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Urban mining by flash Joule heating
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Precious metal recovery from electronic waste, termed urban mining, is important for a
ui

i 0No0000000000000000000000 i X i
circular economy. Present methods for urban mining, mainly smelting and leaching, suffer

nooooooooooon . . . . 0000000000
from lengthy purification processes and negative environmental impacts. Here, a solvent-free

0000000000 0000000010000000000000000000000
and sustainable process by flash Joule heating is disclosed to recover preC|ous metals and

oo
remove hazardous heavy metals in electronic waste within one second. The sample tem-

000D000000000000003400K0 .
perature ramps to ~3400 K in milliseconds by the ultrafast electrical thermal process. Such a

000000000000000p000000000000000>80%000000>60%0 .
high temperature enables the evaporative separation of precious metals from the supporting

onoooo
matrices, with the recovery yields >80% for Rh, Pd, Ag, and >60% for Au. The heavy metals

0000000000000000CrAsDCdIHgOPO 000000000000
in electronic waste, some of which are highly toxic including Cr, As, Cd, Hg, and Pb, are also

00000000000 000000000000
removed, leaving a final waste with minimal metal content, acceptable even for agriculture

000000000000 00000000000000000
soil levels. Urban mining by flash Joule heating would be 80x to 500x less energy con-

0000000080 0500x 0000 .
sumptive than using traditional smelting furnaces for metal-component recovery and more

environmentally friendly.
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ore tharD'L 40 million tons of electronlc waste (e-waste)

M EtrDerDr(D)dEced globally each year!'?, which is the fastest-
growing component of solid wastes due to the ra&nd
u%%rade of %ersonal electrical and electronlc egulg)ments Most
e- waste is landfille w1t

0 0.0 0.20% DD[DD[DD D[D.D[DD[
e1anDrecyced
go0dooooooooooon DDD

~20% b , - which cou
goooooo ooooo
lead to negative environmental impact due to the broad use of
6—

heavy metals in electronics® 8. E-waste could become a sustain-

able resource because it contains abundant valuable metals’. The
0oooooooooogoooooiogoooo O 00o00poooo
concentratlons of some precious metals in e- waste are
goood gopoDooooooooooouooooogooooo

those 1r1 o s Precious metals recovelal from e- waste, termed
DDDDDDDDDDDDDDDDDDDDDDDDDDD

urban mlnlng, is becoming more cost- effectlve than virgin

1§her than

mining? and important for a circular economy®. Similarly, due to
the broad use of heavy metals in electronics, including Cd, Co,
Cu, Ni, Pb, and Zn, e-waste could lead to 51%n1ﬁcant health rlsks

zui%d ne%atlve environmental impact®8. The heavy metal leakage

due to 1mpr08er landfill dlsgmsal leads to environmental

L8 ooooooo oooooooooooobooog
dlsrqutlon The release of hazardous components during the

recycling processes in the form of dust or smoke® detSrml%rDatDeDs the
health of rec%chng workers and local residents. For example, a
0oogobooofofgoon . )

significantly higher concentration of Pb has been found in the

blood ofe waste workers”>19
0jooop00pgopoo0o0o0fdopnoooo

The lack of hlgh vielding and environmentally fr1endlaf re%ojvg

processes are the main obstacles to urban mining®. The traditional
0gooogooooobooa ooo

method for e-waste recychng is based on a pyrometallurgy

rocess'!, where metals are melted bE heat1n§ at thgE temgerature
DDDDDDDDDDDDDDDDDDDDDDD
Pgrometa llurgy is energy-intensive, lac
gooopo oood DDDDDDHng
high-grade precursors <. Pyrometallurgical processes also produce

ﬁe ect1v1ty, and requires

hazardous fumes containing heavy metals, e%peDaDally for t]ﬁODSS ﬁ/vmlth
lDogvD meltln% Eomts such as Hg, Cd, and Pb°. The hydrometallurgIcal

process is more selectlve an(DiDdone bar leaching the metals using

acid, base, or cyanld 3. The leachlanDklnencs are usuall&/ slow The
Jooooonn ooooobdon oooa Joooooon

use of concentrated leaching agents renders the hydro-
goo DDDD%%?’DD gooopoopoopgao % § 4

metallurgical process difficult for large- scale applications, and large
amounts of liquid waste and sludge are produced that could result
in secondary pollution'?. Biometallurgy could be highly selective

and enwronmentall&/ sustalnable, %et it is st]ll in its 1nfanc¥15 The
ooooooo(@mpood 0)o gooooooooo
separation of Valuable metals from various materials matrices,

including plastics, glass, and ceramics, are based Jpon th their dlf—
gooono gooooood
ferences in hEsical or chemical %rogertles For exam’ gle, the §rav1ty
000000o0oOogooooooooonoogoooooooogoon DDDP6
%eégaratlon technique relies on differing specific densities' . Mag-

netic separation is used to separate magnetic metals from non-

ferrous waste!”. Hydrometallurgical separation is based upon the
18

doobooooooo

pressure of metals

chemlcal react1v1ty of metals w1th leachlanDaDgS
gooooooopao i_‘D oopoo Df%
we show that the different vapor

compared to that of substrate materials (carbon, ceramics, and

§lass% enables the separation of metal from e-waste. This is
goooooooooooobooogooo

D (FJH)E Deazg%oratlve separation. The high vapor pressure of pre-
cious metals is obtained bB’ an_ ultrafast ﬂash goule heatin SFD]H)
00 0 3400K0 O
EerochDsD%%deé~ pyacuum. A subsecond current pulse is passed
through the precursors, which brings the sample to an ultrahigh
orative separation of
OPdOAUI O OO OOO80%I 000000
recious metals. H l de addltwes are used to improve the
000000Au000000060%0 00
recovery yield to >80% for Rh, Pd, and ADgﬁ and >6OD‘V% éor Au that
are abundant in the tested < waste Alternatlvely compared w1th
FHOODOD000000000000AgD 000 00 RA PO Aull afs]
directly leaching e-waste raw materials, by leachlng the residual

temperature of ~34OOK enabl1rD1%hthe eva

solids after FJH, the recovery yield is significantly improved with

and few times increase for Rh
DPbDCrDDDDDDDDDDDDDDDDDDDD
eavy metals, including Cd, Hg, As, Pb, and

tens of times increase for A
00000000CdOHgO
and Au. The tox1c h
gooooopooood
Cr, could also be removed and collected, minimizing the health

risks and environmental impact of the recycling process.

