st ludwsizsisemaila XRD nuanasivesileddisusanlan
Wundn 281915AR1NA1TIASIZRNUaNAs1vRImsTleRdleusantundeauriuludinnia

WwerfuivanasivesileAdsueenlenagiie Auandluzui 4.6 uenanillainuanns

Y

YaamsuauiAgUIINgludunaunsanaznaunaunini fau ludumsmiwaadiuduiiagyin
Tildndnduaiannefeilefdoveonlydfiiens siufeamnsawiidnasueudaduuaiiu

aantulanie

A Nd,0,

20000 - . ; 1gd(OH);

18000 ~
16000 -
14000 -
12000 +
10000 -
8000 -
6000 - n
4000 -
2000 -

0 T T T T
10 15 20 25 30 3

Intensity (cps)

5 40 45 50 55 60 65 70 75 80
20 / degree

JUN 4.6 nadias1eyt XRD Y04vaudeviafioundiannseiuaadiuty 1000 ssrwalfesd

Tuwuane? 1 nsvgazareviavua (whole leaching)

4.2  wWan1sNAaassluRavatdaniiansiafou (WUININA 2 N15819LIHUU
panTaNW-n1sLaanvzazany (oxidative roasting - selective leaching)

4.2.1 WaNsE1eBILUUDBNTMAiN s dLanylinfiou

W9t ARULLANNIUNITUAARTUNR (< 212 TuATaU) U1YIINISE1LTWUUBDN

Fndinfgamgi 500 600 700 way 800 s waida toluniifideannid Welinszsiiag
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wAda XRD ﬁqgﬂﬁ 4.7 wunawnasiveamaneantes (Fe,0; wag Fes0y) qa%umuqmmﬁ
MsgreusAiuT e aiuldde uonanddmuannsvesilendousenlesuazaiveu
Entlos 0g1dlsAn nan T winansanaswesilefidloumanennles (NdFeO,) MiinTy
paguninIsteuIfigetudae dediviinamesilofdleuminesnludiinmiuasdmae
nszvaunstraratsluduneudaly nanfe Tlefdsmmineenladiasgnuzazarslden
FefuflgumailaiAn 600 ssmuaifea thaswsnzandmiunsenusuueondniin Tngvin

Tdawawdneanlas wiiadlefdloumaneanleaiulsuiuitesnin

18000 - A Fe,04
A FC304
16000 - A Nd,0,
14000 ¥ NdFeO;
N * C
12000 - A OR800°C
) A
5 10000 -
)
‘% 8000 - A v
§ A  OR700°C
E 6000 - A,
4000 1 VA 40 v | AV Y A A gy Ap A OR600°C
2000 - A
. vA s v 5{’1 L Ay v A Ao AL A ORS550°C

20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

* OR : Oxidative roasting

SUN 4.7 walAs1e9t XRD Yasaddeyilnneunainisgnausiuusandiniiniioamai 550 600
700 way 800 avrwalud TULUINIGT 2 N1TE19UTLUUDBNTLATIN-N15La N

a¥any (oxidative roasting - selective leaching)

D.

‘:glj a ¢ v a LY 1 ] a =
wanNUNaMTIATIERmEImAla SEM 183910158190 UUUDRNTA T
Qe 600 BIMLYALTYA NUIIBUAIALTINIVUIANEIULALALLEYA LAENANITILATILYIALY
wmATlA EDS WUUMKLTL LAAINTINIZeRIveIsIneondiay man wazdlofiden Asjun 4.8

FIADAAADINUNANITIATIZIPIENATLA XRD NINANILILAD
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Fe Ka1 Nd La1

JUN 4.8 namsiiasizgvianemalin SEM-EDS WUUMNUA n1evidaniseausiuuaandiniin 600
= al' 1 ] a a 2 . .
aemwalod TuiuImned 2 nMsesusuuveendiniin-nsiienvrazany (oxidative

roasting - selective leaching)

a 1 < a v
4.2.2 HNaNIIVYLATANYYDIAYLULRANYUANDU

AYNFINITE1UIUUURBNTLATNA D UMY 550 600 700 Uag 800 BaF1

o a

wagua nnsvearalenignIndatiiinazlaaisazaieeandunidy NUuNIBINENaUBEN
wardvhliansaraewisazlandndundoenvuyini Wewundnsigraleinaia XRD wu

anas1vesdlefdloudains wazsmdndasdualdnasivdn 599890 Ao waneanlys

=

Tlefdoueantyd Tloffleumaneanled (NdFeO,) uazaIsuauANaITU Ae3URl 4.9 1ny

o

dunaladndogamginldlunisgrsuswuveendniiniiugussnuanasivesilenidey

o

Fangau udnnvainasivesiloMdenndneenladgaluduiu lngianizeg1a8 i

gauuQil 700 Uag 800 BemLALgyd FaaUszasRvaslunauildasnisivaisuseneveylusy

9 Y

o

Fawlnnowiluitigtunaunisgrausdely fAdunan1sieseiaenany Jsatvayudni

aamgdl 600 asmwaildvaliulugumginuanzaudmiunisensusuuuesenTindin

9 Y
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4 Fe,0,
40000 . Fe.0,

A NdzO_‘;
35000 - v NdFeO,

o Fey(SOy);
= Nd,(50,),

30000 .Y
~ 25000 I OR 800°C, LC
& 20000
e g OR 700°C, LC
Z 15000
= 10000 - OR 600°C, LC

5000 - o

OR 550°C, LC

[ e B B e e e e
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
*0OR : Oxidative roasting, LC : Leaching 20/ degree

JUT 4.9 Hadins1e9ives XRD vesveddevianaulunizuiunsvrara1enenaen1seauwsy
gaunileng o TuuuIman 2 nMsgusiuueendiniin-n1sidenvzazany (oxidative

roasting - selective leaching)

4.2.3 pan1sdIewsvadanlivanyiaiau

a o daq v ) ' |l a a aa a
HanSuelan1evdaNseuINgungil 700 waz 800 s wallya Ndeand
imauns FairluTinseziddaemaiia XRD am1sauadladnmandama (Fe,(SO,)s) a8gn
Waswluwdneenled (Fe,0, wagFe,0,) AIgURl 4.10 lnsaziuinanasiveananaenles
Tunudadlomugumainiseusain 700 1u 800 ssrwaidis uenaniidmuilefiden
Faunmviiantgauninsgnas dunadaunasivesnandaindsnsusngegidloriinisgsus
' a a | | VA a a 3
Nunnd 700 seAgaidea diun13g19usNounyil 800 saALyaldea NULaAN
Famsieadnies lnensvrararemeirludunaudnunagyilvdlefdloudamn (Nd,(SO,)s)
= a | A a a o ! ) o & ' |
suddlangmendu o 1wy insdledilleuiieglugUvesdamaiinuludunaunisgiasgn
avanendulUegluguresansazane drunznouvesudeiiivioeyiuvzgnnseseaniasyinli
v = A v aa a 3 A a & v 1A '3 [
W9 Fangnoauiilaasddunidy andudoqinsierinle XRD nuIndlioddUsenauuedinan

sonled fawanalIsuiieulusy 4.10 FIMUBANNINNITVLALANUABUNFIUITAATALNAN

20N IANEIINNTEUIUNTELIDONLA
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druaisazaneflanendsainnisvrazatenlsunagiidla o Jsilangmenn

aglusUrasasazatedaln azgninlulddmsutuneudaly Ao nsanagnausignsa

90NY1AN AU NHANIINAaRIRINaTIlaaenltmn)lin15819us 800 asrLsaldua

Hesnannsailasumandamalidundnesnlednaugnidnesndianisszazaneme

40000

35000

30000

25000

20000

15000

Intensity (cps)

10000

5000

A Fe,0,
_ v Fe;04
A Nd,0,
1 v NdFeO,
A O Fey(SOy);
1 " Nd,(SO,)s
* C
A vOR 600 °C, LC, R 800 °C, WL

J A b4 ?LL j .L_Af I A A

I 4 OR600°C,LC, R 800°C

A A

iii

il

1 oo T A OR 600 °C, LC, R 700 °C
A A A A

10 20 30 40 50 60 70 80

* OR : Oxidative roasting, LC : Leaching, R : Roasting, WL : Water Leaching 29 / degree

JUN 4.10 naiAs1e9 XRD vesveudsrinioundaninnisersusiigamail (i) 700 (i) 800 uaz

Al v Y - ) ! Pal a ... =
mzﬂauwimmﬂmi%azmam&Jmmwadmimmiwqmmu (iii) 800 peA LAY H

TunwInnedl 2 nsY1usLUUDanTIAAN-n1sidenveazaie (oxidative roasting -

selective leaching)

= ] [ a v
4.2.4 HNaN1IANASNDUVDUTYLULRANTUANDU

PAIINUIEITALAYINNT UABUNITVLALAYAIYUITIN DIAUTLNDUVDY

Fanuesilofidlounagisnienn (RE solution) LN IUAITANAZNDUAILNTABBNGIAN AL

Wudu 1 luans 30 faddns luaisazatslanenionn 100 dadans azladunznaudeiieu

Y fakandlunisien 4.1 Wetldiasesiaieinaia XRD nualnasivesdlenidey

28nw1La0baLA5A (N,(C,04)5.10H,0) wagiundnasnaanlansa (Fe(C,04).2H,0) 1Ju

awnasman dawandbugun 4.11 wenandaziulaingumginisgaus uudnansenuse

TUABUNITANAZNBY L1839 NNQUMNIN15819UsN 800 Barwallua dudwalinuaiunns

aY a ! v oA ™~ a Y] | 1Al a =
SUENUIQWLllﬂll@@ﬂ‘?ﬁLamﬁ@usl]']\‘i'szﬂ’ﬂLﬂJ@LﬂiﬂUW]EJUﬂUﬂ"IiEJ'NLLﬁWQﬂJWQN 700 29ANLYALYY
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* Ndy(C,0,), 10H,0

16000 - ¢ Fe(C,0,).2H,0
¢ * A Fe,0,
14000 1 « . v Fe;0,
v NdFeO,
o Fe,(SO,):
12000 - . n NoySO,
* C
. 10000 1 Ry
B o OR 600 °C, LC,R 800°C, P
— 8000 ~ nv
&
‘@
5 6000
=
4000
2000
0

20 / degree

* OR : Oxidative roasting, LC : Leaching, R : Roasting, P :Precipitation

SUN 4.11 wadiaseyt XRD Y04uedeytanaun1gvain1snnaznaunienIneengIan A
VUTY 1 T0a15 TUBUININA 2 N1SY19T UUDBNTLATIN-N15LE 9NTEATANY

(oxidative roasting - selective leaching)

agelsAanvallnnsvesilefdoudainaludndiuii doud 9oy Lile
~ ~ ) ) A a oA ) & a
Wisueuiuanasvianvesiilendlsusanstanlawmssn 3997190 uNau1anUsunuueInsa
sanganfiinadluduiufitelianysal Asiudsldinmmeassiiudniefnwiuiuines
nspeangnanungaulunisanaznaulila dlefilouoangtan inn1sAnNAzNaulaevinnis
WUNIARaNYIaNIUTY 1 1uals fiay 3 9adans luaisazatelanenienn 100 Jadans
aunsenaRulUlulsuu 45 9adans walldnunisanaznau N ULALLE adwnAnen1LUaD
LAAINANTITNARBINIFUT 4.12 Iagunu x wansuTinunsiaunsaeens1dn (ml) luaisazane
langunenn 100 Jadans duunnu y waasusunaveddansdlondon insglofidounay
Taveadwmasluansazanslaneyeinlunuie nSuaeans JiAs1erinae ICP-OFS aziiiulean
Anuutuvesillefflsdluansazanglaviemenn (RE Solution) SusulifilefdleuegUszana
2.74 nSUmedns nUULl o unsneane1anadty 3 Jadans Usuiuvesdlodideoulu
= % 1 a d‘ a a dl' a aa

asazavanadnae 2.19 nfunedns uaviloduesngianatluiies o ATy 3 Jadans
U 15 Jadans auvdsdlafdeuluaisazaneifiss 0.03 NSy dulaneynenNInndu LU

WNSTLaAL e FISUAUNUSIIM 1.12 NSUFAPANT LATALUAB I UANTA1aTa18UR8NI1 0.002
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nfuredns aruvsinawedaveadluasazarsdsuulaniosnn Fusuduiiusunn 0.013
NSuAPANT LavAunasluaITagaratsusenin 0.012 nSudodns druuSuiananly
ansazanetuiiUSuaiitesnnliamsainmeildsg ICP-OES fgufl 4.12 dawdouiiiey
Nan153ATIEdemAdla XRD vasnzneutildannnisiiunsaeene1dnusuna 30 uag 45
faddans wuin pzneudildannisfiunineeneidn 45 Taddns GiasUsngaunasves
flofdendaun uonaindminfiarsanangui 4.13 Tawansfosaznismnpznouves
floAdenituey fudndruluavasnsneenedndeilofides (n(oxalic/n(Nd) nuirdesas
nsanazneuvesilefdlondes q WuTuedraiulddaludiusn warantunudesaznis
anpznewvesilefdlondnlndsevay 99.75 \edndruluavesnsnesnydnseilofdeudia
dlndussana 2.86 videfiUsnaunisiunsneensndn 27 Hadans FaainuanIsnaaeing 1’
usdiuldildanansoanazneuilendloadauinliduilon deusonsnanls s ey
MN198aaINgUR 4.13 mIamnazneulasliuiinuninoonuan 15 Jaddns deaisazans

Taveyenn 100 fadans Wrazudsunauivanzay

#Nd (g/L)
~ 2.5
a
En Pr(g/L)
_E 2 \ -4Co (g/L)
Ei
g 15
[&]
o
Q
S
=
D
= 05
0
0 5 10 15 20 25 30 35 40 45 50

Oxalic acid (mL)/ RE solution (100 mL)

JUN 4.12 anududuvesdlangnigndinisanaznaunlensaeanydndudy 1 luans Ty
ansaranglanreyien 100 aaans wUINNA 2 N15819LSWUUBNTLANN-N1SLa8N

Yrazay (oxidative roasting - selective leaching)
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100 o .

