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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
ooooo 0No0000000000000000o0onog i X i

circular economy. Present methods for urban mining, mainly smelting and leaching, suffer
oo0o00000000po0poon X i . ooooooo

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

and sustainable process by flash Joule heating is disclosed to recover preC|ous metals and
goo0o0obO0opoo0ooOooooboooo

remove hazardous heavy metals in electronic waste within one second. The sample tem—
000000000000000000703400K0. 00

perature ramps to ~3400 K in milliseconds by the ultrafast electrical thermal process. Such a
0000000000000O0 . ) ) .
high temperature enables the evaporative separation of precious metals from the supporting
00 0RhO PO AgD O 0 0 >80%0 Aull O O 0 >60%(]

matrices, with the recovery yields >80% for Rh, Pd, Ag, and >60% for Au. The heavy metals
000000000CrdAsdCdOHgO PO 000000

in electronic waste, some of which are hlghly toxic including Cr, As, Cd, Hg, and Pb, are also
00000000000 00000000000000000000

removed leaving a final waste with minimal metal content, acceptable even for agriculture
oopooo DO00000000000000080x 050x 0000-

50|I levels. Urban mining by flash Joule heating would be 80x to 500x less energy con-
00000o0o0ooooooooonoog, i

sumptive than using traditional smelting furnaces for metal-component recovery and more
oog .

environmentally friendly.
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ore than 40 million tons of electronlc waste (e-waste)

00oooogoo

are produced globally each year!?, which is the fastest-

growing component of solid wastes due to the ra&nd
u%%rade of %ersonal electrical and electronlc ecbul

000020 oEDDEDSDDDD

e- waste is landfilled wit
gooo DD68EDD[DDEDD[D

lead to negative environmental impact due to the broad use of
6—

ments>* Most

D oo D 0ooo
~20% b e1n§ rechc ed wh1ch coul
oanto0 ooogoo

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

able resource because it contains abundant valuable metals®.
0ooodooooooogoooiboogoooo O
concentratlons of some precious metals in e-waste are h
goooooooonseooogno DDDDDDDDDDDDDDDDDDDDD
those in ores Precious metals recove?l rom e-waste, termed
DDDDDDDDDDDDDDDDDDDDDD gOoooooo

urban mlnrng, is becoming more cost- effectlve than virgin
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

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

due to 1mpr08er landfill dlsgmsal leads to environmental

L8 ooooooo ooo0oose0DO0000pO0O0O0O00
chsrqutlon 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
0oogooogobopgo0r.ion . )

significantly higher concentration of Pb has been found in the

blood of e- waste workers”>19
Djooop0dpopooogoodonoood
The lack of h1gh vielding and environmentally fr1endlaf re%ojvg

processes are the main obstacles to urban mining®. The traditional
ogoooooooiooooooooooog

method for e-waste recycling is based on a pyrometallurgy

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

heat1n§ at hbgél temgerature

ﬁe ect1v1ty, and requires

hazardous fumes containing heavy metals, e%peDaDally for t]ﬁODSS gvmlth
lDogvD l’élgléln% pomts such as Hg, Cd, and Pb°. The hydrometallurgIcal

process is more selectlve an(DiDdone bar leaching the metals u%erlg

acid, base, or cyanld 3. The leachlanDklnencs are usuall&/ slow. The
Jooooonn ooooobdon oooa []01400

use of concentrated leaching agents renders the h dro—
goo DDDD%%?’DD DDDDDDDDD%D§D153 4

metallurgical process dlfﬁcult for large-scale applications, and large
amounts of liquid waste and sludge are produced that could result
in secondary pollution'®. Biometallurgy could be highly sele%tiuve
and environmenta_ll&/ sustalnable, %et it is st]ll in 1ts 1nfancy . The
ooooo(ooogood ooooooooo
separation of Valuable metals from various materla_ls matr1ces,
including plastics, glass, and ceramics, are based upon th their dlf—
goooooopoooboogn