0o

Results

FHOOODO0O000000000

Evagoratlve se aratlon of Dprec1ous metals from e-waste by FJH.
RHOT 0000 goooooogooo(o

The FJH process to recoyer Dpreag%smréletals from e-waste involves

three stages (Fig. la). The metals in e-waste were heated and

2 NATL
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evaporated by ultrahigh-temperature FJH, then the metal vapors

were transp orted under vacuum and collected by condensatlon A
oooa DDD(bCB)DDDDDDDDDD Oo00gooo(obooool)d
pr1nted c1rcu1t oard (PCB) from a discarded computer, a

representatlve e-waste, was used as the startm% materlal éFl
PCBL OO O0O00 (%IB
lbgglementary Fig. 1). The PCB was ground to small powder

[u]
d mixed w1th carbon black (CB&
ductlve addltwe éFlg 1b, inset).
Cl

p-M3)1 00 01
t1ons, the PCB was digested us1ng d1lute aqua regia!®

which served as the con-
0o0opooo0ooooooopPesO
To estabhsh baseline concentra—

, and the

concentration of precious metals was determined by 1nduct1vell
0 0°0 0 0RhO PdO
coug)led lasma mass s%ectrornetrél (ICP-MS). Among the pre-
ooo D[DDEDDED 0 (ppm)( 0 16)0

cious metals, Rh, Pd, Ag, and ‘Au are abundant with concentra-
t1oE1§ of several to tens of parts

er million m) (Fig. 1c

JHDDDD PCBO OO O30wtCBO OO OO OOOO (Sg £§ §]DBjDD

gD taka j}rDmca FJH process, the mixture of PCB powder and
a

0 wt% CB was slightly compressed inside a quartz tube between

two sealed electrodes éF1§ la and Su lementary Fig. 2). One
poooopooooooooD DDDDDDDD§

electrode was a porous Cu electrode to ac1htate gas diffusion, and

the other was a §ra&3h1te rod
0ooooooogoooooooooooa
resistance of the sample was tunable by addustl r§Fthe com ressrve
goooo pooooo(oops)o
force on the two electrodes. The two electrodes were connected to

éSupplementary Fig. 3). The

a capacitor bajnkD‘Aj’lé% a Dtcmytjalmcapacitance of 60 mF (Supplemen-

tary Fig. 3). The detailed s%paration conditions are shown in
0oooo0ooogoooooogn

The high-voltage discharge of the

ca[paator bank brlngs the reactant to a %h temperature With
gooolood JOoRpHOODOOoOooOooooo(Od

the fixed sample res1stance of ~1 Q, the current passing through

Supplementary Table 1.

the as measured under d1fferent F]H voltages (Fig. 1d).
DDDDGO 1100|‘|mDDDDDDDDDDDDD ooo(o 4)d
The real-time temperature of the sample was estimated by fitting

the blackbody rad1at1on in the 600-1100 nm emission up
3DFJHDDDDDDDDDDDDSOmleSOVDDD340Kj ]EDR)D
mentary Fig. 4). The temperature varied according to t e

Volta§e, reachInE% 3400 K at 150 V in <50 ms (Fig. le). Slnce the
pgoogooooocoooooo

resistance of the sample is much larger than that of the graphite

and porous Cu electrode, the voltaﬁe drop was malnlwé 1mgosed
Oo00OrRAOOOO0OO0O0D0O0000

on the sa Dple Hence, the h1gh temperature region was limited to

>3000K0 O O

the sample and the FJH setup has good durability even though it

can achleve a high tem erature of >3000 K %Sug%lementary
goo DD] ODo0opdooodooono(Qooinoa

§ 2' merlcal simulations showed that the temperature was
OOORHOOO0O0O000000
relatively uniform along both the longitudinal

and radial

directions of the sample (Supplementary Note 1, temperature

simulation, Supplementary Fig. 6), demonstrating the homo-

genous heating ability of the FIH process.
DEDD[i:BOO )yooogoooooo
Such a high temperature é>3000 K) Volatlhzes most of the non-
0D0-0000(01)000000000
carbon onents. Accordlng to e calculated vapor
Oo00o0ooo03kOo0onon

pressure—temperature relationships (Fig. 1f), the precious metals

com

have a higher vapor pressure ch[aEl chrﬂbor[l, the latter not subliming

until ~3900 K2°. As a result, the metals are evaporated and the

ma)or carbon- conta1n1n§ components such as lastics were
000000000000 (010000200

carbonized?!?2, The evaporated metal vapors were captured by

condensation in a cold tra EF1§ la and Su; lementarcx{ Fig. 2).
goooooo(mkyoooooooooo 002)000000000H20
Some of the vapor remalned gaseous even at the hqu1d N,

temperature (77 K) (Supplementargu E §D g g - Et}EeDseE gases ?Aéere

presumed to be H, and CO?2. The content of the precious metals
1?1 the condensed solid was measured and the recovery ¥1

gooa 40%0 D D D
calculated EFl% D1 Daél%/ Supplementary Note 2). The recovery yield

of Ag was ~40%, whlle Rh Pd and Au had a relat1vely low recovery
goo0o0ooo00ododog(o

vield of ~3%. Th1s is because Ag has a high vapor EpressurDeDaDIuD:l

relatlvel low b0111n 01nt éSu&)ﬁ)lementa F1§DZ% The concentraf

]DD]lZ%D gooooo
tlon of precious meta_ls in the starting commercial CB 1s 1 2% of the

concentration in PCB, hence their presence in CB will not mtroduce
0oo0oo0oooo0ooon oooa

s1§n1ﬁcant errors ESug%lementa Flg 8). Moreover, the prec10us

metals tend to not form stable carbide phases even at high

temperature due to their extremelg low C solub111 3 (Supplemen-
oooad god ]

