Science Advances
RAYAAAS

00
uppmlementary Materials for

EKD oooo DE
are earth elements from waste

o0Qdoon
E}?ng eng, giuln Wang, Duy Xuan Luong, Robert A. Carter, Zhe Wang,

- B ooo- - gox*
Rgasonq_%u. DIDomson, ames M. Tour*

* 0000 A 0 O [1 0 tour@rice.edu
*gorrespondmg author. %maﬂ: tour(@rice.edu

Gblished 0 Febriary 2053 82, A 8 &bm313% (2022)

DOI: 10.1126/sciadv.abm3132
PDF[ 0
q’hiFs EBE‘ file includes:

oogio4
%uppulementary Text 1 to 4

10 S20.
i, 81 to 520

Table S1 to S4

DP O
cIrerences

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



gagglementary Text
gBSpDIéDmDe%%aDrE q‘%xt 1. Calculation of the recovery vyield.

Fhe 1688l REE contents in’' CFA AW materials, Ciow(CFA-Raw), was mehsured by total
digestion using a HF:HNO3 digestion method (see details in Materials and Methods, fig. SB).D'HﬁDe
g@i%plgamcﬂggQN?%EEDCDODn%CrEtASD FrlCOQSE\E\Dr %vD ?nDa eDrFa?sD, DcE&:%A—RaW), were measured by HCI or
HNOs3 leaching of the CFA raw ma’terials,.c‘f'(I\wDeDFEIJ:j ?euc%\u/grg/uy?esia %9/ acid leaching the CFA raw

materials was calculated by Eq. S1,
0=0(CFAO O )

Y. — [eo(EAERAYI1 ) (s1)
0 Ctotal (CFA—Raw)
FA 000000 pgrRHgODOO . i .
Fle A raw materials anc&J carbon black were mixed and underwent the FJH activation

s O00CFAD. . . . DHCFA FAYD 0.0 0 OORHOOOO0
process. e onQalnec? solid is termed as activated CFA. e é:éluoP—Fea&%agle%DEDEDcon ent Fn the
C . . .
a'z:Atluvua%eudu(glj—J,&,ucL&gc%|vated CFA), was measured by the same acid leaching procedure of CFA after

FJH.DTunCeF%QIJ:] ?emc%\D/eDrg/Dy?eng %351 acid leaching the activated CFA was calculated by Eq. S2,
=(0 O OCFA).
v — At bierredigra) (s2)
R oD s
Ueruu\:ie, ﬁwe ratio O‘PQNO was calculated by Eq. S3,
v Ul admmuen By

Yo co(CFA—Raw)

o0 O FIH O00CFAD O 0000000 . .
)ﬁ\e Q(R(Do cou?c? E)e used as an mBex of the increase of the REE recovery yield from CFA

s YY0>10Q 0000000000000 0000 . .
by the FJH activation process.qp\/ 0> q_ the activation processq"las a positive effect and improves

. O00Q00BRODNAN0N0000S4000ss000000000 . .
the recovery yield. éjlmllarqy, or BR an% e-waste, tHe Increase OPrecovery yield is calculated by

using Eq. S4 and Eq. S5:

(S3)

¥ L cGiovaceysr) (s4)
Yo - ~ cg(BR—Raw)

Y =0 ?:egac{ivated e—waste)

- (S5)

= T 0000
Yo co(fe—wazste—Raw)

00020 00FRHD op .
upp ementaryD'IDext E Strategy for scaling up the FJH process.

OQUU0O000000000000000000000p0, ; . .
gouqe %eatlng is w%ely useg in many cFewces and industrial processes, such as electric

heaters and tube furnace.DIHES%DJ%BFeDhDe%{lFrJ]%)%E%Dr%gomrtmemduhme?e, is intrinsically a Joule heating

0000000000 00000000000(AC)0000(DC)IO00 . .
process.Dl'—Dor traditional j]ou e heating proc ss? a con%ta t ang ?ong—tlme alternating current (AC)

. . . nooooopoonon 0oooooonon(
or direct current (DC) is used as the electrical resources.DIn contrast, 1n the IJ—jJ?—F process, WHICH (IS
4)ORHO OO 0D 00000000000Q0000000000000000000.00 .
%I}Sﬂy mvented%y our group%or the synthesis o tur%ostratlc graphene (24), a pulsed DC provided
by the discharging of capacitors is used, which provides a much higher temperature in a short

. FHOD oon . ORHOOOO000000000000000000000 0000000
duration. ‘]Fhe E\H—? process is scalable.%e here conduct theoretica anaqy3|s oPtlﬁe ID—'H process to
EJHO O D%Dq(DDDDDDDDDD DDDEDDDDDDDDDDFJHDDDQnDDDDDDDDD_DDDDFDDDDDDDDDD%D
identify the key parameters determining the temperature; then, we experimentally demonstrate the

0opo0ooon . . .
sca?lng—up o? the FJH process; we also provide conceptual prototype of the continuous production;

lastly, we briefly mention the ongoing industrial scale application of the FIJH process on graphene
synthesis, which can be easily shifted for the REE recovery purpose.

J%H 0oooogoo . .
eoretical analysis of the scaling rule.
EDDDD?DDDDDDDDDDDDDDDDDDDDDDDDDD
or scaling up, it is critical to maintain a constant temperature value and temperature

distribution when the sample mass is increased.
opse0oooonopn 00(Q)d L
J}F\e eat amount pr(ggz,lced by Joule heating is calculated by Eq. S6,

Q = I’Rt (S6)
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0 Ogoo0oROOOOOOWO
%ereq Is the curren passmg tHrough the sample, R is the sample resistance, and t is the time.
SRRgs
v

goagans ooooopo
E:ons 5 rin HQV amount per Fume (Qv), the equation could be revised to Eq. S7,
j000000e000000OO

e(S7 EI oooooooo
Gt (s7)
Where Qv is the heat per volume, j is the current density, and pe is the resistivity of the sample.

00000008800
%ccordmg to the heat trans?er formula, the change of temperature could be calculated by Eq. S8,

Q—_p(SC)DT%iIFDDDDDDmDDDDDDCpDDDDD (S8)

where AT is the change of temperature m is the mass of the sample, and Cp is the specific heat
capacity.DsmlrQCDeDtHeD nge%Df 8% E{y %8 Eﬁmlsmg Egnms?amn% JFoDr a specific type of sample, the change of
temperature is determined by the heat amount.

000000000000 0S80 0000159
EuHhermore we can revise t%e %q. S8 per volume to Eq. S9,

S0 O00Omyoooooo
V(B A (S9)
. . OQooopo(moopo(cpynnnnoonn oopn .

where pm is the density of the sample. §%nce tLhe ((Te?nsny 60;)3 and the spe # eat capacity (Cp)
oooog

are constant for the sample, the change of temperature is linearly proportional to Qv. qn oH’mer wor

0o uucH gvu{g ggoopdognongd

regardless o e sample mass, the same temperature could be achieved as long as the Qv remains

the same.
opoooosoonog O opnoogoog nooopo 0oooopQuutooopopyuoopjoonog
LILHen, accorﬁmg toLF:Jq. %(f) since the r e | |V|ty fof the sampFe IS constant for tHé sample, to

S100 0 0 . .
Eeep a constant Qv and t when scaling up the sample mass (m), we need to maintain a constant j,

which is determined by Eq. S10,
1
j = — (S10)
S S
Ieur(ue t%g %Lujrruelu’ltIJ Hassmg through the sample, and S is the cross-sectional area. u'Il'hueuc%lrlrleunut %s
calculated by Eq. S11,

=4 (S11)

DH

00 g0 DDtD 0Qd . .
W% tHe charge, and t is the time.
oo 0000000000Q00s12000.00

gupposmg tHgt the charges In the capacitor bank are discharged within the time of t, the charge

could be calculated by Eqg. S12,
:=(8126)BDDCDDDDDDDDDDVDDDDDD (512)

where C is the total capacitance of the capacitor bank, and V is the charging voltage.

%\chomr%?ﬁéz%o ES Dgl%m SBEE E{he current density is determined by Eq. S13,

— (S13)
J%Hem Ea?nglglg U%H)D/ D(:)D/Fr? eDr DsHape%I n DV\;eDesliz\lAD/gst use a quartz tube, so the sample mass is
calculated by Eq. S1
—m(Sl4)%% s DDDDDLDDDDDD (S14)

where S is the cross-sectional area, and L is the sample length.

chgrs ?Hélﬁ{%ul':uq %% al Dol 5514 the current density is determined by Eq. S15

CVpmL

j= (S15)
q_ %Dr{ 00QoooonnnopogoonaonooogoaoLlaongonon gm)] FDDDDDDDD[HDF

e y t e sample Ep EIS constant, and we can change t e S e cross-sectional area to
D ogoo)ooopopo VDD/ goc

ntali n( )c nstant samp ?e(né %q_ F—Ience to maintain a constant j and t when the mass (m)

of the sample is increased, there are two approaches: (1) to increase the Joule heating voltage V;
and/or (2) to increase the capacitance of C.

ogoo .
gcaDllnq up demonstration.

