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Supplementary Notes

000010 ooooo
Supplementary Note 1. The Numerical simulation.

0 000000 COMSOL Multiphysics 550 0 0 0 00 0 O '
The numerical simulation was conducted using the finite element software COMSOL

Multiphysics 5.5.

goood
Temperature simulation.

000000000000 0/00000000000000000(0006)0(1)00000
For the temperature distribution simulation, the Joule Heating mode in the AC/DC module was

O000(04cm)0O00D0DO(05cm)ID OO0 (0.4
used with the following parameters (Supplementary Fig. 6):

cm)O0 0000 (2cm)dd
(1) geometrical parameters: electrode radius (0.4 cm), electrode length (0.5 cm), materials

radius (0.4 cm), materials length (2 cm).

(2)0OO0OO0000(02Sm-1)0000(1Wm-
(2) Materials parameters: electrical conductivity (0.2 S m™), and thermal conductivity (1 W m

'S

(3)000000000(150Vv)000(0V)D
(3) Boundary conditions: input voltage (150 V), ground (0 V).

goooogd
Gas diffusion simulation.

ubooboRHODOOo0oooooooPon 10 Pall UORHOOOOOPI=12
In a typical FJH process, the vessel was first pumped to Po ~10 Pa. After a typical FJH, the

kPaO D ODOODOODOODOPL=12 kPal
pressure was P1 = 12 kPa, hence the collected gas pressure was AP; = 12 kPa.

goobooovibdamioooooooovaolmLd )
The volume of the vessel is /1 ~40 mL, and the volume of the quartz tube is V> ~1 mL.

uobooooooooosio
According to the Boyle’s Law, eq S1:

ViAP1 = V2AP> (S
0D000S2000000(P2)0
The inner pressure (AP2) was calculated using eq S2:
AP> = V1AP1/V>= 480 kPa ~ 5 atm. (S2)

voborRHOOoouoooooooodUsamooooogn
Hence, the inner pressure generated during the FJH heating was set as 5 atm for the gas

diffusion simulation.



0000000000000000000 ' . .
For the gas diffusion simulation, the Laminar Flow mode was used with the following

00(00018)0
conditions (Supplementary Fig. 18):

(1)0000000000(04cm)000000(2ecm)0000(0.1ecm)0000
(1) Geometrical parameters: reactor radius (0.4 cm), reactor length (2 cm), tube radius (0.1
(4cm)O
cm), tube length (4 cm).

2)000O0000(273.25K)000 0 (N2)0
2) Materials parameters: fluid (N) at temperature (273.25 K).

(

(

(3)0000 000 (500kPa)d 0O (0Pal 100 kPall 400 kPa )C

(3) Boundary conditions: inner pressure (500 kPa), outside pressure (0 Pa, 100 kPa, 400 kPa).
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Supplementary Note 2. The calculation of recovery yield

oooooobbodoboorRHDOPCBO OO OOmM(PCB)DPCBO O OOOODOOODODDe(
For the evaporative separation, considering that the mass of PCB raw materials used

PCB)I 000000000 ON0OM(O0)ID0D0(Y(DOO ))I000S30 _
for FJH is m(PCB), the concentration of precious metals in PCB raw materials was measured

as ¢(PCB), and the mass of precious metals condensed in the cold trap was M(Gas), the

recovery yield (Y(Gas)) was calculated by as in eq S3:

M(Gas)
c(PCB)xm(PCB)
gooooorRHOOOOO(PCBOO)YOOOOm(PCBOO))YODOODOOOOce(PCBODO )OO
Alternatively, considering that the mass of remaining solid (PCB-Flash) after FJH was m(PCB-

ogooooooosdooon )
Flash), and the concentration of precious metals was c(PCB-Flash), the recovery yield could

Y(Gas) = x 100% (S3)

also be calculated in eq S4:

M(Gas)
M(Gas)+c(PCB—Flash)xm(PCB—Flash)

0000000000000000000000000¢(PCB)x m(PCB)=m( 0 )+c(PCBO
In most cases, the two-calculation methods gave similar results because ¢(PCB) x m(PCB) =

0 )x m(PCBO O )O oooooooooooosio vogoooopoood
M(Gas) + c¢(PCB-Flash) x m(PCB-Flash). In this case, eq S1 was used. However, in some

000000PCBOOOOODOODOODOONOODOPCBOOONOODNOONDNOONDODOD
cases, due to the inhomogeneous distribution of precious metals in PCB raw materials, the

Y(Gas) =

x 100% (S4)

concentration of precious metals in the PCB raw materials used in different batches had some

000000000000 00>100%0 000000000
variation. This could result in a recovery yield >100% for the first method. In this case, eq S2

0s20000000000000 _
was used to give a lower limitation of recovery yield.

O000ORHOODOO0000ORHOOOPCBO DD OOm(PCB)OPCBO OO DOOODOMO
For the FJH-improved leaching efficiency, considering that the mass of PCB raw

u DC(.PCB)D PCBO O OO OOOm(PCBOO )OPCBO vobguogoooogn c(PCBO O) .
materials used for FJH was m(PCB), the concentration of precious metals in PCB raw materials

DDDDDDDPCBDDDDDDDDDDY(PCBDD)DDQDDSSDDD ]
was measured as ¢(PCB), the mass of PCB-Flash solid was m(PCB-Flash), the concentration

of precious metals in PCB-Flash solid was measured as ¢(PCB-Flash), then the recovery yield

by leaching the PCB-Flash solid, Y(PCB-Flash), was calculated using eq S5:

c(PCB—Flash)xm(PCB—Flash)
c(PCB)xm(PCB)

gooooobopcBOOOOOOY(PCBUO)ODOOSSOOO o
Similarly, the recovery yield by leaching the PCB-Calcination, Y(PCB-Calcination), was

Y(PCB — Flash) = x 100% (S5)

calculated using eq S6:



c(PCB—Calcination)xm(PCB—Calcination)
c(PCB)xm(PCB)

O0Om(PCBOO)OPCBOODOOODOOOce(PCBOO)IPCBOODOODOOODOOOOO
where m(PCB-Calcination) was the mass of PCB-Calcination solid, the ¢(PCB-Flash) was the

Y(PCB — Calcination) = X 100% (S6)

concentration of precious metals in PCB-Calcination solid.

googosroopcBOODOOODOOOY(PCBOODOO )O
The recovery yield by leaching the PCB-Flash-Calcination, Y(PCB-Flash-Calcination), was

calculated using eq S7:

c(PCB—Flash—Calcination)xm(PCB—Flash—Calcination) %

Y(PCB — Flash — Calcination) = c(PCB)xm(PCB)

100%( S7)0 O O m( PCBO
100% (S7)

goo)yopCcBODOODOODOce(PCBOOOO)Y)IPCBOOOODOOODOOODOO
where m(PCB-Flash-Calcination) was the mass of PCB-Calcination solid, the ¢(PCB-Flash-

Calcination) was the concentration of precious metals in PCB-Calcination solid.

OORHDOO0DO0O0O0000RHOOPCBO OO OOOm(PCB)OPCBO OO DOOOODOOMO
For the removal of toxic heavy metals by FJH, considering that the mass of PCB raw

DDC(.PCB)DPCBI:JDDDDDDDm(PCBDD )[IPCB[I[;I[I[I[I[I[I[I[I[I[I[![I[IC(PCB[I[I )
materials used for FJH was m(PCB), the concentration of heavy metals in PCB raw materials

ywoooooooy(ooD)H)ooooossoorRrRHOODDODODoOoooao
was measured as ¢(PCB), the mass of PCB-Flash solid was m(PCB-Flash), the concentration

of precious metals in PCB-Flash solid was measured as ¢(PCB-Flash), then the removal

efficiency, Y(Removal), of toxic heavy metals by FJH was calculated using eq S8:

c(PCB)xm(PCB)—c(PCB—Flash)xm(PCB—Flash)
c(PCB)xm(PCB)

gooooobboooboooooooooooobooMmobo)boogy(ooo)oooosod

Furthermore, considering that the mass of toxic heavy metals collected by condensation in the

oo
cold trap was M(Gas), the collection yield, Y(Collection), was calculated using eq S9:

Y(Removal) =

x 100% (S8)

c(PCB—Flash)xm(PCB—Flash)
c(PCB)xm(PCB)

Y(Collection) = X 100% (S9)
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Supplementary Note 3. The total composition analysis of the collected solid and evidence-

based predictions on purification and refining.