. ogoooooo goooo > -
tary Fig. 9). Hence, the use of CB as a conductlve additive will not

affect the evaporative behavior of precious metals.

go0ooooopooo

E DalDuDieD DaDsglsted 1mgrovement of recovery vyield. The h1gh—

recovery vyield of the evaporative separation relies on the
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Fig. 1 Recovery of precious metals by flash Joule heating (FJH). a Schematic of the FJH and evaporative separation system. The system was composed of

RHOOOOO0OD00000000000000000

00000(PCB)DO 0D

bO
three parts, including FJH for rnetal evaporatlon the vacuum system for mass transport, and the cold trap for volatiles condensation. b Picture of a printed

00005m0 ooopoo(cs)dpcsOOOOoOd

00002cm0 cO000000000000(ICP-Ms$)00PCBO O DO OO0

circuit board (PCB). Scale bar, 5 cm. Inset, the mixture of carbon black (CB) with PCB powder. Scale bar, 2 cm. € Concentrations of preC|ous metals in PCB

d0J0ORHODOD0O00000000 opooo

oon
as determined by inductively coupled plasma mass spectrometry (ICP-MS). d Currents vs time recorded under different FJH voltages. e Real-time

0000000000000RHOOOOO000

0oo0o000o0o-00000

temperature measurements at different FJH voltages by fitting blackbody radiation emitted from the sample. f Vapor pressure- temperature relationship of

0ooooo0ooo0on

00000RHODO(n=3)0

ooo oo ooo oo
precious metals and carbon. g Recovery yield of precious metals by condensing the evaporated gas components. The recovery yield is the average of three

independent FJH experiments (n = 3).

. ) ooooooooooooooon
§enerat10n of more volatile components. To improve the recov-
noopooooooooopoooong (000000000000 0ogg

ery halides were used as additives because of the much higher
5] GDDDDD(MHDDDDDD(WEDW%M
vapor pressure of metal halides compared with the elemental

metals (Supplementary Fig. 10)?%. Fluorine-containing compo-
nents were first used as the additive, including sodium DﬂDuDoEiEle

s S 330 E?rtetraﬂuoroeth lene (PTFE, Teflon With the
hCJ Pd DDDD 0 70 80%0 70%C0 O DZDbDDDDDZ)DDDDDD oo
addltDnéeDs, the recovery yields of Rh and Pd were 1mproved to

>80% and 70%, respectively (Fig. 2a, b and Supplementary

Note 2), demonstrating ~20x improvement compared to the
Oooooooooo<pCcBOOOOO0OO02%

Eerlments wlth(D)%t addltuﬁeusD The coglcentruatlon of precious

omoogood
rnetals in the additives was <2% of those in PCB (Supplementary

Fig. 11), hence we can exclude the additives from 1ntDrodu01ng

signiﬁcant error in the recovery of precious metals. Chlorine-
gfoooooooooooo

containin, com ounds were tried because of thelr abundance and
0000 (NaClYO O 0 (KCN( D 2¢0 0 1 0 120)

low cost. Both sodium chloride (NaCl) and potassium chloride

ere use ,&D%DZC and Supplementary Fig. 12). The

Wi
NaClD%CIDDDDRhDF‘dDIQi1 DDDDD
recovery yields of 1ncreased for both NaCl and
DiDDDDDDg

)DDDDDDD&CPVC)DD(V
K é:é Daddltlves In addition, both polyvinyl chloride (PVC) and
used (Fi ng

chlorinated polyvinyl chloride (CPVC£ é)lastlcst%ere e used (F

and Sugglementary Fig. 12). The recovery yield of all four pre-

[0 0 0 80%!
cious metals was 1ncreased es&aﬂecuuﬁll

Eleld im rovln to >80%
goooodo googgoo

consumer samples with very low or negative values, so they will

for AD% with the recovery
Joopoog oooooooopoooo
TDhDe EPDlaDSth additives were ground post-

not introduce significant materials cost during the e-waste recy-
cling process.

DDDDFDClDDDDDDDDDDDDlO%DDDDDDDDDDDD(NalDDDDD
Even with the F and C 1t1ves the recovery of Au is
DDDDDDDDDDDDDDDDDDDDD oooo 0 0.60%C 0 (02 e},

<10%. Interestingly, the recovery ylelds of all four precious metals
were improved when sodium iodide (Nal) was used as the

addltlve the recovergalield of Au was improved to >60% (Fig. 2e).

DDDDGmpﬂDDDD oo

The 1 itive has the best performance among halides for Au
0000000 (HSAB)D OO Au+0 O LewisD] O 100 [ Lewist) 0 0 FO CIO

E Dccﬂ)x&ery According to the hard and soft acids and bases (HSAB)

theory, Au is a soft Lewis acid, and 1™ is a soft Lewls baseN while

F~ and CI_ harder than
NaCID NalD OO oo D D

additive mixture of NaF, NaCl, and Nal, the precious metals all

for Rh, >60% for Pd, >80% for
DDDDD(W)DDﬁDDHHD

% ? co aaosulon analgsm of the
O 1 40%D D gogoo(Qo F%
the remaining solid after H by X ray

had a good recovery yleld >60%

A§ and >40% for Au
oo0ooO0ooooorRHOO
raw materials and
0000000000
photoemission spectroscopy (XPS) showed that 10-40% of the

halide additives
(Supplementary Fig. 13), which could be recovered and reused

were evaporated during the FJH process

by a water washing and recHJltatlon EProcess
gooooopoooooooopon

We conducted a total composnlon analy51s of the collected

metals in the cold trag %Sug%lementary e 3). In both cases
goooooodo DDD>60W[/UDDDDD bdoooo ooag

w1th or w1thou he chemlcal additives, in addition to the precious
ooo0ogogooooo(go

metals, the most abundant metals were Cu with mass ratio >60 wt
%, followed by other prom1nent metals IDnDE ﬁ/vmagtg D1nc1ud1n§
Fe, and Zn Su, lement 14). Further purification and
npufalaja)sl ( ihaiain)e IE DDEDD p

done by

reﬁnlng could be

Sn,
oo

selective precipitation, solvent

extraction, and solid-phase extraction, which are commercially

well-established practices?®.
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Fig. 2 Halide assisted improvement of recovery yield. Recovery yield
1Y00OO0O000000000000

