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Rare earth elements from waste
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ED s) are critical materials in electronics and clean technologies. With the diminishing of
, the REE recovery from waste is an alternative toward a circular economy.

Copyright © 2022
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
0o00o00000000000o0n original U.S. Government
Works. Distributed
under a Creative

Commons Attribution

000000000p0000000

Rare earth elements (R

000p00000000000000

ea5|lr¥ accessible minerals for minin

0000000000000 00000000000000000000

Present methods for REE
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Here, we report an ultrafast el ectrothermal process (~3000°

recoverﬁ suffer from Ien%thy Eurlﬂcatlons, low extractability, and high wastewater streams.

C, ~1 s) based on flash Joule heatln%(FJH) for actlvatlng
ODOOOOQREEOOOODOODODDOO00C0000NO0PNDOO00000

License 4.0 (CC BY).
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wastes to |EnDprove REE extractablllty. FJH thermally degrades or reduces the hard-to-dissolve REE species to com—

MHCHO 0 0 0

ponents with high thermodynamic solublllta/ Iead|n§Dt§D~D2DxD|rDuD:rDeSsDeD%\DIeachabll|ty and high recovery yields using
diluted acid (e.g., 0.1 M HCI). The activation strateg% is feasible for various wastes including coal fly ash, bauxite

OrRHOOJOoOOodoood 0 kWh/0 O

residue, and electronig \Dlvaste. The rapid FJH process is energy-efficient with a low electrical energy consumption

_ 00000000
of 600 kWh ton ™.

INTRODUCTION

OO000O(REE)D0DOODOODONODD000OD0O0OODO

Rare earth elements (REEs) are strategic resources in rgg%eurélmeéec—
tronics, clean enerLg%/ and automotive industries (1). Concentrated
OboboooooOooooOooooo000ooopooooo

aqueous acrd leaching of the REE minerals, followed by biphasic

solvent extraction, has been the dominant scheme for REE mass
A 000000000000000000020150000000000
roduction (I). However, the resource- and pollution-intensive
4800000000000000D0000D0
production has a large environmental footprint, where the degra-

tive environmental cost reached $14.8 billion in 2015, warrantin% a
DDDDDDDDDDDDDD 0

search for a sustainable solution (2). As the easily accessible REE

goooopooopooogo

minerals diminish, the extraction of REE from 1ndustr1al wastes has

i 000000000000 (CFA) 000
galned much attention (3). The a&)ﬁ)hcable secondary wastes include
(BRDDDEDDD ooo0oooopooo pooooooooooooo

coal ﬂg‘ h (CFA) (4-9); bauxite residue (BR; which was formerly

ggpooooooo@mooo)o

called red mud) (10-12), which results from bauxite processing for

aluminum production; and electronic waste (e-waste) (13—15) from
[m} gooogoooooooo
EODnDSIDnEnDerD' electronics and electric vehicles. The reuse of these wastes,
in turn, reduces the environmental burden of their disposal (8).
0000000000000 000000000000000000O0O0O00000000O00O0O0O0
HogvDeE/%rD, theD total REE contents in these secondary wastes are
usually less than those in REE minerals, and the recycling yields are

still extremely low, which exacerbate the quest to establish a circular

economic Bro@ram
0O CFAO O DDDDDDDDDDDDDDDD?SED
Taking CFA as an example, it is the by-product of coal combus-

tion with an annual groductlon rate of ~750 million tons worldwide
CFAD 0 DO0D0000D DDDDSOO&E@DDDDDDDDDDDDDD o
(8). CFA has an average total content of ~500 parts per million

(ppm), whlch is variable based on theDgeologlcal or[gmln of the feed
OO000O0O00OREEDOOOOO
coals (4, 9). The acid-extractable REE content, however, is usually
000 Taggartd 1]
much smaller and hl% &)endent on the CFA feeds. For example,
oo 00 0O00REEHNO3D OO OO D0 1.6%0 93.2%0 O
%%art et al. 4 Eorted the HNOj; extractability of REE ranging
0% O 7.4%0 37 ppmt) O 0 0 0 127 ppm0
rom 1.6 to 93.2% with a median value of ~30% from major U.S. power
lants, or 7.4 to 372 E%m with a median value of ~127 ppm (4). R
FADDREE[DDD[DDR DD]DDD]DDD(}EDDD[DDD[D
extEactablhty in CFA depends on the REE species, such as oxides,
phosphates (churchite, xenotime, monazite, etc.), apatite, zircon, and
CFAD]DDREEDDDD
glass phases (7). The low REE extractabilities in most CFA resources
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The potential for this route to be rapidly scaled is outlined.

OO00DO0OOREEDOOOOOOOOREEDOODOOODOOO

are attributed to the large ratios of hard-to-dissolve REE species

such as REE phosphates, zircon, and %ass Ehases .

DDEDDD oo EDDDEDDDEDDDE DDD[D85°CDQO°C515M
timizing acid leach n% processes cou 1d, to some extent, im-

HN03 000 070%U0 85° CLl 12M HCIO 0 035%0100%0 0 0000000

prove the extractability by using highly concentrated mineral acids,

such as 15 M HNOj; at 85° to 90°C for an extractability of 70% (4)

and 12 M HCl at 85°CDf%rDaDnDe5ctractabiliEy of 35 to 100%, depending
on the feeds (16). The use of concentrated ac1d however, 1nev5ltzilujlar
increases the cost of extraction and the disposal burden. Chemical
goooOO0oO0o0o0b0O0OO0OO0OREEDOOO
or thermal pretreatment of the CFA before ac1d 1each1n§ contributes
OoONeOHDOOOOOOOOO
to achievin h1§h REE recovery (17, 18). For example, a total REE
0000D8s%O 0o
recovery of 88% is achleved by the NaOH ha/drothermal treatment
OONaOQHO OO OO OO O DO00[09%0%0
followed by acid leaching (17) Alkali roastin u51n%NaOH leads to
gOo0ooogoOoouoooouopooooooooo
a re[cgvery yield of >90% (18). However, those pretreatment processes

are usually lengthy and enerﬁ intensive, which %reatly reduce the
g0oooOoOoOoogQooOouooCocgpoooooo
groﬁt margin and incentive. Hence, a rapid and energy-efficient pre-

treatment is imperative for the REE recovery from wasterroducts
000000000 oO0o00000000poOoO00000000poo0oOn
Recently, electrical heating has been emerging as an ultrafast,

high-temperature, and energy-efl efficient heat1n§ manner for materials
pooo0oopopboonoooobooonoog
syntheSIS and processing. For example, the high-temperature shock

technlque uses rapid pulsed current for the ultrafast sa/nthesm of
goooopooooooooooon

functional nanomatenals (19-22). The ultrahigh-temperature sin-

gopoooooopooooo

tering based on contlnuous current 1nput is Eronosed for ceramic

00DOO000O(RA)

sintering and screen1n§ in seconds (23). Our group developed the

goooooopoooo0og

flash Joule heating (FJH) process for conversion of carbon- contalnlng

go0oooooorRHODOOOOOOO

sources into flash graphene (24). In addition to the materials syn-

goooooogoooo0goooo0ofoooooogooooooooo

thesis capability (25), the FJH process has been demonstrated as an

efficient technique for sustainable management of carbon-rich wastes
(26), including the conversion of plastic waste (27) and rubber

waste (28) to %raghene

0oo0oooD ORHOOODOOODDO0O0000000000000(00.1MHCI)
Here, we regorted the ultrafast electrothermal process based on
ODOOO0OREEDOOO
FJH to activate the secondary wastes to improve the acid Sxtractaﬁ

bility of REE si C}El&’ using a mild acid such as 0.1 M HCI1. A Eulsed
00 o00odoo 30 OO0poCrA0 00000000000 000D00O00DOO0OU0DO00
voltage in 1 second brings the raw materials to a temperature of
ood D opoopooa

~3000°C, leading to the thermal decomposition of the hard-to-

dissolve REE phosphates in CFA into highly soluble REE oxides, and

the carbothermic reduction of REE comgonents to hj%hlg reactive
0J000000000000000000F0CFA(CFA-F)