ferences in h&rsical or chemical Brogerties. For example, the rav1ty
ooo000 ooonoojooooggrooodoonoooogona GEgD
%elgg.ratlon technique relies on differing specific dens1t1es Mag—
netic separation is used to separate magnetic metals from non-
ferrous waste!”. Hydrometallurgical separation is based upon the
chemlcal react1v1 of metals w1th leachln agents!®

siis t inga8en

gooopo i_‘DD]DD Df% doobooooooo
we show that the di erent vapor pressure of metals

ooooob

compared to that of substrate materials (carbon, ceramiEsﬂ Dand

§lass% enables the separation of metal from e-waste. Th1s 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

temperature of ~3400 K enabhn% the evaporative separation of
O0ORhOPAOAQDT O OO0O08%IOOOONN

recious metals. H l de addltrves 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 Alternat1vely compared w1th

FHOODOD000000000000AgD 000 00 RA PO Aull afs]

directly leaching e-waste raw materials, by leachlng the residual

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 Dprecmﬁ%smréletals from e-waste involves

three stages (Fig. la). The metals in e-waste were heated and
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00o0orRHODODOO0O000000000000000000
evaporated by ultrahigh-temperature FJH, then the metal vapors

were transgorted under vacuum and collected b&r condensatlon A
oo(peB)0n0oooonoon ooooo b0 00
pr1nted circuit board (PCB) from a dlscarded computer, a

representatlve e-waste, was used as the startm% materlal éFl 1b
PCBU O OO OO0 (%}B

)D 1C (D 1'prlementary Fig. 1). The PCB was ground to small powder
and mixed w1th carbon black (CB& which served as the con
DDDDDDDDDDDlQDDDDD

ductlve addltwe éF1§ 1b, inset). To estabhsh baseline concentra—

oogd ] (ICP MS)O

t1ons, the PCB was digeste , and the

concentration of precious metals was determined by 1nduct1vell
0000 0RO PO

coug)led lasma mass s%ectrometféI)D(ICP -MS). Among the pre-

0000000000000 0(ppm)y(0
cious metals, Rh, Pd, Ag, and

us1ng d1lute aqua regia!®

u are abundant with concentra-
arts

illi Fig. 1c
e dss e BRI (Ei8n 19h 0 0
FJH process, the mixture of PCB powder and

tions of several to tens of
ooo JHDDDD PCBO OO O3
In a t ical
O@a000od
0 wt% CB was slightly compressed inside a quartz tube between

two sealed electrodes éF1§ la and S
poooopooooooooD goooooo

Dp[plementary Fig. 2). One
electrode was a porous Cu electrode to fac1l1tate gas diffusion, and

the other was a
gooooooopoood

resistance of the sample was tunable by addustl r§Fthe com
gooooobooooogeomtoOoOn
force on the two electrodes. The two electrodes were connected to

§ra&3h1te rod (Supplementary Fig. 3). The

re551ve

a capac1tor bajnkD‘Aj’lé% a Dtcmytjalmcapaatance 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 brln%s the reactant to a
gluoooooo goooooooo(

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

Supplementary Table 1.
§h temperature. W1th

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 uppl
3DFJHDDDDDDDDDDDDSOmleSOVDDD340Kj ]E
{n)eDntary Fig. 4). The temperature varied according to t e J

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.
DEDDEi: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

com
OU000003900K0000000° . ) )
pressure—temperature relationships (Fig. 1f), the precious metals

have a higher vapor pressure than carbon, the latter not subliming
0oo0opOoooogobooooneatzao

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

major carbon- contamm§ components such as lastrcs were
2122 0000po0000d0o00(01000

carbonized The evaporated metal vapors were captured by

condensation in a cold tra EF1§ la and Su; lementar F1g 2).

goooooo(mkyoooooooooo 002)000000000H20C

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
calculated EFl% D1 Da5183§upplementary Note 2). The recovery yield