Oyo0o0o0000000 ooo DEIEIFJHD
We ere demonstrate t e scaling u the FJH process by using the first strategy,

000000 mo=029000(0S1 JHO.0,V0=120 VO 0 0 CO=60mFO 0 0 0 0 [
|ncreasmg the voltage. DIn most of the ex erlm%nts)%taglemsu_ls with the sample mass of mo = 0.2 g,

we use a FJH voltage of Vo = 120 V and capacitance of Co = 60 mF, and a cylinder-shape sample

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



0 [, b0= SO 50 0 000000mi=2g0 00000000 D1=1 S1~200

WDIth] 3%%e?er 8?2[)) =8 mm (So ~ 50 mmz).D'IDo scaFe upm &’reaction Fo mi = %mé“‘ we uénemé)a large

oooooo. . . 0,0 0 0 $1417 8150 0 0 0 0 00 V1=25% V0=300 V

samgle size with diameter of D1 =16 mm (S1 ~ 200 mmz). According to IJ:]q. %EE fo §f5 thexvoltage
0 CFA-C 00000020 FHO (0

For the large-scale sample should be V1 = 2.5 %<V = 300 V.%e usedDEE,%\—g as an é’xamp?e( and

S16A)0 . . 0 0 0 0 mi=2g0) D1=16mm0 V1=300V t=1s0]
c}er%onstrated the FJH process with mass up to 2 g (fig. SlGA).D'Hﬁe reaction conditions are: mls:

(] 1 516B0 - CEA-CO 0 E
29, D1 =16 mm, V1 =300 V,and t =1 S.D"Phe resul? D|s shown in fig. S16B. ﬁehe &E%\—ERFS
%-190% 0 [ (1 0 0000000 (d2H .

?)7 ggtuﬁ/ate% V\%tuh t%e ?ncrea(se O'}DREE recovery yields to 150% to 190%, comparable to

the results of the sample with smaller mass (Fig. 2H).

OD00000000(E)000[HD . . . 00000000
e can also scéf up the EHH process by increasing the capacitance (C). IDn our Plrst

Ej(gnme':rjz};tmlgnD %EIDSDy%%g%], DVE\]/HiE(]:H Dig DuDsg Eﬂr%] Dt (l)éeovn\]/':omrk, the capacitor bank is composed of 10
commercial aluminum electrolytic capacitor and has a total capacitance of Co = 60 mF.%g Dan%
BEi?tDaD sDechH Dg%ﬁgr%ﬁzggeﬁﬁ—l system in our lab with the total capacitance of Cz = 0.624 F.Dgy
Bs[%\r/lzgzsgo l\fgﬁH\%DltDagéog AWQD:DS%%W %E Eé“éa% taDn%tDa Do? C2 = 0.624 F, we realized the sample mass
of mz2 = 5 g per batch. Actually, our [ab has already scaled the FJH process for the conversion of

D0QUOO0DOO000RHOOONO0000GO0Q000000000 000000000000 00RHDD00000010k
coaq to graphene to ~lui.é]kg gayDl. Elnce the main %EI process for grapIDwene syntﬁesm and %ogr the
%E recovery is pretty the same, it is safe to presume that the FJH process for REE recovery has
the production rate of >10 kg day'1 in our research lab.

oooon llr:
successTtu

;HDDDDDDDD . .
e conceptual prototype of the continuous production.
0 0

OO0ORAOOOO0000 - ERDDFJHDDDD opooo
our present WOFE, tﬂne FJH process is done batch-by-batch. We presume that %we Eﬁ—l
0

du BD 0000000 . . . i
process cou e done automatically in a continuous manner as we have demonstrated in our

. Dy oo o0aannanann ey .
graphene production process. e provide here a conceptual prototype of the continuous

. . 0Q00000000000 . . CEA/CB
production reactor (fig. S17). JFhe continuous production process consists of four steps. EH‘ne

Dooooog 00,00 . 0o0googoo
mixture ofDEEE\F(JEg %eedstock is loaded onto the chamber on the conveyor belt.D'Phe samee is

O L . 0Q,0000RHDD . 0ooO00po
compressed to a specific resistance. ‘Fhe sampIDe t%en undergoes the FJH reaction. Las%y, the

CFAD 0 [J . Opoooooooon . . 0Q000poo00goo000oon
activated CFA product is collected. ‘Fhls is only one possible design. 80n3| ering tF]e various
DDDDDDDD“DDDDDFJIBI?DDDDDDDDDDDDCFDDDD . .

commercially available continuous production processes and equipment, such as rolling-belt

processes, our FJH process could be integrated into them for the purpose of REE recovery.

%%%%%Fn%?cqglusucglinq up of the FJH process is ongoing.

The application of fhe FIH process fo an indlistrial Scale ¥8T 1Ke Brodiction of graphene is
(D)rulguolﬁjn%jD 2823§D q}nu“%mrsmaq . R/ioaothDr Inc. (https://www.universalmatter.com/), with the targeted
production rate of 1 ton day'1 by Q2 2022, and further scaling to 100 tons per day by 2023.D'IDO

O00poo009dnono onoooooo00o0oo0po00000dqoooon
gate, Hﬂe procFucﬁon rate doubles every 9 weeks. J1—'Lhe equipment anc? process %emgned and

L . . ogonooopon
optimized for graphene production could be applied for REE recovery purpose. ,Et t?'ue |ncFustr|(aI
AC)I OO0 (DC).O00 . . . .
sc‘)ﬁe, aFtérn?;Elve current (AC) is a more feasible electrical resource than the direct current (DC).
%\DDDDDDDDDDDD OO00ORHOOOO0000 . . .

ccording to our above analysis, optimizing the voltage is one approach to scale up the FJH
O0O0P0p00kvOpD000000000000000000REEDD
process. In mdDusFry, tlhe ng vo?tage or even u?treﬁﬂlgﬁ voﬁage up to hundreds of kV are mature
. . . ORHOGO Doo0o0pooo0o0gQooQo
technologies, which could be applied in the REE process.q—?ence, t e%ﬁF—Fprocess Has a tried route
- FRHOOO0000000000000P 000000000 oooooo
to scalability for the REE recovery. ‘lthe ongoing commercial scaling oPt?’ue ?—‘Hﬁ process paves the

way for future REE recovery from large-scale waste products.
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00030 00poo0gonn . . . . .
upplementary Text f Energy consumption calculation and profit estimation.

?HéEgFe%tDnDc%Fgﬁgr%@ (E) consumption is calculated by Eq. S16,

22
E = % (S16)
EV%\&%VZ 1DaDn'HH\D/2D %rueut%g D'S,Fa?'tu\gc?ﬁaug%(g)ﬁcﬁ )Hﬁl\émgn%m\;oq{]age after the FJH, respectively, C is the
capacitance (60 mF), and M is the mass per batch.

In'& typical experiment with Vi =120/, Ve £ €268 W Ghd M B2 g, the energy
is calculated to be,
E=216kiIg'=6.0<10" kwh g = 600 kwh ton™
E:Dorqglgemrlunm(gmtuh%tD DchDeD Fr%%ks\yﬁﬁ De?emc%rll%ﬁvmpmrlmcgmi% D‘Fe%?ggt,onﬁ%A is $0.02 kWh™, the cost for
activating 1 ton of CFA would be P(electricity) = 12 $ ton™.

%Pnupglpe%uveit DH\%%EDED Pe%(u)\gleurgl/ E\lf\/qt %Btut g%gt?\?agci%ﬁ BrDocess, the increased recovered

REE amount by the activation process could be calculated by Eq. S17,

m:=XMS%Z)EDXmRQDDDDDDDmDCFADDDDDDCDCFADDD?Q%)

\D/v%grueun% ?sthﬁg anagsugfjtﬁg ID-Q%%D F\)F |Ds the mass of CFA raw materials, c is the extractable content
of REE from CFA raw materials, and AY is the improved REE recovery yield after the thermal
activation process.

For REE Tecovery ffom CFA, the S8 and cfitical REE, metuding Nd, Eu, Dy, Er, and Tb,
contribute to more than 80% of the values (4).5886%%@?%;195 q_DtDo% DgFEE:?:%nI@f):tﬁgD F&Ngroved
=ez(9: D\/g%udz&gg(gmgﬂ%P %/vould be:

?ﬁ)@%@@?é:%g m(Nd) =29 g, m(Eu) =2 g, m(Dy) =5g, m(Er) =3 g,and m(Tb) =3 g

The price of these critical REE aré 8¢ (5 2'§5735 g™ ‘N’ (¥ =°86% kg ™), Eu (P = $285
K BYREEYE 1M, Er (P = $30 kg™), and Tb (P = $770 kg™) in July 2019 (53). The values
(D)F'Flglsec)lﬁl .\%Mg =§$Would be:

BEEey L3 BIRNEE €1°8 B (Eu) = $0.6, P(Dy) = $1.9, P(Er) = $0.1, and P(Tb) = $2.3

J}Hg \D/atlllag %llc?cPeDdDo%L DthDeDIQE spz%ﬁﬁgt%_émtﬁermal activation process would be:
P(REE) = $139 ton™

O0000000000000000 0ooogQooooomn. . .
ere, we presume t%at t%e%l‘:ulg separation cost is constant for the directly leaching process and
S . noogdpononnseogn L .
the activation-leaching process. e profit percentage fTor the activation process is calculated by
Eq. S18,
_ P(REE)—P(electricity)
Profitparddntage = — = (518)

P((ﬂeTe)ctricity)
000000011%0 . npoondapooonoid oqoooog. L.