REE metals. The actlvatlonDprocess enables the increase in REE re-

(CFA-C)OREED 00000 DO O 206%0 O 187%0

covery yields to ~206% for class F-type CFA (CFA-F) and ~187%

for class C-type CFA (CFA-C) compared to directly leaching the raw

materials with more concentrated acids. The activation strategy is
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DCFADBRDDDDDDDDDDDDDDDDDDDDDD

feasible for various secon ary wa wastes, as demonstrated b by CFA, BR,
OORH DDDDDDD 0000000en 0k DIDIZD

and e-waste. The rapid FJH process is scalable and highly energy-

0/000000010x

efficient with a low electrical energy consumption of 600 kilowatt-hour

kWh) ton ' or $12 ton | enabhn% é)roﬁt ercentage of >10x.
DDREDDDDDD%YDNdDEuDTbDYy)DDD 00000o00000000o0o0o0o
Am0n§ all REE, five of them Nd, Eu, Tb, and Dy) are most critical

based on their need for clean energy devices and their sudJSDy risk

RHOOCFAOBROOOOOODODOOOREEDODOOOO0000O0O0ON poog
(29). The &)ercentages of extractable critical REE in the FJH-activated
DDDDDD oopoobopoooooooogooooooopoooogooopooogo
EI:EDAD EIBR and e-waste are two to three times higher than those in
some of the most concentrated ores in the world, thus underscoring

the usefulness of these local sources that are abundant, requiring no
additional mining, and categorized as toxic waste and problematic

to stockpile.

RESULTS

CFADDDOODOD

Aqd-extractabl REE content in CFA

0 0 O CFAO CFA-FO si020 AIZOSD Fe2030 0 (1 0 0 [1 70%( wt% ) CFA-CO

g‘lbl(e{ﬁ %rDeDtEVS types of CFA categorized by the chemical composi-
al

tion, CFA-F, with the total content of SiO,, Al,O;, and Fe,O5; >70

% (wt %), and CFA-C, with a hi &her abundance of CaO ).
000 CFA-FOJ DDDDDDDDD(ApF)DCFA gooooogno é
In this work, CFA-F is collected from the Appalachian a51n (App),

and CFA-C is collected from the Powder River Basin (PRB) (4),
X0OOooooOCFAD QDO D00 (60-90%)0 0,

B%télmlg Dtl&eDUanDted States CFA is composed of primary amorphous

phases (60 to 90%) (6) and the remaining crystalline materials

we1§ht

include mainly quartz and mullite, as shown by the x-ray diffraction

EXRDb(DlA)D OO0CaJCFA-CO0DODOOXOOO000OO(XPS) |
atterns (F1 1A). In addition to the enrichment of Ca in

(DlB)DD gox SllDDDDDDDDDDCFAFDDCDDDDDDDDDDDD
e l,]eDlemental analyses by x-ray photoelectron spectroscopy
(XPS) (Fig. 1B) and energy-dispersive x-ray spectroscopy (fig. S1)

show a high C content in CFA-F, Wthh might be caused by the in-
0o0000(TGA)OCFA-FO O OCO O OO,

comcglete combustion of coal feeds. The high C content in CFA-F is

700° 0ooogooooo((os2)d

also evident by the large welght loss at ~700°C by thermal gravimet-

ric analgsm (TGA) (fi Egm
EEDDO0O0O0DO HF)DHNOSDDD(DDDDDDD)D

The total quantlﬁcatlon of REE in CFA was done by the hydro-

fluoric acid (HF): HN digestion method (see details in Materials
ﬁ 0 Octotal( CFAL O )T CFA-FU 516+ 48 mg/k [1 CFA-C
and Methods) (4) The total E content, ctotal ﬂaw) is 516 +
D 41s+ 71 mo/kgq D 1C )0
mg for CFA-F and 418 + 71 mg kg ! for CFA-C (Fig. 1C).

OCFADREEODOOOPRBOOOOODOODOODO

'lPﬁe CFA from App has a higher REE content than that from PRB,
00 1M HCIO 15M HNO3[ 0 CFAD O

consistent with aEEre\uous re&)ort ). Ac1d leachable REE contents
CO(CFAU O )OOOOOREED O(OOOO
from CFA raw matenals, cO(CFA Raw), were measured by using

1M HCl or 15 M HNO; (see details in Materials and Methods)
0 0 CFA-FO HNO3-L HCIO & O OREEO O D [ [0 144+ 32 mg/kg) 160+ 50 m ]g/kg

(4, 9). For CFA-F, the HNO nd HCI- extractable REE contents

(o 1000 D REED D OO p)yoopg fzs%m 31%0

are 144 + 32 mg kg and 160 + 50 mg kg

correspondlné_ to the REE extractability (Y,) of ~28 and ~31%, re-
A-C0 HNO3-0J HCIO [J 0 O REED) U0 [J [1'246+ 71 mg/kgll 231+ 81 mg/kg

5 ectlvelg For CFA-C, the HNO;- and HCI- extracta le REE contents
OREEOD OO Dﬂlﬂ O DSQ%D DS%%

(Fig. 1C), respectively,

(01c)oo

are 246 + 71 mg kg = and 231 = 81 mg kg (F1g 1C), respectively,

corresgondln% to the REE extractability of ~59 and ~55%, respec-
pgooodooooO0pooiMOOOREEDOOOOOOOOODOOOOOOOOOOO

tivel%. It is concluded that the acid concentration has limited effect
0000 IMHCIOODOD00000 T ) )
on the REE leachability once it is >1 M. Hence, in later experiments,

we used the 1 M HCI leaching as the standard protocol.
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Fig. 1. Acid-extractable REE content in CFA. (.

EB CFA F0 CFA-CU XPSU 0 O e 0 HNO3D U (15M0 85°_C ) HCID [
B) XPS full spectra ofCFA F and CFA C. (C) Concentration of total RE

E CFA-FOJSEMO 0 00 (E)HCID [ [ REEC 0 (1 MO 85° C

SEM image of CFA F. Scale bar 2 um (E) HCl-extractable RE

(F)CFA-COSEMO OO 0000 (Gz HCIO 0 0 REED O (IMO 85° C)0 CFA-CO REED [ 0 D OOREEIODO(

|mage of CFA-C. Scale bar 5 um. (G) HCl-extractable REE contents (1 M
0O0000000SDOOON

(Q), (E), and (G) represent the SD, where N=3.

1MO85° C
in CFA-|
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) XRD patterns of CFA-F and CFA-C. Inset: Picture of
]DDD]CFAFDCFACDDDREED]
and CFA-C by HNO; leaching (15 M, 85°C), HCl leaching (1 M, 85°C), and total quantification.
0 CFA-FOREED 0 0 0 OREED 0 0 0 (YO

contents (1 M, 85°C) and total quantification of REE in CFA-F and the recovery yield (Y,) of REE (F) SEM

[ Total digestion

Sc Y La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu
REE

D[DCFAC(D)DCFAFD ooo 0ooop4nnon ooooo
-C (left) and CFA-F (right). Scale bar, 4 cm. a.u., arbitrary units.

85°C) and tot)al quantification of REE in CFA-C and the recovery yield (Y,) of REE. A?I error b)ars in
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CFA-CO0 000000000 0CFA-FO
The acid extractablhtDy of REE from CFA-C is hlther than that
0ooo oooooopopoooooooooon oo
from CFA-F. This is con51stent with a previous report (7) which
ogooo(mooopoo)oooo
attributes the higher extractablhty to the higher content of easy-to-
CFA-FOOOO0OO0TO
dissolve REE s&)eaes like REE oxides in CFA-C. The morgholo%y
(SEM)DDDDDDl ooogoooooooooo0oo0pooo0o00o0o000ooonona
1m%gme baz 2% electron microscopy (SEM) of CFA-F is shown
0o D 21% 4. A)i’l
i

1E)0
in Fig. 1D, and the

igh carbon content could retard the accessibil-
ity of aqueous acids to REE-bearing species, leading to the low ex-

tractabilit ran%ing from 21 to 42% for individual REE (FDgD 1E). In
OO0O0O0O0CFA-COO00D0O0O000O0000O(0IF)0000000000non REEC OO0
contrast, CFA-C is com osed fine, uncovered spheric particles

DDDDDDDSS%DW%DD(D 1G
(Fig. 1F), which benefits the acid leaching process, leading to a rela-

tively higher extractability ranging from 33 to 67% for individual
REE (Fig. 1G).