% Nd precipitation

20

0 T T I T T T T T T 1
2.86

0 0.5 | 1.5 2 2.5 3 35 4 4.5 5
n(oxalic)/n(Nd)

JUT 4.13 wanalesidudnisanaznouvesilefdeunedndiuluavesesnyidnseilenfion
TuiwInei 2 n1sgausuuveendiniivl-n1sidenyzazane (oxidative roasting -

selective leaching)

a o =) 1 < a v
4.2.5 NaNISIHILAAYLUTUYDILAYLULAANTUANDU

fumeudanidumadsusenouilefideueensuanlhiuilofdonoonled
fiFoanslasnisiniuaaBiudufigumail 1000 ssrmiwaldea Wunan 2 Falus Taenadinses
shemaila XRD uansfeguil 4.14 wuildndndusidlenidonoenlodidumandn wazwy
Uleddleulansonlan (Nd(OH),) ‘1J51ﬂgLﬂuamﬂmwm@Lﬁﬂ?jammﬁmma’lﬂﬂmm%u 9e4l3
fadleddeulensonlefdudirezlildimanioasdusenauiidosnts udaunsadsudy
loAuleusenledlddsnangfigumaiignin 650 ssrieaidoa (N. Ekthammathat, A

Phuruangrat, B. Kuntalue, S. Thongtem and T. Thongtem, 2015)
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& NdyO4
25000 1 « Nd(OH);

20000 -
15000 -
10000 A

A
5000 - 1 A
A
. A A A A
0 » 1 T T T T i hr ATR_}LI
45 50

L a
10 15 20 25 30 35 40 55 60 65 70 75 80
20 / degree

Intensity (cps)

JUN 4.14 #a3A51898 XRD 10908 udeviinfaunaaninnisuuaagiudy 1000 sergaded
TULUINISA 2 NM5E1UTHUUODNTIATIN-N1SIaaNYzazale (oxidative roasting -

selective leaching)

4.3 WanIENUYaINsEuTuUUaandnfindanisiAuilenideuaanlynaan

NV FswlAnvaiDU

a a a | & a v a w | ] a a g a
f\]qﬂﬂqﬁﬁisﬁLﬂaﬂ@\‘iLﬁﬂLLﬂJ LanNTUNNDU I@EJLiNmuﬁnﬂﬂ’]iﬂ’]ﬂuﬁLLU‘U@@ﬂsﬁL@V]WV]

a

gl 550 - 800 D4ANYALTYA MIUAIUNITVEALANEAIENTATANITN kagN1TEIUIT

Y

a

QAU 700 - 800 BIANYATHA NOUNNNITVEALAUMLUT NTRINUUYIINTANALNBUAIY

N3ARONYIAN LaraANIYNILARTILTY 1000 peFwalTea Feanusaaiureiuiulanig

[

AYVHIIINNITE U UULBBN T TN UM N Usdudzgnidsudumaneenled

(Fe,0, uaz Fe,0,) Anadtaszit XRD lugunl 4.7 liidumfifidoanndn neuiivzindig
Tupaunsvrazatelaelufniseminettasdduwansluaunisi 4.1 (WuIamen 1) uas 4.2
(LWAN9A 2) (Namil Um and Tetsuiji Hirato, 2013) d@wavinliiinnisidanvzazany
(selective leaching) HWladidluuladreninuuinienisvzazatslaunss (whole leaching) 1ay
< V1 [ 1 Y a a a a a A 1
PnauMseiLlainendimsvzazatemensadaisnillendieuvgniuasulegluslves
Teofdeudamn lanznoudvummniendsiliuis wenandmanazgniuasuliegluzUues

a15UsENaUTaNAiULRINUY
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2Nd (5) + 3H,504 () = Ndy(SO4)s (1) + 3H, (g) aunsi 4.1
Nd,O; (s) + 3H,504 (1) + 5H,0 —> Nd,(SO4)5 (0-5H,0 (g) aunnsi 4.2

NN wuInaNsrraranglnensilagliiuunaunsenausLUUsaNTA TN LY
FunanuUsunaeanznaud iaunsaveazateiduian 24 - 48 $alug laviua lnenanis
a ¢ Y] ' Y a ) PN I A T a ' v =
FAsizinznaudanaImemala XRF An13199 4.2 wudndivsinaileddeunaudiegais
Sovaz 67.12 Tunznau Jauansdanisgydeiilofdeoululungnaudingd wagniniinig
WIEUBUAURLNBUNENAIIINNNTVEATANE I ULLINIT 2 TINIUATEILSLUUBNTLATINTY
WU sznaulsenavlumeaneenled (Fe,0,) Wundnuwasnuilofleuasudradoeuin
FadeinlUimsziisaewmaia XRF nuindanedSovay 94.93 uasilefdeusovay 1.72
A9 U13NA1ILA 1T UNBUNITE WS LUUBBNT LTI NT duasuvinliiinn1svzaraleves
TeAdlauldAndmwimnied 1 ludussudaluilunisgrsusfigaumaill 700 - 800 sarwaTed
Y a a I P o Ao ¢ A a 2 o P
919891nNaNTIATIEINIANLTouRgy 3.7 lneilingUssasdiiedsumandamnnilaain
Jupeunsvzavareiiliumaneanled (Fe,0; Uag Fes0,) uazgnidneanluludunaunis

v H A a a ° Y &
Yraga1eaIuUl WnenuInoungil 800 s lwallied Aza1u15nvi b laaNATIvewNEN
panleanigIndi 700 esAngalod nanduevlaavdduiniawn kagi1dnasnaiens
YravarenIgInuandlunan1sTIaAsIEd XRD JUN 4.10 nduiharsazatelinendanig
Yraralgs8uINInNnzNaunlgnsneanyiandzild sudlemdeudamduilefdey
panYIanlanInfiiauIenvay Amandluaunsh 4.2 donnnediunanITInTzinemailn
XRD siaguil 4.11

NdA(SO4)s + 3H,C,04 —> 3Nd,(C,04); + 3H,S0, aunnsi 4.3

naun1sn 4.3 zmulaanlunisenezneulilaileddousanyanazlddndruly
Av9INABNTIANADLLaALNELYINAY 3 TRsNANISANAZNaUMENSARNTIanneltasazane
langymenNankuINIed 2 (U7 4.13) aglardnadiuluamiihu 2.86 FaloanitAmiameug
< v P v a a ° aaa av o ° Y a v
antes 9199zilasnieyszansanlunisvigasennliaiusaviliiinnisanaznauls
:'/’ = a & 1a r-:l'd a ¥ Ql'c': 1 1 el'
Mnua Tudsauasalunsiazivsinalangndusuiadssuin q An1niAiay
anunsadnlawasliarnuiugdadalanamaiia ICP-OES Tutad 9819158 LiaNaTuN
WS UgUNITANAZNDUTULLINIA 1 LASWUINIT 2 WU WU 1 Tadndrulua
Wiy 2.41 (5UT 4.5) Fedfeendnlunuinied 2 nungainddn arsazatglangmiginann

w97 2 THUSuunsaeenaanfiuninnii F9e13esurelainluaisazanelansuennila
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NI 2 duillavemennyidadu q 019 wsdlefdenuinnin iWudy Feauisaunds

VY v %
annznouladuansusenausenaianlaluiy

149NN LIRSS UMBURIRUTENDUNILATIVEINZNDUNLARINTIY 2 LUINT
FuA51Ee8 XRF WUl fUsunuvesilofdluy (3esaz71.89 — 73.80 lagiinniin) waziman
($08820.45 - 0.50 Iagiinnidn) Neeutnalndlfesdy weaagralsAamnuSeufisu Usuaues
aznaullaflousanganainaisaratglaneinennusuia 200 Jadans wuln USunuued
AZNOUNPANLUINIA 2 WU WINAU 3.14 NTU FAUINNIMUINA 1 Falanenay 1.40 NSU
[ gj @ 7N QA' 1 1 a a 5 1 v a Q"
AT UALLAULA ILUINET 2 Taen15819us kuuaand i uasnalibanenauluusuiud

11NN

Tl a

uazdunougaTemamLnaduduiignmngl 1000 ssrsadea wwdsuilefdion
sonvnaslawnsaliiduilofdouoonled Fendnsustaninedldaeddihniam fuandy
15197 4.1 FadoiFulianudeudlulianassiugnidneenluiisgumgd 90-350
paALgaLg od (Lucie De Almeida, Stephane Grandjean, Nicolas Vigier and Fabrice
Patisson, 2012) mmfmﬁaqmmﬁqﬁ?ulﬂﬁia&ﬁauaaamLam (NdH(C,04)s) 2zsUaeuiu
Tomdflouasuaiun (NdL(CO,),) Tladflaneandnisuoiun (Nd,0,C0,) waziuavuduy

Wemllsueanlen (Nd,0,) Tuiian Awansluaunisi 4.4

Nd,(C,04); = Nd,(COs)s — Nd,0,CO5 — Nd,Os aunnsi 4.4

a (% [3

1 < Ay v aaa & ! & I = a a o

agulsnndnduainlanuiserludunausing q Niegluglvesillemideudaims
= a a = a A s og C% no/ ] ¥ e
ledideueanynan wazdlofileveanlediuiinnuluanavesunsiuaie (hydrophillic)
Aadunsiiusnw il linandueiiinautudereud19d1Anaenss lRavalilLuan
ooy wan luseu tiebiladloddvusenleanidannuuiansuiniy wazainnanis

] Yy v < P = a = I @ Ay a A < a v

nAaasina 1INt uIBIUlaI1n15s leAavendeudvanilofdlou-win-luseuriiadou
PnTunsuMswmiinSeuiieulagld 2 uuame Ao MIBzaraeiavun Lagn15e1auTLuY
sandwiin-nsidenyzararetiulindndusiaaeduileofdevosnleduieniu agslsh
a ! | ] a a =i ] Y a ya -
A WudNsE1skuveen@niin luwuinid 2 dwaliiinnisseazaislaanii naunie

AENAUNNYNFINITVLAZAEUBENINIULUINNINA 1 Aes1eazdeaUssuieuluiven 4.4



68

4.4  @upadaguasIn1Tlnaf1veInTEuIUNISS leAavanduudnan

= a o < a [
Wamdlsy-an-lusausianou

al a = 1 < = a a <@ a ¥ Y a %3 & @ = a a
53 latRavaduniianilefdleu-an-lusaursianou Wlandnsueiduillofdey
ponlas dusuiduansasduiiluldlunssurunmsnelniiveanidenasuwar (molten salt
electrolysis) inonanillofidlan InalUSaulisu 2 WuIne 1) n15vgazalenanun —(whole

| a

leaching) Wag 2) N15819usLULBBNTATIN-N1518@anvszazale (oxidative roasting-selective

[
Y]

leaching) anansnasuladisll Ao

4.4.1 dunadaguaiINIsiuafivanszuIunsslRavendewimanilendeu-

13 a 14 a 5 .
wian-lusauvtianoy LuImeh 1 N15¥zazaenemun (whole leaching)

wnRasanBudulnevesdouimdneiadou 1 Alansu Ainunisunan
YunuivuIalannd 212 luasey (70 4%) nadasigsinlewmaila ICP-OES Usenaulusae
Momdloudevar 23.97 Inothwin s wiunsvzazassionsadaiiasn 10 ans Wunan 24
FTus I dndruvecudsoveanar 50 nfuse 500 fadans wainsesazldnsnoundsnis
sravany 0.34 Alandu Tastimin nulSmavandesay 0.92 dlefdlondesas 67.12 uas
wsdleRdunderay 20.79 Welnsizismeomada XRF Andudosazvasmsyzazaromiiiy
66.00 Farunnanaunisi 4.5 Tngdl W, Aetminnnaznousudy was W, aetmdnnin
pgnaugavine damneidlianninvzararsilofdonldvunludunoudandy smiudien
ansavaneiildaindunounisszazaneuiiiuisdsus ulvaegouldiimin 2.31 Alandy
Lﬁaﬁwmsﬂmn’ﬁqmmﬁ 800 sarwaldua unan 2 $alus Ieuinanasnde 1.17

(%
o tY o

Alanfy antudviinistgazaneieiilnglddndiuneudeevearaiviniu 1 nduse 30
fladans Wunan 1 $alus nevdansesagldifunzneuveandneonladuimiin 0.92 Alansuy
NadLATIERRLEwmALlA XRF nulwduwaneanled dUSuiaveunansesay 93.14 uay
sondtaudosay 0.26 Tagtiuwin druansazanslansmenn (RE solution) USunas 33.98 ans
filfnnsvzazatsdaeun SUsiuvesilefdouiuduoyd 2.167 nfurodng uay
wsdlefudioy 0.86 niudedns nuaTiATsidismaiea ICP-OES (U7 4.4) a1ntfusiian
AnRznausBnInean®1an 1 lwans 5.10 Ans azlimdunznou 0.24 Alansu fivszneulusg
Nodflgueensnanlamsandundn lnenadiasigismemeailn XRF nuanduSuiaveanan
anaamdalinsdesay 0.45 Tlondludorar 73.80 wazmstlendloudosas 24.47 Taovmiin

gavinesmIwAadiudy 1000 ssrwadeaiiuia 2 Talus agladlendewsonlydilu
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Wandagigavienidiindn 0.12 Alandu waganuadiasizimemeta XRF wudrildlefidley
Jevay 72.59 uazinslefilleusosay 23.22 lnguwin dauansasuaunaiaguazianisiva
AUBINTEUIUNTIIAaluUN 4.15

o
Y

fatiu TnosuduanUsinamendoulmanilefdlou-wanluseuniindeou 1
Alandy fUsinailendlonSududevay 23.97 Taathmiin deniuduneunissladaluuyims
i1 nsvzavatedevun agldndndusiaaiodudlofidoveonledusunn
0.12 Alandu fiUsuailedloudenas 63.16 Tnsvmiin (iasizvidiomaida ICP-OFS &