J}He profi percéntage is calculated to be ~11. e proHP margDm coglagbeqarger considering the

improved recovery of other REE.

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



00040 Dq 00.0gd . . .
guppDIementary Text 4. e impurities |the leachate and the envision on impurity removal.
0DoooQoooog(og DQUuogoooooyoooo(odogoon ERIET R
EQ%% separation Is geheraqlay cqassﬁ‘led as primary sseparatlon %t?‘le é(ep)aratlon of REE from
. . . . . i q d
other impurity elements), and secondary separation (the separation of individual REE) (54). e

ooo00ooopgoopganooopoodonnd 0o00g00.0000000 00510 54(]55)0 -
presence OP metal impurities in tF‘ne E&%%—contalnlng eachate affects the)subsequent REE separation

- . . 00o0o0oon0
efficiency by methods such as solvent extraction and ion exchange (51, 54, 55). I9|ence, %he

Dooogooo0on 54)01 . . OpoooQoo0000.0oon
impurities usuaqﬁ/( néed to be removed prior to the REE separation (54). ere, the impurities In

%DDFDDDDDDDDDD DDDDDDEDHDD . . . .
the leachate are analyzed, and the removal of metal impurities and selective separation of

individual REE from the leachate are envisioned.

oaogoorn
]

opooog. .
J?‘He impurities in the leachate.

DDDDDJ}HDDDDDDDDDDD ooooooogoo DDDDDDDDPDD%%PDD(&H%.
e composition of ores and secondary wastes often differ sig ||cantly from one source

to another, and hence the impurities in the leachate also vary significantly in types and contents
0 0.0 0.AI0 S0 FeO Call Mgl Zn(] Cofl NiJJ Cril.C 000 OQO0RN0O0Q0000dooo00po0onnooonn

(54).D'IDhe major |mf5uriit|esq |n'2:qu% El,r%l,uq:ue, E:a, E/Iug, %n, (D;o, Ell, (JEr, %u, etc. Fmpurltles, an

D0000[RO000000[000000000(54055)0

espemaHy t%e ratio of |mpurfty c&ntent to REE content, could affect REE recovery and

precipitation efficiencies by co-precipitation with REE, consuming the reagents, emulsification,

0O00000000000000Q00.000000000000 . .
etc. (54, 55). Iglere, we measure ﬁ1e impurity contents in our REE leachates from different

secondary resources.
U CPATESE CEACF, the major impuFities incld@e Al 'Si, Fe, & 1o 168 ppi}, Ng (1 to 10 ppmy),
Er%l,B)Rli, Cr (0.1 to 1 ppm), and Co (0.01 to 0.1 ppm) (fig. Sl8).D\9\FeD oDuor? Dt?l%t[j ?gﬁgmgf

g%fg(iﬁ%&ﬁtmyg '}%I(’: Ftpﬁgmamc%sg%g c&,DFDAz—DIJ—j Ps ?Sles'p %Han that of the CFA-F raw materials for all

. . . ORHORHOD0 RO ED 000000 opo
the tested pH conditions ranging from O to 2 (fig. S18D). D|s means that t eDIPJ?—Fprocess eIDps
0.0.0 000 CFAFD 0Qoogooopno . . -
to increase the E—LﬁEDEDEaatha%Hlty W?\IDle to some extent reduce the impurity leachability from CFA-

F, which is beneficial for impurity removal.qzuogé_lg%\m—&mt%% Dn”?a?gr( f#r%%’ﬂrpi)t?emsqﬁc lD,I %0%1?0 %’En(>100
E;%Pn()l,mllioep,p@g,ml&a(efa %@q)(%jéx%orlnm)qlﬁpﬁnk(lm%g%ﬁo ppm), Ni, Cr (0.1 to 1 ppm), and Co (0.01 to 0.1
ppm) (fig. 819).D§]||Qn%]lgﬁ)[/],pt DeDr%?tll(D) %Q (D:EIE%EE)C;(?EF%%E%&)C%?%EE& Rt%E éct(eDdDC)E%\D—((:Dis larger than
%hggt)mof the CFA-C raw materials for the tested pH of O and 1 (fig. S19C).

JOPPTESrBR, the majBT impurifids in€ilide AlL Fe (=100 ppi). 10 Ca’i0 to 100 ppm), Mg, Ni,
B BPU 8™ ™ ppm), zn (0.1 to 1 ppm), and Co (0.01 to 0.1 ppm) (fig. S20A).°“Fhe AS of
%%‘&Eé%?l?nmp%?ﬁ% %P %QE)ER raw materials is larger than that of the activated BR (fig. S20B).
J1’?\PsDrrﬁ“é'zs'%nmsmtHrlljtDtﬁelj E\H-? gl%g Fe%%gzr%:)ems the impurity leachability, especially Fe (fig. SZOA).DFDor e-
Waste, the major imporitiés include Cu (G188 ppmy Al i FE Zn (1015 100" BBM), ca, Mg, Ni (1
'Eosza.cdmppm), and Co and Cr (0.1 to 1 ppm) (fig. SZOC).D'IDhDeDr%%gCéFFEEY&EE))Fc?IEHpDuDrEy EIfor the
EICDUDV% g Z(OE?\)I\D/aSte is larger than that of the e-waste raw materials (fig. S20D).

HHuEn J}HS % oDvDeDi?nDpDu?i%/D gr?a?ﬁs?smvmvggl% be helpful for the design of appropriate downstream
REE purification and separation processing.Dﬂw%Di%Dp%ﬁ{Peg %gr?tgrqtpgrqg %hDeDr% |g %P IDITD]F;E]H‘DIIDIGDS to
EZ% DCDO%Fdjgempu?t%grmgpmﬁjrﬁi%ed by adjusting the leaching conditions (e.g., pulp density, pH, acid

type, temperature, time, etc.).

0Oooonooonooog 0 . . .
E)lscussmn on possﬁa?e removal of impurities from the leach liquors.
0 0

e

O0000Qp00gO0goNN0000qU0000 000000000000 000 (54)0 . .
R)Fany t c%mques, |nglug|ng solvent extraction, ion e>éch)ange or adsorption, and selective

. . . . . 0 q 0000po0
precipitation, have been widely used to remove the impurities in leach liquor (54). e appﬁca%?e
DDDDDDD_?_DDDFD&DDD&DDD% . . L
route significantly depends on the impurities type and content, and the target application of REE.

000 GFADBRLL.O OO0 00000 0 0gooo0ooonon oogo U .
n our leac [ﬂquor o amlnedjflljfom %>IJ—‘O,&pr8r E&ID-? Hwe maEJLor |mpE\L'JV?'Sﬁ|Des are ,E\F %Im,q:%, E/I%J and Ca with
concentration >10 ppm, while Cu and Zn should also be considered for the leach liquor from e-

waste.Dl\D/I%R;; Dmme?r?o%%%%% (a?fr)gady been widely used for removing these impurities (54).D|90Dr

0000Oo0000QO0A000-(2-0000)00 . . . .
example, %r the Ee—con&alnlng golautlon, acidic extractants such as di-(2-ethylhexyl)phosphoric

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



géPéETSWE)D %gnlj Dsglljegt?\%ﬁ/(sg DtPaDc? DF?IEI'—_D Dvei?hD appropriate extractant concentration and

. . 00000000000 pHIL(57)0,0000000000000000,(] .
organic/aqueous ratio (56).%r Al Impurity, a si nlDfic ntamount can be removed through selective

precipitation by adjusting the pH of the leach liquor (57).Dé?aDaDn%[i\5i5 ?r%glg]r?tlmems %ggaqlg]/md%mn% 5%(:)0—
Xt Eg&% \DNDIt%DFEIJ:jIE \D/vmlt%DtH Dusy:l)?:)mezro)t%lerance limit being 1500 ppm (58), which is much higher than
the contents in our leach liquor (fig. S18 to 20). DUE,DEaDEnDdDI\D/I%Da?emgo%mp%rt{luc%larly problematic
in REE extraction.Dl'—Do?’ %:Dumamn% Dfnm, %hDe@DoFoDnDo% lDJsDuDa?IQ/Dc%—memx%rglgtmvei%hD QEESBEPI)I%Q cation solvent
extraction or ion exchange (58, 59).

oooopoooogn . .
iscussion on t eQﬂEE separation by solvent extraction.
DDDDDRIDDD ooogdooo0o0aon . . . .
owadays, solvent extraction is the most appropriate commercial technology for REE

. D.H]DDDDDDDDD_DDDDDD . . . DFDD
separation. e separation is generally done by primary separation and secondary separation. For