O00000CFADODDDOOO
Improved recovery yleld of REE from CFA by electrothermal

activation
ORHOOODOO0DO0DOCFADDOODO0O(CB) 00000000000
In our electrothermal activation process by FJH, CFA raw materials

were first mixed with carbon black (CB), which serves as the con-
O CFAD CBU O O O (0 30 wt%CB ) boooo0oo0onoon
dDuchtDnaesaa)ddltlve The mixture of CFA and CB (~30 wt % CB) was
ioaded 1ns1de a qélartz tube between two&ra&)hlte electrodes (F1 2A
geomrFO O O0O0O0O [m} (%
and fég S3). The resistance (R) of the sample was tunable by ad)ustlng

the compressive force between the two electrodes that were connected

goooopoOooopOooopoon
to a capacitance bank of 60 mF (fig. S3). The sample was brought to

h tem
D% oog
The detailed experimental parameters are shown in table S1. In a

&)erature by high-voltage discharging of the capacitors.

00000000RHODOO120vOROIO00000001s00000000000000000
tDyﬁncal dischar; 1n%§>rocess with FJH voltage of 120 V, R of 1 ohm,
120A0 0000

and discharging time of 1's, the current curve passing through the
sample was recorded with the peak current at ~120 A, followed b

oo 000000000000 03000° C DD
%F1g 2B). The corresponding real-time tem-

~3000°C, followed
00000000000

current plateau at ~7 A
Ooo1secooooog
perature curve exhi 1ts a peak temperature - up to, to

b% the stable heatln at ~1150°C (F1§ 20). The temperature map of
DDDDDDDDDDD %S4)DDDFJHD oodooooo
the sample during the FJH shows that the temperature distribution

is uniform throughout the entire sample without an obvious gradi-

ent (fig. S4), demonstratln that the FJH has a horn0§eneous heat-
00oooogooooopnooobooopgoono0nooo(oss)d
ing capability. Because the sample has a much larger resistance than

the graphite electrodes, the heat generated by dlschar%ln% is malnla'
ORHODDOOO0O0D0D0O ooooo
%osed onto the sample (fig. S5). Thus, the FJH setup has a good

durablht&/ even thou% such a high temperature can be achieved.
FRHOOOOO000000CEA(
The obtained solid after the FJH is termed as activated CFA (fig.
OOIMHCIOOOOOOUOCFAc(OUCFA)DOUOOOOREED O D
S6). The acid-leachable REE content from the activated CFA, c(ac-

tivated CFA), was measured by the 1 M HCI1 leachlngé rocedure.

DDDDCFA(Y)DDDDDDDDDDDDCADD(YO)DDDDDDDD }D

The recovery yield of REE from the activated CF E Y) was calculat-

ed and com(%ared with that of the CFA raw materials (Y,) (text S1).
ooogos 150VDFJHDD(DZD)

A series of FJH voltage ran from 50 to 150 V were applied
DDl VDDDDCF -FO OR HCIO85® C)YOHCIDOOOoOopoo
At ~120 V, the HCI- leachable content of total REE (1 M

329+%4 mg/légé:D 2D) D

HC ) from the activated CFA-F is 1In§)roved to 329 + 14 mg
00000000064%0 0 CFA-FO O (007°31% )0 O 0 0 206%(]

(F1g 2D). This corresponds to the recovery yield of Y ~ 64%,

representlng an 1ncreas% Eo H~D2D06% over that of the CFA-F raw ma-
terials (Y, ~ 31%). The pH-dependent leaching dynamics of REE

A
i 150 3000
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~ 2500
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—— | B 5 2000 \
3 g \
30 £ 1500 \
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Time (s) Time (s)
D E F
100 120
400 [ CFA-F 200 «— CFA-F Raw —— CFA-C Raw |
—~ 80| —— Activated CFA-F 1001 . Activated CFA-C ,
£
5300 150 . 80 /
= —~ 60 _— < /
5 IS _t <60 /
& 200 1005 > 0 - > e
: S s w Y.
o
£ 100 50 20 _/L_/ 20 /
o
0 0 0 . : 04— -
50 80 100 120 150 4 3 2 1 0 4 3 2 1 0
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150 250 200
£120 l/\ 200
g 1, E150
2 =
s 90 150 & 5
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= 60 100> £
Q Q
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8301 BECFAF 150 3
Sc Y La Ce Pr NdASmEuGd Tb Dy Ho Er Tm Yb Lu Sc Y La Ce Pr NdSmEuGd Tb Dy Ho Er Tm Yb Lu
REEs REEs
ﬂzmrﬂmmrﬂmmcrmmr?mmr?mm (RCFAFJHHHH I;FJHmrmzowummﬂTmmﬂ
Fig. 2. Improved recovery yield of REE from CFA by electrothermal activation. (A) Scheme of the FJH of CFA. (B) Current curve with the FJH condition of 120V and 1 s.

E‘C:EJIZOVDISDFJHD[D]D[D]D[D]

Real-time temperature measurement with the FJH condition of 120V and 1 s. (6)

increase in recovery yield (Y/Yy), and the FJH voltages. (é) pH-dependent

0 CFA-FO HCIO [0 0 REED O (1 MO 8500 ?

Relationship between HCl-leachable RE

FAF[DDD[CFAFDﬂHD[REE]DDD %
EE leachability from the CFA-F raw materials and activated CFA-F. (F)

000000 (Y/YO)ORHDDOOO0000

contents (1 M 85°C) from activated CFA-F,
FA-CO [ O O O CFA-CO REEC] pHO
pH-dependent leachabil-

noopooo ) (G& [] CFA-CO HCIO 0 0 0 0 J REED O (MO 850 )0 00000
ity of REE from the CFA-C raw materials and actlvated CFA-C.(G) HCl-leachable individual REE contents (1 M 85°C) from activated CFA-C and the increase in recovery yield.

EH}DDCFA-FD HCIO OO0 0OOREED O (IMO85° C)00 00

HCl-leachable individual

raw materials, and Y represents the REE recovery yield by HCl leaching the activated CFA. A

Deng etal., Sci. Adv. 8, eabm3132 (2022) 9 February 2022

O0000CFADODOONOOONOOYODOOOOOOOCFADOD

Yoo ooo
EE contents (1 M 85°C) from activated CFA-F and the increase in recovery yield. Y, represents the REE recovery yield by HCI Ieachlng the CFA

(DRD( )a 00000sboddN=
I error bars in (D) to (H) represent the SD, where N=3.

3o0f9
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OCFA-FODO0OOCFA-FOOODO(O2E)D
rom CFA-F raw materials and activated CFA-F were investigated
gooooOdpHOOOOOODOOOO
(Fl% 2E). In EgDeneral the yield is reduced as the ac1dé:\H increases. The
FA-FL REE! DD&E]%D IMHCHO OO0 045%0 00000000000 (pH20

recovery yield from the activated CFA-F remains Y ~ 45% at
0009%)0'0°0 0000000 0 (pHOD 000 31%)0

pPH 2 (or 0.01 M HCI), substantially higher than that of the CFA raw

materials at the same leaching condition (Y, ~ 9% at pH 2), and even

under a much hi%her acid concentration (Y, ~ 31% at pH 0). For
OOCFA-CODOO0OOORH DD]DDHCI]DDD(lMHCmSS 000 0OCEA- REEC O OO0
CFA-C, under the OFEtImIZe FJH condition, the acid leachability of
0 DYIOS%(DZF)D 000 CFA-CO 0 O REED DlS7%(YOD 55%)D

REE from the activated CFA-C is measured to be Y ~ 103% using the

HCl leaching procedure (1 M HCI, 85°C) (Fig. 2F), corres&)ondlnﬁ to

~187% of that from the CFA-C raw materials %Y ~ 55%). Even using

(leDOlMHCI)DDDCFACDDEDDDEDDDEDDM%H 00O00CFA-COOD00

e[l(d(.)th‘slﬁ/e )%Cl (pH 1 or 0.1 M HCI), the recovery yield of REE from the
0

activated CFA-C remains Y ~ 94%, substantlall[y hl%her than that of

the CFA-C raw materials (Y, ~ 54%). This would render far more

manaDgDeable wastewater streams.

