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ABSTRACT

Due to the rapid growth of electrical vehicle and portable electronics markets, huge amount of the rare earth elements
(REEs) and lithium have been required for the manufacturers globally. Moreover, after life time of the battery pass,
the waste batteries containing valuable metal resources should be recycled due to competitions between the countries
who manufacturing the batteries. Therefore, the REEs and lithium recoveries from the e-waste and wastewaters become
issue recently. However, the commercialized technology for the valuable metal recovery is limited. In this study, the uses
of the REEs and other valuable metal resources such as lithium, uranium, and gold and there recoverying methods according
to the different water conditions were investigated and summarized. Moreover, the possible expectations and suggestions
for the future application of the valuable resource recovery were conducted as a review.

Key words: Resource recovery, Valuable metals, Rare earth elementals, Lithium, Water treatment
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S|lEF 9 frpRke] digt =87t 955kl 9l
(Takano et al., 2022, Lee and Chung, 2022). 3}-X]qt
F ALES dF w7t AR EAskal QL
E;do] QJt} (Sun et al., 2017). 2
&5to] thr o AlES AAksaL }J]\‘E Seuete] A4,
EP =7H=9] A #7718 == Al sl B35t
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A W %Zﬁé}h AL 52 AL odA] Ak
o= FEE H 5 Qlok =4 Aol A-E3t
gE Foto] AAE E= AEEol 7Hstt Fr1E
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AA e & AAE 248 AdY shv=z 23
T Stk v A AHH S A f= stz R E WSt
= s SYAREY *“ ’5PL "ol oty 59
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2020; Ma and Jeong, 2021; Nguyen et al., 2022).

ERL, -yt A = TAY gEES
A#pQl 7 B ol AJstet 7]E A9
2882 B =7F dH 22 AAo|tt (Jeong and
Park, 2020). 3t (&8, $UET, 3UE
T, 7IEHE 52 B8 WA= oo B
o F8AUE ZU 3 sloot, S, 3
SOEE 3RS UelA 484U 5t B9t
o HauxEly 9ok (Kuman et al., 2021, Wu et al,,
2021; Takano et al., 2022). £3], LA ;qoﬂoﬂfﬂ Ay
S 2% AAAYNE SolN §8ALE Haaie
HolE T A|PALC 2 X A3 Q= Ao Exlmo]a]—
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SEE0 9 4 b oA Ade s
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4> 8 E)a1 QIt) (Hassas et al, 2022, Lee and
Chung, 2022; Shi et al., 2022).
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& W4g dyoR 488E S48 JNEE Ut 134 Agew Tese AE ghdgn. 2 4
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Jeong et al., 2022). o B4 A ZAS AR B S 9l HEo
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A A2 AN B ANE FUOR A goo) ma) it gol 48 34 2AGLER, 9
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et A7E eetalat Stk 2 FolA Wyste {714 H7|ERRE f57
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Fig. 1. Conceptual definition of the resource recovery for the material and energy resources related to the water treatment

and waste treatment and their detailed research targets.
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Sjetad ATk Bel, 7 B4 FolM SRRt oh 7 94 A oA ARE P ofd Table 1
71e} FE&FE L8l =28 ZAstuA}; dh, 7] of A2ttt (Gray, 2009; Sciencedirect, 2022).
B g47ole @E fohe 9= sk Table 1o E7]|3k vje} o], JER T4 9

& A uiE E(La), ¥F/Q083d/ LS/ 0lA
384 (La, Pr, Nd, Pm, Eu, Gd, Tb, Dy, Ho, Er,

Tm, Yb, Sc, Y), AutAl(Ce), FAI=(La, Ce), ZHH(Ce,
iES Pr, Eu), GFAA/Z71HE AA(Pr, Nd, Sm, Tb, Dy,
Ho), Wi GAI(Pr), A&AA|(Pr), o= X =AH/4
%4 o] AN, Sm, Gd, Ho, Tm, Yb, Lu, Y), Al2}2]

ot K

S EF Hdae HEA fa I57(RFER(La), Al 2A(Nd, Sm, Ho, Er), 2=A(Gd, Yb, Y), %717

Table 1. Lists of the rare earth elementals (REE), their densities, and applications