15197 4.3) Andudesaznisifuvesilofdlen 31.62 lnerwinldainaunisn 4.6

Wi-Wf

— X100 = %Leaching aunnsi 4.5

USuagniing o
——— X 100 = %Recovery aun1si 4.6

USunaulsusu

4.4.2 dunaIaguasAINIsiafavaInszUILNSS lRavandewimanilefifiou-
wian-Tusaugiadou wumied 2 nsgrauswuvaandiaiin-nsiienys

ava1e (oxidative roasting — selective leaching)

WIDRANTAUUINNGN 2 N8I UUDBNTLATIN-N15FNTLALANYSUAUAY
YouAsuiinanytinnou 1 Alansy NeUNITUABATUIALIULALIAULLINIILIN LAISLANAT
[y a P a gj i | a =1 P a = <
AUATINUWINN @D INITURBUNTTE 1T UUURDNTLATIN T oM 600 BernwalBea LU
a1 1 1lud neunIsidonveazatemunIaganian Ingunnnvodvadduilivaniiloniunis
' | a ~ - a ) R ) 9 H ° v v &

P19 LUVBNTLATINALYED 1.15 Alansy 91NUULLDA9A281 YIRS hasidanyzazans
¥ U a; a [~ 1Y ) 1 a & [
mensataiasn Wuian 24 F1lud ¥innnsnseaswendluiiduaisaras warnenausanaIniuy
Taeludruvasnznautiulatludnseiesrusenaumeamata XRF wuIndusuavansos
av 94.93 lefdlsusesar 1.72 waziwnstlomdlousosas 0.58 Inaundn dannlainusunn
Pt a a a a A | ~ $ a a v | P
voafllefidon wasinsdlemdeuioglunsnouvesuuiniedl 2 dulivSunaiosnituuii 1
ADUTNNINN (EUSuvesdlefllsuseas 67.12 Insuiundn) Andussuazvainisvzazant
WU 92.11 hanaliiiudwulf 2 Tago1@edunaun1seIaLs kuUaanIWANaIuIsaLaan
~ a a P ' a | A o v v Y a8 Y] a )
YrazanetlafdoulauinnInwulIn1en 1 d@uansazaieNvinlikiaealiivindn 2.84 Alansu

otk 1UNITEIwIN oMLl 800 aerwalded Wulial 2 9alus vmdnaunds 1.36

9 Y



70

Alansu udmzaraedeinneunsesusndufifungneu warasasansoanainiu Fsmgneu
fugnoonunbuithnin 0.83 Alansu nalinswvideimaia XrF findnogSovas 92.15
Mofdlewdosar 041 uasmsdlofdlondoray 0.11 Tasthwiin annsaldiduingiuFuduly
gnamnssundnidndld Tudwasazanelansmneind 39.7 dns dudledinnesiesdusenay
mapiiniginada ICP- OES neunsanaznaunuIfivunudlefilloy 2.74 nSusedns wae
wisdlefidley 1.12 nfudedns ntuidennazneudiensneanendn 1 mnududuluans e
Induilefdoueensian 0.62 AlandudsiiuTunamnniildduluuumied 1 lngndndasi
anvied linondsnisiniunadiududl 1000 ssmwaidoa 1Wunan 2 $alus nudnledy
oonledvosilefidouuazimsdlofidon thain 0.28 Alandu duandlusud 4.16 Taona
Amsgvisaawmeila XRF ddleAllivuiauag 73.81 nsdloflousosay 23.80 waveandiay
$ovay 0.83 lawthmiin duansdlugd 4.16

%
Y

ety TneduduanUsunavesdowimvanileffon-mdnlusoursiinfou 1
Alanty fivsunailondlonsududosay 23.97 Taethmin werhuduneunssla@alunuima
7l 2 mavzavaneiimunagldndndasiaaieduilefdenoonlss 0.28 Alantu fileAdleu
oejfavaz 65.09 lntwiin (eseidemedea ICP-OES fimnsnefl 4.3) Amidudpsaznisfdn

Yaetilofiluy 76.03

=) = a a = a = 1 < a o
4.5 L‘lJiEJ‘UL‘VIEJ‘U‘Uﬁ%ﬂ‘VISﬂ"le‘l‘JSU’J‘Uﬂ’]iﬂ%Lﬂa‘ua\‘ltﬁﬂLLQJLWaﬂuIaﬂL&IEm—

< IS % = a
AAN-LUSDUYUANDY WUININ 1 WA WU 2

a a a a a a a | = A v A
NS JUBUUSEANT AINNI53 bubP aVD A UBILNANTYTAN DU UINA 1 AT
YLATANININUA WATLUINIT 2 NI5EIMIRUVODNTLATIN-N1FLEONTLALANY VUNUFIUVDI

Y vy a £ A a o ca & a o cay v P a

fovarnsnAu uazauUIansvesillefdisusanlennilundndugilannnseuiunisiloda

A a a a' 9 a a o W | a
WaN15U19NVBBASLS uAuluUS U 1 Alansy v Y NUIT TULUINIA 1 NS
YrazareNmuatulanandusigavinedmdn 0.12 Alansu NllesAusenauvesillenideysoy
ag 63.16 uazwnstlemdeusayay 21.32 lngumtn Niegaznsnu 31.62 dIUWUINND 2
1 1 a =l = vV a [ L3 ¥ io/ Y] al U a
N13819usuULDBNTWMTIN-N15idonvzazae landndueiaavineuinin 0.28 Alansy 4
29AUsENaUTRINlaMTleNsD8aY 65.09 wazinsdlofmlousasay 19.83 lnsundn Nsouay
P ~ ] v o & vy ~ a a A a a ~
N30 fAY 76.03 Feaziuladisaeswuiniaiuliesazvesillofdouwasinsdlofdoud

IndAeeiu uadmnleuiisusesasnsd Aunssuininvesdndueifladu wuitly
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(%
K'Y o

LUINeTl 2 ansatisegasnsiAuTinInng dsly dmsunisslufavendeudmanyiniou

=

aanunsaaguliiuuimad 2 Tadndnuumadl 1 lnefinsananiesaznsgaududidsy
Fadurnuansnaansdsaninsntetidi funsunistreusuuvoondniivhiudsualf mdngn
sondladlviegluguvesansuszneusenlenney Jeanansadentzavareilefilisuainvesdy
wihmdnviadeuldfnitmnieudievlunsdinisiivesndeuwdmanyiadeuniviinis

VLATAUNINUALAYANT
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Sintered waste
(1 k)

|

Crushing

(1 ke)
Se Seiving #70 mesh

Leachi
H,50, 2.5 M:10L —» eaching > 5 Residue 0.34 kg

S/L = 50 ¢/500 mL
L

A 4

Drying
220 °C
s] 231k

Roasting

800 °C/2h
S}, 1.17 kg

Water Leaching S
DI water : 3495 L —»| —* Fe,0, 0.92 kg
S/L=19/30 mL

L4 Nd(RE) Solution (33.98 L)

Oxalic 1 M :510L ———» Precipitation —— Solution 39.08 L

sl NJ(RE) oxalate (0.24 k)

Calcination
1000 °C/2h

!

Nd.,0,
0.12 kg

‘:4' o ) ) ° [y = a = & a v
E‘lh/l 4.15 LLNUﬂqWﬂ"I{LMa@’JSUEN'JaQLLa3amﬂajaﬂaq1ﬁiUﬂrﬁi‘l%Lﬂam@QLaﬂLLﬂJLwaﬂ%u@ﬂ@uELu

WU 1 Msvzazaniianun (whole leaching)
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Sintered waste
(1 kg)
!
Crushing

(1 ko)
Sl, Seiving #70 mesh

Oxidative roasting

600 °C/1 h
S§ 115ke

Water rinsing
S/L=1¢/30 mL
‘ Drying 110 °C ‘
5§ Lldke

Dl water : 3445 L ——pf

i i s
HSO, 25 M: 1141 — 4 “electiveleaching 5 | o e 0.09 kg

S/L = 50 ¢/500 mL
-
Drying
220 °C
5 l 2.8 ke

Roasting
800 °C/2h
5] 136k

Water Leaching
Dl water : 40.79 L ——» —— Fe,0; 0.83 ke
S/L =1¢/30 mL

Ll Nd(RE) Solution (39.7 L)

Oxalic 1 M :596 L —» Precipitation —L—> Solution 45.66 L

S l Nd(RE) oxalate (0.62 ke)

Calcination
1000 °C/Zh
Nd,O,
0.28 kg

[y o o

JUT 4.16 wunmnisivadivesiaguasaunaiandmiunisslufavesdeudnanyiadeuly

9

a

WUINIET 2 AT UUURBNT AT N-N1SIdanTzazale (oxidative roasting -

selective leaching)
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Conditions Element (%)
(Sintered waste) Fe Nd Pr | Co| O S Other
Route I: Whole leaching
As received sintered waste 67.50 | 18.705 | 6.29 | 3.85| 0.63| 0.02 | balanced
LC 71.49 7.65| 240|433 | 0.69 | 13.06 | balanced
LG, filter 0.92 | 67.12 | 20.79 -1 0.87| 8.70 | balanced
LC, R 800 °C 83.81 7.40 | 2.45|5.03 - | 1.06 | balanced
LC, R 800 °C, WL 93.14 0.71 ] 0.21 542 | 0.26 | 0.07 | balanced
LC, R 800 °C, WL, P 0.45 | 73.80 | 24.47 -1 0.56 | 0.12 | balanced
LC, R 800 °C, WL, P, C 1.20 | 72.59 | 23.22 -| 1.45| 0.13 | balanced
Route II: Oxidative roasting-selective leaching
OR 600 °C 74.75 | 14.80 | 4.66 | 3.39 | 0.85| 0.02 | balanced
OR, LC 68.42 | 10.37 | 3.31|4.65| 1.34 | 11.17 | balanced
OR, LC, Filter 94.93 1.72| 0.58 | 0.74 | 0.327 | 1.01 | balanced
OR, LG, R 700 °C 44.84 | 12.06 | 3.98 | 2.74 | 22.87 | 12.75 | balanced
OR, LC, R 800 °C 77.07 | 11.28 | 3.68 | 5.45| 0.79 | 1.40 | balanced
OR, LC, R 800 °C, WL RO 0.41| 0.11 631 | 0.61| 0.17 | balanced
OR, LC, R 800 °C, WL, P 0.50 | 71.89 | 22.63 -1 3.19| 0.18 | balanced
OR, LC, R 800 °C, WL, P, C 0.31 | 73.81 | 23.80 -1 0.83| 0.07 | balanced

*C: Leaching, R: Roasting, OR: Oxidative roasting, WL: Water leaching P: Precipitation, C: Calcination

A1599 4.3 NaIlATIEIReRUSENRUNILLATAEATA ICP - OFS 99U aldsuiinanastnnou

Conditions Element (%)
(Sintered waste) Fe Nd Pr | Co | Dy | Na Other
Route I: Whole leaching
LC, R 800 °C, WL, P, C -| 63.16 | 21.32 | 0.02 | 0.15 - | balanced
Route II: Oxidative roasting-selective leaching
OR, LC, R 800 °C, WL, P, C -| 62.09 | 19.83 | 0.03 | 0.15 - | balanced
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NANISNAADILAZILATICANANITNAADY

n195 lwLAava L dy AN TLANS

AM5NAADIS loiRaveRdsLlnAnviang aviUseaniduaaaluInagufefueady
siiafou Tnouwmausnaviitunaunan 9 éﬁ’mam‘lugﬂﬁ 3.5 (Ul 3) dum597 5.1 Lan
nanfaueiilalundavdunoulnsuanaUsouiioussninauuamed 1 uas 2 Suduain n1sens
LSUUUERNTLATIN N5TEarans N15EI9T ANSANAZNOY LaznSWILAaTILTY (TnauwuIvned
1 ldvhnsgausuuusen@ndio) annsSlefavendoudmdnuianazunnaisainveadesie
founssfigungAfliludunounisgnaus asldf 750 wae 775 ssrisaidva druvedovin
Aouasld? 700 uaz 800 ssrmwaliea waziovwesdordansniunsyuaunissleidas
aosuuawdnsasiaavnedidasduillefdueenladidunan sudeenladuaslangmienn

« \ ay a a @ v o= Y ! a o &
Bu 9 1wy wsTleniden 1 Uudu Fawanisneaesilnaznanlavazidensseluil

A1 5.1 NAANAUIN LA LULAAZTUADUVDINTS bLAAUDILE 8 LU WA NTTANILUS s UL B
WUV 1 NI19%zaza1en Inuun (whole leaching) wag 2 N15819LT WU

pnTLavin-n1sidentzazae (oxidative roasting - selective leaching)

Step Route 1 Route 2

1) Crushing of powder

1
]

P
ll i |l|£|l| ||l|‘Is\H||\Ilw|’

S|
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Step

Route 1

Route 2

2) Oxidative roasting

3) Water rinsing

4) Leaching

5) Drying
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Step

Route 1

Route 2

6) Roasting

T

!