OREEDOORHOOUOOO0O0O0000000(1IMHCIO850 )0 CFA-F(U 2G)
For individual REE, with the FJH activation Srocess, the acid

OCFA-C(U2H)00O00O0D0OO ]170%D [1230%C] 0 170%0 0 210%01 0

leachability is improved ranging from ~170 to ~230% for CFA-F

(Fig. 2G) and from ~170 to ~210% for CFA C (F1§D%UPP us1|51g the
same leachlrégm%rocedure (1 M HC(I, 85°C). Slmllar improvements
85° C)yooOooo O

were realized u31n% a dllute ac1d leach1n§E (0.1 M HCI, 85°C) (fig.

O0ODO0OOOREEDOOOTOO [0 0O.CFAO EDDDDDD(DIDEDF)D]D

S7). Some deviations amon the different REE are observed, which
REEDO0O0O00O00O0(OOOO0O0OO0)ND

could be attributed to the inhomogeneous distribution of REE in

CFA (Fig. 1, E and F), as well as the different activation degree
ooooooooopoogo
amon%REE (as wlll be discussed in detail later). As control, the REE
0 0CBOUREED L (O
content in CB was measured u51n%the same dlgestlon method (fig.
CBO 0 OREED O 0 [0 5mg/kg0) O O 0 CFAT 190 _
S8). The total REE content in CB is ~5 m§ § , correspondlng to
goooocBooOoooopoobn
~1% of that in CFA. Hence, the use of CB will not 1nduce notable
gooooooceOoOoogoOoOO0OooopoOoogoooon
error into our measurement. In practical applications, the CB could
000000000000 0000000REED OO
be substituted with anthracite coal or any other inexpensive sources

of mildly conductive carbon, but the REE content in that source

needs to be considered in yield calculations.

oooonoopooopnoo |

Mechanism of the improved REE extractability

g00oooO0oooooooopooOoooooonoon

We then investigated the mechanism of the unr_proved REE leach-
gooooooopooono

ablhtar bar the elethrothermal activation process. The REE speciation

and dlstrlbutron in CFA determine the REE extractablhty REE

00000000000 00000000000000000000D

phosphate, including monazite and xenotime, is one of the primar

REEDOODOO00D0DO0OO0OD2000° COO

E%unteréounms[of REE in coal (7, 30). REE phosphates are rather stable

components, and no meltlng or thermal dissociation of them occurs
00000001300° O1700° CcOODO

up to ~2000°C in air (31, 32). The coal-fire combustlon tem

goooooopogoopooo
Ey&ncallg ranges from 1300° to 1700°C (30). As a result, the REE-
b ring t h
earin race
& Ree

erature

CFADOOO0D0

ases, including monazite and xenotlme,
00000000000 o0000000000(@Oo00
CFA (33, 34). The REE could also be partitioned and encapsulated
go0oO0o00o0crFrADODOOOO
into the glass fraction of CFA by diffusion into the melt (e e.g.

S)ersrst in

alumi-
REEO OO
nosﬂlcates) formed at the coal boiler tern%erature (35) Those hard-
O0OO0OO0OREEDOOOOOCFAOOREED OO OOOO

to-dissolve REE phosphates and glass phases are detrunental for

REE extraction (7), while REE oxides and carbonates in CFA are

relatively easier to extract bE acid leach1n§
FJHDHDDDHSOOTCDDDDD 0000000000000 0REEODDODO
e high temperature of ~3000°C generated by the FJH process,

which is substantlally higher than the coal boiler temgerature, could
O000000OREEDDOOOOOOOOO

thermall grade the REE species. The thermal decomposition

0 0 2600° [J2900° C

temperatures o

ooooo
~2600° and ~2900°C under standard conditions (table S2). Exper1—
oo(ypos) DO OO (LaPOS) DO OO OOOONO
mentally, yttrium phosphate (YPO4) and lanthanum pDh E}éautg

(LaPO,) were used as representatives for REE phosphates. As shown

YPO4DD§JHDDDDDDDDDY 03]
Fig. 3A, after FJH of the YP recursor, the Y. &)hase is iden-
O ELaPO4DEJ 0oogogoy203 ﬁSBg

tified in the product. Slmllarly, LaPO4 is thermall ecom%osed to

Jo000000rRHOOODOODOOoona

after the FJH process (Fig. 3B). Wh1le we not seeking to identify
0 ﬁEEE 000000 (loglokspO 50 33 )0 (1 REEC 0 1

all new material phases accessed during FJH, the REE oxides have

p of 5 to 33) than REE phosphates

s
E)E phosphates are calculated to be between

much higher solubility (log;oK,

Deng etal., Sci. Adv. 8, eabm3132 (2022) 9 February 2022

o

2275 24001 logl0 K tp)( ] 53)D

lﬂmﬁ’tu D[

724) (tab}e S3). To further provide insight into
the solubility of

HE oog
EKEE phosphates and oxides, we calculated the dis-
0000 0LaPO40 YPO4D O O pH
solution curves as a function opoH F1% 3C). It is found that LaPO,
oDogooooooooooo0ooOodooDOpHOO6OOOOOOO0O0O0
and YPO, show notable solubility only when pH approaches 0,

while the oxrde counter arts readily dissolve at a low ac1d1t£f wlth
00 pH EEDODODDOO00CFAOREED 00000

EI(E?D E‘Dhls Dpartlally explalns the observed pH-dependent REE leach—

ing dynamlcs that higher REE leachabilities are achieved for the acti-

vated CFA than the raw materials using dilute ac1d (thD 2, Eand F).
goopooooooopOorRHOOOQOOO0OOOOOO0OO0O0O0O0O0
In addition to the thermal decomposition of REE phosphates, the

FJH could also trigger the thermal
DDEIlInghamD(DSDD oooooog
reduction of REE comgounds Accor in § to the calculated Ellingham
000000[01900° C(Eu203)0 0 2500° C(Sc203)0 0

diagram (Fig. 3D), the carbothermic reduction temperatures of REE

oxides are estlmated to be between ~1900°C (for Eu,03) and ~2500°C
VOOORHOOOO3000° COOO(02C)0000000O0UREED O OO
(for Sc,03). The FJH at ~120 V generates a temperature up to ~3000°C

0 Y2030 La203
éFDI . 2C), which permits the redlulcuon of all REE oxides. Y,O3 and

godOorRHOOOOODOOOOODOODOO
La,O3; were used as representatives to Verrfgr the carbothermic re-
HO Y2030 XPSO O 000000

SIDJCE%O(% S?Eg IDKS]%E oxides by the FJH process. The fitting of the XPS
after FJH shows four yeaks (Fl% 3E and table
e da/

fine sFectrum of Y.
57.500 159.6 evO O [0 0 0.0Y2030 YO 3d5/20 34 0S9A)T O
eaks at 157.5 and 1 V are a551gned to 3ds,, and 3d;),

ultrahigh temperature achieved bE

). The p. 6e
156,400 158.5eV0 0 0 0 000 00 YO 0O 0 YO 3d5/20 3d3/20
of Y in Y,O3, respectively (fig. S9A) (36), and the peaks at 156.4 and

158.5 eV are assigned to 3ds,, and 3d;, of Y in Y(0), resé)ecuvely
XPsSO 0 0 00 Y20, EDFJHDDD&&YDDDD‘?{&Q’)DDDDDDDD
(37). The XPS analysis proved the reduction of Y,O3 to Y metal by

the FJH process, whlle the small ratio of §ht be from the
01 La20301 0 (0§98 )11 FIHT] Lazés(ﬁ 3F0 H's4)0 XPSO
surface oxidation. Slmllarly, the fitting of XPS fine spectra of La,O3
0000000203000 La00 >
precursor (fig. S9B) and La,Oj; after FJH (Fig. 3F and table S4) veri-
00000000 0REED
fies the reduction of La,O3 to La metal (38, 39). The reduced REE
DDEDDDEDDDEDDDEDQDD?’[DD
species with low oxidation state are hi&hl active materials that
goooogoooocoooooo

readllE react with even ure water (40). The calculated Gibbs free
o(G)o REEDDDDDDDDD %G)DDDD E3GDDSS}DD.DREED.EDD .
eneré y change (AG) values or the REE metal dissolution reaction
poobbooobooooobbOoo

are much more negative than those of REE oxides (Fig. 3G and table
S3), demonstrating a much larger thermodynamic solubility of REE

metals than for their oxide counteerart
ODoo0fO0OReEDOOOOOODODOOOOOO>2600° COREEIDODOOOOOOOOOO
The above analysis suﬁéests that the re% uired temperature for
000>2500° cCOOOOOOOOO0O EE]DDD]DDD]( 2D)0
the thermal activation is >2600°C for thermal decomposition of