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

vield of ~3%. Th1s is because Ag has a high vapor T pressure Dand

relatrvel low b0111n omt é E)glementagfD §(7) The concentra-

]DD]lZ%D DDD oooono 0oos8
tlon of precious metals in the start1ng commerc1al CB 1s 1 2% of the

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

gg n1ﬁcant errors &Sugglementar% Fig. 8). Moreover, the prec10us

oooao
metals tend to not form stable carblde phases even at high

temperature dueD: to thelr extremel}é low C solub111 3 (Supplemen-

ocedo ooooo
tary Fig. 9). Hence, the use of CB as a conductlve additive will not

affect the evaporative behavior of precious metals.

go0ooooopooo

highD O -
allde assisted improvement of recovery yield. Tghe high-
oooooooooon

recovery vyield of the evaporative separation relies on the

oo
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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

0000(PCB)DDOD

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 cO00000000000(ICP-MS)0L PCBHHHHHHH

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

d0ORHOODOO0O000000 opooo

o o 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

0oooooooon

00000RHODO(n=3)0

ooo ooo 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).

ooooopooon ooooooooooooooon

§eneration of more volatile components. To improve the recov-
000pood0oooopnoonupnou(Doi010)4000000000000
ery halides were used as additives because of the much higher
00000000 (NaF)D OO DDD(PTFEDTeron)
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 ﬂuDoride

& F? énolE?rtetraﬂuoroethallene (PTFE, Teflon Wlth the
RhJ dDDDD 0 00 0 80%01 70%00 0 ( 20b0 00002000000 00000

addltDnéeDs, the recovery yields of Rh and Pd were improved to
>80% and 70%, respectively (Fig. 2a, b and Supplementary

Note 2), demonstrating ~20x improvement compared to the
Ooooo0oo0oo0O<pCcBOO0 OO OO2%(

experiments wlthout addltlves The concentration of precious

0001)0000000000ooodonooongoooogogg

metals’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 their abundance and
0000 (NaClYO O 00 (KCNH(D2e0 0 0 0 0

low cost. Both sodium chloride (NaCl) and potassium chlorl%lle
6 D% D 2c and Supplementary Fig. 12). The

1ncreased for both NaCl and

KCl) were used
KCIO'O O O RhO PdO A%D

recover ield: so
vy DGDDDDDDS’E’

)DDDDDDD&CPVC)DD(V

K é:é Daddltlves In addition, both polyvinyl chloride (PVC) and
chlorinated polyvinyl chloride (CPVC£ é)lastlcst%ere H%eDdD%: ng
%% Dsso‘}/lgglementary Fig. 12). The recovery yield of all four pre-

0!
cious metals was 1ncreased es&aecmll for AD% with the recovery
oooopoon oooooooopoooo

Elueldulén Drovln Eo ESDOO/% TDhDe EPDlaDSth additives were ground post-

consumer samples with very low or negative values, so they will
not introduce significant materials cost during the e-waste recy-
cling process.

oooooo (2021;12 5794\h(( s://doi.org/10. 1038/541467 -021-26
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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).
DDDDmD_QDDDDD oo
The 1 has the best performance among halides for Au
00 (HSAB)D O O Au+00 O Lewist] 0 10 0 Lewist] [ [0 FO ClO

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

theory, Au

itive
oooog

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

F~ and Cl— harder than fave rlng 37 %0
NaCID NalO DO OO0 D D oooooog D oo D’D Rh>60%D d>60%D Ag>80%0L1 Au> %( 0
add1t1ve mixture of NaF, NaCl, and Nal, the precious metals all

had a good recovery y1eld >60% for Rh >60% for Pd, >80% for

000000 (XPs)d 00 a0RHD
A§ and >40% for Au % ? co aaosulon analgsm of the
oo0ooO0ooooorRHOO O 1 AO%DDDDD o(oo F%
raw materials and the remaining solid after H by X ray
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 th% Dcollected