2
L

T

al 7 y
b bl

7) Water leaching
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Step

Route 1

Route 2

8) Precipitation

9) Calcination
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5.1  WHaN1sNAassuuInIei 1 nsvzazanenanun (whole leaching) 115U
= a = 1 < a
ANSS LY AAYD L ALLUAN VLA
= 1 <@ a
5.1.1 WNaNISYZATANYVDLAYLURANVUANS
N153bULAAYDLAUILANIILLS UAUINNUIVBUAUIINNITVEALANUAIUNTA
Faf5n Anududy 2.5 Tuans Wussesinan 24 $2lue agldansavarefiaadeala anniuih
ansazansanseaziliusa azneudiléiidm whnhluimsgvishematia XRD fagud 5.1

wuldlanasivesilefideudans wazmandaaidunan wanaindfinamuallnasived

HloAflousenlan wazdu 9 1wy waneenles wava1suau Wesaniey

‘FCEO;,
_ FC304
10000 NGO,
9000 . v NdFeO,
- =) FCE(SO_-‘);
8000 - = Ndy(SO,);
7000 - ¢
5 6000 -
£ 5000 -
5
£ 4000
3000 A
2000
1000 -
0

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

JUT 5.1 wadAs1g9i XRD veudsudmanudang vaanszuiunisyzazans Tuwuavnei 1 n1s

Yrazanevavum (whole leaching)

5.1.2 Wan15g19Ls U9 auninanviang

AENFIINNTYEATa18aenIagailiTnyivlaaisusenaveylusures
Fainn naantuuidgiuneunisgrausiguvad 750 uag 775 ssmiaigua iievinli
a1sUsgneudamniudsulveglusvesansuseneveenlys ndndueiiilaszidoaniiaauns

¥

ndudlviwsgisiemeaiia XRD nuainasivenndnaanlan (Fe,0,) uafiganausing
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awnpswesilofifiosdaminuazimandamaduandlusui 5.2 egslsArdaunaliingumgd
msthausidesgumnitu Tiuafirouddlndifsstuutanmsmassadowudeieuioy
nadinsvisnemalla XRF ¥83115819us7 750 ssmwaidea difleAdloniosay 14.72 uas
wmstloffouenay 3.64 laptmin daunisgrausi 775 esansaidoa Tifosazuns
flofuilen uasmsdlofdlondininiy Ao 14.01 uay 3.40 Tnsvmidn FeduTeaguldinisens
usTigangfl 750 svreaila tnasndugnmndfionngay vdsntuinEnsasiildmends
mﬂmzmumiﬂ'mdmL%’waji‘jy’umauﬂﬂi%azawaﬁaaifﬂ wdathunseufowsnduiiiu

ATNOU LAZANTAYANYRNANAU ANTUIaSazaNeRleuvinn1sanasnaulutunaudaly

A FeZO_;
Fe;O4
16000 - A Nd,0,
P v NdFeO;
14000 - o Fe,(SO,);
® Nd,(50y);
12000 ~ * C
§ 10000 -
> LC,R775°C
= 8000 ~ A
=
o
S 6000 - A
4000 ~
A A
2000 7 LC, R 750 °C
A
0 T " T

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

* LC : Leaching, R : Roasting

JUN 5.2 Ha3WATI¥9 XRD U09AENBUNAIAINNITEUSTNRUNNN 750 wag 775 aeraaigya

= ! 3 a ‘:l' o .
o dsulivdnviiang Tulwnei 1 nsvzazaeviauun (whole leaching)

5.1.3 Nan1sanAznauvaddswlvianvlafou

IINNIANALNDUAENTABBNTIANALLANAA AN NLFV 1 DUBUY Fanansluy
A15199% 5.1 Fadlatluimsizvienemaia XRD wuawnasiveslilofisuaonaanlamss
Wunan srudunsdlefdlousangnanlanss uananiddalalunnsnveunanaansiian

lawmsn fagui 5.3
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¢ Ndy(C,0,)5 10H,0
_ ® Pr,(C,0,),10H0O
1 8000 : § < C22F6(54'24HZO ?
16000 7 © 4 Fe,05
¢ v Fe304
14000 v NdFeO;
o Fe)(S0,)s
= 12000 A m  Ndy(SO,):
g 10000 | | 53 « oo
%* J LC, R 775 °C, P
5 8000 4 o 3
E 4
6000 A
4000 A
L
2000 A
J v LC,R750°C, P
O T T L T T

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

* LC : Leaching, R : Roasting, P : Precipitation

JUN 5.3 Hansiasgvimenaila XRD duneun1sanaznouveudesiang Tuluivned 1 ms

vrazanevavug (whole leaching)

5.1.4 NaNISWILAADIUTUVDILFUUURANBLANS

lutunauanynensHIkAagiutuigamai 1000 ssrgaded Welldeu
asusznevesnyanlawmsnvesilefideunlianduneunisanazneulvedlusuveteanlend
a o ¢ Y Ay aa H ) a ~ A o a v a
nAnSudigavineldaziideaniiniami Aennsei 5.1 Falleunldinszisiemaia XRF
wualUneswesiilefdousenledidundn uonainl linvanasvesasusuiasusinglu
Junoun1sanazney Jeeraduldladnsiueadiuduauisamnmdnaisvsusenldle

Flaguil 5.4
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A Ndy0;

« Nd(OH);
20000 -
18000 - A
16000 -
14000 -
12000 -
10000 ~
8000 A
6000 - A

4000 -

A a A 4
] JL J M }
., A A A A n
0 = T LI T T T T T A A| Ay L%_L

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

Intensity (cps)

SUN 5.4 na3lAT1e9 XRD 10 UadldeydaNevatainn1siniwAadiudy 1000 s waides Tu

WU 1 N3vzazaniianun (whole leaching)

= a = 1 < a a 1 1
5.2 NANISNAADLS LULAAYD T BLULNAN VLAY (BLUINIIN 2 ATTYIILLILLUY
panTaNW-n1sLaanvzazany (oxidative roasting - selective leaching)

5.2.1 Nan15ENLSLUUDDNT AN WY EsUANTRANS

lagisuauINN1511vedevlanau1viN1 381 L ULBDNTLA NN g un il
600 uag 700 semwaldesd zldnandmainideoninie Welilulaszisemeaila XRD
< § & [ [ oA a 1 ' a =
wuawnasveunaneenledilunan lagazdunaitoumainisgausuuueandiniin 600
= Yo < s A % YA v | =
aarmwaldea agladndiuvenndneenlen Fe,05 Uay Fe;0, MAutndlnaiAigaiu wimnuiy
gaumginisgneusuuveandindinilu 700 ssrwadod dwaliannsives Fe,0; dugeu
! 1 3 Y o S o I a a & a a
UINNTIIVBY Fes0, ataiulatn wenanidmualnasivesillofllvueanled dlofiley
< 3 s [ a" v I g ! ! a = &
wianeenled uaza1sueu duanslugun 5.5 Aaduaindunaun1serausiuueangiafiniy
wandliiiuinfigamad 600 serwadea duunvzsilugumgivunzauidewinyiiliiie

Fe;0, ludnahuiunnniuaziiaganinsagnansmsiineuingnsveazany
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A Fe,04
v Fe;04
6000 - A NdyO,
v NdFeO;
* C
A
5000 +
=z 4000 +
£ A
=2
A
£ 3000 | N v
Z * a Y A - A
5 v ARA a vy T o) % pAA ORT00°C
=
— 2000 A A N
i A
1000 v
v . ala OR 600 °C
0

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

* OR : Oxidative roasting

a

JUN 5.5 HadlAT1¢91 XRD e Uadde v laranain1seielsuuueandniiniiaamail 600 uay

700 aerwaldod TuwuInIed 2 N1SE1SLUUeDNT LA N-N1SIaanYrazans

(oxidative roasting - selective leaching)

WONINUUINAAN WINARNIUTUABUNITEII LUUDBNTLATINA 600 DA
waldea Waaszvimemalin SEM wuineunaiviavgiukazaziden Wealnieimewmailn

PN v v a 3 a5 a a o ‘:1'
EDS LlUULLNUY LLﬁﬂﬂIVTLVTUﬂWiﬂi%"ﬂ’]U@?Uﬂaﬂﬁq@@aﬂ"mﬂ]u LGN LLamJIEJ@LlIEJlI @QEU‘W 5.6
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Fe Ka1 Nd La1

JUN 5.6 namsiaTIinemallin SEM-EDS WUURNUT A18116an15e19kkuuaandiniin 600
= o a PN | ] a a =
DALY ALY Y AUVDIVDILFYYUAN ELULLU’J‘V]’NVI 2 N15Y19ULILUUBDNYLANN-N15La BN

Yrazay (oxidative roasting - selective leaching)

5.2.2 Nan1svzazalyvaidsuiianviang

ANENSINITEUILULOBNTLATING 600 way 700 osrngaided Wnedilau
gravarwaenadaiiinazliasazatenevainisvzazaroidudunedy nunzneuande
waziflantunisnsesuenaznouesnldaisazarsdider-wdeda snandunsied 5.1 1
ansaratenenaInseaudinviliuieslidundndasidesnyumnin diohluieszviaag
wAsla XRD nuanns1vedlendlsudandunan sesaswnfe wandawn wazilendey
oanles uenanidmuanasdy o wu dleAdlenmdneenles uavavewiisndntes
ﬁQLLamaiugﬂﬁ 5.7 §99d0nmIIHanN15YTaz a8 ueINITE NS LUUDNTLATING 600 waz 700
ssrwaldoa Tinadilndidesdu umdethluinsizigromaia XRF wud1n1581905 WU

2ONTLATINT 600 B9ANYALTEE UNLoAaNSPEaY 9.90 WAaLINSTlaflauSasay 2.40 lay
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wiain daudl 700 esrivaldea d¥evazvosilefideu 2.44 uaziwsdlofidon 0.59 Tng
hain Feasifiuiinsgnusuuveandndiniiguvgd 700 ssaneaiea TH3umues
flofiflon woznsdlofdeuiosninisgausuvueendiniing 600 esmiwaifea faui
asulsinmsrausuuueendinding 600 esmwaidoa hazidugamgifivnzauuinisinm

° = = = = o a ! ] a a a
Vlﬂﬂﬁsnzazmamjfﬂ LN@L‘U?EJ‘ULV]EJ‘UﬂUQﬂJ‘ViQﬂJﬂ']iEJ']\TLLﬁLL‘U‘U@E]ﬂ"'ULﬂVlW 700 29A LAY

A Fez();
Fe;0,
25000 - A Nd,0;
v NdFeO,
O Fey(S0,);
m Nd,(SO,);
20000 x C S
& 15000
2
g OR 700 °C, LC
£ 10000 :
5000 -
OR 600 °C, LC
0 T T T T T T T T T T T T T 1
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
* OR : Oxidative roasting, LC : Leaching 20/ degree

JUM 5.7 HaAT1811U89 XRD 18390 A3 laNaluNTsUIUNITILaLaIuNIENINITE1INTT
a PN ' ' a a 2 . .
gAY 9 lukuInan 2 Msgransiuueendiniin-n1sidenveazaty (oxidative

roasting - selective leaching)

5.2.3 NaN15819LLS VDL AULUNANYTANS

a o  eayy Y] | |l a = Ao
Wandainlanendiniseusioumad 750 waz 775 asrnaaiBea Ideen
wimawnd Wetluimserimewatia XRD aunsausdladnmandaunzgniudeuluiiy

< 2 Q‘yw a dl ¥ 1 < o = a A U
widnoanles uenandgallaidnasveounady o laun mandas dlefidsudais

AT a a s ¢ Y] a = a a a | ]
loddeueanles wazarivou AeguN 5.8 WowSvuifisunavesgumginisg1ausiuy
a a U dl Y U 1 1 U 1 1 a a c{l
2ONTLATINA BLNET LA T UN YN INITVEALAIULATYIIUTNUI NITENUTLUUDDNTLATINT

gl 600 sarwaidea vnliAndumaneenledviin Fe,0, aunsagnandeandieuiiu

9 Y
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dadgaufinnndy Feinliannsafdnamanieglusuveseenlaseenluldunnni dwalvide
Yranzararsnaze1auslasianiseg 19999 750 ssrwaldea azlaaunasvesilondion
Fawlniigetulndifestundnoenled Saunndrainnsdusamsgiusuuuoondndind 700
ssrwalded Juflotinvzararsuazerusezdinddiadnasveandneonlesiiude usld
Fneuvesilefdondaminiitosnit uenaini nan1snszidemedn XRF lunisnaaes
L oedunuIndnd el landsainnisereus il onunisg1eus wuueendafingd 600
parwaldoa TUsunileomdondesas 12,69 - 13.99 Tagtwin @1un15819us LU
pondLaiing 700 ssrwadva axliUsuaidlondloueuiniidosay 8.52 - 9.89 Tnstimin
fadu mnduneunsgrausfiansnsovenldingumgfinisdieusuuveendininfimnzande
600 8aA1LYALY v d LLazqquﬁmiﬂNLLi'mwa‘”amwzazamﬁmmzamﬁaﬁ 750

DIANTALRYE ANNSUTUNDUNITANIZNAULAZANSLAaTUT UL LAl aRlieuaan e luiide

fald

a Fe,04
v Fe;0y
30000 - A N&O,
v NdFeO,
O Fey(SO,);
B Ndy(50y);
* C
OR (190 °C,LC,R775°C

25000

20000

15000

OR 600 °C, LC, R 750 °C

Intensity (cps)

10000

OR 700 °C, LC,R 775 °C
p

5000

OR 700 °C, LC, R 750 °C

0

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

* OR : Oxidative roasting, LC : Leaching, R : Roasting

SUN 5.8 HaTLAT1891 XRD Y8e0adeylnnenatainn1sgausnaamgiiag 9 lukuinnem 2
N1 19T ULUUBONT LA W-N1SLa onTrazay (oxidative roasting - selective

leaching)
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=] 1 < a
5.2.4 Wan1IANASNIUYDILSYLLULNRANYUANS