REE phosphates and >2500°C for carbothermic reduction of REE

oxides, which also prov1des 1ns1§ht into the Voltage de%endent REE
20VORHOU 00 00>2000° COOT0O0OD(0S810)00
leacvhablhtz (Fl[gD 2D) AEI FJH voltage of > is essential for

achieving a temperature of >2000°C (fig. S10), WhlleFJﬁ[VDOIf?f)%/e of
<100 V has limited effect on the REE leachablht% Neverthefess, too
nooogooseeee cogoooooonORHOOOREEDO OO O

high of an FJH voltage, =150 V, leads to a prolonged high tempera-

ture of >3000°C, which could, in turFrJli_,'EreDsult in the evagoratlve loss

000000REED
of the REE dur1n§ the FJH Erocess The observed different actlva—
20G0H)00000000000000 HDDDREEDDDDDDDDDDD(DS&DREED
tion de% ee for different REE by the FJH process (Fig. 2 and H)
googouoooo(o3p)o

could be attrlbute to their different intrinsic thermodynamic prop-
erties, specifically the varied thermal decomposition temperature of
REE phosphates (table S2) and carbothermic reduction tempera-
ture of REE oxides EFr% D)
000000000REE 0000000000000 00000000REEDOO0OO
In addition to speciation, the REE distribution also affects the
extractability, where the REEs encapsulated in or distributed throu dghf
RHOOO00000000
out the %lass Ehases are hard to dissolve (7) The F]H permits an
(Gl0MK/sOD2C)00000CFAD 0NN O00DO00gooly D
ultrafast heating and rapid cooling (> 10 K s ; Fig. 2C), which
would induce thermal stress and cracking of the glass phases in

CFA, contributing to the improved leachability.

ooooogpoog
Generahtg of the electrothermal activation process
oooopooboooonn 0o OBROOOOOO

The electrothermal actlvatlon process could be extended to other

waste products for REE recovery, including BR (10-12) and e-waste
BROOOOOOOOODO0O0
(13—15). BR is the waste
BROOOOODDON - - )
production. BR is one of the most abundant industrial wastes, with

Ero[duct of the Bayer process for alumina

4 0f9
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#43-0661). (&) patterns of LaP!

echanism of the improved REE extractability by the electrothermal activation.

éc \‘( L‘a de l5r N‘d S‘m éu éd 'Hb E;y Ho ér T‘m Y‘b L‘u
REE

YPOAI:I #11-0254)00

YPO4( 0 0 )0 XRDO O [ PDF
ottom) W|th reference PDF (YPO,, #11-0254) and

) XRD patterns of YP

R

0 )0 0 0 PDF( LaPOAH #35-0731)0) XRDO 0 0 [ 0 FIH(O 0 )0 O 0 LaPO40 o0 poF La203(] #05-0602 )[) XRDO] (]
4 (bottom) W|th reference PDF (LaPO,,

35-0731) and LaPO, after FJH (top) with refer-

000 0La2030 0000 (C) 0000 1g0Y2030 YPO4O La2030 LaPO4T] 100mo 000000
ence PDF (La203, #05-0602). The asterisks denote the diffraction peaks from La,Os. (C) Calculated dissolution curves of Y,O3, YPO,, La;O3, and LaPO,4 with amass of 1 g in

ooooog

000000000 0 Ellingham 0
is used to balance the charge (

By

HOOOSIDOO0D000000

clo 0
100-ml solution. CI

0F
Sc,0s3. (E) XPS fine spectrum of Y,05 after FJH. The Si signal might be from the quartz tube during FJH. (|

000000000000000
change of the REE OXIde and REE metal dissolution reactions in acid.

3ODDDDDDDDDDDDD

3 billion tons already stored in waste ponds and an additional

oo0oo01w0000000003%00000((41)0

150 million tons Dproduced each year, yet just ~3% is currentl recgcled
BROOOOOOOOOOOOOOOMYTILINE SDDDBRDDDDDDDDD [J 1000 ppm.

(41). BR contains a notable amount of REE, for example, a total

REE content of ~1000 ppm is found in BR from MYTILINEOS
BROOOOOODOOOO(OS11) 0000000

Aluminum of Gre (10) The BR is a dried powder with fine

[ Fe203[J) CaCO30 FeO( OH )D SIOZ

particle size (fig. SI1) and has major comDponents 1nclud1n|§\‘ 03,
gooo0ooooosMm
CaCOs5;, FeO(OH), and 5102 (Fig. 4A). The REE in BR was extracted
pooodoo(oboodon o
by a direct leaching process u51n 0.5 M HNOj; (see details in Mate-
NO30 0 0 REED [T 0 428% 9 m/kg( 0 S1200
rlal)s and Methods) (42). The HNO; extractable REE contg:lAthEom

oo
BR raw materials is 428 + 9 mg k; (Zﬁ . S12 and Fig. 4B). Similar to
O00000BROREED O OODOOOORH %DS].
CFA, the REE extractability of the BR after the electrothermal acti-
vation process is also derendent on the FJH volta Z%e (ﬁ§ S12A). At

0120 VO OO RHO OO 0OHNO3D OO0 REED OO DD757+ 30m /kg(O S12B)0 0 0 OBRO O
the optimized FJH voltage of 120 V. O3-extractable REE
0 Y/YOO 177%( U 48)0
content increased to 757 + 30 mg kg~ (ﬁg S12B), corresgondlnﬁ
Y/Yq ~ 177% of that from the BR raw materials (Fig. BD) The mech—
BR(43)0 0000000 0RHOOOOBROREED OO OO OOODOO A (o i{Db h
y the

anism of the improvement of REE extractability from B
FJH process is presumed to be similar to that of CFA (Fig. 3), be-

«

cause %hosghate is also one of the dominant counterions for BR (43).
We also agghe tivating e-waste. More

RHOOODOoOOoOoOo
eDgarfor ac st
goooooog 000000 0o20%(44)0

d the FIH strat
0000000040000
than 40 million tons of e-waste are produced globally each year due

to the rapid u rade of
p DPEgD $DDDDDDDDDDDDDD

cled (44). REEs are wldely used in electronlcs 1n ermanent ma,
pooooooooboooobo D

nEtS é] 4), batterles (13)D S%% ca&)aators (45). In turn, the recovery of

REE from hlgh grade e-waste has its economic fea51b111ty compared

oooooooooogoog
to REE mining from ores. The e-waste used in th1s work is a printed

ersonal electronics, with <20% being recy-
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0000000082030 000 (E)FRHD Y2030 XPSO 000 O

Ellingham diagram of carbon monoxide and REE OXIdes The red dashed line denotes the temperature to reduce

FIH[ La2030 XPSO 0 0 0 0
) XPS fine spectrum of La,Os3

()i 0OoooOooooono
after FJH. (G) Gibbs free energy

¥

DDDDDDDDD(PCB)D 0o4acon0000O00
c1rcu1t board (PCB) from a discarded computer. As shown in
gooog goopuooodooooood

Fig. 4C the abundant metals in e- -waste include Cu and Al, which

[ 85° CDDDDlMHCIDDDDDDPCBD

are malnlg used as the interconnects. The REE in the PCB waste was
OOOREE(OUDOOOO I—f

extracted by 1 M Cl leachangDpDrocess at 85°C (see details in Mate-

OO0OOREED D D 61+ 4 mg/kg( 0 S13)0)
r1als and Methods). The acid-leachable REE content is 61 + 4 mg
0sovoOopoooooooo

k% ! from the e-waste raw materials (ﬁ% S13). After the activation
O( ooOogoooogy/vod

[0 S13)0HCIO O 0O REED 00 0 0 94.6+ OZm%g
rocess at an optimized voltage of 50 V (fig. Sl3), the HCl-extractable
569%( [ 4D0 [1S13)
0.2 mg kg

REE content is increased to 94.6 +

, corresponding to

Y/Yo ~ 156% of that from the e-waste raw materials éFig. 4D and ﬁg.
OCFAOBRODOODOOOUOOOREED DO O OUO0OOOOREEDOD ooo

S13). Different from CFA or BR, the REE species in e-waste are usu—

ally in the form of easy-to-dissolve REE metals or oxides (45). How-
000000000000000REEJOODODOOOO000000000000000DOREEDO (O
ever, the REEs are usually embedded into the matrix materials

because of the laminated configuration of the electronics, which

could hlnder the REE extraction b% the h[ydrometallur§1cal process
RHOOOOO0O0OO0O0O00OO00OREEDOUOOOOOOOOOOO0O DDD(DSMD
(fig. S14). The FJH process could expose the REE species by crac

ing the matrices, accelerating the leaching rate and extent of metal

extraction (fig. S14).