Precious metals

Precious metals

0.0 (ONGFD (BIPTEED) (cINSCI (d )CPVCT (e)NalD (ONSFO NCII NI 00,000 000010000

precious metals by using (a) NaF, (b) PTFE, () NaCl, (d) CPVC, (e) Nal, and (f)
0pooo i

0o0oY/yYo=1000

Y0
mixture of NaF, NaCl, and Nal, as additives. Y5 and Y mean the recovery yield of preC|ous metals without and with additives, respectively. The dashed line

gooov/ooiooooooooon
denotes Y/Yo =1, meaning that there is no advantage of the additive if Y/Y,

0000000000000 0(RA)O0(n=3)00000
< 1. The recovery yields were the average of three independent flash Joule

1000g0 00000000 (STEM)I 0000000 00RAD PO A Auf [ HHHHH‘]DS)HH
heating (FJH) experiments (n = 3). g Scanmng transmission electron microscopy (STEM) image of the collected solids, and energy dispersive spectroscopy
STEMO 0000000050 mOEDSO 0000000 100nm 000000000000l

(EDS) maps of Rh, Pd, Ag, and Au at the rectangular region. Scale bar in STEM image, 0.5

show the clustered alloys.

0oo00o00000oo(STEM)0Do00goo(ebDs)ioooooopnoooon

o u’l;lbeurnorphology and chemical composition of the condensed

solids were characterized using scanning transmission electron

microsco STEM) and energy dispersion spectrosco EDS
gooo EFXIP(dUAgJARUUUUUUU@Z )UEUUJUUPJHJ J%YSUU)

The elemental maps showed the clustered alloy partlcles of Rh,
ooogooo

, Ag, and Au (Fig. 2g), which were formed bg the ultrafast
gooooogoooon
heatin§ and raBid coolin% of the FJH process. This is similar to
go0oo00ooooo0o0pnopooooooooaon
the case of the carbothermic shock synthesis of high-entropy alloy

nanoEartlcles, which could
ULUULUULUULU(L

LPotentlally used in catalyst527 In
other regions, the precious metafs spreading over the entire

duct were also observed %prlementar % % Moreover,
DEDDEXPSDD]DDAQ}D}AUD ooo 0 00 RhO goooooooopooo
the XPS analys1s of the collected volatiles showed that Ag and Au
ooooooogoood go30oooie)o

were mainly in t e elemental state, while elemental state and
higher oxidation state coexisted for Rh and Pd, presumably due to
their different chemical reactivity (Supplementary Note 3 and
Supplementary Fig. 16).

go00OrRHOOOOO00000O0

Imgroved leachin efﬁcnen of precious metals bar J
oopo oooogoooooooo0orRHO0O00O0D0
from the condensauon of the volatile composition, t

l—.D Du%a)j

e other
pathway to recover the precious metals was by leaching the

re51dual sollds obtalned by F% (Su lernentaraz F1§ Dif-
oo O(0Dl)0ooooooooouooon DDDDDD oo DDD D(DSa)D
ferent from the use of a vacuum to facilitate the metal volatili-
zation in the evaporative separation scheme (Fig. 1a), a
pressur1zed setu was_built to tra&) the metals in the reactor
ooN)yooooorRHOOOOOOO00000

(Fig. 3a). An inert gas (N,) cylinder was connected to the FJH

reactor, where ressure was monitored
goo \_H_ILLH_ILFJHLH_I [0 (PO)O OO 0 5atm
The inner pressure (P,) during FJ

ressure gauge.
oooz20o0 Ll O u no

was estimated to be ~5 atm
according to the amount of collected gas (Supplementary Fi

& DEFJHDDI%D](DDPJPDD]DFJHEYD] D]
ﬁrﬁfiL Etﬁpplementary Note 1). Based on the pressure drop and the

size of the FJH chamber, the gas diffusion was simulated under

]
pm; scale bars in EDS maps, 100 nm. The dashed circles in Rh

SRS D g b, Supplementary Fig, 19, Wikt
t t
CPout=oatm )01 500 0 0 uwt?uu(% s aysfatagii. oelelels alegs )- When

u(Pout Oatm uuuuuu
va as it ﬂ1s 1%1 the evaporative

used S_‘ at FP
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ ﬁ‘ﬁﬂﬂﬂﬂﬂ fdoodg 1
separation (Fig. 1a), the gas velocity was up to 800 m s~ ". Such a

high gas velocity aided the volatile components to quickly diffuse

to the cold tra&) and Brevent the condensatlon loss at the tube
[m)i] 0000000000 (030

sidewalls. In contrast the gas VelOClB’ was %reat&y reduced with
) ) > 0000000 000000000,
the 1£1§rDeSsDe in pressure (Fig. 3b). As a result, more of the ori-

glnally volatile components were traBBed within the residual
oorRHOOOOO000 o020

solids in the reactor. The detailed reaction conditions for the

ressurized FJH are shown in Supplementa 2
]DEDDEDD(lMHClDlMHNOS)DlZOVE Oo00rRHCO DPCBDD

We st ted from leaching the residual solids after F H (denoted
0onoonn (o0 a0

as PCB- Flash) at 120V and atmospherlc pressure using dilute

acids (1M HC HNO%) EBlementar Fig. 17a). The
UPCBURhUPdUAgLDULUULUUL CBL )y
leachable content of Rh, an Ag in® PCB-Flash was

substantiall% hlmgher than that in th PCB raw materials (Fig. 3c).
G (Y)OPCBOO 000D (Y0)I 00