Fothuvhnsanpzneusiensaeenenan nandwusinlsaiidunenvy fs
m15797 5.1 detluieszdaasmaia XRD nuanasidlefdlsuesnsanlansn uaz
wiEnooneuaslawsmduananudn fuandusuii 5.9 Tasagduirgumgdluduneuns
FausuUUDNTATIN LATAISENILSTINANSENURBTUABUASANAYADY 11949INANTENIUIUUY
0andLAN? 600 ssrwaldod uazg1eusf 750 osrwalfoa Yudwalialnnsives
flediflonoensuanlansndeudisgannnindlowisuiiouiunsgiausi 775 ssrivadea
MNHANINAADITINAAINTIVEALAIINTETT 750 ssmiwaldea unazdugumg i
Wna SaWAN eI Lo g INIAnRENeUR 8D NYIANLATRIUTUABUNSNNSE 1 aUS
LUUBDNTLATiN 600 aeraITed wazeawsy 750 esrwalded MWL%’]@%UGIE]WET@VLU Ao

NISALABTLUTY 1000 B9ALYaLTYd

& Ndy(C,0,); 10H,0

¢ C,FeO,2H,0
16000 - A Fe,0y
¢ ° Fe;0,
NdFeO,
14000 4 § 2 FesS0y)
* B Nd,(S0,);
12000 - * C
7 *
& 10000 -J OR 600 °C, LC, R 775 °C, P
— ©O O.oV oRY
) <
£ 8000 4 ¢ o
=
L <&
E 6000 A
4000 -
2000 1
J g)R 600 °C, LC, R 750 °C, P
0 T T T T T T T T T T T T T 1
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree
* OR : Oxidative roasting, LC : Leaching, R : Roasting, P : Precipitation

JUM 5.9 #aTLAT1¥Y XRD AMENINITANALNBUMIENTADDNYIAN AIUTNTY 1 Tuans Vol
= a a I ] a8 A A a =~
YoUFVTARINHIUNTE U TWULDBNTATINTIgUNYH 600 BemLwaIgya TukwInig
4' 1 | a = = . . . .
71 2 ANTYNLIBUUBBNTLANW-N1TLaNYEaraY (oxidative roasting - selective

leaching)
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5.2.5 WaNISWILAATLIUTUUDILE L‘Vigﬂ"UﬁﬂNQ

= a

gANIeN1SILARTIUTUNIgUNYH 1000 Berwaldud Lilaldeuillasidey
sonynanlawmsaluiludlofdisueanled azlindndusigavnadudosniimami deily
Tmsnzvisaswmaia XRD wuilledleusanladiduaiunasindn agrelsnddanany

Pefdeulansenladusingiluanasivuinin daansluguil 5.10

A N&,0,
* Nd(OH),

25000 1~
20000 +

15000

10000

Intensity (cps)

5000

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 / degree

U 5.10 Ha3iAT1e9 XRD v83veudeyilanaiasannn1smiiaadiudy 1000 ssrmwaidys lu

WUV 2 N15819UTHUURNTITIN-n15laenvzazvany (oxidative roasting -

selective leaching)
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[ Y 4 = a =) 1 <
5.3 ﬁuqmﬁquazmmﬂwaﬁ%%aﬂnizuaumﬁ‘lmﬂa%auaEJLL:u L8N
4 a o < a
Ulafllga-an-lusausiinug
ms3luAavondeousdindnidageilofiflon-manluseuviang iiolilanansiusi
gavineduiilefidlaneanlyd lnaiUSauiiou 2 wwavne s 1) n1svzazaieianun (whole

| a

leaching) uag 2) N3NNI LUVBDNTLANN-N1518NIEazATY (oxidative roasting-selective

Y

leaching) anunsaasulanatl fie

53.1 augaddquazienisinafiivanszuiumsslfaveadewimanilofiliou-

=3 a a g’/ .
WAAN-TUTOUTUANY UUINN 1 N15TEATAUNUA (whole leaching)

Tnoisuduanvosdoudimanioug 1 Alansy diursunsunanuu1naudl
yumannin 212 luaseu dnludesigisemaila ICP-OES wuinidlefllousesay 21.66
Tngvwdn 91nduthuiiiunisevavatedaensadailasn 10 ans 1Wunan 24 $2lu9
WuhgInuTedsrianeu walnsesanlangneu 0.11 Alansu wuseuazvesilonidey
68.91 uavinsdlondlon 16.63 Ingunmidn Wodmsesidomaia XRF Fuanslunisned 5.2
Andudesazvenisyzazataindu 89.00 Famuneaiuaillanunsavsazats flefdeuls
vaslutuneusindn daluihansazanefildannduneunisveazasuviliursayldiimin
2.99 Alansu noudngmsgrausfionmnd 750 ssmeaidea unan 2 $9lus Idmidnanas
wide 1.39 Alandy antashunyinisveazaeseinduna 1 $lus mendsnsesazldidu
aznouveaansenlasimidn 0.98 Alandy Fsmadnsizidiowmada XRE wuinduman
sonlas TUSnuwoundniosay 98.93 waveondaudenas 0.30 asumiin diuansazans
Tangmennildnendanniseeazanemeiniusinm 41,31 ans Mndutananazneudie
nsnoone1an 1 lwas 6.20 ans axladunznou 0.40 Alansy iszneulusmedlenduuoen
yanlawnsadundn lnenainsvviantemaia XRFE nuindusunuveavananaaundelites
$ovay 0.57 lofulondonas 77.19 uasmsilofdlondosay 19.79 Tasthmiin gavhenisiw
uAaBLLTY 1000 ssmaLdua Wuna 2 9alus ayldilefifiousenlediundn Sausigavined
fihwiin 0.21 Alandy wazanuatasEvidiomaia XRF wuinillefdloudosay 78.16 waz
wistlofudlendosay 19.42 Tneniniin dauansagUannatanuazisnislvasveanszuaunss

loidalugui 5.11
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53.2  gugaidguasianisiuadivasnszuIumsslafavaadeusivaniilendiey-
WMAN-TUTAUITANG BWUINIT 2 N15819MTLUUBINTLATIN-N15LA DNV

aza1y (oxidative roasting - selective leaching)

wnfinsanmsslafavendowindnviansduwuimied 2 agldveaduisudu
1 Alansu Yrn1unanIuIn NANERaINISEILsuUURaNGIdinazla 1.18 Alansu wiud1emie
huagshluia noudngiunsunisszaraiedensndadinin 11.67 Ans Wuan 24 2l
arlnznauntendenisvzazais 0.05 Alandy Wotezneuludnsmzisomain XRF wuid
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THwuINI9N 2 NFLUIUNTENTLUUBBNTRAN-N1SEDNTEazaelAUSEANS AINARNIN

Powder waste
(1 kg)

|

Crushing

(1 ke)
sy Seiving #70 mesh

Leachi
H,50, 25 M: 10L —» | S > Residue 0.11 kg

S/L = 50 ¢/500 mL
L

Y

Drying
220 °C
sl 2.99 kg

Roasting
750 °C/2h
Sl 1.39 kg

Water Leaching S
DI water : 41.59 L ———» — > Fe,0, 0.98 kg
S/L =1 ¢/30 mL

Lir Nd(RE) Solution (4131 L)

Oxalic 1 M:620L ——» Precipitation ———— Solution 47.51 L

Sl Nd(RE) oxalate (0.40 ko)

>

Calcination
1000 °C/2h

Nd,0,
0.21 kg

[y o

SUN 5.11 ununnnistrasivesianuazaunaiand miuniss lufavendeudindnyiinnaly

q

WUINNT 1 A19F¥zazalsnvun (whole leaching)
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Powder waste
(1 kg)
'

Crushing
(1 ke)
Sl Seiving #70 mesh

Oxidative roasting

600 °C/1 h
5§ L18kg

Water rinsing
S/L = 1¢/30 mL
v
Drying 110 °C

S ¢ 1.17 kg
Selective leaching
5/L = 50 /500 mL

gl

Drying

220°C

S l 3.24 kg

Dl water : 3531 L ——»]

S
H,50, 25 M: 11.67 L ——» ———» Residue 0.05 kg

Roasting
750 °C/2h
sl 1.34 kg

Water Leaching S
DI water : 40.29 L ——» —— Fe,0; 0.94 kg
S/L=1¢/30 mL

Ll Nd(RE) Solution (29.48 | )

Oxalic 1 M :592L ——pf Precipitation —L—r Solution 45.41 L

S l Nd(RE) oxalate (047 kg)

Calcination
1000 °C/2h
Nd203
0.24 ke

[y o [y

SUN 5.12 ununnnistnasivesianuazaunaiand miuniss lufavendeudindnaiinnaly

q

=

WUINT 2 NTENUTHUUDDATLATIN-N15La0nTzazane (oxidative roasting -

selective leaching)
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A15997 5.2 NaIATIZReRUTENaUNILAaIemATA XRF Ya3vaddnilivanaiingg

Conditions Element (%)
(Powder waste) Fe Nd Pr Co| O S Other
Route I: Whole leaching
As received powder waste 78.01 | 17.14 4.09 -1 0.33 | 0.01 | balanced
LC 7432 | 9.08| 211 -1 0.89 | 13.19 | balanced
LC, filter 4.36 | 68.91 | 16.63 -1 0.97 | 8.59 | balanced
LC, R 750 °C 81.73 | 12..17 | 3.02 | 0.25 | 0.40 | 1.98 | balanced
LC, R R 750 °C, WL 98.93 | 0.47| 0.11 -| 0.30 | 0.09 | balanced
LC, R 750 °C, WL, P 0.57 | 77.19 | 19.79 -| 1.27 | 0.16 | balanced
LC, R 750 °C, WL, P, C 0.51 | 78.16 | 19.42 -| 0.66 | 0.07 | balanced
Route II: Oxidative roasting-selective leaching
OR 600 °C before rinsing 81.60 | 14.21 3.45 -1 0.39 | 0.01 | balanced
OR 600 °C After rinsing 82.55 | 13.35 3.20 -1 0.38 0 | balanced
OR, LC 6731 | 1093 | 2.89|0.31 | 1.10 | 16.91 | balanced
OR, LG, Filter 94.91 1.40 | 0.34 -1 0.62| 2.59 | balanced
OR, LG, R 750 °C 84.55 | 10.74 | 2.61 -1 0.37| 1.63 | balanced
OR, LC, R 750 °C, WL 98.88 | 0.41 0.08 -| 0.42 ] 0.08 | balanced
OR, LC, R 750 °C, WL, P 0.33 | 78.45 | 19.76 -| 0.76 | 0.11 | balanced
OR, LC, R 750 °C, WL, P, C 0.30 | 80.00 | 18.42 -1 092] 0.10 | balanced

*C: Leaching, R: Roasting, OR: Oxidative roasting, WL: Water leaching P: Precipitation, C: Calcination

A1599 5.3 NadlAsIzIiRerUsEnaunIaLAlisnsmAila ICP - OFS vosvadduniivanuiinug

Conditions Element (%)
(Powder waste) Fe Nd Pr | Co | Dy | Na Other
Route I: Whole leaching
LC, R 750 °C, WL, P, C -1 6123|1383 0.04| 0.15 - | balanced

Route

ll: Oxidative roasting-selective leaching

OR, LC, R 750 °C, WL, P, C

-| 68.11|14.93

0.02

0.16

balanced
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6.1 n153lviAavandeudimaniilofdisu-wan-lusauviniau
voudeudundnilefifon-wmdn luseuriadeudildannssurunismandn Sududl
wanSesay 59.81 dlendleusesay 23.97 wstlofdleusesay 7.124 uavluseuSesay 0.261
Tnevmdn Wewuriunssurumssladaoudiouly 2 wwane fe wwIniedt 1 a1
%azawﬁgmm (whole leaching) LATLUINIIT 2 N15819us wuveandmTin-n15.den

Yrazany (oxidative roasting - selective leaching)

Tag U199 1 SUALAINNISVLATAEMENITATATISNANUILTY 2.5 Tua1s 1ian
24 F7la1e NN 700 - 800 aerwalfEd LA 2 F3las AeuvraraleaILi

LAIANAZNBUAIENTABONYIANANUTNTY 1 TuanT aavineikiaadiutuigamnd 1000

q 3

(%
Y

DIANGALTYE 1287 2 TLUI @IULLINIT 2 LLAUTUADUVDINITYIIUS WUUBBNTLATIN

'
=

Ngungil 550 - 800 BemLwalded L1ad 1 Falue neutignisyzaraty aunsnagunanis

1Y

Naadlanall

6.1.1 N158196IUUDNTLARNIULUININ 2 Bredwas Uy NANISEeNTEAZANe
Tlomdeulafninluwuinief 1 §99nn15819usuunean@ininiiglagamgil 550 - 800
~ A a ~ b A \ =~ ° v | I
peAgalfud WuItaandl 600 eerlwalByd nanandn ey kel van
TNodllsu-wan-lusewiansidsunlaunaidunansenlas (Fe,0; way Fe,0,) 5154
annsaanniainileflleumaneanled (NdFeO,) Fsavgnuzazaislaen Jsduasuliiiin

s aBNTTara18tlefluuAenNsATaNISN AR bUTURaUDA LU
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a