0000000000000000 _ ' ‘ ooooo
The collected solids by the evaporative separation are a mixture of metals. There are

00000000000000000000000 _
already many commercial processes to separate individual metals from a mixture of metals.

DDDDDDDDDDDDDDDDDD(DD.DD.D )DDDDDDDDDDDDDDDDDDDDD
Here, we first did a complete composition investigation of metals (type and content) in the

0O00000000000000000000000 o
collected solids and provide evidence-based predictions on how to separate individual metals

using readily accessible, well-established methods.

goooooooogod
The total composition analysis of the collected solid.

00000000000000000000000000000(NaFONaCIONal)D00000
We use the collected solid without chemical additive, and the collected solid with mixture

oooo 0000000000000 (oOD0O
halide additives (NaF, NaCl, and Nal) as representatives. The abundant metals in e-waste (Cu,

doooo)H)yoooo(hoooboooboo)yYoooooooooooooo)a
Sn, Al Fe, and Zn), the precious metals (Rh, Pd, Pt, Ag, and Au), and the toxic heavy metals

[Il;lDDDDDDDDDDDDDDDDDDDDDDDD
(Hg, Cd, As, Pb, and Cr) were measured. Since the content of other metals are a few orders of

0000000000000000000 _ S
magnitude less than those of the abundant metals, we think that the consideration of the above

. 00000000000000000ICP-MSOOO
elements affords a reasonable approximation. The collected solid was totally digested and the

) vgoooooopoooooooogoooogo
ICP MS analysis of the metals was conducted. The total metal composition of the collected

014000 . N ‘ 000000000
solids with and without the additives was shown in Supplementary Fig. 14. In both cases, the

DDDDDDDDGOWt%DCu[I[I[I[I[Il;llwt%[lAlDSn[lFe[lZnD ]
most abundant components are Cu with >60 wt%, followed by Al, Sn, Fe, and Zn with >1 wt%.

oood D 0ooodAgdOd O.6Wt%l;| PdO O 0.04wt%D OO 00O OO 0.02wt%0 O Aud O 0.01 wt%
For precious metals, the mass ratios were Ag, ~0.6 wt%; Pd, ~0.04 wt%; Rh, ~0.02 wt%; and

gbobuobgoiooobooonooobuob3wiooboorRHOOoooooooooooo
Au, ~0.01 wt%. Cu is one major metal to be recovered with ~30% of total values for urban

ud
mining, so our FJH process also works for Cu recovery from e-waste.

goooooooooooood
The chemical states of precious metals in the collected solid.

0000000<01wt%(00014)0000000XPS000 ‘ o
Since the content of precious metals are <0.1 wt% (Supplementary Fig. 14), it is

_ _ 0000000000000 O0e- _
difficult to directly conduct the XPS analysis. Here, we added precious metal salts into the e-

6



Oo0o0Oo0oboOobooOrRHOOODOOOoOoOooooxpsooo ] ]
waste and conducted the same FJH procedure to collect the volatiles for the XPS analysis.

DDQDDDRhCI3DPdCI2DAgCIDHAuCI4DDDDDDDDDD(CB)DDDDQDDDDDDDS
Specifically, RhCl;, PdCl,, AgCl, and HAuCls were added into the mixture of e-waste and

wt%[ ) ) ) JooorRHOODOOoooooooo
carbon black (CB) with a weight ratio of 5 wt% for each. After the same FJH process, the

goxesooooooooboooood )
volatiles were collected and XPS measurements were conducted to analyze the chemical states

_ 0000160 00AQ0 A0 0D0000000 o
of the precious metals. As shown in Supplementary Fig. 16, the Ag and Au were mainly in the

Au4f7/2085.2ev0 00 0000 0AI0OODOOOO0N0AuIn20
elemental state. The minor peak at 85.2 eV for Au 47> could be from an Au-based metal alloy,

RhOPDOOOOOOOODODO ] ] ) 310.4ev0O O
for example, Auln,. For Rh and Pd, both elemental and oxidation states existed. The Rh 3ds»

Rh 3d5/200 00 0 O O RhCI30 338.0 eV O Pd 3d5/20 O O O O PdCI20
peak at 310.4 eV could be assigned to RhCls, and the Pd 3ds» peak at 338.0 eV could be

' 000000000000000000000 _ N
assigned to PdCl,. This difference might be attributed to the different chemical reactivity of

the precious metals.

goooooooooooono
Evidence-based prediction on the purification and refining of precious metals.

voobobooobobuouobdioboboboobobooooodoooL2n ]
There have been a few commercial processes for individual precious metals separation

and refining, including selective precipitation, solvent extraction and solid-phase extraction!-2,

000000000000000003000000000 o .
The classical precipitation methods are based on the solubility difference of the ammonium

) vbobooboobobouobooboooooood
salts of precious metal-chloro complexes®. The solvent extraction methods use solvent

00000040 _ _ _ oo
extractants to selectively extract a given metal and then transfer to the organic phase*. The

0000000000000000000000050 o o
solid-phase extraction relies on the use of ion-exchange resins with metal-selective ligands’.

vboboobgboooooooboobobooboogouoboobgonoo ]
All these well-established techniques could be directly used in our collected solid for

purification and refinement of individual precious metals.



good4aooobbbouoooon
Supplementary Note 4. Separation capability of the evaporative separation process.

vpoogooooooogogoodoooouoobouoobouoobooogog
Obtaining readily applicable pure metals from the complex e-waste usually relies on a

) . . . o ) o boooooooodog
lengthy engineering package, including beneficiation to purification. It usually has two major

voboooooooooobooooobooogbogoobouoooog
processes, the recovery of metal mixture from the e-waste raw materials, and the subsequent

. ' o ‘ sfsisfsiufs)iufsiufsiufsiuls)uls
separation or refining of individual metals from the mixture. In commercial practices, after

00000000000000(00)0000000000 ‘ o
examination and beneficiation of the e-waste, the pyrometallurgical process (smelting) is

oooooooobOo(bo)yooooooooboo
applied to obtain a mixture solid of metals. Then the hydrometallurgical process (leaching) is

oo ' o S 00000000000 00000oooo
used to obtain the leaching liquor with mixed metals. Finally, advanced refining process are

0000000000000000000000000020 ' ‘ ‘ '
used to separate and purify individual metals, with the main techniques including solvent

extraction, leaching-precipitation, electro-oxidation and ion exchange?.

0ooo0o0obbo0ooobooooboo0oobboooboo(oobboooobo)yooooood
In the manuscript, our proposed evaporative separation is first-of-all targeted on the

oo
separation of metals from the matrices (such as plastic, ceramics and carbon,) of e-waste. Such

0O00(03000K)JD000000000000000000
a high temperature (~3000 K), and assisted by the additives, could evaporate most of the metals.

0o00o000000000000 o 000000000000000000
We did not seek to obtain the pure, individual metals. The evaporative separation scheme

goodoborRHOOOogog
exhibits a capability for the separation of metals, which could be improved by further

o 00000000000000000000000000000000
optimization of the FJH setup. We here first discuss the theoretical separation factor of metals

vgooooooobobooooooooooogoogoooobogogoouoobouooodd
based on the vapor pressure difference and the effect of alloy melt formation on the separation

0O00000000000000000000000000 _ _ '
factors; second, we discuss the separation ability achieved now; third, we discuss the chemical
additives assisted separation; fourth, we made evidence-based predictions regarding how to
further improve the separation of the evaporative separation scheme.

oo ooooooooood
Theoretical separation factors of the evaporative separation process based on the vapor

pressure difference.