The ratio of the recovery yield by leaching the PCB- Flash (]YD)

leachln% the PCB raw materials (Y,) was calculated F%A ﬂﬂtrh
g

was far more effect1ve than leaching alone. The recovery
oooo U 4.17+ 0.480 2.90+ 0.31
Hreld Rh, Pd, and Ag was increased by 4 17 + 0. 48 2 90 + 0 31

1 56.0+ 131ﬁ(ﬂ3)

EUBJ—UIE 1 times, respectively (Fig. 3c). The dev1at10ns could be
from the

leachin

1nhom0§eneous dlstélé)utron of precious metals in

ORHROO0O00
e-waste. Interestlngaf e Au recovery yi y1eld was reduced after the
gggdbAa0ODo000
FJH process. The reason was presumably the format1on of
covalent bonds between Au and carbon?®, which could d_
signlﬁcantly increase the difficul t o e cid leachlng The
ooo(reA)yoooogoreee cogopnooaod 00017b)0

-Flash showed that

the carbon could be removed in the air at ~700 °C ESu&)Elemenf
CBDDEDDWO" cOpoOlhOooprPcBO OO

tary Fig. 17b). Hence, the PCB-Flash solid was calcined at 700 °C

1h PCB-Flash-Calcination,

thermogravimetric analysis (TGA) of the PC

for (denoted as Supplementary
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Fig. 3 Leaching efficiency impr t of p 1s metals by the flash Joule heating (FJH) process. a Schematic of the pressurized setup for FJH. b Gas

nooooooonoo DDDFJHDDDD](PO)D]SatmE 0atmO 1atm0 4atmO Pout] 0 0000 000 0 3atmO 00 O FHO
flow simulation under different pressures. The inner pressure (Py) during the FJH was calculated to be ~5 atm. P, of O atm, 1atm, and 4 atm correspond to
c0Q0RHOOO00DO0000000g
the FJH under vacuum, atmospheric pressure, and 3 atm of positive pressure. € Concentration of precious metals and improvement of recovery yield by
Y0OYDOOOOOOOOOOO0O(PCB)OPCBOOOOOOOOO 000 0Y/Y0=10 oooooo
FJH. Yo and Y mean the recovery yield by leaching printed circuit board (PCB) and PCB-Flash, respectively. The dashed line denotes Y/Y, = 1. The error
00000n=30d000RHODNO000000000000 YOO YO 0,0
bars denote the standard deviation where n = 3. d Concentration of precious metals and improvement of recovery yield by FJH and calcination. Y5 an
OPCBOOOPCBOOOOODOOD 000 0Y/Y0=10 0Ooo000p0000n=300000000000
mean the recovery yield by leaching PCB and PCB-Flash-Calcination, respectively. The dashed line denotes Y,/ Y, =1. The error bars denote the standard
O0ORHOOOODO000 0000000000000 000000000
deviation where n = 3. e Improvement of recovery yield varied with FJH voltages under atmospheric pressure. The highlighted region is the approximate
000000000000 OOe0f0RMIPIDAD 0000 OPCBI 0000 AU COO0DOOPCBOOOOOON
optimal voltage for all metal recovery. f Improvement of recovery yield varied with pressure. For e and f, the recovery yields of Rh, Pd, and Ag are calculated

from PCB-Flash, and the recovery yield of Au is calculated from PCB-Flash-Calcination.

PCBOOOONODOOO0DODO(OOOPCBOOOOON17c)D
Fig. 17b). The PCB raw materials were also calcined as a corDltDrcD)ID
&denoted as PCB- Calcmatlon, Supplementary Fig. 17¢). The XP
0oogogooog(ooo
analysis showed the ef c1ent removal of carbon by calcination
DFJHDDDDDDRhEPdDAgDA oooooooo
With the FJH and calcination process,

lementary Fig. 1
i 2. ZZDé 03

§11+0 700 2.64+ 0.39! 285+ 98572

the recovery vyields of Ag, and Au were increased by

3.11 £ 0.37, 2.64 = 0.39, 28.5 + 9.8, 7.24 + 2.22 times, respectively
ODoo0poobhioDoood(00odd
(Fig. 3d). The values are larger than those achieved with the

Sug%%l Figs. f%
poooo poooogr poooo D:] D:]DD:] oogoooo
resumal mechanism

T le o e improve eaching
DDDDDD googo0opoooooboooa DDDlQa)BD
efficiency by FJH is shown in Supplementary Fig. 19. Modern

calc1nat10n only Erocess ( ementa
HD (]

electronics are fabricated and packaged by a planar process and
have a laminated configuration, where the useful metals are
bedded e th t. S 1 t.

embe e13 in o the po DyDn%eDr OﬁDC§J%I{H% mat )rulces (Supplementary
Fig. 19a) Even after th
52 H. %Sug%lementagy Fig. 19b). The lamlnated structure hinders

the extraction of metals in a typical hydrochemical process,

e pulverlzatlon, the gartlcle size was lar%e
goo ooooogo

resulting in elongated leachln% times and low leaching

) ) O F. ogooooooooooogoo@onischd)d
efficiencies °. During the FJH process, the matrix was rendered
NATURE
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DDDDD]DD%DDD d h 1 hich S 1

t tt t t t -
as an ultrafine épox(fvm ler 1a99)D e ultrahigh temperature ﬂ] upplemen
tary Figs. 19c, d), and the metals were exposed (Supplementary

Fig. 19¢e), which greatly accelerated the leaching rate and extent of

metal extract ion.
RHOOOOOOOoooooo

The effects of the FJH volta; [%e and pressure on the recoverH
O00oo30svD0ooorRHOODOOO00ooooo(o3e

yvield were studied. It was found that the modest FJH vo tages

between 30 and 50 V led to the best recove
oog gopood

low Voltage did not prov1de enough energy to thermally

ry %ISIDCID(%:ID% 3e). Too

decompose the matrix, while too himgél voltage Eresumably
goo goooag
resulted in the evaporative loss. It was found that a 1%her
oogogooo

surroundin[g]%ressure was beneﬁaal (Flg 3f). This is because the
ooog 00000000000 (0sh)0

volatile components were trapped in the residual sohdﬁ
ErOﬂected by the gas- flow simulations EF1% L % ok DeE anDﬂElDaDCld_

poooogoo DDD(lMHCIDlMHNOS ]
legchln% con used 1n our Erocess is

as we
gooo

dition EIMH M H
0132900 0 DDDIBBO&DDDDDDD%D

more cost- effectlve and environmentally frlendly compared to
other hydrometallurgical processes, which use highly concen-