00000000000 D2EHPAD noooon 0o . .
'Hm primary separation, ISEIEIHBE\ is usuaqu used to concentrate the REE from dilute solutions
. C . D%DEDDDDDFDDDD_DDDDD ooooooogogoo
because of the high distribution coefficients. Subsequently, cation exchangers, solvation
0o . L opooonoooogopoo
extractants, and anion exchangers are used to separate individual REE.DIBp to hundreoFs o% stages
0 DDDDDD%DDDDDDDDDbDDDDDDDD&DDDDDDDD%D(SQD . .
of mixer and settler may be assembled to achieve the ‘nécessary separation and purity of REE,
which have already been the routine scheme in many commercial REE extraction plants (51).
0Q cdopoOooopooogoooopoooood . . S
E)ur Ez%%—contammg eachates couIDd undergo similar procedures to get the individual REE.
oooooog gHD)&sla{DDDDDTDQEEDD_ oogooog . . .
oreover, the extraction o with cation exchangers is promoted by increasing the aqueous
0000000po00000pHD (0 FA-FO pHLJ 0,200 CFA-CO pHO 0 1)[J 0 [J REED oooon 000
phase pH (51).DI—?ere, we realized the |g§1 ﬁggé feac?la%lllty at a re atlvéQy ng pDI—q ?e.g., pHDZ f%r
0000 pHO . . . LHE880
EZID—'%\—E and pE| 1 for CFA-C), so the as-obtained leach liquors already have high pH. is cou%
00000 DDDDDFDDDDDDDDDDDD . -
reduce the use of chemical agents to neutralize the leachate and be beneficial for the subsequent
. 0000000000000 C00FHD0OREED OO0 . .
REE separatlon.DI—?ence, existing separations tec noqogles can be exploited to work with the REE
. FHOOOOOoO0o0o00ggooo 0 O0000p00gooooouooog
extracts obtained through FJH. lllee mixtures oq)talnedD By ?:HH are often less cum%ersome than
those generated through the mining of ores, which represent another major benefit of the recycling
scheme.
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(0] Element| wt%
C 17.1
- o 59.5
= Na 4.0
S Mg 42
Al 5.7
% Si 6.6
9o Si S 0.3
£ Al Ca 26

0 4 6
Energy (keV)
(0] Element| wt%
[¢) 57.5
S Na 12
S e Mg 3.3
¢ Al 129
%' ¥ Si 115
S Ca s 06
= Ca 10.1
- Ti 1.1
Fe 1.3
Mg
N S Ca Fe
A A A
0 2 4 6 8
Energy (keV)

E‘?bﬂ DSD_I.S.ENECEP;S)%COFﬁ)DgE{/Dng gounqggsition characterization of CFA by SEM and EDS.('(AE\BL)O B)
%Flélf/? SFM%S(ES of CFA-F.((R:C)FAEFB?SSDpDe%trum of CFA-F.Dltr%ect':,A_tFl%jeD EvDng?'lE %grmcgrl%tage of major
elements in CFA—F.(?BEegFﬁsuémuﬁnages of CFA—C.(E#SF'E(EngE)ECE{rum of CFA—C.DI%EeCtF,Afﬁ%
gaoppEeanno . .
welght percentage of major elements in CFA-C.

SIEME %% ?Fﬁé%je%DngvaE{HaE{E{Hg E:E%\D—E is composed of spherical particles with size of a
few to tens of um.DIH Dc%ﬁt%éf,utﬂg Eing of CFA-F is smalI_er.quHtFeDr%rEltjDoFI glueﬁ*?e% éu%%%w_ﬂuaspecg,
O, Na, Mg, Al, Si, S, and Ca.“Fhé major elerments T CFAZE 5t & Ra, Mg, Al si, s, Ca, Ti, and

Fe.c'I:'PHED(EEgEE FIESCZAP%% DCDO%FeDn%] gfl:]e while CFA-C has negligible C content.qH %8'?1’?&?3?, E{ﬁemgg

0 O CFA-F L . . 000000000 000REE(4)000
contentDin CFA-C is significantly higher than that in CFA—F.E‘DEl"eVE%ous report showeé that a?‘an er

(D:gntent of Ca contributes to the higher acid extractability of REE (4).
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92! —CFA-F
——CFA-C

904+—— . l | l
0 200 400 600 800 1000
Temperature (°C)

E?zgm EOHEA dlirve SFEEA I &ir with a heating rate of 10 <C min™.

%Eﬁ_ecq'%% guDr\D/eD (D)F EEB\—DE Eﬁo?{)/(\);s %%Do [\]nDoDuDs %é’%%t loss of ~8 wt% when the temperature
rises to ~700 TZ.D'HHSD %Cgr%ggbq)g (D:gumsgéDB@Dtﬁ%ségrﬁBAdFsgci%%DonDCD, Dsince there is a high C content
in CFA-F according to the EDS analysis (fig. Sl).DI%DcDo[r]lngaAéiD ?hDelo(Qg;:B\D— DoDn yDghDoDV\;sDzE minor

. CF 00000000000 Ca00 Fe2030 Si020 [ (10 0.0 1000° CO0 0 0 [0
weight loss up to 1000 <17 CFA the major components are metal oxides, stich as Ca0, Fe:Os,

and SiOz, which are stable in air up to 1000 <C.
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Reaction chamber
Graphite electrodes

o i
Cu electrode CFA+CB Cu electrode

24V

Inductor

Power
switch

250Q

= Arduino

L1
™~

Kill
switch Indicator lamp

Capacitor Capacitor
switches | ~ 7 banks

Charging swn_tc L_
ri, B
Power
Discharging switch supply

Controller  Voltmeter Reaction jig
E%D 53.F‘1FH(E EJH system.((AAsj'Ec%gr%gtulc diagram of the FIJH system.(?lg’S Dﬁl‘lg Oﬁ)fé%tﬁ'guo IjtﬁeDFJH
Eystem with the total capacitance of 0.06 F.(?&g EHSDWD]aEi FelcfI %glﬂkﬁgusut%uczc%n}?g& Qhe sample and
the FJH system for 200-mg synthesis.(?b%ml—lﬁeD %?'cﬁ:%ﬁrmem gFJHtHeD qarger FJH system with total
capacitance of 0.624 F.(EIJ—_‘E DI'%FeJ'igng%rD Eﬂ—?ﬁag?g cD:oDnDnzéchHﬁe sample and the FJH system for 2-g
synthesis.D'Fﬁg I?qu%(eCr)%tDo%BeDrDiﬁ'\E)PC%DaDn%DtHg %Sr?r?gusuin (E) provide gradual compression to the

sample during FIH.
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0
EFeanDcal components:
FRPREE e g 0000o0000o000n,(24)n
e details of the electrical components used' I
L 00pogopo0oogon
publication (24).%e ano[?lsFe% ma[}or oqfqhem here.
P E:D oooo0on %\( Mouser#80-PEH%00YX460|3 U201 450 VO & mF I)D
. apacitors: Aluminum electrolytic capacito

n the FJH system could be found in our previous
r

S (Mouser #80-PEH200Y X460BQU2, 450 V,

O00RHOO00 1000 00000000000 000680 . .
6 mF).DFDor %he smaﬁerDI'—DJEFsysFem, he capam?or %ank is composed of 10 such capacitors

oo0ooonono.s

. . 0 000 . . .
with the total capacitance of 0.06 F.D'IDhls capacitor ba?'ﬁ< is suitable for the reaction with

. OgorHOOD 0010400 0,000000000,00.624F0
batch size < 0.5 g.DFuor the arger%a system, t?‘l ﬁ
oooog

e capacitor bank is composed of 104 such

. . . 0o o100 Qoo .
capacitors with the total capacitance of 0.624 F.D'Fhls capacitor %)gnE Is suitable for the

reaction with batch size up to 10 g.

5" Mechanical relay: 688V 506 K (T Eonnectivity T EV200A5ANA)

B8V BOWET PPV EB®Sower Supplies 299.6 W 214-428 V 700 mA
HLG320H-C700B).

44\./0aﬁ\9c2pm: uDItq %%geter Fluke 189

(Mouser #709-

5" "Eharging and discharging switthes: 400 V, 6 A breaker (ABB S 282 K 6 A)

& P Capacitor switches: 577718 A breaker (ABB S201P-C10)

ZIN Wit 2240 U658 A Brédker (AAB S283 UC Z 63A)

& D TNdUEe 22 "R tWouser #553-c-80u)

B.D DEOArrldturmool\JF?IQ:DBJI"%RPW?OD Uno with LCD display

Y6 Power “supply CEB  Béwer ‘Blippiies 288)s w 214-428 v 700 mA
HLG320H-C700B)

gmlp Do .
afety guidelines:
]:,LDDEDDDDDDDDD% . . .
. nclose or carefully insulate the wire connections.
oo ooooooooon
2" Al

(Mouser #709-

oooon . .
connections ang wires must be suitable for high voltages and currents.