DDDDDDDDDD_DDDDDDDDD o pgoooooobooon
The e-waste contains most of the metals across the Periodic Table. Here, we choose the

DDDDDDDDD.DDDDDDDDDDDDDRhDPdDPtDAgD ]
abundant metals in e-waste: Cu, Sn, Al, Fe, and Zn; the precious metals Rh, Pd, Pt, Ag, and




AUI:JDEJDEJDI:J.I:JHgDCdDASDPbDCrDDDDDDDDDDDD ) )
Au; and the toxic heavy metals Hg, Cd, As, Pb, and Cr, as representatives to calculate their

] gbdzajboooboocoboob-obgooon
separation factors. The vapor pressure-temperature relationships of these metals and C are

) vbogooooogooogoogooooooooogog
plotted in Supplementary Fig. 21a. If we do not consider the alloy effect on the vapor pressure,

gboboobooooosiooooo
the theoretical separation factors of these metals could be calculated based on the vapor

pressure differences by eq S10,

Py(t=t
Bap = A4 (S10)

Pp(t=tp4)

DDDA—BDDDADDDBQDDDDDPA(t:thA)D )
where fa-B is the separation factor of metal A and metal B, Pa(z = #,) is the vapor pressure of

goAbOnogg DA(thA)D PB(t=tbO0 A)O O OBOtbO ADODOO U
metal A at the boiling point of metal A (#,4), and Pe(¢ = t,,4) is the vapor pressure of metal B

0ooo0oo0o0s30o0ooog ' .
at ta. The separation factors are listed in Supplementary Table 3 and plotted in

000 21b0
Supplementary Fig. 21b.

godooobobuobobooboboboobobooboooooooood
In most cases, the evaporative separation has a large separation factor of >100,

ud
demonstrating that the evaporative separation is a potential process for metal separation. The

oooooobboOdoooooonoHgD AsO CdO znl PbO 0 0 0 O Agh Al Cul Snll CrQJ Aull Fell Pd
heatmap shows that the metals could be grouped into a few clusters, the group with low boiling

O000000RN PO
points: Hg, As, Cd, Zn, and Pb; the group with median boiling points: Ag, Al, Cu, Sn, Cr, Au,

ggogboboboooooaogobon
Fe, and Pd; and the group with high boiling points: Rh and Pt. The heavy metals tend to have

voogoooooooobogoogoodoooogn
low boiling points and are the easiest to be removed from the e-waste, followed by the abundant

) 0oo00ooobo0oobbo00boOoooofiAg
metal groups, and then the precious metal groups. For the elements with large vapor pressure

PA024390000000000000000000000Cu-AI~12500000000 ‘
difference, the separation factor is large, e.g., fag-pa ~ 2439; in contrast, the separation factor is

small for the metals with similar evaporative behavior, e.g., fcu-al ~ 1.25.

goooooooooooood
The effect of melt alloy formation on the separation factors.

RHOOOOOO0OO0OO000000000 o . 0OooOooo
There might be alloy formation during the FJH process, yet it is not a certainty. In e-waste,

DDDDDDDDDDDDDDFJH[I[I[I[I[I[Il;l[I[I(>104KS—1)[|[I[I[I[I'[I(~ls).[|
the metals are usually separated by the matrix substrates, and the heating rate is ultrafast (>10*

. . . . oooouooooooooogo
K s) in the FJH process with short reaction duration (~1 s). As a result, the metals might not

000 _  00000000000000000 . ‘
form alloys before their sublimation. Moreover, not all the metals will form a solid solution.

9




D00AQOCUD0DO00000000000000000000000 o
For example, Ag and Cu are thermodynamically immiscible, hence the melting will have no

effect on their evaporative behaviors.

vooboooboboboboooogobooogobooboobon
In the case of alloy melt formation, we discuss the partial vapor pressure of each metal

000000000000000ABD _ oo
components over alloys. For simplicity purposes, we consider the binary alloys AB. The

000000000000 00SI0006=686(S11)000pA00 0AD
equilibrium partial vapor pressure over liquid alloys is given by eq S11:

DDDDODGSDDDDADDDDD&ADDDABDDDADDDD
Pa = Paly (S11)

where pa is the partial vapor pressure of metal A, p is the vapor pressure of pure metal A,

and aa is the activity of component A in the alloy AB.

0000000000 (1)000000000000a=10 -
The activity has the following properties: (1) a = 1 for a pure phase that does not exhibit

) ~gbooboobooooobobdoboboooobogboouobon
solid solution. Hence, for the metals that do not form alloys, like the case of Cu and Ag, the

- : (2)0000000(x)000 .
melting has no effect on their vapor pressure. (2) The activity is related to the mole fraction

0000D0000000000006=60 ' 00000000000
(x). In an ideal model, the activity equals to the mole fraction, a, = x,. In a non-ideal model,

oooooo(bobo22)bboo0obooobbooobboooobooooobooooooon
according to the normal activity-composition diagram (Supplementary Fig. 22), one

component exhibits nearly ideal behavior at very low mole fractions or very high mole

. 000D000000000000000 ‘ . 0O0oOooOo
fractions. For such compositions, activity is approximately equal to mole fraction. In our cases,

gooooobooooooo(biopemi D )D00DOO000OO000OOO0O O>1wt%(>10000
the precious metals and heavy metals are trace metals (~10 ppm level), and the major metals,

ppmd 0 )(0 O 0 14)0 0oooo
such as Cu, Sn, and Al, are >1 wt% (>10000 ppm level) (Supplementary Fig. 14). Hence, the

00000000000000000 ' oo000000o
activity nearly equals the mole fraction for precious metals and heavy metals. In other words,

0000000000000000000 _ _ ~ AgD
the formation of solid melt will not have an apparent effect on their evaporative behavior. The

PdO Auld RhDPtDC(DASDPbD HgOCdOOOOODODODOODODOODODOOO0OO0O(DODOcudsSndAIOFedZn
calculated separation factors for Ag, Pd, Au, Rh, Pt, Cr, As, Pb, Hg, and Cd are generally not

Y0OOOOoooooo(ooos3)o
affected by the formation of alloy melt with abundant metals including Cu, Sn, Al, Fe, and Zn

3)ooooooADODOOODO
(Supplementary Table 3). (3) The activity is determined by the chemical potential of A in the

000000000000000000000000 - _
alloy. For the components at comparable composition level, the activity would deviate from

~oooobooboooobobdooon
the mole fraction. In these cases, the separation factors should be corrected based on the

000000000000 000000 . ooooo .
activity. For example, Cu and Al are abundant metals in e-waste. There is literature reporting

10



DOCuk-ADDDO0DO00DO6D 00000000000000000
the activity of the constituents in liquid Cu-Al alloy®. The separation factor of Cu and Al should

) ooobooobbOdooboooobobooobboOooboo(ooboon)o
be corrected accordingly. In our present work, we are targeting the separation of precious

goboobobooboboobobooboboboboooboo )
metals and heavy metals (as trace metals), hence we do not seek to calculate the precise

separation factor for the abundant metals.

goooooooooooono
The achieved separation ability by the evaporative separation.

00WHOO0000000000000000000000Y(Rh)=40%0Y(Pd)=31%0Y(
As shown in Fig. 1g, without the chemical additives, the recovery yields for the precious

Ag)=38.0%0 Y( Au )=1.3%0 0oooooon
metals were Y(Rh) =4.0%, Y(Pd) =3.1%, Y(Ag) = 38.0%, and Y(Au) = 1.3%. These different

D0ODORHOOODOOOO(ODO04)0 . N
recovery yield values demonstrate the separation ability of the FJH process (Supplementary

00 0Au0AgD 00 00O flAg Au~29.20 ' 00 DfIAgAU
Table 4). For example, the separation factor of Au and Ag is fag-au ~ 29.2. This value is

D000000000003s00 .
comparable with the theoretical calculated separation factor of Sag-au, theory ~ 35

(0D003)0
(Supplementary Table 3).

gooooooocooooooo
The metal separation ability from the chemical additives.

0000D000000000000000000000000(00 . .
In this manuscript, we demonstrate an improved recovery yield of precious metals by using

goboobooboobooo
the halide additives (Figs. 2a-f). The type of halide also affects the separation factors.