13,29 18,30

trated mineral acids such as aqua regia , or toxic cyanides

as extractants for achieving a high-recovery yield.
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Fig. 4 Removal of heavy metals in e-waste by flash Joule heating (FJH) process. a Vapor pressure- temperature relationships of toxic heavy metals and

bDDDDD]gtPCB)]EEDDDDDDD
carbon. b Concen

oo 00000000RHDO(n=3)0
eff|C|ency and collection yield of heavy metals. The efficiency and yiel

0oo0o f000RHOODOODO0O000000

Hg in the residues after multiple FJH reactions. f Concentration of Cd in the residues after multiple FJH reactions.

1000 (wHO)OOoooo

cORHOPCBOOOOODOOO0O doooooong

rations of toxic heavy metals |n the printed circuit board (PCB) c Concentrations of toxic heavy metals in PCB after FJH. d Removal

e000RHOOOO0DD0OO00

0ooo
were the average of three independent FJH experlments (n = 3). e Concentration of

(_l_ f0000000000000000000000
he dashed lines in (e, f) represent the

starting contents and the approved World Health Organization (WHO) level for safe limits of agricultural soils.

DDDDDDDDDDDDDDDDD

oval and collectlon of toxic heavy metals in e-waste.
DDDDDDDDDDDD 00D000o0o0p3den7osin
Removal of toxic comgonentsula SrDlother mgjor concern for e-waste

26,7, 31
rocessmg3 The heav% etal removal capability of the FJH
P DEDDEDD[CI’]Pb%CdDAS[HgDDDD
evaluated. Compared to precious metals, heavy metals,

rocess was ate
[14al] [J 0 07b)0

B00000000
including Cr, Pb, Cd, As, and Hg, have much higher vapor pressures
and lower boilin, oints F1 4a and Sugglementaral Fig. 7b).
goooooooogn gooa oooooogod 000000 p0®iens

Esgeaally for the most toxic Cd As, and Hg, the separation factors
etween them and precious metals could ach1eve ~10° based on the

BOOOOOOO000
Elbelogl(‘i%lneglm S%a(l sis éSupplementary Note 4). The levels of heavy

metals in PCB waste are in the ranj%e of 0 1 20 ppm (Fig. 4b). These
goooooogo(wHO)OoOoooo
values are above the safe l1m1ts of heavy rnetals in soils for agriculture

the world health OE%mlzatlon (WHO)32. After
oooooooo

as recommended b
OJo00O0ORHOOOOOO(PCBO O )U

one FJH, the heavy metal contents in the remalm_njgD solid §
gooooooog >80%01 DD]
Flashg were §reatl reduced (Fig. 4c) The removal efficiencies of Hg
0%)0 O (70 ( >38%)( 0 4d0) 0.0°0

Cd ‘were calculated to be >8 %, followed by Pb and As &>50%%
(o) -
an DD § D(E>35 %) (Fig. 4d and Supplementary Note 2). These etfi

ciencies were COHSIStent with their vapor EPressure values (Fig. 4a).
goooooooooooo oooooopoo
The heavy metals were collected by condensatlon in the cold trap, as

we did for the evapor%tlve seEParatlon, and the collectlon Dylelds Were

gopooopooog
calculated SF1% 4d). The collect1on Eyleld matched we]l with the
goooo oo

Dooooo0oon
removal efﬁc1ency, demonstrating that most of the evaporated heavy

metal was trapped by the cold trap, minimizing the leakage of heavy

metals into the environment dur1n§ the recycling process.
DDFJHDDEDDEDDEDDEDDEDD
The concentration of heavy metals in the reSIdue SOlldS %ould

be further reduced b% multiple FJH reactions. After one FJH
pgoodooopoooooooa DD(OO§?_I111)] (O4e)00000OO0O0000
reaction, the concentration o g was reduced to below the safe

the

h1 hest standard for waste disposal. As for Cd, three consecutlve
1) (0,003 ppm )0 LI (0 40

FIH cycles reduced the concentration to bel

32 FRHOOOOOOOOAOPbOCOOOOOM

(0.003 ppm) (Fig. 4f)°<. The concentration of As, Pb, and

all reduced with an increase in the number of FJH reactions
J00D0ORHOOLOO0O0O0O00000 ooo

(Supplementary Fig. 20). Since each FJH only takes 1 s, multiple

limit of Hg in soils for agriculture %0 .05 Slj)rund FJs—lFl%D

ow the safe limit
00020)0
r were

flashes are easily accomplished.

Dlscu55|on
00000000 00ono0o0oonooonoo

The roposed evaporative separation scheme is malnl targeted to
prop P P gooogooooog g g

the recovery of metals from e-waste. Nevertheless, it could exhibit

gooooog goooooooooogoooo
the cagabﬂﬂ:&/ for the separation of metals. Theoret1cal calculation
0o00010Ms D[DD[(D]DD4DD oo goooooo
shows that lar%e se?aratlon factors up to ~10 could be realized
goooogoain

for most metals w1th large vapor pressure differences (Supple-

mentary Note 4, theoretical separation factors of the evaporative

separation process based on the vapor pressure CDliDﬂ:DeEeSE% Dsﬁlﬁ”
Elementa Supplementary Table 3). The theoretical

Fig. 21,
gooopgoa
separation factors are calculated based on the vapor pressure of
oooooo 0o oooo(

gooogopooooog
%ure metals. They re resent ractical values for trace metal
gopo4000000000D0