6.1.2 Msgusiiguunll 700 - 800 asrwalfed azdredsumandainnain

Y

[
Y

Jupounisvzararglidumaneenlundeusenoumawlaessneanlenidundn (Fe,05)
anunsanseskenaandungneuntendinisvzazatesiei Jeanusailuldlugaamnssy
a 3 a % 1 =l a a o d‘ o % g Y] 1
naaadle diuileflisudainail oununveazatunieunazavatenduliagluguaes
ansazanesuiulanegmeinviindu Ieluasazanelavenenn lnenuinnisgreusioamal
800 aerlwaldea WinananIesannlamanaanlaeduinniilessuieuiun1sg1asa

gauMQil 700 BaAwaLTYa

6.1.3 nsenaznaumensneengIan 1 lwand Ui 15 1addns luansasanglane
megn 100 Faddns aswWdsuillefleuuazlavemenvilndulviegluuvesansusznaueen
FUAN WATAINITORILAATILUTUN g Tl 1000 sanwadea Wuian 2 Falua vinlile

a 2 [ v

nandadigavneiuilofdivueenlydsiuiseanlydvadanzmeindu 9 wu wsdleflisy
WWudu

6.1.4 LEolUSoULigUIAUITENRUNINLANYDINANA U9 7 L a1NN1SS AU

¢ Al v ) =) o Y a o ¢ &

29AUTLNBUNIWALTA bNALASINY TASTURUINIA 1 ANSVLAZAIUNINUA taNARN U9 L TU
eddsusanlomdundn Usznaulumeilafidonsosas 63.16 wazinsdlomdlousasas
21.32 @ULUINT 2 1158 19BILUUDNTLNN - n1siAanvrazany Iedunansueiidu
emdlsueanlamdunandsznavlualsdlofiiiousasas 65.09 waznwsdlofliousosay
19.83 lagu1nn
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6.2 n5slufavandewsimanilefdiu-wan-luseusingg
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A1519 V-1 NAILAIZNRIRUTENBUNIBATAIEMATIA XRF (@15U52naU) 9990155 kikAawad

deulanay (sintered waste)

Conditions Compound (%)
(Sintered waste) Fe,O; | Nd,0; | Pr,0, | Cos0, SO, Other
Route I: Whole leaching (with crushing)-C
As received sintered waste 70.08 16.41 5.55 3.80 0.03 | balanced
LC 48h 64.38 5.41 1.88 3.98 | 24.06 | balanced
LC, filter 36.66 28.52 8.59 2.23 16.05 | balanced
LC, R 800 °C 83.32 6.91 2.33 4.50 1.95 | balanced
LC, R 800 °C, WL 92.61 1.41 0.48 5.20 0.12 | balanced
LC, R 800 °C, P (90 ml: RE 200 ml) - 73.65 25.41 - 0.25 | balanced
Route I: Whole leaching (without crushing)-S
LC 48h 64.16 5.79 1.86 3.90 24.04 | balanced
LC, filter 40.95 30.12 9.31 2.48 16.60 | balanced
LC, R 800 °C 84.37 6.32 2.07 4.96 2.01 | balanced
LC, R 800 °C, WL 92.44 1.28 0.41 5.24 0.105 | balanced
LC, R 800 °C, P (90 ml: RE 200 ml) - 73.74 25.27 - 0.23 | balanced

*C: Leaching, R: Roasting, OR: Oxidative roasting, WL: Water leaching P: Precipitation, C: Calcination
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M1319 9-2 KadATIEeAUsEnaUMBAimemaila XRF (579) 1030155 loiAavenduyiln

Nau (sintered waste)

Conditions Element (%)
(Sintered waste) Fe Nd Pr Co o) S Other
Route I: Whole leaching (with crushing)-C
As received sintered waste 67.50 | 18.705| 6.29 | 3.85| 0.63 | 0.02 | balanced
LC 48h 71.34 6.90 2.39 | 4.65 0.82 | 13.52 | balanced
LC, filter 37.33 34.36 | 10.29 | 2.40 0.93 8.58 | balanced
LC, R 800 °C 82.29 7.97 2.68 | 4.68 0.40 1.01 | balanced
LC, R 800 °C, WL 91.92 1.62 0.54 | 5.43 0.25 0.06 | balanced
LC, R 800 °C, P (90 ml: RE 200 ml) -| 7339 | 2521 - 0.65 0.11 | balanced
Route I: Whole leaching (without crushing)-S
LC 48h 71.06 7.39 2.35 | 4.55 0.82 | 13.51 | balanced
LC, filter 40.63 35.53 | 10.91 | 2.59 1.00 8.71 | balanced
LC, R 800 °C 83.43 7.30 2.38 | 5.16 0.41 1.04 | balanced
LC, R 800 °C, WL 91.68 1.47 0.46 | 5.46 0.39 0.06 | balanced
LC, R 800 °C, P (90 ml: RE 200 ml) = 73.42 | 25.05 - 0.70 0.10 | balanced

*C: Leaching, R: Roasting, OR: Oxidative roasting, WL: Water leaching P: Precipitation, C: Calcination
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A1519 A-1 NATLASIZTRIAUTLNRUNWALAIENATNA XRF (815U52n0U) LU 99AUYDINS

SleAavouduriiang (powder waste)

Conditions Compound (%)

(Powder waste) Fe,Os Nd,O; Pr,05 Co50, Other

Route I: Whole leaching

As received powder waste 80.65 15.041 3.75 - balanced
LC 67.53 6.08 1.61 0.18 balanced
LC, R 750 °C 79.65 12.75 3.17 - balanced
LC,R 775 °C 81.28 12.15 297 - balanced

Route Il: Oxidative roasting-selective leaching

OR 550 °C 83.59 12.63 3.05 - balanced
OR 600 °C 83.18 12.35 3.07 0.27 balanced
OR 700 °C 83.55 12.52 298 - balanced
OR 600 °C, LC 65.45 7.72 1.886 - balanced
OR 700 °C, LC 79.52 1.98 0.48 - balanced
OR 600 °C, LC, R 750 °C 75.33 11.82 2.93 - balanced
OR 600 °C, LC, R 775 °C 81.37 10.97 2.70 0.26 balanced
OR 700 °C, LC, R 750 °C 83.69 8.47 2.05 - balanced
OR 700 °C, LC, R 775 °C 87.81 7.37 1.91 - balanced
OR 700 °C, LC,R 750 °C, P 1.55 T77.57 19.43 - balanced
OR 700 °C, LC,R 775 °C, P 0.318 78.85 19.87 - balanced

*C: Leaching, R: Roasting, OR: Oxidative roasting, WL: Water leaching P: Precipitation, C: Calcination
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A1TN A-2 HAIATIwRAUTENOUMBANMEmALA XRF (519) WeosduuainsslaAavadide

Y¥UANS (powder waste)

Conditions Element (%)
(Powder waste) Fe Nd Pr Co o) Other
Route I: Whole leaching
As received powder waste 77.39 17.04 4.23 - 0.85 | balanced
LC 75.14 7.78 2.05 0.21 0.68 | balanced
LC, R 750 °C 78.29 14.72 3.64 - 0.85 | balanced
LC, R 775 °C 79.86 14.01 3.40 - 0.78 | balanced
Route II: Oxidative roasting-selective leaching
OR 550 °C 81.10 14.42 3.46 - 0.37 | balanced
OR 600 °C 80.60 14.08 3.49 0.271 0.63 | balanced
OR 700 °C 80.91 14.26 3.38 - 0.71 | balanced
OR 600 °C, LC 72.70 9.90 2.40 - 0.60 | balanced
OR 700 °C, LC 85.53 2.44 0.59 - 1.36 | balanced
OR 600 °C, LC, R 750 °C 76.26 13.99 3.45 - 0.11 | balanced
OR 600 °C, LC, R 775 °C 80.23 12.69 Snlyl 0.27 0.91 | balanced
OR 700 °C, LC, R 750 °C 83.78 9.89 2.38 - 0.82 | balanced
OR 700 °C, LC, R 775 °C 86.96 8.52 2.19 - 0.68 | balanced
OR 700 °C, LC, R 750 °C, P 1.25 75.70 18.88 - 3.06 | balanced
OR 700 °C, LC,R 775 °C, P 0.26 78.57 19.71 - 0.72 | balanced

*C: Leaching, R: Roasting, OR: Oxidative roasting, WL: Water leaching P: Precipitation, C: Calcination
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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 photovoltaic ribbon was via 1-3 M HCl leaching
with SnCl: and H:0: 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 CuSOs 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 PbClz and SnO: obtained can also be recovered to
enter the market.

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

I. INTRODUCTION

HOTOVOLTAIC or PV 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

T. Patcharawit, is with the School of Metallurgical Engineering,

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.

Directives concerning waste management and recycling of
EOL solar panels have become effective across Europe and
America, 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
casy 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
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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 country 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 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) have 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
[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 HNOs, HCI, and H,SO4, 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.LEXPERIMENTAL

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.

(6) aluminium frame
/ (3) tempered glass
/
/

- () EVA

(5) edge seal — 3
T (1) solar cells

(4) backsheet (7) junetion box

Fig. 1 Simplified architecture of PV panel (crystalline silicon)
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silver finger

~ PV ribbons | AA

™ n - type emitter

" siticon wafer [ - back surface fiekd

Al
() PV cell (€) Cross section of PV cell

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

TABLE I
CONSTITUENTS AFTER PV CELL SHEET CALCINATION

Consti Weight Weight %

PV ribbon and busbars 18.77 0.81
Ag ining 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

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
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,
having architecture of PV ribbon and silver finger are as
illustrated through Fig. 2a to Fig. 2c. 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
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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. 2b. 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. 2c. 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 1 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.%.

The purpose of this research is the recovery of copper and
silver of high purity from end-of-life 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 S00°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>0; 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
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 1200°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 (CyH2,0,) 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

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
debris containing Ag finger on its surface as shown in Fig. 3a
to Fig. 3d. 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.

Si "l‘f conts

c) 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.

Cross sections of both caleined and hand dismantled PV
ribbon are comparatively shown in Fig. 4a and Fig. 4b. It can
be seen that the cross section of PV ribbon originally contains
a thin layer of approximately 20-30 pm 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
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
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calcination are compared, according to Fig. 5a to Fig. 5d. Ag
finger underneath the fractured glass on top surface can be seen
as very fine deposits lining in a parallel direction and crossing
the PV ribbon in Fig 5a. 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 Fig. 5b to Fig. 5d.

lcined (left) and hand dismantled
sections

b) SEM micrographs of
(right) PV ribbon cr

EDS point analysis at different positions

Element Calcined Hand dismantled
Position | Position | Position | Position | Position | Position
1 2 3 4 1 2
Cu 100 | 7426 - - 100
Sn = 25.74 - - 55.70
Pb | - [ s6so | o744 | - | 25260}
0 - - E 19.61 E 135 |
C - - 13.26 | 1295 - 7.59
Fig. 4 Phase analysis of intact and calcined PV ribbon.
Si wafer
substrate

Ag finger
intact

a) location oAg fingers on the
EOL PV cell

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

d) intact Si wafer containing

Ag finger. Ag finger.
EDS area analysis on Ag fingers = . B
Element Caleined = | Intact

Ag | 83.36 IP=:<1|
[} 11.96 [ 8 {
Si | - | 0.87 |
Pb | - | 0.61 |
Ti 4.68 - |

Fig. 5 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 HCl solutions at 0.5 — 3 M, leaving the Cu
bands as shown in Fig. 6a, with some precipitate being clearly
observed. SEM investigation, as demonstrated in Fig. 6b to Fig.
6¢, 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.

band

a) leached copper ribbon
, -

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

d) Plate residue
EDS point and area analysis on leached products

f) plate residue surface

Position Cu Ag Sn Pb Cl &)
1 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.

Influences of leaching time on leaching efficiency are
demonstrated in Fig. 7a to Fig. 7c¢ 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 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. 7d. However,
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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.

1500 500
) a) ©0.5M HCI <) b) ©0.5M HCI
S 1.0 M HCI = *1.0MHCI
=1 220 M HC = 420 M HCL
£1om H
F =
z & o 6 6 225
g x g
5 TR H g8 o © ®
% N @ 8 M o 5
& o % ° o £
0 0
0 1530 45 60 0 1530 45 60
Leaching time (min) Leaching time (min)
3000 2000 o
Q ©) ©0.5M HCI by d) OAg  ©Sn
3 * 1.0 M HCL * aPb  xCu
= 420 M HC < 1500
2 2000 H = x
- -]
£ « z .
= 0
HEEEE Al .
£ 1000 % x x % 2 x ° °
= ® ° ° o S 500
= a2
< g
z 2, a a
0 = o o o ° °
0 15 30 45 60 0 1 2 3

Leaching time (min) HCI concentration (Molar)

Fig. 7 Concentration of Pb, Sn and Cu in leached solution in a), b) and

¢) respectively, and d) effect of acid concentration on leaching of Ag,
Pb, Sn and Cu for 60 min of leaching time.

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 Fig. 8a to Fig. 8b. XRD spectra confirmed
the existing phases in Fig. 8c. The possible precipitation
reactions can be explained according to (1) — (3) in the present
of H>0; as an oxidant.

2Cu,, +2HCl) — 2CuCl,,, + Hy (1
Pb,,, +4HCl, — H,(PbCl,), + H,, (2)
H,(PbCl,),,, —* PhCl,,, +2HCl,, (3)

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
Cu and Ag compounds were also obtained. The related
reactions are expressed in Equation 4 and Equation § to obtain
hydroxides of tin and copper. Tin hydroxide is known to be
subsequently heated to finally achieve tin oxide, that is ready
for the market.

2

[snctJ, +20mH,,,

Cull, +20H,, — Cu(OH ), (5)
2. Electrorefining of copper

The leached PV ribbon was subjected to melting to make Cu

anode for electrorefining and 304 stainless steel is for cathode.

Electrolytic cell was set using CuSOa solution as electrolyte
and controlled the potential at 0.2 and 0.3 V for 24 hours.

- Sn(0H ), ., +2C1 “)

2(s) (ag)

(aq)

Comparison was made between the calcined and the leached
PV ribbon to study the effect of Sn - Pb oxide layer on the
recovery and purity of copper in the step of electrorefining.