O goggg opooooooonoiooon0ooo0oooooonodgno -
%D. EFSGFS SF‘IOLHE ogey the one hand rule: use only one han% quen working on

the other hand not touching any grounded surface.

the system, with

4000000000000 00000000000000.000000 . A .
LE F(%ep in mlncF H‘na? %1e system can glscq"large t%ousands of Joules in milliseconds, which

could cause components such as relays to explode.
opoooooogoogoo . . . . Oopoon
%D. F(%ep a vo%me%er with high voltages test available at all times. \?\ﬁ*uen

oooononoon
capacnorDbanks, always check the voltage on each.
00 0o

DDDE.DDDDD 0
workKing on e

ogooonoood doogmo ooQ.og .
%D. Wear chk ru%%er quVESQha% extengmg to the elbows when using the apparatus to protect

from electrocution.

0QOD000Q00000000000000000 . .
7. DI'?'ne reHabE“]lty ano*j roubustness oi‘D H’le system should be confirmed by an experienced

electrical technician.
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0 1000 2000 3000
Temperature (°C)
E%D. F&F ELrDanDpDer:Enl.]ure map of the sample during FJH. (,&3 % %cal |mage of the sample before
FJH.(FI%SJ'gptlcaIDl?nDa%e of the sample during FJH. (&}5 I:I'DePnDpDelgature map of the sample during FIJH.
qHDHD oooooooog
e dark regions on each side of the sample are graphite electrodes.

%Dc%‘%ar”dﬁ ﬂtém% %h Dgtgl%n Dgoq&%%gnunulua\?vu Hﬁ”i)ulacq(%oay radiant emittance (j) is proportional to the

fourth power of the blackbody’s thermodynamic temperature (T),
=4(S19@ 00000000
Epe (S19)

] =
. . . qmmmmq EDDDD DDDPDDD
where o is a constant of proportionality. Inverse e temperature of a sample could be evaluated

0oop DDDD DFRHOOO00 0000 0(0.548)0
based on its radiant intensity. IJ:jxperlment ?ly, weDflrst captu re% tHe optical image of a sample

% FDDDDDDDDDMATLABDD 00
the color image was converted to

during FJH process using an ultrafast camera (fig. S4B).D'H1e
gug[ll’gfscu:ag image, which was further converted to an intensity matrix using MATLAB.[UFr?e
HFg%gst ?eDnQEeDrEtBPeD g{,{QaX ~ﬁgoioc ZS%D tHeD sDaDrr?p e \DN%E (D)gtgl(rllné%)accordmg to the IR thermometer
measurement (Fig. 2C), which corresponds to the largest value (Imax) in the intensity matrix.%ence,
t %DtE%EeDraDtEPeD&? oPeac Dp?xDe %%I%Hem FrHaDgDeDc%lDJFthSg)galculated using the intensity value (1) in
the intensity matrix, based on the Stefan-Boltzmann law,

4

! ) (S20)

T
e e
J}Hg E{gr%ggrgt%%leu (chS;%Ci)Eution within the sample was plotted (fig. S4C). DHD'D ounc? %ha% tHE

pooooQo 0Rd
temperature is very uniform throughout the entire sample without obvious gradient. e wHoIe
03000 cOODPPORHODDDADR00D

sample could achieve a hig emperature of ~3000 <C, demonstrating that the FJH process has a

homogenous heating capability.

OoooooopPDFOCOOOOOOOOOOOOhttps:/mww.zhisccomO OOOOOOOOOO



A Before FJH B Before FUH
Gr‘iphite‘ & Graphite
elecfrode electrode

¥

2cm ¢ B

After FJH

R X 4

2cm

E?%D @%D %Dumrggﬁity of the FJH system.((AASJ'gpmtEgaq anag gDo Dtrqemsma?nmpqg before (top) and during
(bottom) the FJH.(FI%S' E)%%li(D:aFﬁDmDageDs gfmtﬁé Dg?a)ghtﬁmemquctrodes before (top) and after (bottom) the

FJH.
EIH_F\%DFDJﬁDsDe%quDﬁaDS good durability.Fi& D|g§hD tDe%DpDe%%&otgé %)93%88 Q%E gcl;qu %e achieved by
the FJH process, but the high-temperature region is only limited to the sample.D;Ech%PcHr%]gD %]o the

Joule heating equation,

=2(S21 OiI0o0o0o000000rROOOOOOOtd
)PP (821)
0oo000.0go

0 oooog . . . .
W?]ere I is the current passing through the sample, R is the resistance of the sample, and t is the

. . . . . . . nooogooononn

discharging time, the electrical heat is proportional to the reswtance.ﬂlrhe graphite eFectrodes have
. EHDDDDHDHDDDDDDDDE% . . .

much smaller resistance than the sample. Hence, the heat generated by the discharging process is

. 0,0 S5A0 0 0 0 EHLLO O 000000000000 00000RHO0000000000000
imposed on the sample. Es sﬁ*nown in I%lg. EE& t?\e strong light emission is IlmltedDon tq'me sampFe
oo . . .

region during the FJH process, while the graphite electrodes and other parts of the FJH system

. . OQo0oooOo0oon - OORHDO00
remain at relatively low temperatures. &raphlte eDIectrodeq”nas good thermal stablllty.DIn aci'altlon,

0 000°.CO0 000000 (02C)0. . - . HO
quDIPJ time Ps very th(ort, )Wlth the 3000 <C temperature in tens of milliseconds (Fig. 2C).Dﬂ1e
000poo0000000000(0S58)00,00000 . . .
grapﬁlte rods show no oé)wo s change aPter the FJH process (fig. S5B), and the resistance remains

ORHOOO 00 . FHOOOOO0DO0 0 ooooon
the same.DI—Qence, t eDIPJlF—Fprocess will not damage the electrodes. 5%her parts oth%e % system

pRoaRooonoad . . . . .
are commercial electrical components such as conductive wires and capacitors, which are far away

. DPDDDDDD FHOOOO00000 ogoo .
from the high-temperature sample. e same IJ-jJIiJ—Fsetup was useg Qormhungreds of times for our

0O000000RHOOD O 0oQg
IugeoFt

. . . 0po oo
experiments without degradation. Hence, we conc at the FJH system has very good

durability.
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C,a(CFA-Raw): REE content by total quantification
from CFA raw materials

¢,(CFA-Raw): acid leachable REE content c(activated CFA): acid leachable REE content
from CFA raw materials from CFA after FJH
Ball milling FJH )
CFA ——> CFA+CB —> activated CFA
| — —
2cm 2cm 2cm

6L O Oo0o0opQ 0000000 . .
1g. %% EFOW chart oPI%E% recovery from secondary wastes by electrothermal activation.

HF-HNQ3 oogogocr total(CFATaw)0 1 0000 0Q00y0 . .
J}F\e totaﬁ %ﬁi%ucontent in A Taw materia S, Ctotali%%%\-ﬁ&W)), was measured by total digestion

. . . L . [ CFAD [J ] (T HCIO HNO3
using a HF-HNOz3 digestion method (see details in Materials and Methods).D'IDhe aCIE—?eac able

0 0 0 CFAD 0.c0 0)ooooog 00O .
E{%% contents |Cn(8é%\ r)aw materlma?s, Co(%ﬁ.—'A—Raw), were measured by HCI or HNOs leaching of

. FAD 00000QRHDOO-0 .
the CFA raw materials. The 8!9& raw materials ang carbon black were mixed and underwent the

FJH activation process.D'IDhDeDODthaEE Hgdc Fs%Dlid is termed as activated CFA.D'IDI"lDeDaDC?giFe%(D:ﬁa%?eDIQEE

OCFAD OO D00 0.000 CFAYD . . .
contents in activate Céq:DA c%actlvated CFA), were measured by the same acid leaching procedure

of the activated CFA.D'IDhDe%,Dt DeCFF?AI”:DIJ:j %Iemc%\C/FeAr%DytllgI%%%(ggg [i]elgi%hing of the CFA raw materials,

and the activated CFA were calculated (Supplementary Text 1).
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e
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5 60, 8
= 1200 »°
8 >
2 40,
O 1100
20+
n T ’—- T '_r- T ,_‘]_ T 0
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REEs
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‘120 [ activated CFA-C, pH =1 1250
o
o
e 1200
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© 1150 E;
< 60+
g 1100~
3 30/
150
_ —=——10

Fig, S7'REE g4
KA'FIET, 887y from

—_— =
Sc Y La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu

REEs

hDa%Dlﬁt%/Dﬁ’gm CFA using 0.1 M HCI.%AS %c?c?—?e%
6H,é€-f‘-ur%§v materials and the activated CFA-F, and the increase of recovery

chdb)

ile REE contents (0.1

yield.(EéSF'%\%DlE—?eual(]:ﬁaﬁgféCE{%%D(:Do%%e%%sD&)(.&1 Wgﬁfi’ g%D %Dﬁgr% DCFA—C raw materials and the
activated CFA-C, and the increase of recovery yield.Y% Dl'g'ﬁ'l\'AeHngt%%FAeD IQEEDrggoQ/%F); ?/&ell% C)I/DO.l

AQ O 00 . .
R)F ﬂ%lqeacpﬁjng the CFA raw materials, and Y represents the REE recovery yield by 0.1 M HCI

. . og O O {0000 0100%0 0,0 FIHO ooog C
leaching the activated CFA. For aFI E{He E&ET‘—E e averageuva ues oP QN% were >100%o, indicating
. . BO
that the FJH process increased the recovery ylelds.Athe

0000000000000 N=30
error barsin A ancFlg represent the standard
derivation where N = 3.
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W

4
600-
—_ — '[
E 3] £ 5001 I
z =400 | :
S S | J
g 2 % 300-
< =
g 8 200
= 1 i c
2 5]
O ﬂ & 100/
= |—1—| = ’_I“ —= 0 T ! T T
Sc Y La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Carbon o) = ppc Dauxite
REEs black residue

E?%D DS%D EQ%%DgoDnEtents in carbon black.((AAE ?Hcﬁ\?i%glu&@& content in carbon black.(E’é% DI'otal
EQEEFCDOCrﬁ?é%E"t ?nugatt (SBREch?(DEEE\DF CFA-C, and bauxite residue (BR).(A)H %Br}%? %grms Iirllj EE) and
%E)Dr%gresenﬁhe standard deviation where N = 3.