0000D000NaCIO 00000000 00Y(Rh)=252%0 Y(Pd)=17.5%0 Y( Ag)=75.8%
For example, by using NaCl as the additive, we achieved recovery yield of Y(Rh) =25.2%,

OY(AuU)=03%00000000000000(0005)0
Y(Pd) = 17.5%, Y(Ag) = 75.8%, and Y(Au) = 0.3%. Accordingly, the separation factors are

D0000D00ONFO000D000D0000Y(Rh)=87.7%
calculated (Supplementary Table 5). Similarly, by using NaF as the additive, we achieved

00 Y(Pd )=57.8%01 Y( Ag )=48.6%0 Y( Au)=0.6%0 0 0 0 O O
recovery yield of Y(Rh) = 87.7%, Y(Pd) = 57.8%, Y(Ag) = 48.6%, and Y(Au) = 0.6%. By
NalO OO O OO0 0000 Y(Rh)=39.6%0 Y(Pd)=41.7%0 Y( Ag )=42.7%0 Y( Au )=63%0]

using Nal as additive, we achieved recovery yield of Y(Rh) = 39.6%, Y(Pd) = 41.7%, Y(Ag)

O000O0ONaFONalD OO D oooooo(hooe-7)o o
=42.7%, and Y (Au) = 63%. The separation factors by using NaF and Nal as the additives were

O00000CIOAgD 000 0FIRhOPAO OO 0O 10 Au0
calculated (Supplementary Tables 6-7). It is found that CI works best for Ag, F works best

ogoood
for Rh and Pd, and I work best for Au.

11



000000000000000000000000000000 ' _
Hence, the use of halides as additives could improve the recovery yield, while at the same

_ ‘ 00000000000000000000000000000
time change the separation factors. The metal separation by the introduction of additives is

00000000000000000000000 _ _ _ N
attributed to the different chemical reactivity of precious metals with the chemical additives,

| . 00000000
which could be presumably further optimized for a better separation ability. For example, in

gooooobbooooocooooobboAD00O0DrFbO0O00oORrROIPAdOOODDOOIKION
future studies, we can first add Cl-containing additives to separate Ag, then F-containing

0000Au0 o N ooooo
additives to separate Rh and Pd, and then I-containing additives to separate Au. There is a

000000000000000000000000000000000000000 o
tradeoff between recovery yield and separation ability; we focused on a high recovery yield in

this manuscript and did not seek high separation ability.

gooooooooooooooboooooo
The evidence-based predictions on the practices to increase the separation factors.

oobooooooooboooobooooo(@moos-7)0 )
We noticed that the achieved separation factors are lower than the theoretically calculated

D0000000000000000000000000000
ones (Supplementary Tables 3-7). To further increase the separation ability, we think that

0000000000000000000 _ _ o
more carefully controlled temperatures and reaction duration would be helpful, which is the

) ] vooboboborRROObOObOoooooon
next step for the evaporative separation scheme. We are currently upgrading our FJH system

oog obouobobooboboboRHOboOobOooooo
with better temperature controllability. In the future, we presume to evaporate the metals one-

. . . vbooodoooboobooooooo
by-one by progressively increasing the FJH temperature. We again note that there is always

ooooooo . ' 000000000 D000000000
tradeoff between recovery yield and separation ability. Our current work mainly focused on
gogoooooooog oooooooooood

the high recovery yield and hence put less effort toward the separation. Further work is essential

0oooooooooo _
to balance the recovery yield and metal separation.

12
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Supplementary Note 5. The energy consumption and cost evaluation

goooosezooood )
The energy consumption was calculated using eq S12:

2_y,2
E :M (S12)

2XM

OOEDODO0DO(Kg-N)OvVIOV2O0DOo0ooooooooooconn (C=60mF)0 MO0
Where E is the energy per gram (kJ g!), Vi and V> are the voltage before and after flash Joule

gooon
heating, respectively, C is the capacitance (C = 60 mF), and M is the mass per batch.

uoobdonvi=1s0vov2=0vOM=02g0 000000
For a typical trial, 1 =150 V, V2 =0V, and M = 0.2 g, the energy was calculated to be:

E=3.38 kJ g-1=9.39x 10-4 kWh g-1=939 kWh[I -1
E=338kJ g!=9.39 x 10 kWh g = 939 kWh ton’!

gooooobboooboooooooooezkwh-1000001000000000P=18.7800-1000
Given that the industrial price of electric energy in Texas, USA is $0.02 kWh!, the cost for

treatment of 1 ton of e-waste would be P = $18.78 ton™!.

0bb00bb0O0O000BaejiD000O0O0b0O70b0O00oopPCBOOOOODOOOODOOOOD
As a reference at the laboratory scale, Balaji et al. conducted a cost-benefit analysis on

a ) ) 00O000O 20090 PCB
metal recovery from PCB using pyrometallurgy using a tubular furnace’. For the PCB mass of

00000000010 kwhO 00 005x 105 kwhO -10 0 1040 O
200 g, they reported the electrical consumption of 100 kWh. This corresponds to 5 x 103 kWh

0-10 FHO OO 00 0939kwht-10018.780 U t-10 0 0 0 0 0 O 0 J 1/5000 )
ton!, or $10*ton"!. The cost of the FJH process is 939 kWh ton™! or $18.78 ton™!, corresponding

DDDD_DDDDDDDDBOIidenDQDDD gooood
to ~1/500 of that of the tubular furnace. In an industrial-scale case, Boliden Ltd. Ronnskar

goooooooooooosdg ) ubobooboboooooooboogo
Smelter, Sweden used a Kaldo furnace for smelting®. The e-waste was converted into a mixed

D0000ORHOOOOODOODO0O00000O ' . .
Cu alloy by the Kaldo furnace, which is similar to our collected solids by evaporative separation

) gooboobooboobob2racio-1000 )
using the FJH setup. They reported the required energy of 274 GJ ton™! for e-waste processing.

oooooobboooobssscu-10ooooooogni/eod ]
While in our case, the energy consumption is 3.38 GJ ton’!, corresponding to ~1/80 of the

vooboobobooboboooobopooboobdobooboooobood
Kaldo furnace. We note that the energy consumption is optimized for the commercial Kaldo

ORHODOODDODOO0Ooooooooo )
furnace, and we presume the energy consumption of our FJH setup could be further reduced

when scaling up to industrial scale.

13
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Supplementary Note 6. Strategy for scaling up of the FJH process.

0000000000000 00000000000000000000000000000000
Joule heating is a mature heating technique and has been widely used in multiple practical

gooon
devices and industrial processes, for example, electric fuses and electric heaters. The FJH
FRHOOOOOOOoODOOod FHOOOOODODODDODoODooooooo

disclosed here is intrinsically a Joule heating process. The difference of the FJH and

000000000000 S '
conventional Joule heating technique lies in the modes of electrical energy supply and the

' . 0000000000000 (DC)00DO(AC)D0D00D00NON000
heating duration. The conventional Joule heating process uses direct current (DC) or alternating

) ) uooborRHOOoooooooooon
current (AC) sources to provide a stable electric output. For our FJH process, a capacitor bank

0(00000)000000000 . ' FRHODOO0ODO0O
is used to provide a pulsed voltage output in a short time (down to ms scale). The FJH process

uooogo uboborRHbOOOooboooooooboooooobooooogod
is indeed highly scalable. Here, we first conduct the theoretical analysis on the scaling rule of

gooooobbo0doboooooobodobkb 000000 0ORHOODODOOODOODO0OoOO0ooo
the FJH process; second, we mention the batch-by-batch scaling up experiments with

0000000000000 000000000RHODOO00000000000 o
productivity up to kg scale in our research lab; third, we make an evidence-based prediction on

how the FJH process could be scaled up by a continuous, roll-to-roll manner; fourth, we briefly

discuss the undergoing industrial-scale application of the FJH process.

goooooooorRHOOOOOOOO
The scaling rule of FJH process revealed by theoretical analysis.

goooooooobobboooooon
The accessible high temperature and the uniform temperature distribution across the

uboburRHODOOOooooo ) 00ooooooo(Q)O
sample are the two key points when scaling up the FJH process. For Joule heating, the heat

goswpBooo=0s3)ooolido
amount (Q) is determined by eq S13,

O0o0o0oooRrROOOOOOOwWOOOOO
Q =I°Rt (S13)

where [ is the current passing through the sample, R is the resistance of the sample, and 7 is the

0000000000SUMO000000000(Qv)D D =0<(S14)
discharging time. We then consider the heat per volume (Q,) determined by eq S14,

DDjD_DZDDDDeDDDDDtDDDDDD
Qy = Jj“pet (S14)

where j is the current density, p. is the electrical resistivity, and ¢ is the discharging time.