Element Density Applications
(symbol, atomic No.) | (g/cm?) PP
Lanthanum (La, 57) 6.146 |Lanturn, flint, fast charging battery (lithium lanthanum titanate (LLTO))

Cerium (Ce, 58) 6.689

polishing powder, flint, catalytic converter (CeO.) in automobile

Praseodymium (Pr, 59) | 6.640

Light absorbing material, laser (Pr doped fluorozirconate fiber), permanent
magnets, catalyst for petrochemical industry, mordant (PrCl;) for dyeing,
intermediate-temperatre solid oxide fuel cell

Neodymium (Nd, 60) 7.010

Permanent magnets (NdFeB), lasers for surgery (Nd doped yttrium aluminium
garnet (YAG)), ceramic nanomaterials (Nd2Zr,0;))

Promethium (Pm, 61) 7.264

luminescence material, plasma display panel, lasers

Samarium (Sm, 62) 7.353

Permanent magnets (SmCos), ceramin materials, drug for bone (cancer) pain relief
(Sm 153 lexidronam)

Europium (Eu, 63) 5.244

Red light emitter for CRT, luminescent thermosensor, photocatalyst (EuBiPO,)

Gadolinium (Gd, 64) 7.901

Contrast media of MRI, ceramic materials, superconducting perovskite
(GdBa;Ca3Cu40i05), photoluminescence material (GdVO,)

Terbium (Tb, 65) 8.219

Permanent magnets, fluoroscent lamp, magnetostritive sensor, speaker

Dysprosium (Dy, 66) 8.551

Permanent magnets, fluoroscent lamp, mid-IR fiber lasers, magnetostritive sensor

Permanent magnets, lasers for surgery, ceramic materials, humidity sensor

Holmi H 7 8.7
olmium (Ho, 67) 95 (Polyaniline/Ho,0y)

. Ceramic materials, Er-doped semiconductor, Er-doped waveguide amplifiers
frbium (Er, 68) 9.066 (Er/Yb:GeO,-PbO), mid-IR fluoride glass fiber lasers, solar cell, luminescence material
Thulium (Tm, 69) 9.321 |Drug for benign prostatic hyperplasia, lasers for surgery
Ytterbium (Yb, 70) 6.570 | Yb-doped laser, brachytherapy (Yb 169), fulleride superconductors
Lutetium (Lu, 71) 9.841 | Oscintillator material for PET system

. Steel alloy, light, chromium-doped yttrium-scandium-gallium-garnet lasers
Scand Sc, 21 2.985
candium (Sc, 21) (Cr-doped YSGG)
L f N i lumini YA
Yttrium (Y, 39) 4479 asers for surgery (Nd doped yttrium aluminium garnet (YAG)), superconductors,

nuclear medicine (yttrium-86 for diagnostics and yttrium-90 for therapy)
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(Tb), &= A|(Ho), HHEA(En), BFaA(E) B T2
(So) 5ol TEH T ek,

slmfo REGe A A4 7EOE 115 MT
(MT=106 Ton) A% °l Ao T =AE 1 glon ==
(44 MT), HES(22 MT), B=+&(21 MT), #A|oK12
MT), Q%69 MT), E5(4.1 MT) 59| 02 v 4]
o] 9ITHUSGS, 2020). Table 1] A 2]l ute} Zol, 4
NREAY LD ARG dEe], olm A4, B A7)
u Aete) 2ol chaFstA AHGE I 9l7) whEe], A
oA QAR Be Bl XA LAt 9
o La} Ceo] 75, JER F FEFo| Pbe| 231
WS HER B3 Yholt, A8t o)A 74
olel et 37 BAZF WAISH] Wl Fol A A
A AAE FEsha Qe

312 85 7ks K H &5 JIE

Table 1] R Bie} gho], JlER7 F£9] 7
HAAE, o= 9 49 3% ol 8L Yk o
g}A], e-waste HE|Z F = 7L} (Wang et al., 2022a),
AF¢] #H4: (Kim et al, 2022) @ 9 #H: (Lerat-
Hardy et al, 2019) o] Eqelo] 442 529 4
Ak tiA ko] EAstE JEF FEE B4 2 =
o] A Nd(20-90 pmol/kg), Dy(5-19 pmol/kg), Yb(4-10
pmolkg)®] A% WE Z& uhrol 4 S} Al o
2 Z716t= Aoz JERTh (Crocket et al., 2018).
ol Table 1o] L& AAY 2o 3EF7} U=
6 o]} TaHol7] feel A= AtmEh EE
B7] A1°l) 49, SEf7t meE %L we} sE

Ao A S ER7 A
et al., 2020).