DISCUSSION
DDEIDDDEIDDDEIDDDEIDDDEIDDDEIDDDDDDDD’{‘YDNUDEUDTbDDy)DD
zDAénDoDn Dall the REEs, five of them (Y, Nd, Eu, Tb, and Dy) are con-
sidered most cr1t1cal based on the importance to clean energy and
[ CFA-FO CFA-COHCIO O 0 0 OREED O 0 0 0.0 0 0 34%L°26%
supply risk (4, 29). The percentages of HCl-extractable critical REE

in activated CFA-F and CFA-C are ~34 and ~26%, respectively (fig.

gDSlSDADB)D OO00OO00OREEDOO
15, A and B). The percentages of the critical REE extracted from

50f9
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g/vo o

O00000XRDOOO gooooooodooooog

oo
R raw materlals and the 120-V FJH-activated BR and the increase in recovery yield (Y/Y)). (8) XRD pattern of e-waste. Inset: Picture of e-waste ground to powders Scale

I'.)’ UULJUUEO—VFJHUJULuJULUJULREEJUSIMHCI)UULUUULU
bar, 5 cm. (D) Acid leachable REE contents (1 M HCI
000000000000 Y0000000000000

B
represents the REE recovery yield by aC|d leaching the raw materials, and Y represents the REE recovery yield by acid leaching the activated materlals( }\I

000SDO 0 0N=30
and (D) represent the SD, where N = 3.

CFAD D OO0O0DOCFAO D DO (D

the CFA raw materials and the actlvated CFA are almost identical
SISOADB)D0O0JRHOODOOODREED OO OO OO

(fig. S15, A’and B), indicating that the F]H process shoDV\ésD%oBRtglé—

criminative activation performance to different REE. In addition,

000000000REEDO DO OD OO 26%0 29%( 0 S150 CU D )0

the percentages of extractable critical REE in activated BR and

e-waste are ~26 and ~29%, re%pectlvelg (fig. S15, C and D). The
DDDDDDDDREEDDDDDD oooo o <15°/)
critical REE percentages in these wastes are c0n51deraley h1§her

than those in conventional ores (typically <15%) (4). For example,

go0ooofdooo0oo0oodooonios

the world’s largest REE deposit at Bayan Obo in China has a critical
OO000000000REEDOOODOOOO

géﬁlﬂi DerDcDe%tage of <10% (46). The hlgher percentage of critical REE

in wastes compared to conventional minerals represents another

major advantage of the recychnﬁ scheme.
EEDDDFJHD 00000 (00820 08160817)0,
FIH process for REE recovelaf is scalable (text S2 and f%s.
0oooooooooooon DO00000ORHDD
S16 and S17). Accordlng to the theoretlcal analy51s, to maintain a
0000000 (00s2)0
constant temperature when scaling up the sample mass per batch,

we could increase the FJH volta§e or the total cagacuance of the
0000p0000000000000>10ky/00
capacitor bank (text S2). In our research laboratory, a production

rate of >10 kg day _ by the batch-by-batch process has alreadar been
0000000000000 00D000000D0000(0s17)0
realized (fig. S16). The FJH process could presumably be integrated

into the continuous Sroductlon manner for further automation (fig.
OrRHOOOO0O000000000000000000
S17). The major challenge for further scaling up the FJH process for

REE recover&r would be the de51§n and construction of larger-scale
goooooopoogooOooooooooooood
equipment. This might be addressed by the application of the

well-established high- volt%%e or even ultrahigh- Volta%e technolo—
oopoog (ACiFJH AC-FIH)O
gles in 1ndustry (47, 48). In addition, the alternating current (AC)

}H (AC FJH) could be lntroduced to Comglement the present di-
FHOO000000 gooo/ooogoooooo
rect current (DC) s &Dﬁ)ly 27). The ongoing commercial scaling of
gooopooooooooo(

the FJH process to tons per day paves the way for future REE recov-

ery from lar%e scale waste roducts Etext S2).
oooggooo DDDDDD ooooo A
We 1nvest1gated the economics because the profit mar§1n is often
0000000000 oO0O00000/O000000RHODO
the sustainer of recycling. Because of the direct sample heating feature,

short duration, and rapid heating/cooling rate, the FJH process is

Deng etal., Sci. Adv. 8, eabm3132 (2022) 9 February 2022

)0 O Yo

from e-waste raw materials and the 50-V FJH-activated e-waste and the increase in recovery yleld In (E) and (D), Yo

'\I(D)!' 00ooo
error bars in (B)

DDDDDDDDDDDBOOKWh/DDlZDD/DDDDDDDDDDDDDDDDDDIUD
% _energy- efficient with a low electrical energy consumption of

600 k h ton ' or $12 ton

comgared to dlrectlal leachlan the raw materials (text S3). For fur-
goobopoooooooooooooo DDDDDDDDAlDSIDFeDCaDMgDDDDDDD
EdD‘reDr r)eDﬁnlng, the removal of dissolved impurities, including mainly
Al, Si, Fe, Ca, and Mg, in the REE- contalnlnég leachate and subse-
oo 0000000 0ORHOOOD
uent separation are needed ()text S4). We observed that the content
00000000000 [o(REEYC(O 0 )00 DD}DSlBDSZO)D
ratio of REE and impurity [¢(REE)/c(Impurity)] in the leachate is

improved with the FIHDprocess in most cases (figs. S18 to S20), in-
O0ORHODOOOOOOOOREED OO
dicating that the FJH process would also be beneficial for the subse-

-1
, enabling a profit percentage of >10x
gap p g S5

quent REE separation.
000000 (CeldLal YO Th)POAD xenotimed YPOAO OO OO OODOOOO0ODOO
Because monazite, (Ce, La, Y, Th)PO,, and xenotime, YPO,, are
DDDDDDDDDDDDDDDDDDDDDDDDDDD oo
the main commercial sources for REE production (1), the proposed

activation strategy could also work for the REE mlnrn% tDO improve

goooooooooopgoon
the leachability from REE ores. Commerc1all% alkaline d1 estion
Dé?O%NaOHD 140° 150° C) 00O 0ooooooonodogoob(200° cO HZSO4%D

0% NaOH, 140° to 150°C) is the main leaching technology for

monazite (49) or acid baklnﬁ_| (conDcDerD'rtrated ﬁ 200°CD) for
monazite and xenotime (50). The FJH strategy could be fasteDrDaDnél

less de&)endent on the use of concentrated bases and acids. Ex1st1ng
0000000000000 0000000RHOOOREEDDOOODOOODOOOD
individual elemental s EParatlon technologies, such as solvent ex-
000ooo0oopoooooo(

traction and ion exchange (51), can be exploited to work with the

REE mixtures obtained by FJH because these are often less contam-
inated than those generated through traditional mining methods
(text S4).