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

w1th or w1thou he chemlcal additives, in addition to the precious
goggooooooo(oo
metals, the most abundant metals were Cu with mass ratio >60 wt

%, followed by other prom1nent metals IDnDE ﬁ/vmagtg D1nc1ud1n§

gn, FDeﬁ %%d Zn (S%ptplement ra/ D . DE Further purification and

refining could be done by selectlve prec1p1tat10n, 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

0.0 (a)NaFD (b )PTFED (¢ )NaCIT] (d)CPVCT (e)NalD (f)NaFO NaCIg Nald 0 0.0 00000000000

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

0o0oY/yYo=1000

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

ooogy/oo1000000000

00000000000000(RH)00(n=3)00000

denotes Y/Y, = 1, meaning that there is no advantage of the additive if Y/Yo < 1. The recovery yields were the average of three independent flash Joule

000000g000000000(STEM)DD00000

0 0 O RhO PO A

AU 000000 (EDS)OD

[
heating (FJH) experiments (n = 3). g Scanning transmission electron microscopy (STEM) image of the collected solids, and energy dispersive spectroscopy

STEMO 000000 005mOEDSD 0000000 100nmt
(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 EFKIP(dUAgJABUUUUUUU@Z)UEUUJUUPJHJ UJ%YSLH_I)

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

, Ag, and Au (Fig. 2g), which were formeclE IDDE EtluleD Euétéatf%st

of the
ooooo2
the case of the carbothermic shock synthesis of high-entropy alloy

heat1n§ and ragld coohn% FJH process. This is similar to

nanoEartlcles, which could
ULLH_ILLH_ILUUL(U
other regions, the precious metals spreading over the ent1re

LPotennally used in catalyst527 In

duct were also observed %prlementar Moreover,

BD[XSDD]DDAQ Al O0O0o0gQood pdO OO0

the XPS analys1s of the collected volatiles showed that Ag and Au
ooooooogoood 0o300 16)0

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 %H A art
oopo gooogoooooogorRHOODOOooo(o Dl7)p
from the condensauon of the volatile composition, the other

pathway to recover the precious metals was by leaching the
re51dual sollds obtalned by F% =! (Su 1§D é%agm le—

oo O(0l)0pooooogoooo ooo DDDDDD
fe)rjent from the use of a vacuum to facilitate the metal volatili-

lementa

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
goo LH_ILLH_ILFJHUU

The inner pressure (PO)

ressure was monitored by a
0oodsatm
uring FJ

ressure gauge.
goodzoopoond

was estimated to be ~5 atm

according to the amount of collected %as (S%pjplementary Fi
] OOOORHDD DR ]
ﬁrﬁfiL Etﬁpplementary Note 1). Based on the pressure drop and the

size of the FJH chamber, the gas diffusion was simulated under
21-2603!

00 0 00 0 (2021 )12:5794|https://doi.org/10. 1038/54146% 0: nature(] [ O /0

%D]%D]DD oooa

1 0000000000000¢
pm; scale bars in EDS maps, 100 nm. The dashed circles in Rh

DDDD(Poul)(D3bDEDDE ogoo
different pressures (P, L? % 3b, Sugglementa 18). When
0 (Pout=0atm 0 0 00 0 0 0 0H 0D (B1a)0’0 U 68 0 U 800ms 1 u oo

used a as it 1s 1n the evaporative
!_\!_H_H_\ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ%ﬁ‘ﬁﬂﬂﬂﬂﬂr?hﬂﬂﬂ oo P

separation (Fig. 1a), the gas velocity was up to 800 m s~ L. 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 Veloc1t31 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
DORHD 000000800020 -
solids in the reactor. The detailed reaction conditions for the

pressunzed FJH are shown in Supplementa
EDDEDD(lMHClDlMHNOS)DlZOVE OO0O0RHO DPCBDD