Oooooooge2)d
separation even with the melt alloy formation (Supplementary

Note 4, the effect of melt alloy formatlon on the separatlon fac-
DU0p0000(0ig)0oooooon

t 1 t: diffe t 1ds of
PR e R e AR 8 0B o b th SH ST IS ETSY yields o
precious metals (Fig. 1g) already demonstrated the separation
feasibility of the FJH process based on the vapor pressure dif-
ference (Supplementary Note 4, the achieved separatﬂon ablll&y2 %

a-

theDevaporatlve se%aratlonﬁ Su%leementar% }‘aub%eu4 The chemlc

%%dmltmnéemsm(%:% 2a—f) also regulated the precious metals separatlon
presumably due to their different chemical reactivity (Supple-

from the chenncal

OoOorRHOOOQOOOOO

addltlves S%pEPlementa Tables 7& The separation ability of
(0uou4donuooo Y eoR

the evaporat1ve separation scheme could be further improved by

mentary Note 4, the metal separation abilitg

progressively increasing the FJH temperature (Supplementary
Note 4,

1ncDrease the se

the evidence-based predictions on the practices to

aration factorﬁ
oooooooo0o0dooooooo0o000oonoo(oo0as)a

ooooo
The cost and benefit of the F DIH Processing were evaluated  since
obooogoporRHODDODOOO0000 /0000000o0ooog

economic incentives are the ma_ln dnver for waste recych_ng (Sup—
DDDDDDDDDDDD%HD oooooon
plementary Note 5)°. FJH is a hlghly efﬁc1ent heating process due to

the ultrafast heating/cooling rate, the direct sample heating feature,
and the short reaction duration, compared to traditional smelting
furnaces where large amounts of energy are use ed to malntam the
33 0ooooevkwho O0ooooooo

tem erature of the whole chambe The F]H method has an energy

s 0oopoogpnooo DDl/§0([DD5)

consumptlon of ~939 kWh ton™ °, which’is ~1/500 of that for a lab-
scale tubular furnace®?, and ~1/80 of that for a commercially used
furnace in 1ndustr1al scale®®

Kaldo
FHOODOO0OO0O00D0D0000000000000
the FJH process for e-waste processing could have advantages over

SSué)glementary Note 5). Hence,

traditional %yrometallurgmal processes.
FHO OO0 00000pooOooooo0o0goooopa
The Fg process 1s scalable According to the scaling rule

ooogoorHOO0O/00000000d

revealed by the theoret1cal analy51s, we could increase the FJH
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(00 D006000023024)0
voltage and/or the capacitance of the capacitor bank when scaling

up the sample mass (Supplementary Note 6 and Su lementa

p P S] IJ)%FJHDDDD DDDDDDDDDD&)E I‘y
§ an & E ng a homemade automat1on system

O DlDlODDDDDD oo FJHDD DDDDDDDDDDD(DDDD

integrated with the FJH setup, our research lab has already rea-

lized a production rate of >10kg day !. Further commercial
scaling up of the FJH process is underway (Supplementary
oo0ogooo DD 000000000000 0D0000g000RAHDO

No te E ConSIderm% 1m1n15h1ng easily accessible ores o
boopotoooooood DDDDD O

precious metals and the toxicity of several metal elements, the
proposed FJH process to recover metals in e-waste could be a

harbinger for near-future recovery methods.

0o

Methods

)i ‘CB( Cabot(] Black Pearls 20000] (1 [ [1 (110 nm)(1 0 0 010 0 (] [)

Materials. CB (Cabot, Black Pearls 2000, average diameter 10 nm) was used as the

CBDD]DD]DD]DD]D ooooopeeOO

conductive additive. The PCB waste was from a discarded computer. The PCB was

D[DD[DD[DD[DD(DadeDDFlS)D[]D[]D[]D

cut into small pieces using a saw, and then ground into microscale
[ NaCl( J.T.Baker )[J NaF( Acrosu

L%::owclers by
[% hammer grinder (Dade, DF-15). The salt a d1 tives wer:
NaI(A rich] 99 5‘7/ [u] ooo

e NaC Baker),

oon RhCK!( Aldrlch 38- 40%Rh )

NaF ﬁA rea al (Aldrich, 99.5%). The precious metals chlorides

PdCIZ(Adrmh] 99%)D CI(AII|eJChem|CaI )0 AuCI3( Aldrichrl 99 9% )00

were dgnch 38-40% Rh), rP’g‘i(Pll% Séldrlch 99%2 AgCl (Allied Chemical),
e

00 0 Runaway B
and AuCl3 (Alclnch >99.9%). Polytetrafluoroeth: { ene FE) powder was pur-
Orgpveo cpven 0ot oo (P DF)J

chased from Runaway Bike. PVC, CPVC, and polyvinylidene ﬂuorl%ej D\SJZD)IS)j .
lastlc tubes from Fplumblr&gj Elpes were used as raw materials. The plastic waste
0000000 (Daded DF-15)0 00
products were cut into small pieces using a saw, and then ground into powders by

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

BEHOOOO0000000
FIjHlj-lD e{stem and evaporative separation process The electrlcal dlagrar% E)g Eh[e
g}[l—é ée[actor és >h0wn 1n Supplementary Fig. 3. There 1s a rlsk of electrocutlon so all
safety measures should be obe}fed carefulla/
ceOpPCBOOOOODOOONO(
mentary Information. CB, PCB powders, and

as we listed in detail in the Supple-
MSESup liesD PMV1-04L)00 000
Cl)ltheS were mixed by using ball
D[]SmmD[DDlzmmD]DD]D
milling (MSE Supplies, PMV1-0.4 L). The reactants were loaded mto a %uartz tube

with an inner diameter of 8 mm and an outer diameter of 12 mm. Copper wool was
0000000D000000000000000000000
used as the porous electrode on one side to facilitate the gas diffusion, and a

ﬁraghlteﬂ r(}d was used as the electrode on the other side of the quartz tube. The