3l4= 71 gk AtElE #HuiE g (Takano et al,
2022), HIYLAA(NdFeB magnet) (Kumari et al.,
2021), #HABRA] (Wu et al,, 2021), AHFAHl4 &2
A] (Hassas et al., 2022) Hofo]lx] ZA}sto] 34~ W
7} 348 Table 20 LEFQlL.

Takano et al. (2022)2] o15tof o|5}w, wHuje 2] oF
A oA A A2 o]Fof NaSO, A&
sto] tfEEO] Ladt CeE 34T 4= UFS IIT
4= At Kumari et al. (2021)9] &A+-o] 2JsHH, Y]
eYE YA S /8L e A
Z 4 Nd, Pr, DyE 34 4 %t Wu et al
(2021)9] A-tof ofsh, H AnpA| oA =2 A/5}5HA]
A AYE Sote] HFTHOE Lay0y/CeO, FE|Y
St 34 & A= AR vE A gl vpxar
O =, Hassas et al. (2021)2] Aol A AbAZAbe]4>
A & SejAo =3t JFa5S pH 24 HA
4 NaCO; A2 5& 5ot I 4 U

o 4 gk

A= AT (Temizel

o

ool A ATEL HOHS u), SEF 8% 1ol
A AR ol g3 82 F AHE B3 B5she oA
Eol AHE AL & 5 AUck FH, Lot @ A7)

rr
N

e salst

3.2 7IEt 32 B A% U 34 71

3.21 25, R2ha, =2 AN

Table 2. Lists of the Rare Earth Elements, their recovery process, and the recovery

Sources of Rare Earth

P
Elements (REEs) rocess

Collected REEs (recovery, %) References

Battery powder
yp recovery

Leaching — REE recovery — Ni/Co

Y (54), La (99), Ce (99) Takano et al., 2022

Spent NdFeB magnet

precipitation - calcination

Demagnetization — crushing and
grinding — chlorine roasting — water
leaching — solid/liquid separation —

Nd (99.2), Pr (99.2), Dy (99.2) | Kumari et al., 2021

Rare-earth polishing

powder waste extraction/precipitation

Physical separation — leaching — solvent

La (40-99.57), Ce (25-97) Wu et al., 2021

Acid mine drainage

sludge precipitation

Oxidation — precipitation — pH control -

Y, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu, Sc, La, Ce, Pr, Nd,
Sm, Eu (99 for all)

Hassas et al., 2022
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Table 3. Lists of the valuable materials (Li, U, Au), their densities, and applications

Element
(symbol, Atomic No.)

Density
(g/em’)

Applications

Electrochemical cell, anti-expansion of concretes, supercapacitor, hydrogen

Lithium (Li, 3 0.535 . . .. ..

ithium (L, 3) storage materials, batteries (Li-air and Li-ion)
Uranium (U, 92) 19.05 Nuclear reaction

Gold (Au, 79) 19.30 Circuit boards, coating, drug for Rheumatoid arthritis

Sl 7hset 71 549 AdAz=A, 2T A7ARE
b gl 2y Az AFe] gedor AEHE dE
Li)at oA AL S2ha(U), 771 AHdolHA 4
Y FErE =2 F(Aw] HF 2AE 35ty
Table 30 %]ttt

Lio] 4% WErt 05302 Ag4e g 3

o T

AT A F2 A== Lie 3¢, A71A-s2t
g 7HA el Z3tE= s i g #ek ofu e,
EO] A Ao, 24 A, A HAIE, 2
2t A%, A, AxA, oJokE, daR, 1&
A Al ol AREEAL QlTt (Sun et al., 2017). X
=°l, A7|AEA W 47 7H | x3tE = glE ol
viEle] o7t G5l w2k A AlA gE A
Teoti glow, g% Hegol: wHY: 5
Ao o= otk = 2E a9 = flst
of, HufjE 2l = FE O g& g 7| 7ol Alast
Al Hagt Zor AR