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

as PCB- Flash) at ‘120 V and atmospheric pressure using dllgtS

cids (1M HCI, 1M HNO.) ESuBElementary Fig. 17a). The
UURhUPdUAgUUJUUJUUJUPCBL%
leachable "content of Rh, Pd, Ag in PCB-Flash was
substantiall% thgher than that in th PCB raw materials (Fig. 3c)
0 (Y)OPCBOO 00D L (Y0)I D
The ratio of the recovery yield by leac 1ng 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
oppoa U 4.17+ 0.4800 2.90+ 0.31

Hl eld of Rh, Pd, and Ag was increased by417+048 290+031

3] ﬂseo+ 1s1ﬁg oo

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

leachin

1nhom0§eneous dlstrlbutlon of precious metals in
ORHROO0O00 0o

e-waste. Interestlng af e Au recover% ¥1eld was reduced after the
oo 1 AuC carbon280 O U O gooooogoon

The reason was presumably the format1on of
bonds carbon28 which
signlﬁcantlg increase the d1fﬁculgy of leach1ng The
oooo(TeA)ooogoo7e coopnooano DD]DD](DDDN[})
thermogravimetric analysis (TGA) of the PCB-Flash showed that
the carbon could be removed in the air at ~700 °C Su&) lemen-
CBDDEDDWO" cCOpOilhOoopPCBOD DO
tary Fig. 17b). Hence, the PCB-Flash solid was calcined at 700 °C

1h (denoted as PCB-Flash-Calcination,

FJH process.

covalent between Au and could

for 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
c0QRHODO0O00QDO000000
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=30d00RHO0DN000000000000 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. Yy 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
00000000000 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.

017b)0 PCBOOOONODOOO0DODO(OOOPCBOOOOON17c)D

Fig. 17b). The PCB raw materials were also calcined as a contDrcD)I

&dmeélotueduag DPDCDBD Calcmat)lon, Supplementary Fig. 17¢). The XPS

analysis showed the efficient removal of carbon by calcination

DFJHDDDDDDRh[PdDAgDA 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
DoDoo0poobhiohoond(Uiog
(Fig. 3d). The values are larger t an those achieved with the
Figs. f%
D:] D:]DD:] oogoooo
o e improve eaching
ooo 19a)13D

upplementary Fig. 19. Modern

calc1nat10n onl rocess (Su lementa
HD % B (D 19%%

ooooo DDDD ooooo
T resumable mechanism
DDDDDD googo0opoooooboooa

efficiency by FJH is shown in
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 oDrDcsenr?EnchD rgé?mrlces (Supplementary
Fig. 19a) Even after th
52 H. %Sug%lementar%l Fig. 19b). The lamlnated structure hinders

oooa
the extraction of metals in a typical hydrochemical process,

e pulverlzatlon, the gartlcle size was lar%e
[njin} ooooogo

resulting in elongated leaching times and low leaching
O FH gooooono

efficiencies'®. During the FJH process, the matrix was rendered
0000002021 212 5794|https://doi. DlF/lQ 1038/541467-021-26038-9|www.nature(] D o/a
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DDDDDIDD%DDD(DDdDD h 1 hich S 1
as an ultrafine powder at the ultrahigh temperature emen-
" A ROEEE S0 8t B R T n s R SRy éucpﬂp
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 recovery
oo0OoO3e0svODO00o0ORHOODOO0000000(03e
Eéeld were studied. It was found that the modest FJH voltages
etweeDn 30 and 50 V led to the best L recovery %wld (Fig. 3e). Too

low Voltage dld not prov1de enough energy to thermally

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 as we

ErOﬂected by the gas- flow simulations EF1% % he mild acid-
ooooopgoon DDD(lMHCIDlMHNOSD 0oogooooooooon

leachln% condltlon El M HC M H used
ooo 0132900 0 DDDIBBO&DDDDDDD%D

more cost- effectlve and environmentally fr1endly compared to

1n our EI‘OCQSS is

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

u] b0 D O00O(PCB)DODO0ODDOO0O0

cRHOPCBOOOODOODOOO doooooo

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

oo 00000000RHDO(n=3)0
eff|C|ency and collection yield of heavy metals. The efficiency and yiel
ooogo f00RHOOO0000000000