ICP — OES result of the deposited copper cathode is listed in
Table 2. Electrorefining of the calcined PV ribbon led to
precipitation of PbSOs in the electrolyte, calling for a halt after
proceeded for 20 hours. Recovery defined in (6) is obtained at
94.01%. On the other hand, electrorefining of the leached PV
ribbon performed well and no precipitation was obtained,
giving 96.11% recovery (%R) according to (6) when the
potential was controlled at 0.2 V. Increasing potential to 0.3 V
gave a little lower recovery at 96.03%.

W
%R =[i]x 100 ©
W,

la
where W, is weight gained at cathode and W}, is weight loss
at anode.

a) Copper chloride (CuCl)

B v

b) Lead chloride (PbCl,)

40000 —
CuCl A CuCl
® Cuy(OH),CI
W PhCl,
30000 O Ag-Cu-Pb-CI-OH. 2H,0|
O PbSnOy/PHO.SnO,
2
520000
8
10000 cuCl
r
cuCl
i PhCl,  CuCl
or o leo gons 4

0
10 20 30 40 50 60 70 80
2Theta (Coulpled TwoTheta/Theta) WL = 1.54060
¢) XRD spectra of pr after HCI leachi

Fig. 8 SEM and XRD analyses of CuCl and PbCl: precipitated from
leached solution.

F &

TABLE II
RECOVERY AND PURITY OF COPPER
Condition Voltage Time % %
(V) (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
TABLE 111

COMPOSITION OF COPPER (METAL IMPURITY)

Condition b ICP -C OE§V(%clicmicr!l)
Ag Pb Sn Fe Zn Mn As Sb Ni
Leached (0.2V)  0.000 0.000 0.011 0.045 - - 0000 - 0013
Leached (0.3V) 0.015 0.000 0.010 0.053 - - 0000 - 0014
Calcined (0.3V) 0.000 0.000 0.200 0.050 - - 0017 - 0.000

C10100 0.0025 0.0005 0.0002 0.0010 0.0001 0.0005 0.0005 0.0004 0.001
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Purity of Cu deposited at the cathode analyzed by ICP - OES
is summarized in Table 3. 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.

onee - LR

i . '
3 re Cu
r

40000 |

30000 |

Counts

20000

10000 |
e
0 uans 3
10 20 30 40 5 60 70 80
2Theta (Coupled TwoTheta/Theta) WL = 1.54060

b) XRD spectra of Cu cathode

a) Cu ca(h:)—de after

clectrorefining
14000

= Ag
o Agg,Sn

12000 -

Counts
§

10 20 30 40 50 60 70 8
2Theta (Coupled TwoTheta/Theta) WL = 1,54060

ot
¢) Anode with slime

after electrorefining d) XRD spectra of anode slime

EDS analysis
Element %

Ag 93.94

Cu 2.50

Sn 1.87

= Mn 1.02

Toosm ek d =
e) EDS analysis of Ag slime Ni oy

Fig. 9 Cu cathode recovered after electrorefining and anode slime with
XRD and EDS analyses.

C. Recovery of Pure Silver from Silicon Wafer Containing
Silver Finger

1. Leaching of Ag from Si wafer containing Ag finger

Concentrations of Ag along with other metals in the leached
solution are listed in Table 3. First, comparison of leaching via
mechanical stirring and ultrasonic vibration was discussed

when using 2 M HNO;. Generally, ultrasonic vibration
provided superior leaching efficiency to that of mechanical
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.

TABLE IV
METAL CONCENTRATION IN NITRIC ACID LEACHED SOLUTION

Leaching HNO; Metal concentration (g/L) by ICP — OES
Ag Al Cu Si Pb
Stirring 2M 0720 3886 152 162 322
Ultrasonic 2M 89.23 64058 3.8 365 4.I8
vibration 3IM 9628 699.82 361 484 434
4M 11073 72292 280 459 464

SEM investigation on the leached Si wafer surfaces also
confirmed the leaching efficiency dependence on acid
concentration mentioned previously, as illustrated in Fig. 10a
to Fig. 10d. Lesser Ag left on the Si wafer was observed when
using higher acid concentration. By using 2 M HNOs, 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
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
Teft oo
wafer ¥

Si wafer

0 e WOt sie

a) Leached Si wafer at 2 M HNO;

cracks

o -~ .
d) Leached Si wafer using 4 M
HNO; at higher magnification

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

¢) Leached Si wafer at 4 M HNO,
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Related reactions are expressed in (7) and (8) for low and
high acid concentrations respectively.
4HNO, , +34g,,, —34gNO,, + NO,

(2)

2HNO;y,, + Ag,,, — AgNO;, + NO,

2g)

+2H,0,, )
+H,0, ®)

2. Precipitation and Reduction of AgCl

After ultrasonic leaching, the leached solution containing
silver nitrate (AgNO3) was then subjected to precipitation using
NaCl to produce AgCl appearing as opaque white precipitate,
as shown in Fig. 11ato Fig. 11b while the solution remained as
sodium nitrate (NaNOs). The related reaction is expressed in

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

)
2A4gCl +2NaOH +2¢ (sucrose) — 2Ag + 0> + H,0+2NaCl  (10)

NaOH together with sucrose (CaH2q0,) were 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.

AgNO,,, + NaCl,, - AgCl, ,, + NaNO,

) 0}

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)2
that requires heating > 105°C to give SnOax. The impure Cu is
then set as the anode in electrorefining cell and stainless steel
is used as the cathode in CuSOs 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.

PV module waste

PV sheet
Size reduction
Cut PV sheet

Copper recovery

Step I: Waste treatment
T+ Al frame
Ls Junction box

+ Glass cullet

500 °C/ 1h ~—» Ash/volatile

Silver recovery Step 11: Metal recovery

Si wafer

HCl T +PbC HNO, .
S g H' 2 Ak o
Leaching |- C Cocling et | '] Leaching Lmuhud'm wafer
L =.TL
Leaching

Precipitation l
and heat i

Calcined PV ribbon Ag

v
S$nO,

Ag slime Cleaned Si wafer

Electrorefining
v

Purc copper

Pure silver

Fig. 12 Flow chart of EOL PV panels recycling to obtain Cu and Ag
from PV ribbon and Ag finger

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,0, 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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Recycling of Sintered NdFeB Magnet Waste via
Oxidative Roasting and Selective Leaching
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Abstract—Neodymium-iron-boron (NdFeB) magnets classified
as high-power magnets are widely used in various applications such as

Alnico and SmCo magnets, NdFeB magnet is commercially
used in automotive, electronics, and medical industries,

automotive, electrical and medical devices. Because significant
amounts of rare earth metals will be subjected to shortages in the
future, therefore domestic NdFeB magnet waste recycling should
therefore be developed in order to reduce social and environmental
i cts s a circular ec y. Each type of wastes has different

istics and positi As a result, these directly affect
recycling efficiency as well as types and purity of the recyclable
products. This research, therefore, focused on the recycling of
manufacturing NdFeB magnet waste obtained from the sintering stage
of magnet production and the waste contained 23.6% Nd, 60.3% Fe
and 0.261% B in order to recover high purity ncodymium oxide
(Nd203) using hybrid metallurgical process via oxidative roasting and
selective leachi hni The d NdFeB waste was first
ground to under 70 mesh prior to oxidative roasting at 550-800 °C to
enable selective leaching of neodymium in the subsequent leaching
step using H2804 at 2.5 M over 24 h. The leachate was then subjected
to drying and roasting at 700-800 °C prior to precipitation by oxalic
acid and calcination to obtain Nd2O; as the recycling product.
According to XRD analyses, it was found that increasing oxidative
roasting temperature led to an increasing amount of hematite (Fe2Os3)
as the main composition with a smaller amount of magnetite (Fe:Os)
found. Peaks of Nd:O3; were also observed in a lesser amount.
Furthermore, neodymium iron oxide (NdFeO:) was present and its
XRD peaks were pronounced at higher oxidative roasting
temperatures. When proceeded to acid leaching and drying, iron
sulfate and neodymium sulfate were mainly obtained. After the
roasting step prior to water leaching, iron sulfate was converted to form
Fe20s as the main cc i, while neody sulfate d in
the ingredient. However, a small amount of Fe;Os was still detected by
XRD. The higher roasting temperature at 800 °C resulted in a greater
Fe20: to Ndx(SOs): ratio, indicating a more cffective roasting
temperature. Iron oxides were subsequently water leached and filtered
out while the solution contained mainly neodymium sulfate.
Therefore, low oxidative roasting temperature not exceeding 600 °C
followed by acid leaching and roasting at 800 °C gave the optimum
condition for further steps of precipitation and calcination to finally
achieve Nd20s.

P
1

Keywords—NdFeB magnet waste, oxidative roasting, recycling,
selective leaching.

1. INTRODUCTION

ARE carth elements are currently on increasing demands
nd also being predicted to be scarce in the future.
Specifically, rare earth element magnets are responsible for
21% of all rare element use in terms of volume [1]. Further,
among four types of permanent magnets; ferrite, NdFeB,
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accounting for 13.5% of the magnet production based on weight
[2]. Its hard magnetic field offers one of the most efficient
permanent magnet types. The typical composition is of around
29-32% Nd, 64.2-68.5% Fe and 1-1.2% B [3]. Because the
magnets contain rare earth elements such as neodymium and
also praseodymium which are expensive and unexpendable,
disposal of such magnet wastes is uneconomical and
environmentally harmful. Recycling of NdFeB magnet wastes
is therefore in necessity towards circular economy.

There are two types of NdFeB magnet wastes; i) one
generated from manufacturing process such as in magnet
powder manufacturing, after sintering process, in assembly
line, etc., and ii) one obtained after uses or end of life (EOL)
products. In manufacturing process particularly in the sintering
step, 30% of sintered NdFeB magnets turn into wastes in the
powder and solid forms [2]. This might be due to contamination
such as high carbon content, undesirable shapes and sizes,
fractured or cracked parts, etc. Reusing these sintered wastes
back in the process might cause contamination that reduce the
magnetic strength and so on. This research therefore focused on
recycling of this sintered NdFeB manufacturing waste via pyro-
hydro metallurgical process in order to recover neodymium in
the form of oxide.

Recycling of neodymium stemmed from the extraction of
rare carth (Nd) from Bayan Obo, China based on a mixed
bastnaesite and monazite raw ores [3]. The process can be
simplified as crushing & grinding, magnetic separation,
sulfatizing roasting, prior to hydrometallurgy process
consisting solvent extraction and precipitation, along with
calcination to obtain Nd>O;. The oxide will then be subjected to
electrolysis to finally achieve neodymium metal for reuse or
resale back in the market. Onal et al. [4] investigated recycling
of NdFeB magnet waste using sulfation using 14.5 M H»SOs,
selective roasting at 750 °C and water leaching, leachate of
about 98% REM (Nd, Dy, Pr, Gd, Tb and Eu) purity while Fe
remained as marketable Fe;O;3. Rabatho et al. [5] recovered Nd
and Dy from manufacturing rare earth magnet waste sludge by
hydrometallurgy process using 1 M HNO; plus H,O; as an
oxidant, followed by Fe precipitation using NaOH at pH 3 to
get rid of iron prior to precipitation by oxalic acid and
calcination at 800 °C to obtain Nd,O; of 68% purity, with
69.7% recovery of Nd and 51% recovery of Dy. Investigation

181 ISNI:0000000091950263
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on calcination of neodymium oxalate using TGA-DSC under
argon by [6] also confirmed the calcination temperature to
obtain Nd,O; is up to 850 °C. The oxidative roasting — selective
leaching was also studied by [7] and [8]. The magnet waste
made into the powder form is first oxidative roasting to convert
iron into iron oxides. This will later aid the selective leaching
of neodymium in before going through further step of
precipitation and calcination. The oxidative roasting
temperature was found effective in the range of 700-800 °C [8]
prior to leaching using HCI, while [9] showed that at oxidative
temperature higher than 800°C results in NdFeOs which is
difficult to leach. Therefore, this research applied the oxidative
roasting — selective leaching using H>SOs, followed by
roasting, water leaching, oxalic acid precipitation and
calcination to recover Nd:Os as the final product from the
sintered NdFeB manufacturing waste with high carbon. The
effects of oxidative roasting temperature and roasting
temperature on Nd>Os purity were studied.

1. EXPERIMENTAL

A. Materials

The sintered NdFeB waste was obtained from manufacturing
process in a bulk form. Its composition analyzed by Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES)
consisted of 59.81 wt.% Fe and 23.97 wt.% Nd as shown in
Table I and its X-Ray Diffraction (XRD) pattern indicating
Nd;Fe 4B as the main phase, as demonstrated in Fig. 1. Carbon
was also detected as contaminant.

2000 « NdFe B
.C
1500
B
3 1000 .
z
z
£
E s00
0
10 20 30 a0 50 60 70 80
20 / degree
Fig. 1 XRD pattern of the sintered NdFeB waste.
TABLEI
CHEMICAL COMPOSITION OF NDFEB MAGNETS WASTE BY ICP-OES
Element Fe Nd Pr B Dy Other
wt.% 59.81 © 23.97 7.124 0.261 0.062 balance

B. Recycling Process

Oxidative roasting and selective leaching techniques were
selected as the key recycling route for the obtained NdFeB
waste as illustrated in Fig. 2. In the primary step of waste
preparation, the bulk NdFeB magnet was crushed to under 70
mesh (212 pum) prior to oxidative roasting in a muffle furnace
at 550, 600, 700 and 800 °C for 1 h. After oxidative roasting,
water rinsing was carried out to remove iron oxide before
leaching with 2.5 M sulfuric acid (solid/liquid ratio of 1:10
g.ml"') at room temperature for 24 h. The leached solution was
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filtered and left to dry on a hot plate at 110 °C. In the secondary
step, roasting was done at 700 and 800 °C for 2 h prior to water
leaching to remove iron oxide. The obtained RE solution was
subjected to precipitation using oxalic acid. Finally, calcination
at 800, 900, 1000 and 1100 °C was carried out to obtain Nd>O3
as the recycling product.