U} Au®] 79 A&7} 19 oo = mje A, 52
A Qo= Ao R OF 10% FE=7t AREE AL
oItk U2 Ao A AlA sl2=o] °F 4.000,000,000 ton
A7t 2A5+= Aoz d&HA 2l (ACS meeting
news, 2012). 20119 2 A AlA U AAEFo]
50,000 ton AT o AL wslu, HrnHE UL
Sat AR 2, ebgHel
o7 AALE HES
oh AuS) AR ARRIH Baon gL
ool A& o HE/ Aol T S AL et
stHgk a7t Qlok

u O =)

WE THE WE
S

L ool 3AL the
3 2} sl ele] el ol sha) 34 o
Zukg PAe7] Sste] YABAS AN 1 ol
sl Ra) B34S AR Aols SO AL B4

A3, djEE W) Eelsom AgEE HehaEny
95, 18] BEHE =R A2l black powder®

Ho] FHt}l Black powdero] Lio| 3Z3tE] o] Qlom,
Li o]9Jo%= Ni, Co, Mn 52| {7} Aho] Z3}HE o]
@it} (Takano et al., 2022). YHFA S 2 Ni, Co, Mn2]
A% 54 AR e Fokol R 47} s
shAE, Li9] A= 2 & A €t HuiE
Bk oflegl A Eg B /AT S5l
Li 357} 7F&3ttt (Sun et al, 2017). whebA], HHiE
Z 2F &Y B AEe B d/ET 5ol
Lig 3|37 93t 71&5S ot Table 40 st
At

Table 40] UEbdH AAH Li 3 7|sole AW
SAN, A7issh, g 9 2ol qok
AdAor wmE 7HY 2 ol Ao

40,
bel 540

)

‘%‘7 M =
de] 37 9 FEo| mek AR 2 FHA} AL
fek A7) AgskE YAEe RS o] gaks
Hoz, i des I o+ o A
23d FeH] 25 4 AR 2lEele HiE
P AT 4 glo} HEo] R 5o Atk

98%)°] 7%, Li o] euke Mex o 543t
o Zoll, 2lEol e 2o =2 AR 5
FE O ek Li PR 357t 7 Aol
(Khalil et al., 2022; Martin et al., 2017). 3}A|4qk,
= Lig 9 il i ez slpgo] Hom, 4k

= A7) AHgol Hagt E4o] it ujEEH o
AL, Li 348(87.7%)1} “&=E8(separation facter of
LilNa: 3-10.6)0] B =2 o] 9o}, 34 7y
of A} &-oH9] pH7} A3} &= 54| qltt (Lee and
Chung, 2022). ThA|uke 2 Bajabye) Ao, e 27t
oA m=8(separation facter of Li/Mg: 2.6-10.4) =
2 5 gl Aol gloik, sregle] dig Ug &
% Blgo] £& E40| otk (Li et al, 2019). B, o

g
k30 30 30 < %

A 2o Xy
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=2 Lot AT SESET )\
Table 4. Technologies for lithium recovery from the waste lithium-ion batteries (LIBs), geothermal fluid, and brine (seawater ~
or salt-lake) %I
C i =
Classification Methods Advantage Limitation ) on,]meml- “
alization level o
Precivitati L "
eiﬁg:; on Addition of PO43- High recovery I&V;gf :’;1(11\(13 P Ofrlc\)T(illli’l(C)tS Commercialized
] 0,
Adsorption . nglll grade [93 9%6) Low re(.:overy . R&D level
(LIBs) Use of adsorbent (LiMnQO,) Li products Use of acid for Li (Khalil et al.,
(LiCl, LiOH, Li,COs) detachment 2022)
1 0, R&I )
Electrochemical | electrodialysis (ED) and capacitive ngh’grade (> 38@ LOW, recovery ] level
method (LIBs) deionization (CDI) Li products Electrical energy (Martin et al.,
(LiCl, LiOH, Li,COs,) required 2017)
D2EHPA High recovery
o L o
Solvent extraction (di-(2 e‘Ehylhexyl]p'hosphorlc acid) (87..7 06) R&D level
(geothermal fluid) for divalent cations and TBP Separation factor Low pH (Lee and Chung,
8 (tributyl phosphate) for synergetic (Li+/Na+): 2022)
reagent / Na,CO; for precipitation 3-10.6
MeI.nbrane filtration Low footprint Membrane fouling
(brine (seawater or . . . R&D level
nanofiltration membrane (NF) Separation factor High investment and .
salt-lake) or (Lit/Mg?*): 2.6-10.4 operating costs (Li et al, 2019)
geothermal fluid) T P g