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

1000 (wHO)OOoooo

e00RHOODOOOQDOO

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 Srﬂlother mgjor concern for e-waste

26,7, 31

rocessin; The hea etal removal ca ity of the FJH

P g3 V% D[DDEDD[CI’]PD%CC‘DX}S’EHQDDDD
rocess was evaluated Compared to precious metals, heavy metals,

Jopooo00o0(@U400000

including Cr, Pb, Cd, As, and Hg, have much higher vapor pressures

and lower boilin oints F1

4a and Sugglementaraf §
goooooooogn gooa oooooogod ooooodpoad 105
EsEPec1ally for the most toxic Cd As, and Hg, the separation factors

between them and precious metals could ach1eve ~10 based on the
0o000o0o0oood

theoretical ana.lazsm (Supplementary Note 4). The levels of heavy

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 rneta.ls in soils for agriculture

as recommended af the world health orgamzatlon (WHO)32. After
ORHOOOOOO(PCBOO )Y IO OQOooOooQg 00

one FJH, the heavy metal contents in the remarn].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 con51stent 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%trve seEParatlon, and the collectron Dylelds ere

gopooopooog
calcu.lated SF1 4d). The collect1on eld matched we]l with the
goooo % podbodooooon 3’1

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% mult1§le F H react1ons After one FJH

ODobooooopoooooootoa(oo f_nf)]

reaction, the concentration o g was reduced to below the safe
limit of Hg in soils for agriculture (0.05 ppm) (Fi the
fajualaiatuked & 29 SIJ)DSFJ% %D duh

h1 hest standard for waste disposal. As for Cd, three consecutlve

1) (0,003 ppm )0 L1 (0
FIH cycles reduced the concentration to bel
32 JHODOOOOOOAsOPbO CrOO 0000

50 .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

ow the safe llénlt

I' were

flashes are easily accomplished.

Dlscu55|on

goooo0oopooooooooooooogo
The proposed evaporative separat1onDscheDnEejlg malnlg targeted to
the recovery of metals from e-waste. Nevertheless, it could exhibit

00 0 00 0 (2021 )12:5794|https://doi.org/10. 1038/54146% 021-2603!

8-9|www.nature[] ] O /00
6 BERERTEA

gooo0oodooodogooa

goooooo
The%reucal calculatlon

the cagabﬂn%/ for the separation of metals.
Ooooo1s000000( oooo4abonn
shows that lar%e se?aratlon factors up to ~10” could be realrzed
poooooo2id
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
000400000000 0p00pDo00o0onoog22)d

separation even with the melt alloy formation (Supplementary

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

tors, Supplementa: e different recove 1elds of
DD’DFJH%pDHDDHDISI(DD%Dllﬂ)]DDHDDHDDHDD ?’Y
prec1ous metals (Fig. 1g) already demonstrated the separation

feasibility of the FJH process based on the vapor pressure dif-
ference (Supplementary Note 4, the achieved separatroDn ablll&y2

the eva oratrve se aratr n lementary Tab The chemlcal
HO0 S il DﬁjD%PjDD % a 4]DD

addrtlves (F1 2a f) also regulated the precious metals separatron
presumably due to their different chemical reactivity (Supple-

mentary Note 4, the metal separation abilitg from the chem1cal
OoOorRHOOOQOOOOO

addrtlves S%pEPlementa Tables 7& The separation ability of
(0uou4donuooo Y eoR
the evaporat1ve separation scheme could be further improved by

progressively increasing the FJH temperature (Supplementary
Note 4,

1ncrease the se arat1on factors).
ORHODO0000000000000 DDDDDDDDDDDDDDD(DEDDS
T cost and benefit of the F H _processing were evaluated since
)SDDEDDEDDEDFJHDDDDDDDD gooo og
economic incentives are the ma_ln dnver for waste recycl].ng (Sup—
DDDDDDDDDDDDDSDDDDDDDD33D og
plementary Note 5)°. FJH is a highly efficient heating process due to