O

0000
DI-\TERIALS AND METHODS

02

Materials
gooog D 0 La(NO3)3- 6H20( 99 wt%D Flukall DI)—ID La203( 99 Q%D MllllporeiﬁTa
The chemicals used are La( 9 wt % a Analytical),

YZOS 99.99%[] MIIIIpOreS]fma)D YPOA(99. 99/3%3Alfa Aesar& CB( CabotL] BP- 2000)01
(99.9%, MilliporeSi: ma Y,O 99%, Mllleore81gma) ,YPO,
0 Igma-, T'Ci 0| %
P204(385wt°/38 “Aldrich )0 HCI . s oo o el
(99 99%, Alfa Aesar), CB (Cabot, BP-2000), H;PO, (85 wt %, Sigma-

Aldrich), HCI [37 wt %, =99.999% trace metal grade for inductively
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000000 (ICP)0 00 MilliporeSigma ) [ HNO3{67 -IowtxOd O OlcPO 000000
coupled plasma (ICP) analysis, Milli; oreSl%ma] HNO (67 to 70 wt %,
O Fisher Chemical )] H2504( 98 WI%D GRACSOO(ODOOO ff
trace metal rade for I anal?ls1s Fisher Chemlcal) H,SO, [98 wt %,
Mllfforeséq:ma F( 48 wt%[] 99. 99%D gofrfcPO0 00000000 MilliporeSigma )

grade (guaranteed reagent meeting American Chemical

Society standards), MilliporeSigmal], and HF (48 wt %, =99.99%,
LaPO4A0 0000000

trace metal grade for ICP analysis, Mlllr%ore&% a). LaPO, was syn-

0oo(s2)d 00150° coobog

thesized by direct rec1%1tat10n (52). Concentrated H3;PO, was heated

La(NO3)3- 6H200 O 0 O NOxO

to a temperature of 150°C, and La(NO )3-6H O was added slowl

SDDDCS goooooooooo

(a}%o)xalutlgeu eDnDnsmon of NO, gas. Mllky white solid particles prec1p1—

tated within 30 min, which were thenD %IIDtheDdDa(Illd co}lected bE?’ filtering

using a sand core funnel (class F). The white solids were dried in an
CFA-FO DAppDDDCFACEDDPRBDHDDDHDDDH

(E)\ée[erD(éODO("AC for 2 hours. The CFA-F samples were collected from

App, and CE’A C samples were collected from PRB and provided to
BRO O O O OMYTILINEOS S.A. D

our laboratory [see Acknowledgments (4)]. The BR was collected

gooooopoooooog 0)d

from MYTILINEO S A.'in Greece and&)rov1ded to our laboratory
pCcBOOOOOOOOOOOO

(see Acknowled% ments). The PCB waste was from a discarded

BO OO UOO0DO0O0000 (Daded DF-15) 000000
computer. The PCB was cut into small pieces and then ground into

powders using a hammer grinder (Dade, DF-15).

FHOOO0O00

FJH system and rocess

FHOOUODOOOMOS3A

The electrical dladgé‘am of the FJH system is shown 1n fig. S3A. The
FHO OO 00O 008380 oooPhoooooon

E1cture of the FJH system is shown in fig. S3B. The description of

each electrlcal com&)onent of the f/?’ tem is listed in the S%p}élemen—
00000000 (MSESuppliesd PWV1-04L)0 000
F?r Materials. In a t}rglcal experiment, the secondary wastes (CFA,
Ooooo)ocesO2 0o
, Oor e-waste) were mixed with CB with a mgss Dr%UEOD%f 2E1 by us-
ing a ball miller (MSE Supghes, PWYV1-0.4L). The CB served as the
200 mg D](lBBngDDG?mgCB 0oooo0o
conductive additive. The 200-mg mixture (133 mg of waste and
(0O08mmd O 012mm)0
67 mg of CB) was added into a quartz tube (inner diameter of 8 mm
goooooooooooo
and outer diameter of 12 mm). The resistance was controlled by
DDDEDDSD%C)]DDD]DDD]D
compressing the two electrodes. The samples were loaded into the

jig (ﬁ§ S3C) and the electrodes were connected to the capacitor
geomFOO0OO0OO0O00DOOOODO
bank. The capacitor bank w1th a total ca%aatance of 60 mF was
gOooooooooooo

charged by a DC supply. A relay with programmable Enslllhgemcgruuulsu—

level relay was used to control the discharging time. The detailed

oooo goooogno

e)EpDerunental parameters are summarized in table S1. After DtléeD 1;]%—1

the sam&:les were ra&:rdl% cooled to room temperature. For the scal-
00000000000000.624F000RHDOD (0S3D)0

ing up of the process to the gram scale, a larger FJH system w1Dtl'D1 a

total cagaatance of 0.624 F was bullt and used (fig. S3D). A larger

(0O0mmOO0020mm)00000000(0S3E)D

quartz tube (inner diameter of 16 mm and outer dlarneter of 20 mm)

gooopooooooo

and a larger reaction jig were used (fig. S3E). Safety caution: There

od HOOOOOOoOoO

is a risk of electrical shock without proper operation. Safety glass

g00ooO0oO00o0ooooo0oooo
should be worn to protect the eges from the br1§ht ngDht emission
. 0oogfooooooong
during the FJH process. The “one hand rule” should be obeyed and

EhDICDkD g?uEbDbSr gloves extending to the elbows should be used. More
safety implementations were shown in fig. S3.

00000000 ICP-MS/ICP-OESH [
Sample digestion, leaching, and ICP-MS/ICP-OES

measurement
OO0CFAD 00 000D DDOOREED DD D OO OHNO3D HCIO OO0 OREED OO
For the CFA samples, acid-extractable REE content measurement,

including HN and HCI, and total REE %uantlﬁcatlon were con-
HN303D 00050 ng O (CFAO O )OO 85° CO 10 miO HNO3(15M )
duiEeDd (4). For HNOj; leaching, ~50-mg samples (CFA raw materi-
als) were d1§ested in 10-ml concentrated HNO5 (15 M) at 85°C for
]D(FD)]DDD]DDD]DDD]DDD]I%P MsS)O oo
4 hours. The sample was filtered using a sand core unnel (class F)

and diluted umnaultra&)ure water for ICP mass SE ctrometry (MS)
ClO 00 050mg0 O (CFAD O O RHO OO CFA) 0 10 ml H

measurement. For HCl leaching, ~50-mg samples (CFA raw mate-
(ImMm)ooss coob400O

rials or the actlvated CFA bB’ FJH) were dlﬁested in ~10-ml HC1 (1 M)

goooo( goooooogpoogo

at 85°C for 4 hours. After dlgestlon, the sample was filtered u51ng a
miO 00 0ICP-MSO 00O

sand core funnel (class F) and dlluted to ~20 ml using ultra

(10.100 0.0101 0.00101 0.0001 MU (000 pHO

EVStDeE for ICP-MS measurement. The pH-dependent leaching dy-
namics were investigated by using 0.1, 0.01, 0.001, and 0.0001 M

ure

Deng etal., Sci. Adv. 8, eabm3132 (2022) 9 February 2022

D]DpH[D1D4]HC|DD]DDD 0 0 (050mg0 CFAD
HCl a E 0 4, respectively, as the leachlng agents. Samples (~50 mg;
00 RHO DCFA)DElOmDHClDDBS“ coono oo

CFA raw materials or the actlvated CFA barDFD]%—ID) DV\(Iere dlgested

in ~10 ml of HCI at 85°C for 4 hours. After digestion, the sample

O0O0O0HCI(2wt% )0 00 020ml0 000 ICP-MSO 0 [

was filtered using a sand core funnel (class F) and diluted to ~20 ml
OOREEDOOCFADO (O

using HCI (2 wt %) for ICP-MS measurement. For total REE quan-

30mg)T 95° COLI 0 0 HR(48 w0 2ml)0I 0 0 HNO3( 15 MO 2mi)(.0 00 0 0 0 0

tification, CFA raw materials (~30 mg) were digested overnlght at

95°C in a mixture of concentrated HF (48 wt %, 2 ml) and concen-

0J 100° CDDDDDDDDDDDQS" coooooobo

trated HNOj3 (15 M, 2 ml). The sam le was then dried in an oven at
HNO3(15MD 1m|35 H202(30 BZ%D 1mI)D ood mID ooooooo yoog