The REE Contents in ¢arbon black aré 1ow, =1.0% of the REE contents in %lr% F, ~1.3%
of the REE contents in CFA-C, and ~1.2% of the REE contents in BR.DIEeDnc t%e car H%FaDcE
ggcﬁtmlgemvmvill not induce significant error in our measurement.

FDD(E(H]gnD Dc%tr DDEIbEiacq< is not the only choice as the conductive additive. In pracEtlcaI

00po0oQpoo000000000000 ooopog

app ications, the carbon blac coqu %e substltuteg Wlth anthracite coal if deswed of any other
Ell oooooooooooogog EIbEI ooog

mexpenswe sources of mildly conductive carbon. In our cases, we used car on ac on y since

00
|ts EZ%% content |s low to exclude the error source induced by the conductive additive.
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>
(vy)

Y 3d (Y-O) La 3d (La-O)
—— Fit

— Fit

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

164 160 156 152 844 840 836 832 828
Binding Energy (eV) Binding Energy (eV)

E?ggm DS%D &%%X(P: DeFr%cterization of REE oxides.('(AA\Szgélu-’%DﬁDnYeD épP)SeDthrDu%"lD of Y in Y203 precursor.

%E)Lagaé%uﬁnuems%)ggturar%uoq‘ La in La2Os precursor.

%Og%tH% kgzg SpDe\gI%aHtF%FanYszc%sgrq_Daggg %ZD 43Da[Jf%]er FJH, Y20s3, and Y203 after FJH are shown

in table 4. The V50 WAS split into 3dsr2 and 3da. 11 Y203, the Beak positions Tor Sdsr and 3da

00 00.(350036)0) 0 0 . . . . FIHLOY
are 1 92 e‘{; an&] 959.4 eV, respectively, matching well with the literature reports (35, 36). R;ter

Isid ,Dtﬁeme %QJD\?\%?e fitted by four peaks (Fig. 3E).Lrizﬁeemp1§% egmag( EEJ/]E %\D/Da\ﬁg?’fggigsé@?’g?!émassigned
to 3ds/z2 and 3ds/z of Y in Y20Os, respectiveIy.lEIQ'F‘]eeV%gagligvgtml .[]4De[{/ and 158.5 eV are assigned to
gmdglzm é%%?*”%&éf?%%? D|r%I @r(r%%)t%F, Drgstectively, matching well with the literature report (36).X%5Hg
% DaFﬁg?fs?stYﬁg%eDth%\é% t De Yz?.j)% ?sDrDe Ecme% Dtg q{ur%etal during the FJH process, while the small
ratio of Y203 might be from the surface oxidation.

Eg#aﬁ)gzt]&sg;sﬁ\ﬁgsgsézae\lg %tD QEAEE%‘ ¢ Da%g DS%E.(QBE\@)%orrespond to 3ds2 and its satellite peak
(38, 60). Arter FIEC i &daiion t5 the péake from Lh205 at 854 8 eV4And 83871'eV*(La 3ds/2 and
f’E/stDa%ethDe peak), the peak fitting (Fig. 3F, table S4) shows major components at 836.0 eV and
@%%e.\éje ,Dvaaﬁ??:/ Dé?'gegl'smsi%rqé]&j t%DIEaDEcssa]zDgHg ?tms%tmellite peak from La metal, matching well with
literature reports (37, 61)_Xﬁgem)%gg %rF\Ja %/gims %hac%‘\?@g t %IfaEgz%%E\]/\;]e[r]eLa%ga u%gg tDoDI_DaD(Euring the FIJH

process, while the small ratio of La2Os might be from the surface oxidation.
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E?bmgflm %q’\%?’ggtgﬁg%%gﬁ %f BR and BR after FJH.(fASREEE/f%'\A’?a%De of BR raw materials. (B)

.(f&%R%%XgSpDe%Frum of BR raw materials.(?[))g %f

%\ %‘?Dlj—j‘ﬁfl(,ut%le'a)BaDrQiEI%BE?zDe(%?lfah)g%DFEE&HS.DgllB) becomes smaller than the BR raw
materials (fig. S11A), which would be helpful for the acid Ieaching.D,E

dEM image of BR after FIH
after FIH.

00

the metal components in BR.

is would a

i

SO contri
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0
0
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Mwwl Na
v MW‘ i
| Al
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[J XPS

Ute to'the acid feaching of REE for fhe same

reasons we have explained for the recovery of REE from CFA in the main text (Fig. 3).
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specE{rDqu of BR

XPSOl 0.0 FIHO (] BRO oogon
ccording to tﬁe )D(B% a#%er

ERGERAS P onpandn S . . .
, the O content in BR is significantly reduced, demonstrating the carbothermic reduction of
qoogoaopoonnd
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Voltage (V) BR raw Activated BR

E?%;}D gﬁﬁ”%ﬂ \D/gl%a?gDeDdDer%ndent REE recovery yield from BR.((AASI %\Dc?cp Feachable content of
%8%—5 QQDEDEDE({? W'\II—?NE)E)DH%%D@IE,FJQECF DeE#HchDagse of REE yield varied with FJH voltages. (B)

L—II' zgv;él?g ?e%%ﬁapﬁg QQ(I%EMCHON&%)HP@%DI\D/IDI—E‘ NOz3), and the increase of recovery yield at 120 V FJH.

YO OO OOOBROQO 0o . . . .. Ygoooooopopo

\Po represents %e%@g recovery yield by directly leaching the BR raw materials. Q represenps tHe
oooon . . . BOOOOOQPOO00000NN=3

EQ%% recovery yield by leaching the activated BR.AJFhe error Ear in E ancpg (E]enotes the standard

deviation where N = 3.

>
W

200 200 120 200
I E-waste [ E-waste raw
N —1004 pmm Activated e-waste L
£ 150+ 1150 £ 160
= £ 80
c ;\3 S L 120§
21004 1100 2 £ 604 =
& £ = 80 &
e 50 8 4%
c 50 i c
3 S 20- 40
0- 0 0A L0
100 E-waste Raw Activated e-waste

50
Voltage (V)

E?gm %EEHQ%%E"E\%ES DtP\E %EE EIrDeEovery yield from e-waste by FIJH activation.(?A%DAcid—
e%gﬁaub?eugoun%r% ('# Il?gt%FIQEED(EW Wéﬂ? ?r%Pan—wgs eD, %HE %hDeDincrease of REE recovery yield
varied with the FJH voltages.(?é%5 %chqg qua%HéBVeH%B%tDe%tDcD) tDol%aDl DFEIJ:jIJ:j I%f ?\/I HCI), and the

increase of REE recovery yield at 50 VV FJH.YQ(DoDr(DaE)rDeEeDn sD DeDFEIJ:]IJ:] EeDcDoglery yield by directly

. . ..Ygooooooggoo oooooooon ; .
leaching the e-waste raw materials. \9 represents the IQEE recovery yield by leaching the activated

BOODODOOO0DONDONNS3 .
e—waste.A‘Fhe error bars in ana 'ié genote the standard deviation where N = 3.

The optimized FIH Voltage or recovering REE from e-waste is 50 V. Too high voltage,
which leads to too high temperature, might result in the evaporative loss of REE.DJFI'%Ij %gi
Fe%cu:r?a% eDcDoDn%leEllﬁ%I cD){;I t%?ﬂ??%%uﬁgr% Dtrtlleuauc%i%gt%g %—Dveaus%leﬁlss%?—QS ppm, corresponding to ~156% of
the leachable REE content from e-waste raw materials.
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A R Plastic cap

L. «—— [erminations
. Dielectric (BaTiO, host with REE doping)

.|
ssssss=———- FElectrodes

——
=== PCB substrate

Multi-layer ceramic capacitors

B
%.
Rl o=

—— / 7\
—_— _fm 7
—y L e

E-waste raw materials E-waste after FJH

E?g.uéjTH.Dl\El/I%gﬁaDnDlgrﬁ E(')? %I’?eufjrﬁlgroved REE recovery yield in e-waste by FJH activation. (A)

gooooo0poooo . . . 000000 0SEMO 0
gtructure scheme of the multi-layer ceramic capautors.(B([?S EIJ:]M Iimage ofjthe e-waste after
. FIHOOS og ) D00opQooooopo
crushmg.(E&E %EF\E |Dmage oEf\At e e-waste after FJH.(&BS léuc%eme of the morpHology change of the
e-waste during the FJH process.