14



000000000000000000000 ' .
The temperature is proportional to the heat since the heat capacity of the sample is constant.

D000D0000000000000000000000QVOt0000000000/0
Since the electrical resistivity of the sample is constant, to maintain a constant O, and # when

scaling up the sample, we need to maintain a constant ;.

00000000(q)000s5000
The charge (¢) in the capacitor bank is determined by eq S15,

=(s)yooocooooovooooono
q=_CVv (S15)

. , , . 000000000000000
where C is the total capacitance, and V is the charging voltage. If we suppose the charges in

00000000000 0Se000000000(1)0 _
the capacitor bank are discharged in the discharging time of #, the current (/) passing through

the sample is calculated by eq S16,

I =% (S16)
0000000sS7oooooo@go

Then, the current density () is determined by eq S17,

, I cv

j=5=% (817)

gosogooooood 0oo0ooooo(boooo)ydoooo

where S is the cross-sectional area of the sample. Considering the cylinder-shaped sample

(m)D0D00S800 0
(which is usually the case), the sample mass (m) is calculated by eq S18,

=0(s18)y0ooOmboooOOooOosOoooobOOobOoLwLwoooonoa
m = p,,SL (S18)

a
where p,, is the density of the sample, S is the cross-sectional area of the sample, and L is the

length of the sample.

vbobobooboboooosioooouoogn )
Above all, we obtain a formula determining the current density of eq S19,

j = omt (S19)

mt

goooooooooboboom)obooooooooooooo )
As discussed, to scale up the sample mass (), we need to maintain a constant current density.

000000000000 (L)00RHDD(V)ODO/0(2)0000(C)0
This could be realized by the measures of (1) increasing the FJH voltage (V), and/or (2)

increasing the capacitance (C).

ORHODODO0OO0000000000D0DO (450 VO 6 mFO Mouser#80-PEH200YX460BQU2 )11
In our FJH setup, we use a commercial aluminum electrolytic capacitor (450 V, 6 mF,

vooooobobooboboooobgvi=eovoon
Mouser #80-PEH200YX460BQU2). The state-of-art commercial aluminum electrolytic

0 C1=2.7F0 ' . 0ooo
capacitor has the maximum rated voltage of V; = 630 V, and capacitance of C; =2.7 F. In our

15



uboobooboobdomo=02gb 0000000 V0=150VURHDOOC0=0.06 FOFHO DO OO OO
typical experiment, we use a FJH voltage of V=150 V and Cp = 0.06 F for the FJH of sample

SIu000oboooonoodob0nnonidml=mo(C1V1)/(COoV0)=37.8g0 )
with mass of myp= 0.2 g. According to eq S18, by using just one state-of-art capacitor, the mass

000000000000 S200 454$80=B+0 +++3( S20
is m; =mo (C1 V1)/(CoVy) = 37.8 g per batch. The capacitors could be connected in parallel to

Yoooooo
get a high total capacitance by eq S20,

Ctotal == Cl + C2 + -+ CTl (820)

oooooooooooboO3n0ooooooooodCota=81F0 0000000000 DOO
Considering that we use a capacitance bank composed of 30 aluminum capacitors with

O mbatch=1.1 kg
the total capacitance of Cis = 81 F, the mass will be mpaen = 1.1 kg per batch in the discharging

) goboooboboobobuogboogoooboooooboobuooo )
time of 1 s. The re-charging of the capacitor bank is the slowest step of the process, which

' ' . 0000D0O0tota=00100000
could be compensated by a high-speed charging technique. Supposing the total time is o =

J00ORHDODDODOOOoOoooowoooooooo ogooon
10 s per batch, one such FJH setup could process the e-waste of m ~ 10 tons per day. Based on

vboboobobdoboboobooboorRHOObUoooboooooogooooobooono
our experience and these calculations, it is reasonable to conclude that the FJH process is highly

scalable, with the capability for industry-scale application.

FRHOOOOOOOOOOOooOoOoo
The demonstration of the scaling of the FJH process in our research lab.

uoooobooboboouobdomo=0.2g0 RHO O O V0=150 VL C0=0.06 FU D OO O O
In our typical experiment, we use a mass of mo = 0.2 g, with the FJH condition of Vo =150

D00RHO0000000000mi=2g0m2=490 00 (000 23a)0 ]
V and Co = 0.06 F. Here, we demonstrate the scaling up of FJH to a scale with mass of m; =2

oooOdoo10400000 (6 mFO 450
g and m> = 4 g per batch (Supplementary Fig. 23a). We used a capacitor bank composed of

VO Mouser#80-PEH200YX460BQU2)0 0 000 O00O0OO0DO OO DO OO C1=0.624 FO
104 aluminum capacitors (6 mF, 450 V, Mouser #80-PEH200Y X460BQU?2) in parallel, so the

) ) O0Oml=2g0000000000OVI=IS0VORHDO OO O O m1=2
total capacitance is C1 = 0.624 F. For the sample mass of m1 =2 g, we use a FJH voltage of

g ooooooooove=300vVORHOOOODDODODDODODOOoooosoooooooooooooooo
=150 V, and for the sample mass of m1 =2 g, we use a FJH voltage of /2 =300 V, thus these

O00ewasttD0000000000000000000(O00)D
conditions fit with the scaling rule of eq S19. Since temperature is a key parameter for the e-

waste processing in our evaporative separation scheme, we recorded the temperature for those

voobooooooobzeokoooobRHOODOOO
samples (Supplementary Figs. 23b-d). It is found that the temperature reaches >3000 K for

good
all the samples, demonstrating the effective scaling up of the FJH process.

16



OrHOOOOOOOOOOO0OOo0o0oOOoo
The evidence-based prediction of the continuous processing of e-waste by the F.JH process.

uvoboboboooboobouorRHODOOooogoooooooooooooo o
In addition to the batch-by-batch process, we made evidence-based predictions for the

) . ) oooba4bpoooooono
continuous processing mode of the FJH processing of e-waste. As shown in Supplementary

goooooon o S RHOOoooodoooodod
Fig. 24, two baffles separate the feeds and the remaining solid. After the FJH, the bottom baffle
Doooooo o o 000000000000000
is opened and the remaining solid is removed from the reactor. The top baffle is then opened,
uooogoooorRHODO o gbooorRHOooooooogo
and the feeds are loaded into the reactor for the next FJH reaction. Since the collected volatiles
D0000000000000 N . ooo
in the cold trap are very little per FJH, it is not necessary to change the collection vessel. Note
goboooooboboooooooa ooboobooboobon

that this is only one possible continuous production method. Many mature engineering

practices could be applied.

FRHOOOOOOOOOOOooOoOoo
Industrial-scale application of the FJH process is underway.

RHOODODOO0OODODO00b0o00booooouoooooooooonoDo(Universal Matter
The FJH process, which was invented by our group for the synthesis of flash graphene’,

Olinc.) 00000000 O (https://www.universalmatter.com/). )
is already undergoing industrial-scale scaling up by Universal Matter, Inc

] vboobdobobooooboobuobgbdooobood
(https://www.universalmatter.com/). The equipment and process developed and optimized for

gooono oo
the flash graphene synthesis are ready to be shifted for the processing of e-waste. The
ooooorRAODOOOO0ODOOOn googd

evaporative separation system consisted of the FJH and the gas collection setups. The gas
voooooboboooooobuoboodooobooooooon )
collection setup uses a cold trap with a mild vacuum, which should be scalable by using a larger

vessel and mechanical pump.