the evidence-based predictions on the practices 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 ener_%f are used to malntam the
0ooooevkwho O0ooooooo

tem erature of the whole chamber> JH method has an energy

34Dl/500DDDDDDDDDDDDD?:SFUSU(DDD

consumptron of ~939 kWh ton™ °, which is ~1/500 of that for a lab-
scale tubular furnace®
furnace in 1ndustr1al scale®®

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

4 and ~1/80 of that for a commercially used
SSué)glementary Note 5). Hence,

traditional %yrometallurgmal processes.
FHO OO0 0000g0poOo0o0oOooo0O00gOooonn

The FJH process is scalable. According to the scaling rule

revealed by the theoretical analysis, we could increase the FJH

oo
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ooooooooooooooo/opo@oogeoooon
voltage and/or the capacitance of the capacitor bank when scaling

up the samﬁ)le mass %Sug%lementa Dl\éout% 8 DaDnDchSDug)glemen'(ary

RHOOOO
§ & }_/ ng a homemade automation system

0 DlDlODDDDDD oo JHDDD DDDDDDDDDD noogoe)d

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.

(R

Methods

oog CB 10100m)00000000

Materials. C ot, Black Pearls 2000, average diameter 10 nm) was used as the
CBDD]DD]DD]DD]D 0poooo0PCBOO

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

DDDDDDDDDDDDD(DM&DDF15)D[]D[]D[

cut into small pieces using a saw, and thenﬁj‘ound into microscale

[ NaCI( J.T.Baker )[J NaF( Acros[]

Cabot(] Black Pearls 200001 [J [
(Cal

&:owders by

[% hammer grlnder (Dade DEF-15). The salt a dl 1ve€ were NaCl (J.T. Baker),
NaI(A rlch] 99 5“/ [u] 00 0 0 0 RhCI3( Aldrich[)'38-40%Rh

aF g I (Aldrich, 99.5% % The precious metals chlorides
o PdCI Idnch[ 99%%D AgCI( A\Iled Chemlca\lihAuCBéAldnchD 99.9%)
were Cl; (Aldrich, 38-40% drlﬂch 99%_) AgCl (Allied Chemical),

powder was pur-

VDE)
ooooo

lumbing pipes were used as raw materials. The plastic waste
Bragsping pip P

and AuCl; (Aldrich, >99. 9%) Pobrtetraﬂuoroeth{lene PTFE
0 PVCO CPVCO 01T 0O (PVDF)
chased from Runaway Bike. PVC CPVC, and polyvinylidene ﬂuorl%e]

Elastlc tubes from
0000 (Daded
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% 85 Eh[e
glul_é éeDactor és >how5) in 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
CfltheS were mixed by using ball
D[]SmmD[DDlmeEI]DEI]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 ﬁ%d was used as the electrode on the other side of the quartz tube. The

0o0p00doRHOOD
tuubeuvmj then loaded on the reaction stage and connected to g&eLl\j]UHL system. The

resistance was %OnDtrolled bE’D Dpres;lng the electrodes. The quartz tube was ;E'ajled
n O-rin

00040 ml
% a . A vessel with a Volume of ~40 mL was used as the cold traB The
obogon(~1 ooO0poo0opopoooo a
ves%el should wlthstand negative pressure (~10 Pa). A mechanical pump was used

to pump the vessel to vacuum; then,
00000000N200000020000002

Dewar. This sequence must be followed to avold

the tragD as 11"Vr;énersed into the liquid N,

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

%uu'xgeu 8&Vhas a higher boiling point than N,. A capaator 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 dlSChalﬁ? tlme The hléh voltage discharging brings the sample to a
high temperturs The de

Table 1. For each condition, three

t led cond tions for the FJH are listed in Supplementary

JRHO D000 000000000000 0ICP-MSOTID0

JH experiments were conducted to collect the
goopoopooood

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

sured recovery yield is the Average of three 1ndegendent e}Fperlments USln%the
oooopooogo oooooo

game E]lﬁcuzlut boﬁruclJ 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 talée]nug%tuf{ojnu‘l the liquid N, while the apparatus remained
under vacuum. After the trap warmed to room temperature, the vacuum was

released.