O oooo ooogQoooogQooopopo . . .

The REE are W|D0Fe?y Used in modern electronics as strong magnets, ceramic capacitors, etc.
R)FDDDDDDDDDEDDDD ooo DTéM“’]D%Mé)DREEDDDDDDDD%DDDTDDDD . .

ost electronic devices have the lamihated structures, e.g., the multilayer ceramic capacitors (44)

(fig. S14A), and the REE are covered by the separator and protection layer of plastics and ceramics.

000000000 000000000000.0000000 . .
J}He amlnateg structure makes it gl?ﬁcu% T%r REE leaching by preventing the exposure of REE

species to Ieachant.DEDv%P\ %?t(uarugr?nu&jlr?gz,l ?ﬁe%grsi?izlgl)g size of the e-waste is large (fig. Sl4B).D,&J‘ng
0o 0000(0S¥cOP)O0 00000000000 . . .
'H‘le Eﬂ—F proceés,st Ce l?a{mulnate structures are broken (fig. S14C to D), which affords the acid

leachable REE.
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HNO, extractable HNO, extractable HCI extractable HCI extractable

?lgm 815.D1D|f1|]erDeDrcD:eDnE{g.gDeDgP chDthDaI REE in total REE.(@S%%PC%Ht%SeD cD)P chE{ical REE in CFA-
. including the’ fotaf digedtion. HEl"(1” M, 85" %} extractable 'REE content in CFA-F Raw
materials, and HCI extractable REE content in activated CFA—F.(PI%SFéch%rD]t%geDngcDrl chIDIQIEE in
E:%%S%:Cpnmc u'éﬁ' bMt%Besot(():l)EID |gDeDs |(D)HDI58ID&:WD ﬂgm%g %)Eldurgcngqe REE content in CFA-C Raw
materials, and HCI extractable REE content in activated CFA—C.(&BRE’D ‘centage of critica F'EEE

ercentage of critica
in BRIREHding the HNO: (0.5 M, Ry €Xira

0,00 0 . .
ex racE{abDIe qu%%ucontent in BR Raw materials, and HNO3
. . 0ooOoooogonn o0 000000HCK(1MO85
extractable REE content in activated BR.(PI:%E E’ercentage oiljcrﬁﬁzal IEIEIE i T

in e-waste, Inc ud%ng the
° g oopooooo nooo00.0000 .
H(aF EJI_] R)FDS% ex?ractable%lg content in e-waste Raw materials, and HCI extractable REE

content in activated e—waste.D‘H‘l%Dc?i%icuzaul\(ﬁE‘i:D FH%?B%B@, Nd, Eu, Tb, and Dy.(A)H g?’?cmarggaursu Pn (A)
POD&)EBdeeP\gtDe E&\‘a_re’]%iard deviation where N = 3.
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REEs

Esmmgng g%gl? D 5 DPtqwme electrothermal activation process by using CFA-C as an example.
thBDS.%{“d’ré"" ?gﬁq D ‘sampie\with mass of mo = 200 mg and Guart’ tube diameter of Do = 8 mm
(left), and larger sample with mass of mi1 = 2 g and tube diameter of D1 = 16 mm (right).(EI’-}’S %\cid

Fe%ghaﬁ?euﬁgé %%Ht%%t%u(f W ?—P&Déism%ﬂul%soac Fv%%leuoluglg&—c with the mass of m1 = 2 g, and the
increase of recovery yield. \E)Drgpmrgsme%FsctIDwe ?ﬁi%urecovery yield by directly leaching the CFA-C
raw materials. 9 repl)]rlt]esme%%s Eﬁé:%q':DED recovery yield by leaching the activated CFA-C. (q')he error

og O
ars E|In ?Bp) cFenote %He standard deviation where N = 3.

CFA/CB l

feedstock Cu electrode

Graphite
electrodes

activated CFA
product

Step |: Step II: Step lll: Step IV:
loading Compressing FJH Unloading

ESlmgf?F“_Eg nce 'Euaq prototype design of the continuous FJH reactor.

J}He con%lnuggsugr%ductlon process consists of four steps. Ei‘—Dlrle %%Aéc%ul)u( ullj'eD SFEEE\FCDEE JFee%stock
is loaded onto the chamber on the conveyor belt. IjSDecontﬁ ﬁe sampqe is compressed to a specific
resistance. D1Dh|rdjijyD E{Iﬁjtgmsample undergoes the FIJH reactlon.DLDaDsH);,DtHeD %ﬁzpﬁvua%ed CFA product is

collected.
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ESBDEPSCFfrEDpElIJElLl |DeDs ?r? ¢ DFEIEE contalnlng leachate from CFA-F. (633 E:oncentratlons of metal
?r':ﬁggr?t?e%ma%:é FI&]I':IS/EK}E gc%ecieac%ate 14] DCFI'—DE F raw materials and activated CFA-F (1 M HCI,

85 ). (PéSFécF)DncD:gnE{ra%Fér%o I{M HCUEaﬁslmZ)url |DesEI gnDdDIQEE &eqeachate from CFA-F raw materials
and activated CFA-F (0.1 M HCI, 85 CC).(&BFéE)Dn%gnDtP ':érﬁ(% me a 8;sornC Er?t?e% a%aqf\quE in the
Fe%Eﬁan JFrom CFA-F raw materials and activated CFA-F (0.01 M HCI, 85 ‘C).(?I:))E DI'%e rgtlo of
E{EEFCDODn%eDnQ zDirl%l %ét';i ?r%ggr?tlljemsmccm)ﬁtmeﬁtml%I%Hemlmegc%ate from CFA-F raw materials and activated

CFA-F in leachant with different pH.

2
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ESlgmngCFf‘r%%EnD*l Feg FnDt%D |i]—'\plgljzj containing leachate from CFA-C.((AIQSI E:I(])rmlcentrations of metal
fr%pcl.lurl Fe% %%% &I]:JéHCIDtﬁO ci?e%cuzl'?a e r%PnugEE\DC raw materials and activated CFA-C (1 M HCI,
85 ). ({‘I%S':(Af,(':)mrl%gnqra(floné011!\/I HCLED %iny ElJ,III:’JI gsDaDnD(:IDFEIJ::J t%e Feachate from CFA-F raw materials
and activated CFA-C (0.1 M HCI, 85 ‘C).(&),‘E q‘%e r£H ?Fﬁ&%ucon%n% gr?d“l(rzﬁpuuurl Feg %gn gnt in

oqoopog . .
eDIeac?late from CFA-C raw materials and activated CFA-C in leachant with different pH.
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2000 opoooOonooog
ES §% Fmpuﬁ iesin tHe F—ﬁiEi':D contalnlng leachate from BR and e-waste. 6&9 E:oncentratlons
D 0 0 .BR(0.5 M HNO3O
meta |m&)u”t|es and REE in the leachate from BR raw materials and activated BR (0.5 M HNOg3,
.BRO ooooooogOo
85 <C). (EE\"SRJFHe ratio OP IQEE content andqm urltDes content in the Ieachate from BR raw materials

and activated BR. (@5 %D Dn%eDnE{ra%%Hng 1Me'-{CIF IB?%F():L?I?I |eE grlljoF &EE Qhe Feachate from e-waste
raw materlals and activated e-waste (1 M HCI, 85 <C). ({BE J'—rLHe ratio 01D' EZ% Dc%HtDenFaDnD(ﬁan%Brltles

conE{enE{ in the leachate from e-waste raw materials and activated e-waste.
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S1 oQ FHO OO . .
J1‘a%le Sl.DTDhe IJ—j‘ﬂ—q parameters for activation of secondary wastes.

E’?eDcDu rsors | Mass R)?ass Et%sistance %Itage ?me F\J}_I'gsmsmamfter FJIH
Ratio (mg) ) ) © (mg)

CFA-F:CB | 2:1 200 1.0 50 1 190
CFA-F:CB | 2:1 200 1.0 80 1 138
CFA-F:CB | 2:1 200 1.0 100 1 115
CFA-F:CB | 2:1 200 1.0 120 1 157
CFA-F:CB | 2:1 200 1.0 150 1 88
CFA-C:CB | 2:1 200 1.0 120 1 182
BR:CB 2:1 200 1.2 50 1 190
BR:CB 2:1 200 1.2 80 1 174
BR:CB 2:1 200 1.2 100 1 162
BR:CB 2:1 200 1.2 120 1 159
BR:CB 2:1 200 1.2 150 1 152
PCB:CB 2:1 200 1.0 50 1 162
PCB:CB 2:1 200 2.0 100 1 185
PCB:CB 2:1 200 2.0 120 1 98

q'sa%E)Femgf Dﬁﬁmelgr%%ijgemc%?nposition temperature of representative REE phosphates.