17
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goOoljgoooo(peB)yooooo
Supplementary Fig. 1 | Characterization of the printed circuit board (PCB) powder. (a)

PCBO U U XU O OO (XRD)O googopCcBOODOOODDOODOO ]
X-ray diffraction (XRD) of the PCB powder. Al and Cu are abundant metals in PCB raw

(b)PCBOOOXOOODOOOD(XPS)D OO
materials. (b) X-ray photoemission spectroscopy (XPS) full spectrum of PCB powder. (c)

)OOOOOPCBOOODOODOODODD(SEM)O ' o
Scanning electron microscopy (SEM) of the PCB powder after mechanical hammer grinding.
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Nalados 7
oo02|00ooogooooooon
|

Supplementary Fig. 2 | Picture of the system to collect the evaporated metal vapor. (a)

gooooooood ] ) (hyOOooooorRH)DOoobooooo
Picture of the evaporative collection system. (b) Picture of the vacuum gauge before and after

(c)RHOODODODOODODOOoOoOOo
flash Joule heating (FJH). (c) Picture of the condensate vessel before and after the FJH reaction.
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Supplementary Fig. 3 | Electrical circuit diagram of the flash Joule heating (FJH) system.

00000000060mFD _ ' 000000000000000000
The total capacitance of the capacitor bank is 60 mF. More details about the electrical

000000090 . _ o
components could be found in our previous publications’.

o0000000000000000 o sfsjuialsiufsuyals
CAUTION: There is a risk of electrical shock if improperly operated. Safety glasses for

00000000000000000000 . _ _ .
welding are recommended to block the infrared and ultraviolet light during the flashing

~ooboobooooboo o ooboooooooooo
reaction. There are numerous safety measures built into the system. But, as a final level of

ooooooobboO(booooboooobooooobooobob0ooboooooo)oooo
caution, the “one hand rule” should be obeyed (do not touch the apparatus with both hands,

preventing the closing of a circuit through your body if anything goes wrong), and thick rubber

20



oooooooooboooo voobdooobooooobobde11gong
gloves that extend to the elbows should be used. More safety implementations can be found in

000000000000000 _
our previous publications®!!, which we also listed below.

FHOOODOOO
Safety guidance of the FJH process.

0000000000000 . '
1. Enclose or carefully insulate all wire connections.

0000000000000000000000 _ _
2. All connections, wires, and components must be suitable for the high voltages and currents.

googn gbobuobooboooobooouooobooboooood
3. One hand rule. Use only one hand when working on the system, with the other hand not

touching any grounded surface.

000000000000000000000000000000000000000000
4. Provide a mechanical discharge circuit breaker switch connected to a power resistor of a

few hundred ohms to rapidly bleed off the capacitor charge.

0000000000000000000000000 _
5. Provide a “kill” circuit breaker switches to disconnect the sample holder from the capacitor

bank.

0000000000000
6. Post high voltage warning signs on the apparatus.

7000000000000000000000000000000000000 o
7. Keep in mind that the system can discharge many thousands of Joules in milliseconds,

which can cause components such as relays to explore.

gbogbooobooooooboooooo ] vboooooooon
8. Keep a voltmeter with high voltage test leads handy at all times. When working on the

voobooboooooogn
capacitor bank, always check the voltage on each.

ysbooogooobooooogboooon )
9. Wear thick rubber gloves when using the apparatus to protect from electrocution.

0000D000000000000000000000 . N
10. All users should be properly trained by an experienced electrical technician.
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Supplementary Fig. 4 | Time-resolved temperature measurement by fitting the blackbody

od (a)000000RKODDDOO0DO0O0D0O0LO0O0O0obOOoooDooon ]
radiation. (a) Schematic configuration of the time-resolved pyrometer for spectrum collection

FHOOOODDODOODDOOODDOOoobOboobooooboooo
during the flash Joule heating (FJH) process. Black body radiation from the sample during FJH

sfsiuyalsufsln . . . 00160000
is collected by an optical fiber and separated by a customized grating black box. The spectrum

00000 (Hamamatsu $4111-16R )01 600 1100 nmO 0 0 000 0O O
radiance was recorded using a 16 pixels photodiode array (Hamamatsu S4111-16R) at 600 —

0ooooobo0do0obooooooooobbo0ooboO/0000PCle-6320000 (b)
1100 nm. The reversed bias voltages from the photodiode arrays are collected by a National

goooooooooooo
Instrument multifunction I/O device PCle-6320. (b) Temperature determination by fitting of

~ 0D00000OD0000000D000000000000 .
the black body radiation. The spectra were fitted to the blackbody radiation equation to acquire

] noobooozsokbDoooon
a time-resolved temperature of the sample. Prior to measurement, the temperature was

calibrated by using a 2800 K lamp.
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goos0b0oo0goorRAE)YbOoooon (a)0ODO
Supplementary Fig. 5. Durability of the flash Joule heating (FJH) setup. (a) Image of the

FRHOOOOOOOOO (byRHOODODDODOD(ODOOoOOoOooo)Yaooooo(
sample before and during FJH. (b) Images of the porous Cu electrode (on the left in both

oooooooo)oooo
photos) and graphite electrode (on the right in both photos) before and after FJH.

FRHOOOOOOO0OO0D0000000000 . .
The FJH process could achieve a high temperature, but the high-temperature region is

o D000D0000=00000000000
limited to the sample. According to the Joule heating formula, Q = I2Rt, the heat amount is

] ] goobouoboboobobdooonoeno.110>2.00
proportional to the resistance. The resistance values of the Cu electrode, the graphite electrode,

Jooooooooooooooo
and the sample are ~0.09 Q, ~0.11 Q, and >2.0 Q, respectively. The Cu and graphite electrodes

00O . o 00000000000000000000000
have much higher conductivity than the sample. Hence, the voltage drop was mainly imposed

ogooooooo
on the sample, and the heat amount generated by the discharging mostly retains on the sample.

ORHOODODOO0ODO0ODO000000(000%)00000000000000
During the FJH, the strong light emission region is limited to the sample (Supplementary Fig.

o . . 000000000
5a), indicating that Cu and graphite electrodes remain low temperature. The high thermal

0000000000000 o
conductivity of the Cu electrodes also helps the fast thermal dissipation and prevents the high

uooRHODO0DOO0O0o0o00ooon>3000KU )
temperature. Moreover, the FJH time is very short, with the >3000 K temperature in tens of

RHOOOO0OO0O0OO0CBOOOOOO000000b0b0O0O00o(ooosh)d
ms. The Cu electrode and graphite rod show no obvious change after the FJH other than the

gogod
contamination of the Cu electrode by CB (Supplementary Fig. Sb). The resistance of the Cu
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RHOOOOoooooooooo ) goborRHOODODOOOO
electrodes and the graphite electrodes remains the same after the FJH. Hence, the FJH process

000000000 _
has no significant effect on the Cu and graphite electrodes.
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Supplementary Fig. 6 | Temperature simulation. (a) Geometrical parameters. (b) Boundary
od (c)OODOODOOODOOOoOoOoooo

conditions. (¢) Temperature distribution and the temperature profile of the sample along the

()00 00000000000000
longitudinal direction. (d) Temperature distribution and the temperature profile of the sample

00000000000 (RH)DDO0000000000
along the radial direction. The results show that the flash Joule heating (FJH) is homogenous

both in the longitudinal and the radial directions.
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Supplementary Fig. 7 | The boiling points of (a) precious metals and (b) heavy metals.
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Supplementary Fig. 8 | Precious metals concentration in carbon black (CB). (a) Precious
CBU U 0 0 0 O (BP-2000 )] (b)CB(BP-2000)0 0 0000 (RH)I OO0
metals concentration in CB (BP-2000). (b) Precious metals concentration in the carbonized
goooooon ceBUboooooooa

product obtained from flash Joule heating (FJH) of CB (BP-2000). The concentration of