00000000RHD
\F\\Jm\\\\ﬂ\\\\\\t\'\'\lﬂ\sphe"c and POSI

RHO 0000
ve pressure. The FIH reaction s similas 5 the
evaporative separation except with the follow1n% chan§es The %uartz tube was
000000000000%ar000000000000(N2
sDealed by an O- rmg to hold pressure. The porous Cu electrode side was connected

to an 1nner ) cylinder bal tubln§ that withstands pressure up to 5 bar. The
gpoooooodo Aalm)[DD[D

pressure was ad]usted to the de:.‘l‘r‘ed‘ ‘\‘/‘al \ﬁFJlgﬂl\H‘lHH\ )H‘\J\S\u\l\ Hawlwﬁweﬁuwl\ﬂ?r and was
monitored by a pressure gauge. Once the Pressure was set, the FJH system was
HOODOOOO0Q0020
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,

and the sample was removed for further analysis.

SEMO 0 0 0 5kVO 0 O O O FEI Helios NanOLabGSOD [m) D SEMD o [ D D [
Characterlzatlon The SEM images were obta Y ng a Helios NanoLab
[DD[DCUKD[( 5406)b |gakuD/MaxU\ ima

660 DualBeam SEM system at 5kV. XRD was collected by using a Rigaku D/Max

ngoo D XRD] PHI-Quantera

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

XPSD[DSXlOQ oogo XPSD[DD

were taken usln% a PH uantera XPS system under the base pressure of

9 XPSI:ID[I:I 18V[DD[Z6EVI:I EII:I]EII:I
5x 107~ Torr. Elementa‘l‘ ‘Xgl:% e H ra were Ho‘1>g')es<‘:‘t<e‘c‘l‘uslng a step size of 0.1 eV with
e s

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 Emlssmn 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

gs em
oo
Y s using the standard

u o
10 afu\ 10000
ge 163)600 Simultaneous TGA/DSC from TA instruments. Calcination was

usi
u}
conéucted using the Mafu furnace in the air (NEY 6-160 A).

(1000 [ ICP-MSCI
Samh)le dlgestlon and ICP-MS measurement. The standards were purchased
0 O Millipore 00000000000000

igmal )
from lf\/[llhpore Sigma. Three periodic table mixtures and Hg standard were used,
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000000000800000000HNO3(67-70wt%0 TraceMetalTMO 0 0 01 0 0 0 )0 HC| 37 wt%0J 99.99%

where the com; osltlon is listed in Su_ﬂg)lementary Table 8. O3 (67-70 wt%,
ﬂﬂl_ﬂﬂl_ﬂﬂfM O@opopoooAcsOOon

TraceMetal Grade, Fisher Chemical), HCI (37 wt%, 99.99% trace metals basis,

Millipore-Sigma), and water (Mlllﬁpore—SngMn& 1>9DADC[SDrDeagent for ultratrace analysis)

were used for sample d{éestlon The samples were di%ested by using a diluted aqua
14,19 CDHNOS/HCI(]lM 0 0000240 007
regia method The sa rPles were soaked in HNO3/HCI (1 M each) solution at
o !_\ 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 ran:
ICP-MSLI [J Perkin Elmer Nexion 300 |

HNO3 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 sohd

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.

e using 2 wt%
ST 08
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Data availability
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The data supporting the ﬁndlngs of this study are available within the article and its
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Supplementary Information. Other relevant data are avaxlable from the corresponding
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author upon reasonable request. Source data generated in this study are provided in the
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