Sintered NdFeB waste Primary step

r
{ Crushing |

Seiving #70 mesh
R
= v :
Water rinsing > Fe,0,
v (soluble in water)
Drying
Secondary step

Selective leaching = (2.5 M H,S0,, 24 h)
* Residue

Drying l—— 110°C (hot plate)

Roasting [* Temp : 700, 800 °C, 2 h

Water leaching SL:1:220gml, L h
* Fe,04

RE Solution
+
B

___ Calcination I*

C,H,0,
Temp : 800,900, 1000, 1100°C, 2 h

Nd,0,
Fig. 2 NdFeB magnets waste recycling process flow chart
C. Characterization
Chemical composition of the sintered NdFeB waste was
characterized by ICP-OES model optima 8000. XRD analysis

was operated using model D2 Phaser to confirm the products
obtained from each step.

1. RESULTS AND DISCUSSION
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Fig. 3 XRD pattern of oxidative roasting at various temperatures.

Result on XRD after oxidative roasting at 550, 600, 700, and
800 °C is illustrated in Fig. 3. The intensity of Fe;03 and Fe;O4
peaks increases as the temperature rises. NdFeO: peaks are also
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enhanced by increasing temperature, but in a lesser extent.
However, the presence of NdFeO; could result in a reduction in
leaching efficiency in the later step. Nd,Os peaks are also
detected and with the remained carbon in relatively small
amount.

FeKal Nd Lat

Fig. 4 EDS mapping of NdFeB after oxidative roasting at 600 °C
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Fig. 5 XRD patterns after leaching process of oxidative roasted
powder at 550-800 °C
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Fig. 6 XRD patterns after selective leaching showing effects of water
rinsing following oxidative roasting at 600 °C

SEM and EDS analyses of NdFeB after oxidative roasting at
600 °C are shown in Fig. 4. Large and fine particles are
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generally iron, neodymium, and oxygen concentrations,
corresponding to the XRD results previously stated in Fig. 2.

B. Selective Leaching

The effect of oxidative roasting temperature on the leaching
efficiency by using 2.5 M H,SOs for 24 h is shown in XRD
analysis in Fig. 5. H>SOs leaching gave Ndx(SOs): and
Fex(SO4); as the main phases when oxidative roasting was
carried out at 600-800 °C. Lower oxidative roasting at 550 °C
however seemed to give lesser amounts of Nd2(SOs): and
Fex(SO4): while the Fe2O3 and Fe;04 are evident. It is noted that
the presence of NdFeOj still remained and it is known not to be
readily leached by H>SOs. This phase appeared more apparent
when oxidative roasting was applied at high temperatures of
700 and 800 °C. Therefore, 600 °C oxidative roasting
temperature is preferred. Furthermore, effect of water rinsing
after oxidative roasting at 600 °C on selective leaching was also
studied. Greater intensity of Ndx(SOs); peaks were detected
when water rinsing was applied after oxidative roasting in
comparison to that without water rinsing as depicted in XRD
patterns in Fig. 6. Without water rinsing, there are NdFeO;
peaks together with Fe;Os and Fe:Oy4 peaks detected. If water
rinsing was applied after oxidative roasting, the Fe;O4 could be
rinsed off as it is water soluble. Therefore, no Fe;O4 peak was
observed from XRD obtained from the leached sample when
water rinsing was applied after oxidative roasting. It is then
implied that the water rinsing step is important to get rid of
some of the iron oxides. Minor phases such as sulfates of
praseodymium and cobalt are difficult to detect at this step and
also in the subsequent step of roasting.

C. Roasting and Water Leaching

Since the selected oxidative roasting was at 600 °C, the XRD
results after leaching and roasting at 700 and 800 °C are
depicted in Fig. 7. The roasting step aimed for converting
Fea(SOy); into iron oxides (Fe-O; and FesOy) that will later be
get rid of after proceeding to water leaching. It is seen that
Fe;0; and Fe;O4 peaks were increasingly observed when the
roasting temperature raised from 700 to 800 °C. XRD patterns
also confirmed the remaining Ndx(SO4); as the desirable phase
at both roasting temperatures. It is noted that Fex(SO4)s still
remained afier roasting at 700 °C while roasting at 800°C did
not give Fex(SOy):. After water leaching (WL) using S/L ratio
at 5 g/100 ml of DI water plus stirring for 1 h, the RE sulfates
dissolved back to the solution while the residue containing iron
oxides were filtered and dried. XRD patterns of dried residue
showed particularly Fe;O3 and Fe:Oy4 phases, which means that
WL can remove iron oxides after the roasting process and leave
the solution containing rare carth (RE) for the next step of
precipitation. Therefore, roasting at 800 °C is preferred because
Fex(SO4)s has been converted to iron oxides and then removed
by WL.

D. Precipitation

After precipitation by using 1 M oxalic acid at 20 ml/100 ml
RE solution till the pH reaching ~ 0.9, white oxalate precipitate
was obtained. XRD patterns confirm neodymium oxalate
hydrate  (Nd2(C204)310H20) and iron oxalate hydrate
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(Fe(C204).2H,0) peaks as the main phases as shown in Fig. 8.
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Fig. 7 XRD patterns of residues after roasting at i) 700 °C, ii) 800 °C, and iii) roasting at 800 °C plus WL
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Fig. 8 XRD patterns of precipitate obtained by using oxalic acid

It is noted that there are still Ndx(SOs); peaks found in
smaller intensities. Therefore, the amount of oxalic acid added
might not be adequate. Furthermore, the XRD results also
indicated the effects of roasting temperature on phase evolution
of the precipitates where the existence of Fe(C204).2H.0
seemed to be quite lower when roasting was at 800 °C in
comparison to that obtained when roasting was at 700 °C. It is
worth to note that up to this point, peaks of carbon still remained
in the precipitates, but have been much reduced since oxidative
roasting in comparison to that of the waste originally obtained.
It should be noted that praseodymium oxalate hydrate was also
detected where its XRD peaks co-existed where those of
neodymium oxalate hydrate are.

E. Calcination

The final step to convert neodymium oxalate to Nd2Osis via
calcination at 1000 °C for 2 h. The XRD results showed that
Nd»Os3 was obtained as the main phase illustrated in Fig. 9.
Effect of roasting temperature prior to precipitation and
calcination can also be obviously seen. Roasting at 800 °C gave
the calcined product with higher intensity of Nd>Os peaks in
comparison to that obtained by roasting at 700 °C. Nevertheless,
fairly small peaks of Nd(OH); were detected, due to its
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hydrophilic nature. Although Nd(OH); is not the desirable
phase, it can be converted to Nd,O: after calcination at
temperature higher than 650 °C.
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Fig. 9 XRD pattern after calcination at 1000 °C

Investigation after calcination at 1000 °C (roasting at 800 °C)
under SEM showed irregular shaped Nd;O: powder of
approximately finer than 5 pm, as demonstrated in Fig. 10 (a).
EDS analysis revealed Nd, Pr and O elements to be 61.65%,
16.96% and 21.39% respectively, as listed in Fig. 10 (b). When
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roasting was at 700 °C, as shown in Figs. 10 (c) and (d), Fe
element was observed in very small content of 0.43 wt.%, that
is consistent with XRD result shown in Fig. 9 where iron oxides

still remained. Therefore, this is to confirm that calcination at
1000 °C following roasting at 800 °C is preferable.
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Fig. 10 SEM - EDS results after calcination at 1000 °C with prior step of roasting at a) and b) 800 °C, ¢) and d) roasting at 700 °C

According to the NdFeB magnet recycling route investigated
starting from 550-800 °C oxidative roasting, followed by HaSO4
selective leaching, 700-800 °C roasting, then water leaching,
precipitation and 1000 °C calcination, the related reactions can
be further discussed at this point. After oxidative roasting when
iron was converted to iron oxides then the following step of
selective leaching involves related reactions as shown in (1):

2Nd (5)+3H,S04(1)=Nd>(SO4):(1)+3H;(g) (4))

Iron sulfate in the form of Fez(SO4); was also obtained at this
step and was transformed into iron oxides in the form of Fe2Oz
and Fe;0;4 and be rid of in the WL process. Then oxalic acid
precipitation turned neodymium sulfate into neodymium
oxalate hydrate as shown in (2):

3Ndy(S04)3+3H,C204—3Ndy(C204),- 10H,0+3H,80;  (2)

Finally, in the calcination step this neodymium oxalate
hydrate has gone through dehydration and oxidation at higher
temperature to achieve Nd>Os [6] in (3):

Nd;(C;04)3-Nd,(C0O3)3Nd>0,CO3—Nd, 03 3)

The products obtained through various reactions such as
neodymium sulfate, oxalate and oxide are noted to be rather
hydrophilic, then the storage is quite critical. The carbon
previously present as contaminant has been much reduced. The
obtained Nd;O; was analyzed to have around 61.65% Nd,
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16.96% Pr and 21.39% O.

IV. CONCLUSION

In summary, the sintered NdFeB waste can be recycled
though oxidative roasting — selective leaching hybrid
metallurgical process as follows:

1) The preferred recycling route was via 600 °C/1 h oxidative
roasting of under 70 mesh crushed sintered magnet wastes,
followed by 2.5 M H,SOs leaching over 24 h, 800 °C/ 2 h
roasting prior to precipitation by 1 M oxalic acid and 1000
°C/2 h calcination to finally obtain Nd>Os as the recycling
product.

2) Oxidative roasting at 600 °C was effective to convert iron
to iron oxides prior to selective leaching of neodymium.

3) Roasting at 800 °C was more effective than roasting at 700
°C in that iron sulfate is completely converted to iron
oxides to be separated out in the WL step. This also led to
better results in the later steps of precipitation and
calcination at 1000 °C where Nd,Os of higher purity was
obtained.
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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.

Al 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 Publicati Ltd, ientific.net. (#542478981-28/08/20,11:35:50)
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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.

R

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

Aluminum frame

. . ) Back sheet & Junction
I Physical Conditioning/Separation

Temper glass

‘ PV cell with metal electrode =
[ Metallurgical Process R e 1

Ag metal

Silicon wafer (Pure silicon)
Fig. 2. Recyeling 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 ¢-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 NaClin 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.

Acetone

HNO;
(2M, 3M, 4M, 200 g/L)

NaCl: H>O 300 g/

CyH200, + NaOH

| Mechanical dismantling II:> Al frame, Junction box

| Module smashing l |:> Busbar, Glass particle

| Leaching (24hrs) I E> Si wafer + EVA

«

| Ag leached solution II::> NaNO; (solution)
| AgCl (solid) |E> Solution

| Ag powder [

‘ 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 AgHNO;. 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 + 4HNOs = 3AgNOs + 2H20 + NO (1)

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

Concentratio of HNO; | 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
NaCl 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 AgNO; of 1:1 was used.

NaCl + AgNOs = AgCl + NaNOs (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.

AgCI

AgCl powder

"’L N

T T T T
» » o 0

1 U

2Theta (Coupled TwoTheta/Theta) WL=1 54060

Fig. 5. XRD spectrum of AgCl powder.

8-
3
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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).

C12H2011 + H20 = 2CsH 1206 3)
2AgCl + 3NaOH + CsH 1206 = 2Ag +CsH1107Na + 2NaCl + 2H,O 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.

1 _POF 04-0783 Ag Siver-3C, syn

Counts

Silver Metal

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 SiO,/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 € (6] Si Al Fe Mo P S Other
mass% 223 | 221 | 402 | 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 SiO2 contained in spent catalyst. However, the ratio of SiO2/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 Fe203 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 O Si Mn Ca Al Other
[mass%)] 7043 | 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 | 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

Si02 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/Ca0 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

Mill Scale -

‘ Mixing
.
Smelting Reduction ‘

.t

High Ni content Metal/
Ferronickel

Flux

Slag

Off gas

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

Effect of SiO2/Ca0O on Metal Yield. The effect of SiO2/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 SiO2/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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-.z 450 | =—#—Nickel alloys
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Fig. 2. Effect of SiO2/CaO on weight of metal production.
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Effect of SiO2/Ca0 on Smelting Time. The effect of SiO»/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 Si02/Ca0 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.

60

58 56
4 56 54
£ 54 55 52
2 52
g 50 52
=)
£ 48 50
g 46 .
A 44 =o—Nickel alloys

4 | —EW—FeNid0

40 -

0.8 1 152 1.4 1.6 1.8 2 2.2 24
The ratio of SiO,/CaO

Fig. 3. Effect of SiO>/CaO on smelting time.

Effect of SiO2/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 SiO2/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 %] Yorecovery

Ni Fe @ 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 |552]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 | 245 | 98.5|87.6

Conditions | Targets

AN (W [—

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>-Ca0O-AlLOs.
Typical slag composition contained of approximately 41.6 %SiO2, 42.3 %Ca0, 11.0 %Al,03, by
weight with SiO>/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 SiO,-CaO-Fe;03-Al0s3. Typical slag
composition contained of approximately 38.6 %Si02, 27.4 %Ca0, 18.2 %Fe20;3 and 10.5 %A10s,
by weight with SiO»/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.
omditions Elements [mass %]
Ni Fe Si Ca () 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 (4432 2.6 | 0.66 | 0.69 | n/d | 0.3 | 0.06 | 0.69
4 0.18 | 7.1 [21.822.0(43.0] 2.7 | 0.51 | 1.25|0.29 | 0.32 | 0.02 | 0.83
5 0.14 | 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.

Conclusions

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

The experiment on smelting reduction of spent nickel catalyst to produce nickel alloy and ferronickel
was carried out in laboratory induction furnace. Effect of SiO2/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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