DO0D0O(PCB)D OO0 DO O 12%0 o o
precious metals in CB are ~1 — 2% of those in printed circuit board (PCB).
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00090000000 (RH)ORNKCI3OPACI20 AgCID HAUCKMDO O O (CBYO O O OXOO OO (
Supplementary Fig. 9. X-ray diffraction (XRD) pattern of the mixture of RhClz, PdCl.,

XRD)O 0 O 00 ()00
AgCl, HAuCl, and carbon black (CB) after flash Joule heating (FJH). The peak (*) denotes

go(ecodoooooooo
the graphite (0002) due to the graphitization of the CB.

goobdobobgoboboocooogboooooooboooon ) ]
The precious metals as the late transition group metals usually have weak affinity with C and

- 000000000000000000120
almost no solubility for carbon. The precious metals tend to not form carbide phases even at

_ 0000000000000000000000000 o '
high temperature!?. For example, there is no experimental evidence for a possible inorganic

) 0000 000D0RKIZO PACI20 AgCIO HAUCIAL CB( [ 5 wt%
crystalline gold carbon compound. Experimentally, we mixed RhCls;, PdCl,, AgCl, and

Y oooodRrRHO OO0OXRDOOOOOO9MOO
HAuCls with CB (5 wt% for each) and conducted the FJH. The XRD pattern of the product is

] XRDOOOOOOOOOoOooooooooboooo
shown in Supplementary Fig. 9. The XRD result showed that there were pure metal phases

vooogoooooog. goooocesooonono
and metal alloy phases. No precious metal carbide phase was observed. Hence, the use of CB

000000000 0D00000 . . _
as conductive additives will not affect the evaporative behavior of precious metals.
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Supplementary Fig. 10 | Vapor pressure and boiling point of metal halides. (a) Vapor

oooooobb-0b0o0owO(h)0dd0onooonbofiowoooorPdC2ZDOOODDON
pressure-temperature relationships of Ag and Ag halides'. (b) Boiling points of elemental

a
metals and metal chlorides'3. Note that the PdCl, boiling point is the decomposition

temperature.

28



[ V)
o

0.20 0.20
[ INaF [CIPTFE
é 0.15- 50.15-
C C
o o
® 0.10+ 5 0.10-
5 0.05- S 0.05-
&) &)
0.00 . . . . 0.00 . : _ y
Rh Pd Ag Au Rh Pd Ag Au
Precious metals Precious metals
c d
0.20 0.20
[CINaCl I cpPvC
/g ~~
1 € _
@ 0.15 g(),15
c
.0 c
g 0.10, -%o.m-
C -—
S 0.05] < 0.054
© 3
0-00 T T T T 0.00 T T T T
Rh Pd Ag Au Rh Pd Ag Au
Precious metals Precious metals
e
0.20
[T Nal
§0.15.
L=
C
.0
® 0.104
c
[0
(8}
S 0.05-
(&)
0.00 — :

Rh Pd Ag Au
Precious metals

goouooooboooogooo
Supplementary Fig. 11 | Concentration of precious metals in additives. (a) NaF. (b) PTFE.

00000000000 00000000(PCB) 000000000
(c) NaCl. (d) CPVC. (e) Nal. The concentration of precious metals in those additives are <1%

0 1%
of those in printed circuit board (PCB) raw materials.
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Supplementary Fig. 12 | Recovery yield improvement by using chloride additives. (a)

ooKkCoODooOooooo ~ (b)KCIDDDOODOOO _ (
Increase in recovery yield using KCI additive. (b) Concentration of precious metals in KCL. (¢)

c)0DOOOO0O(PVC)OOOOOOOOO (d)PvCOOOOD
Increase in recovery yield by using polyvinyl chloride (PVC) additive. (d) Concentration of

uog ] goobouobobuooboooioooboooobooboooooood
precious metals in PVC. Care should be taken with these metal salts since carbothermal

00000(0)D00000000000000000 . o
reduction to the metal can occur to afford metal(0) that can combust in water or moist air,

though we never observed that problem at this scale.
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Supplementary Fig. 13. The evaporative loss of halides during the flash Joule heating

(FRH)YO OO ()XDOOoOOoOoo(xps)boooooooooRHODOOOO0OO0000O
(FJH) process. (a) X-ray photoemission spectroscopy (XPS) full spectra of the sample with

(bYRHOOOONaCIDOODOOOXpPsOooOoO
NaF additives before and after FJH. (b) XPS full spectra of the sample with NaCl additives

(c)RHOOOONalOODOOOOXPSOO OO
before and after FJH. (c¢) XPS full spectra of the sample with Nal additives before and after

(d)RHODODODDOOODOOODOOO
FJH. (d) The mass ratios of halide additives before and after FJH.

DDDDDDQDDDDED Dﬁ6.4%[IDDD2.3%‘DDDDDD3.7%D FHO
The mass ratios of halide in the raw materials were F, ~6.4%; Cl, ~2.3%; and I, ~3.7%. After
DI:II]DI]I]I;DDDI:II]IJFDDD3.8°./0[‘|[|[I[|‘1.6%DDDDDD3.1%I:I DD'
FJH, the halide content in the remaining solids was F, ~3.8%; Cl, ~1.6%; and I, ~3.1%. This
O0FOOO0OO000O0040%0 00030%00000 0 16%0 oooooooooa

corresponds to the evaporative loss of F, ~40%; Cl, ~30%; and I, ~16%. The halide salts are

0000000000000000000000000000000000(00)0 o
expected to be easily recovered by a water washing and precipitation process due to their high

solubility, while the components of the e-waste and carbon have low water solubility if any.

00000000000000000000000000000000 '
Hence, it is possible to recovery the halides either remaining in the solids or evaporated and

' 00000000000000000000 o N
collected in the cold trap. The use of the halides will not introduce significant additional

materials cost.
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Supplementary Fig. 14. Total composition analysis of the collected solid. (a) Metal mass

000D0D0000000150000000 o ~(b)0 000 0NaFD NaCID
ratios of 15 elements in the collected solid without additive. (b) Metal mass ratios of 15

NaODOODOO0000000000 N
elements in the collected solid with the mixture additives NaF, NaCl, and Nal.
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Supplementary Fig. 15 | Scanning transmission electron microscopy (STEM) image of the

00
collected solid and Energy dispersion spectroscopy (EDS) maps of Rh, Pd, Ag, and Au.

goodoobooooodgad ] ] gogogoooog
The element maps prove that the successful collection of precious metals. The metals spread

ooooog .
over the entire collected solid.
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Supplementary Fig. 16. Chemical state analysis of the collected solids. (a) X-ray
RAOOOOOO(XPS)DODOODO (b)OOXPSO OO OO

photoemission spectroscopy (XPS) fine spectrum of Rh. (b) XPS fine spectrum of Pd. (c) XPS

goxpsoooono (c)OOXpSOOOOO
fine spectrum of Ag. (c) XPS fine spectrum of Au.