1 C and red1gested overnight at 95°C in a mixture of concentrat-

oogoogod

ed HNO; (15 M, 1 ml), H,O, (30 to 32%, 1 ml), and ultrapureDEv%tjer
(5 ml, h1§h erformance luﬂuld chromato%raphy grade). After the
Uooooo J000000do0s0mid0onIcP-MsO

redigestion, all the solids were dissolved, and the sample was diluted

to 50 ml u51ndgjultragure water for ICP-MS measurement.
OOBROOO OHNO3O O OREED OO
For the BR samﬁ)les, HNO -extractable REE contents were mea-
003 (050 mgt BRU 0 0 FIHO 0 CBRY O 0 0 0 HNO3( 0.5 M )0 0
sured. Samples (~50 mg; BR raw materials or the activated BR by

FJH) were dl%ested using HNO3 ﬁO 5 M) at room temperature for
24000 0H)oo DDDDDCPMSEDD
24 hours. The sample was filtered using a sand core funnel (class F)

for ICP-MS measurement.
000000000000HCIDOOOREED DO
For the e-waste samples, HCI- extractabl REE contents were
Oo(osomgo00d DDDFJHDDDDD [0 )085° COO10mlHCI
z‘rlil\e/l?g%r‘led Samples (~50 mg; e-waste raw materials or the activated
e-waste b% FJH) were dlngSted u51n% 10 ml of HCI (1 M) at 85°C for
oooooa noogoodooo0mio00o0lIcP-mMso 00
4 hours. The sample was then filtered using a sand core funnel and

dlluted to 20 ml usin ultragure water for ICP-MS measurement.
cepOooooooo I000DREED OO
For the CB as control, HCl-extractable REE contents were mea-
O 010mlIHCI(1M D85° CDD[DD([SOmg ooo4000
sured. Samples (~ ) were digested using 10 ml of HCI (1 M) at
gooooooogoooogd
85°C for 4 hours. The sample was then filtered using a sand core

funnel and diluted to 20 ml using ultrapure water for ICP-MS mea-

surement.

ICP-MS[ [ [0 0 Perkinlemer Nexion 300 ICP-MSU O 0 0 O

The ICP-MS measurement was conducted u51n§ a PerklnElmer

0000000DREEOOOOOOOOOOO

Nexion 300 ICP-MS system. In the measuremegt the pDrarExeDlr ]RDEDE
interferences were oxides of hghter elements. To aVOld the intro-
156:140( CeO/Ce)0 00N UDOODOOOO00NO0DOO0O3%000
duction of notable error, the formation of oxides was monitored

using a mass ratio of 156: 140 (CeO/Ce) which was kept below 3%.

goooooogoososooogon

The detectlon limits for E to 5 Earts per
OO0REED 0000 (MilliporeSigmall D O ICPO OO O O000O30160 0000

trillion (?Et) The REE mixture standard was used (DMllh ore51§ma,

O10mglidd YO LaOd Cel Pri) Nd( SmO Eul) GdL TbO DyO) HoO ErJ TmUJ YbO Lugd 5 wt%

Herlodlc table mix 3 for ICP; 16 elements; 10 mg liter ~ each; Sc,

Y, La, Ce, Pr, Nd, Srn, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu in
DD]DDD]DDD] DD]DDD]DDD]NOODDDD
5 wt % nitric acid). In our analyses, the standards were in the con-
gOooooooooooo
centration range of 1 to lOOOaaarts per billion. All the analyzed sam-
goooooooo oogoooog
ples were carefully diluted into the concentration range, which is at

are in the level of 0.5

least two orders of magnltude hrgher than the detection limit of
quantification. All the samples were measured three times to afford

the SDs.

gooice-MsOO0 000000000000 00000000000000000

The impurities, including Al, Si, Fe, Mg, Zn, Co, Ni, Cr,DaéujiDC(u,
in the leachates were also measured u51n% the ICP-MS. The mixture
MilliporeSigmall [ 0 ICPO 0 [0 0 () [ 0 10330 0 0 0 0 O 0T 10 mg 10 Al AsC) Ball Bel Bill B
standard was used (Millip oreS1%ma periodic table mix 1 for ICP; 33
[0.CalJ CdlJ Cst CrJ Col] Culd Gall Inf Fel) PbrJ Lid mg) MnCJ Nill PO KO Rb(J SelJ SiCl AgC) Nallsr0 s
elements; 10 mg liter _each; Al, As, Ba, Be, Bi, B, Ca, Cd, Cs, Cr, Co,
0 Ted TIO VO Zn0 O 10 wi%Cl HFD oogo )E
Cu, Ga, In, Fe, Pb, Li, Mg, Mn, Nij, P, K, Rb, Se, Si, Ag, Na, Sr, S Te,

Tl V, and Zn in 10 wt % nitric acid containing HF traces). ICP MS
DD[Dm/z 00/000)=40000000ICP-MsO000CIOO0ICPODOOODO

is difficult to be used to define Ca due to the primary isotope of ar-
(ICP-OES)0 0D 0DO0

gon, which is at m/z (mass/charge ratio) = 40. Hence, ICP optical

emission gectromet é CP S% was used to quantify Ca. The
0 O Perkinlemer Optima 8300 ICP-OESL] O ICP OES
ICP-OES measurement was conducted using a PerkinElmer Opti-

ma 8300 ICP-OES.

[nin]

Characterization

[ 0 FEIQuanta 400 ESEMO 0 0 0 0 0 0 10kvDO O 0 SEMO 0 U

SEM 1mages were obtained u51n§ a FEI Quanta 400 ESEM field
1-Quantera XPSU [ [ 5x 10901 [0 00 0 0 0 [J XPS

emission microscope at 10 kV. XPS spectra were collected usrng a

PHI Quantera XPS system under the pressure of 5 x 10 ° torr.
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00o0levO00026evO00000000OXPSHOO . )
Elemental XPS spectra were collected using a ster size of 0.1 eV and
[J2848evO 0 0C1sO00OXPSOODN
a pass energy of 26 eV. The XPS spectra were calibrated using the
0 0 00 CuKDO O (=1.5406 ) Rigaku D/Max

standard C lsD%eak at 284.8 eV. XRD patterns were obtained using a

Ultima 1100 0 0 XRDD) [ 0 ) T >

legf_).ku D/Max Ultima II system with a Cu Ko radiation (A = 1.5406 A).

0 AL 00 Q-60000 O TGA/DSC(LD 00000 )00 0OOO10° Cminlll1000% CO OO0

"E[‘é}ék_r&%s conducted in air at a heating rate of 10°C min = to 1000°C

using a Q-600 Simultaneous TGA/DSC (differential scanninmg calo-
i 0000000(0e )dooooooooooa

rimetry) from TA Instruments. The temperature measurement was

0 01000°°03000° COOOOOOO1msO

conducted using an infrared thermometer (Micro-Epsilon) with a tem-

perature measurement range of 1000° to 3000°C and a time resolution
RHOOO0O000DDOO0O00000000(Chronos1.4)0 000
of 1 ms. The optical image of the sample during FJH was captured
. OOMATLABO O OO O000O000O00OO
using an ultrafast camera (Chronos 1.4). The color image was con-
000000 0Stefan-BoltzmannD OO OO OO .
verted into an intensity matrix using MATLAB based on which the

temperature map was obtained by fitting the Stefan-Boltzmann law

j=o1" (1)

00j00000000000000000T0000000 .
where j is the blackbody radiant emittance, ¢ is a constant of pro-

portionality, and T is the thermodynamic temperature.

Iculation
000 Visua MINT-EQ3.1000000J0CIODODDOO0O0O0 A )
dissolution curves are calculated on the basis of Visual MINT-

Q 3.1. Extra Cl is added to comgensate for the charge balance.

0Oo0o00o0pD0oKpOOOOoOooOooOooouoooooooooopoo@ooon

The solubility of the REE oxide is estimated on the basis of the relat-

YOy 020300 D1 ) ;

ed REE hydroxide [e.g., Y(OH); was used to est1matDe jt}DleD (Dil]SSDODI%_

tion of Y,O & due to the lack of K, data of REE oxides. Nevertheless,

0000p0P 0000000000000 R0 )

the calculated results of hydroxides match well with the ogeDsDcS%cu—
g9

lated from the oxide counter&)arts in a previous report (7). The sam-

0pooodlomO0op00000000d : .

ples with mass of 1 g were dissolved in 100-ml solution to get the

dissolution percentage.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/

sciadv.abm3132
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