*LiPO4 cannot be directly recycled as cathode in the lithium-ion battery.
**LiCl, LiOH, and Li,CO; can be directly recycled as cathode in the lithium-ion battery.

Table 5. Technologies for uranium (U) and gold (Au) recovery

Sources of U or Au recovery Methods Recovery Reference
Brine fi linati lant f
rine from desalination plant for Adsorbent (PAN-AO Adsorbent) - Altay et al., 2022
U recovery
Seawater for U recovery Adsorbent (HA-PAO NFMs) 99.2% Shi et al., 2022

Jung et al., 2022

Cairncross and
Tadie, 2022

Wastewater for Au recovery Adsorbent (amine-rich polymeric capsule type) 99%

Gold mine tailings for Au recovery Leaching -

Electroreduction recovery by using
bioelectrochemical system

Cyanide tailings leaching solution

100% | Wang et al., 2022b
for Au recovery

0] =2 nanofiber XA 2 93t 34 =L =7}
= Aoz disiAt £33,

=
ThehE )

E3E Uyl Au 3o tfgh A= 2ARSHITH
(Table 5). 4, UL a4 2 USE @ HH 4= 27
oA 3]4=3}7] €5} poly(amidoxime) nanofiber 2]
urS FRurst A 7b Q1Th (Shi et al., 2022). O] =E
oA UL 71 B a4 2ol F 409 mg-
Ulg-Ads®] S2a 24T o ddlen, AA=2 =
2 A o2 a&ZQl e FxRAL}t 3=

A4 5242 o8
sto] UL Bl4ak S3A) 719 714% A2k vt 9l
o (Altay et al, 2022). o] Ao A= AWy BHE
Agatel A2 02 ¥ A Ao FAAE 4

519e el Thope 8 AR HzE wusty
o, H4asE UL 8l4sts 340 AN R
2 AL AAT SHAY Aol Baje =
sheiet.

Aue] 8]4-2 9l5te], 7144

%i—%ﬂ% A8 A
7F QUSITh (Jung et al, 2022). AAE

10 v

-2 Amine-rich
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polymeric capsule W49 F2HA|E 2-8-35lo] 99%2)
Aug Bl 5 gl 10519 AALge] Zhse
< WEh Auf] 3] Ao A= e-waste U ofL]
o SE7h e F B4 HUE AEET ggen
(Cairncross and Tadie, 2022), U|RE&E Z 7|3kt A|AH]
S olgalo] HATY 712S Bajol AuE B4l
71&E: A=l QJUTt (Wang et al.,, 2022b).

4. 8 E

of Aol ML HT AFge] G243 F7ekn 9l
AR, 49 W, Ax)7), Sl A
89 5 Ut A7k B4 71 Ao A B
S ool AR SIS Sl st
AT BER, eF, Sehr Tl gotel W
sl

Al ﬂ‘/‘;\‘]ﬂo} o zRE EYH 7 B A7]|ekek
se°| gl L= A JER 3 7]
71ato] A8H A7t Ao,
ME2E 71ae] 28] weld Aoz e, 2F,
ehE, = ol HisiA AR SHeR HAl d4E
= A2 ® AA s e A AA ] el
=4 Aol it g FAo] A FshA ol Ao
2 gtEo], A dud Zledel i watek 9
A 7l o] AlFSHA o] FofAoF & Ao A
=29}

At AL

B ATE Sh|SATd $AEE LY A
(CCL21051-100)1} 3t=+1}sh7] & -(2E31932)9] %]
Aoz +AgUEth
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