Material | Reaction Z(ﬁrﬁl(ﬁ)srggf‘llj)K XS fJ Mol K | Temp (<T)
LaPOa4 LaPOa4 = 1/2La203 + PO2 + 1/402 817.65 260.45 2866
CePOas CePO4 = 1/2Ce203 + PO2 + 1/402 | 785.8 256.3 2793
PrPOa4 PrPO4 = 1/2Pr203 + POz + 1/40:2 798.8 269.8 2688
NdPO4 NdPO4 = 1/2Nd203 + PO2 + 1/402 | 780.85 262.1 2706
SmMPOas SMPO4 = 1/2Sm203 + PO2 + 1/402 | 774.3 256.5 2746
EuPO4 EuPO4 = 1/2Eu203 + PO2 + 1/402 | 765.0 266.7 2595
GdPOq4 GdPO4 = 1/2Gd203 + POz + 1/402 | 766.4 253.9 2745

phosphates (30).DH1

I REEPqA:UZ §E203+Poz+1/_4ozm O000000
ote: The decomposition reaction,
00000000 000000p0000(62)00
e standard molar enthalpies (an)cF st

oo PO2

REEPOL D7 /2REELO3 + PO2 + 1/402, is used for all REE
andard molSF entropies SiREE phosphates

&Dre from the literature (62), and these constants of REE oxides, POz, and Oz are from the CRC
Handbook of Physics and Chemistry (63).
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3bfé §3.'Gibbs free energy change and solubilit

ooo

\Y% préléfb)gt constants (Ksp) of REE metals,

oxides, and phosphates dissolution reactions at 25 <C.

R)Fa%grials Reaction AG Logi10Ksp
Sc Sc + 3H" = Sc®* + 3/2H> -614.2 kJ mol™ 107.61
Sc203 1/2Sc203 + 3H* = Sc* + 3/2H20 -32.61 kJ mol™ 5.71
ScPO4 ScPO4 = Sc®" + PO4* -26.96
Y Y +3H" = Y3 + 3/2H2 -693.8 kJ mol™ 121.56
Y203 1/2Y 203 + 3H" = Y*" + 3/2H20 -141.19 kJ mol™ 24.74
YPO4 YPOs= Y3 + PO -25.02
La La+ 3H" = La®* + 3/2H2 -683.7 kJ mol™ 119.79
Lax0s3 1/2La»0s + 3H" = La®*" + 3/2H20 -186.49 kJ mol™ 32.67
LaPO4 LaPO4= La*" + PO4* - -25.7
Ce Ce + 3H" = Ce®" + 3/2H> -672 kJ mol™ 117.74
Ce203 1/2Ce>03 + 3H" = Ce®" + 3/2H.0 -174.59 k mol™ | 30.59
CePO. CePO4= Ce*" + PO4* — -26.2
Pr Pr+ 3H" = Pr*" + 3/2H:> -679.1 kJ mol™ 118.98
Pr2Os 1/2Pr203 + 3H" = Pr¥* + 3/2H20 -174.89 kJ mol™ 30.64
PrPO4 PrPO4= Pr*" + PO.4* -26.4
Nd Nd + 3H" = Nd®*" + 3/2H:2 -671.6 kJ mol™ 117.67
Nd2Os 1/2Nd203 + 3H" = Nd** + 3/2H20 -166.89 kJ mol™ 29.24
NdPO4 NdPO4= Nd*" + PO,* -26.2
Sm Sm + 3H" = Sm®" + 3/2H:> -666.6 kJ mol™ 116.79
Sm203 1/2Smz03 + 3H" = Sm>" + 3/2H.0 -154.99 kJ mol™ 27.16
SmPO.4 SmMPO4= SMm*" + PO, -26.1
Eu Eu + 3H" = Eu®" + 3/2H> -574.1 kJ mol™ 100.58
Eu203 1/2Euz03 + 3H" = Eu®" + 3/2H20 -151.39 kJ mol™ 26.52
EuPO4 EuPO4= Eu®" + PO4* — -25.9
Gd Gd + 3H" = Gd®" + 3/2H:> -661 kJ mol™ 115.81
Gd>03 1/2Gd20s + 3H" = Gd*>" + 3/2H20 -134.79 kJ mol™ 23.62
GdPO4 GdPO4 = Gd*" + PO4* -25.6
Tb Tb + 3H" = Tb®" + 3/2H:2 -651.9 kJ mol™ 114.21
Th203 1/2Th203 + 3H" = Tb*" + 3/2H,0 -119.19 kJ mol™ 20.88
TbPO4 TbPOs= Tb* + PO.* -25.3
Dy Dy + 3H" = Dy®*" + 3/2H:> -665 kJ mol™ 116.51
Dy>03 1/2Dy20s3 + 3H" = Dy** + 3/2H20 -134.94 kJ mol™ 23.64
DyPO4 DyPO. = Dy*" + PO4* -25.1
Ho Ho + 3H" = Ho*" + 3/2H> -673.7 kJ mol™ 118.03
Ho203 1/2H0203 + 3H" = Ho*" + 3/2H20 -133.84 kJ mol™ 23.45
HoPO4 HoPO4 = Ho*" + PO.* — -25.0
Er Er + 3H" = Er** + 3/2H:2 -669.1 kJ mol™ 117.23
Er.O3 1/2Er203 + 3H" = Er®* + 3/2H.0 -120.44 kJ mol™ 21.10
ErPOa4 ErPO4= Er’" + PO4* — -25.1
Tm Tm + 3H" = Tm>" + 3/2H> -662 kJ mol™ 115.98
Tm20s 1/2Tm203 + 3H" = Tm*" + 3/2H20 -120.44 kJ mol™ 21.10
TmPO4 TmPOs=Tm*" + PO4* -25.0
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oo,. .
Etontlnumg table

Materials | Reaction AG Logi0Ksp
Yb Yb + 3H" = Yb®' + 3/2H2 -644 kJ mol™ 112.83
Yb20s 1/2Yb20s + 3H" = Yb*' + 3/2H.0 -136.34 kJ mol™ 23.89
YbPO4 YbPOs= Yb*" + PO4* -24.8

Lu Lu + 3H" = Lu®" + 3/2H> -628 kJ mol™ 110.03
Luz0s 1/2Lu203 + 3H" = Lu®*" + 3/2H20 -89.19 kJ mol™ 15.63
LuPOu4 LuPOs= LU*" + PO4* — -24.7

%%eD:D oDrDIgIE%OKﬁ%DetDa sD, ctFﬁmceD ngDm%sE @%}%gsm %Pemgaqcqutgg q‘rmom the free energy of formation
constants in the CRC Handbook of Physics and Chemistry (63).DIJ—30D|’DFQIJ:3IJ:3 DOQ(ID eBsS,Dt DeDI(D)gl(o4 sp
Da?uDeDsDa?'eD E;ﬂglﬁgt%{ﬂgﬁ'%?% Dthe free energy of formation constants reported in the NBS tables of
thermodynamic properties (64).D'H"?(§:PreD PsPrr1283 r(esdeZ%SnDeTrkg?ﬁ(D)F Pomrr?"lgtulomnmpo; E’Pz%%,m&gz%%[,] GF‘IZP JFEz%)s
antqﬁ%uﬁlgg DtaDqué?si%rD %hDeEeD %)D(i%%g:gl%g)qgglol‘(sp values are calculated based on the enthalpy of
formation and standard entropy for element from NBS table (64), and standard entropy of the
oxides from a literature (65).Dl'—DoDr%q‘:DED|cD)r?oDs%Ha?tgss,cpt 49%%?0 spD \D/a Bég gamrgg%%Kﬁ%DrtDed in literatures
for ScPO4 (66) and other REE phosphates (67).%6%%%&'@?%% &%%Oﬁﬁlgggﬁé%gs_grmeqq%rd to dissolve
and have the logi0Ksp values in the range of -24 to —27.ELHﬁDegeD\%qEeDsDaDreDsE%ar?i?i%gnDtFy smaller than
those of REE metals and REE oxides.D/Eng ?’eDs% t,DIgEEDaneDthDS Da%g QQDEDED(D)Ei%eDSDgr%DnD\uDCh more
extractable by acid than the REE phosphate counterparts.

Sé%le S4.L‘3IDr\1(eD &E@ E)gak fitting of La and Y.

%gmples E?ement B%§f¥i)gn (eV), EZ %anDu:Da %tate,
[D)eak Chemical bond
Lo L 834.8, La 3ds:» ¥3ta0
ggém.g,msatellite +3, La-O
834.8, La 3ds/2 +3, La-O
JH LaQ O [} La20 836.0, La 3ds2 0, La-La
Cobsaftrfon | La T 2 Satelice %o
@%@D.g,msatellite 0, La-La
157.4, Y 3ds,2 +3, Y-O
Y203 Y
159.4, Y 3d3.2 +3, Y-O
156.4, Y 3ds2 0, Y-Y
Viosafter FIH | Y 157.5, ¥ 3dsi *+3, ¥-O
158.5, Y 3ds2 0, Y-Y
159.6, Y 3da2 +3, Y-O
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