00000000~ ]
tuLbertaj then loaded on the reactlon stage and connected to gl&eL l\j]UHL system. The
resistance was controlled bE’ comDpresﬂng the electrodes. The quartz tube was sealed
oooooo4omen
{ an O-ring. A vessel with a volume of ~40 mL was used as the cold traB The
a DD[DD[?lPL oogooooooooo oooo
vessel should withstand negative pressure (~10 Pa). A mechanical pump was used
to puxn the vessel to vacuum; then,
0000000O0N00000020000002
Dewar. This sequence must be followed to avold

the tragD as u"\‘r;énersed into the liquid N,

condensation in the N, Dewar
O@e0mFO0000000(DC)D0RO0

g{x(ﬂ:eﬂ 8&Vhas a higher boiling point than N,. A capacrtor bank w1th a’total capa-

citance of 60 mF was charﬁed by a direct current

OO0CmsOO0OO00O00OO0OO

voltages up to 400 V. A rela; w1th L PIOgE: rammable ms- level delay time was used to

SDC) supply that can reach

control the dlscharﬁe tlme The hléh voltage discharging brings the sample to a

high temperatuse, The detalld conditions for the FIH sy listed i Supplementary

Table 1. For each condition, three FJH experiments were conducted to collect the
goopoopooood

total volatiles for sam%le dégtestlon and ICP-MS measurement. Hence, the mea-

sured recovery yield is the average of three 1ndegendent e}Fperlments us1nrgjthe
ooo oooopooogo oooooo

game EIECL}IJ boﬁr_‘dJ After the FJH reaction, the FJH apparatus was allowed to cool

to room temperature while the cold trap remained immersed in the liquid N,.

Then, the trap was tglée]nug%tuf{ojng the liquid N, while the apparatus remained
under vacuum. After the trap warmed to room temperature, the vacuum was

released.

goooodoorHD
FJH under atmospheric and posi

RHO 0000
ve pressure. The FIH reaction s similas 1 the
evaporative separation except with the followin changes The %uartz tube was
000000000000%ar000000000000(N2)000
sealed by an O-ring to hold pressure. The porous Cu electrode side was connected

to an inner gas ENZB cylinder b Y, tub1n§ that withstands pressure up to 5 bar. The
D[I:ID[I:ID[ ooo élAalm)EI[] oogo
pressure was adjusted to the desired valu e (1 m) usin

4 a a re§ulator and was
0000000RRD0 B OB TS
monitored by a pressure gauge. Once the Pressure was set, the
i X HOOOO0odgoo2o,. |
charged and then discharged for reaction. The detailed conditions for the FJH are
ooooooooooogooooon
shown in Supplementary Table 2. After the FJH reaction, the pressure was released,

100
JH system was

and the sample was removed for further analysis.

SEMO O 0 0 5kvD O 0 O O FEI Helios NanoLabsaou o D SEMD u} [ D D [
Characterlzatlon The SEM images were obtained b by, s
[DD[DCuKD[( 5406)b

660 DualBeam SEM system at 5kV. XRD was collected

ng a Helios NanoLab
|gaku D/Max Ultima
y using a Rigaku D/Max

ngoo D XRD] PHI-Quantera

Ultim: g:tem conﬁ%ured w1th a Cu Ka radiation (A = 1.5406 A). XPS spectra

XPSD[D5X109 oooooo XPSD[DD

were taken usln% a PH uantera XPS system under the base pressure of
XPSDEI[D 18V[DD[Z6EVD DD]DI:I

5% 10~ 2 Torr. Elemental XPS s collected using a step size of 0.1 eV with
ST b B oM D

a pass energy of 26 eV. All of the XPS spectra were calibrated b
STEMO U 0JEDSD O OJEOL 21000 DO O DO ODOOO

C 15 peak at 284.8 eV. STEM images and EDS maps were taken on a JEOL 2100

Field Em1sslon Gun Transmission Electron Mlcroscoa)e under the voltage of
000 0TAD DD Q-6000 O TGA/DSCH 0 00 [J 010° Cmin10J1000°. CO O OO0 DO
200 kV. TGA was conducted in air at a heating rate of 10 °C min . HP t m H 0 F

Y s using the standard

b u in ge ISOC% 600 Simultaneous TGA/DSC from TA instruments. Calcination was
conéucted uslng the Mafu furnace in the air (NEY 6-160 A).

L ICP -MS[ 0 [
digestion and ICP-MS measurement. The standards were purchased

U
Nl MESIgma] ooo00o0oodnopooooooon
m Millipore-Sigma. Three periodic table mixtures and Hg standard were used,
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DD[DD[DD[BD[DD[DD[HNO3(67 70W(“/n[TraceMelalTM]D[]D[] O HCI g\m%[gggg%

wher: g,) sition is listed 1I:F‘Plementary Table 8. H (67-70 wt%,
goo H H !‘ MIH Qma) [n}] Mllhpcre S&ma'\ ACS opooo
TraceMetal Grade, Fisher Chemical), HCI (37 wt%, 99.99% trace metals basis,

Millipore-Sigma), and water (MlllﬁpOl’C-S%ma> ACS reagent for ultratrace analysis)

were used for sample dr‘%esnon The samples were dl%ested by using a diluted aqua
14,19 CDHNOS/HCI(]lM (10000240
regia method The sa rPles were soaked in HNO3/HCI (1 M each) solution at
o T oopo oooogo
45 °C for 24 h. The acidic solution was filtered to remove any undissolved particles.
DD[DD[DD[DZM%HNOSDHC[]D[]D[]
The solution was then diluted to the approprlate concentration range usin 2 wt%
ICP-MSCI [ Perkin Elmer Nexion 300 ICP-MSCI [
HNO; or HCI within the calibration curve. ICP-MS was conducted uslng a Perkln
PCBOOOO0000D000DOOOPCBOONODOP
Elmer Nexion 300 ICP-MS system. The PCB raw powder, the condensed bolld
goopCcBOOODOODOODOOOO0
from the cold trap, the PCB-Flash powder, the PCB-Flash-Calcination powder, and

the PCB-Calcination powder were leached using the same protocol.

Data availability

The data supporting the findings of this study are available within the article and its
Supplementary Information. Other relevant data are available from the corresponding
author upon reasonable request. Source data generated in this study are provided in the
Source Data file. The Source Data file is also uploaded to the Zenodo repository https://
doi.org/10.5281/zenodo.5293916. Source data are provided with this paper.
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