D000000<01w%(00014)00000XPS0O0000 -
Since the contents of precious metals are <0.1 wt% (Supplementary Fig. 14), it is difficult to

) O0000000RKCIBOPdCI2OAgCIO HAUCKAO D OO D OODOCBODOODODO(
directly analyze by XPS. Here, we added RhCls, PdCl,, AgCl, and HAuCl, into the mixture of

00000000%)0000000RHOOOOOOOOO0OXpPsOoOO
e-waste and CB (5 wt% for each) and conducted the same FJH process and collected the

) goooxpsooooooolsoon. )
volatiles for XPS analyses. The XPS fine spectra for precious metals were shown in

AgU AL D O0D00O0DOO0 Au 4f7/2[0 85.2
Supplementary Fig. 16. The Ag and Au were mainly in the elemental state. The minor peak

eVOOOOOOODOAWODOOODOOODO Auln2140 Rh{ PdO
at 85.2 eV for Au 4f7,» could be from the Au-based metal alloy, for example, Auln,'*. For Rh

gooooooooo o ] 310.4eVvVO O Rh 3d5/20 O O O O O RhCI315
and Pd, both elemental and oxidation states existed. The Rh 3ds» peak at 310.4 eV could be

[1338.0evV0 O Pd3d5/20 O 0O O O O PdCI21600
assigned to RhCl3'%, and the Pd 3ds; peak at 338.0 eV could be assigned to PdCl»'6. ThlS

000000000000000000 _ o .
difference might be attributed to the different chemical reactivity of the precious metals.
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Supplementary Fig. 17 | Recovery of precious metal by flash Joule heating (FJH) and

00O (1)000000(PCB)DDODOOOODOOD . o
calcination. (a) Different processes for the recovery of precious metals from printed circuit

(b)yPCBOODDOODDOODDOO(TGA)D OO 0odPprCB
board (PCB). (b) Thermogravimetric analysis (TGA) curve of PCB-Flash in air. Inset, the

Flash(] 0 O PCB Flash(J 0 O TGAODOOOOPCBUOOO400° COOODOOO
picture of PCB-Flash, and PCB-Flash-Calcination. The TGA curve shows that the PCB-Flash

00O8ooe coOnoooo(c)pCBOTGAD OO
started to lose weight at ~400 °C and remains stable at ~800 °C. (¢) TGA curve of PCB. (d) X-

)PCBOPCBO O OPCBO OO DOXOODOODD(XPS)O ~ PCBO
ray photoemission spectroscopy (XPS) of PCB, PCB-Flash, and PCB-Flash-Calcination. The
xpSOOOoocooooooono PCBOUOOXPSOOOOCOOOOOIOUORH

XPS of PCB shows mostly C and some inorganic signals. The XPS of PCB-Flash shows mostly

goboboobooooobooooooboouobrHODooooooogo )
C signals, indicating that O was removed by the FJH process, and the inorganic element peaks

are not detected, presumably because the inorganics were covered by carbon during the FJH

pCBUOOOOXPSOUOOOOODODOOODODOOnoonoooon ]
process. The XPS of PCB-Flash-Calcination show abundant elemental signals, demonstrating

. ' ~ (e)PCBOOODOOD-00D '
the removal and exposure of inorganic materials. (¢) Concentration of precious metals in PCB-

~ (hoooooooooo YOO YOO DOPCBODOPCBO D
Calcination. (f) Improvement of leaching yield by calcination. Yo and Y mean the recovery

googon
yield by leaching PCB and PCB-Calcination, respectively.
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Supplementary Fig. 18 | Gas flow simulation. (a) Geometrical conditions. (b) Boundary
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Supplementary Fig. 19 | Mechanism of the improvement of leaching efficiency by flash

0000 (FH)D (1)000000000000000O0 '
Joule heating (FJH). (a) Scheme of the laminated configuration of several types of electronics.

(b)OODOO(PCB)DOODO0DO0DO(SEM)ODOD
(b) Scanning electron microscopy (SEM) image of printed circuit board (PCB) powders. (c)

YPCBO OO SEMO OO (d)PCBO O OO OSEMO OO (e)DO ODOPCBO
SEM image of PCB-Flash. (d) SEM image of PCB-Flash-Calcination. (e¢) The scheme of

FHODOODOO0ODO0ODOO0000000 . o
morphological and structure changes of PCB during the FJH and calcination process.
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Supplementary Fig. 20 | Concentration of remaining heavy metals after multiple flash

O0O0O0(RH)OOO ()00000 (b)yOOoOOoOo (c
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Supplementary Fig. 21. Theoretical separation factor of the evaporative separation
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Heatmap of the theoretical separation factors for the 16 elements.
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Supplementary Fig. 22. Activity-composition relationship.
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Supplementary Fig. 23. Scaling up of the flash Joule heating (FJH) process. (a) Picture of

[0 m0=0.2 g0 V0=150 VO C0=0.06 F( 0 )0 m1=2 g0 V1=150 V(] C1=0.6 F( O )0 m2=4 g0l
the samples treated with the condition of mp=0.2 g, Vp=150 V, and Cp = 0.06 F (left), m; =2

V2=300vO C2=06F(0 )0 0O00O0DOO0OOO (b-d
g, Vi=150 V,and C; = 0.6 F (middle), m>=4 g, V>=300 V, and C> = 0.6 F (right). (b-d)

)0 0 0m0=02g(b)I ml=2g(c)Im2=4g(d)00 000000000
Realtime temperature curves for samples with mass of mp=0.2 g (b), m; =2 g (c), and m> =4

g (d).
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Supplementary Table 1. Parameters for FJH under vacuum.

oo OO0 0 0 (me)\I O\ (\/30 06y
Precursors Mass Ratio  Mass (mg)  Resistance (£2) Voltage (V)  Time (s)
PCB:CB, 1# 2:1 300 1.8 150 1
PCB:CB, 2# 2:1 300 2.0 150 1
PCB:CB, 3# 2:1 300 2.5 150 1
PCB:CB:NaCl, 1# 1:2:3 300 2.3 150 1
PCB:CB:NaCl, 2# 1:2:3 300 1.9 150 1
PCB:CB:NaCl, 3# 1:2:3 300 1.8 150 1
PCB:CB:KCl, 1# 1:2:3 300 22 150 1
PCB:CB:KCl, 2# 1:2:3 300 18 150 1
PCB:CB:KCl, 3# 1:2:3 300 14 150 1
PCB:CB:PVC, 1# 1:2:3 300 2.0 150 1
PCB:CB:PVC, 2# 1:2:3 300 2.5 150 1
PCB:CB:PVC, 3# 1:2:3 300 2.5 150 1
PCB:CB:CPVC, 1# 1:2:3 200 3.0 150 1
PCB:CB:CPVC, 2# 1:2:3 200 3.0 150 1
PCB:CB:CPVC, 3# 1:2:3 200 3.2 150 1
PCB:CB:NaF, 1# 1:2:3 200 1.5 150 1
PCB:CB:NaF, 2# 1:2:3 200 1.0 150 1
PCB:CB:NaF, 3# 1:2:3 200 1.0 150 1
PCB:CB:PTFE, 1# 1:2:3 200 2.0 150 1
PCB:CB:PTFE, 2# 1:2:3 200 2.2 150 1
PCB:CB:PTFE, 3# 1:2:3 200 2.2 150 1
PCB:CB:Nal, 1# 1:2:3 200 0.6 150 1
PCB:CB:Nal, 2# 1:2:3 200 0.6 150 1
PCB:CB:Nal, 3# 1:2:3 200 0.5 150 1
PCB:CB:NaF:NaCl:Nal, 1# 1:2:1:1:1 200 0.2 150 1
PCB:CB:NaF:NaCl:Nal, 2# 1:2:1:1:1 200 1 150 1
PCB:CB:NaF:NaCl:Nal, 3# 1:2:1:1:1 200 0.5 150 1
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Supplementary Table 2. Parameters for FJH under pressure.

ImEnEE] (mEm (mEm (mEm (mEm ElLl ]
oo Mass Mass Resistance oo Voltage Time Mass after FJH
Precursors n (00) Pressure (00)
Ratio (mg) () V) ) (mg)

1010

PCB:CB 2:1 200 1.0 1 bar 10 1 196
100 30

PCB:CB 2:1 200 1.3 1 bar 30 1 196
100 50

PCB:CB 2:1 200 1.0 1 bar 50 1 180
100 100

PCB:CB 2:1 200 1.0 1 bar 100 1 158
10 120

PCB:CB 2:1 200 1.0 1 bar 120 1 115
00120

PCB:CB 2:1 200 1.0 vacuum 120 1 65
10 120

PCB:CB 2:1 200 1.0 1 bar 120 1 115
200120

PCB:CB 2:1 200 1.0 2 bar 120 1 142
30 120

PCB:CB 2:1 200 1.0 3 bar 120 1 155
401120

PCB:CB 2:1 200 1.0 4 bar 120 1 165
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Supplementary Table 3. The calculated separator factor of the evaporative separation process.

Hg As Cd Zn Pb Ag Al Cu Sn Cr Au Fe Pd C Rh Pt
Hg 1 2309 2309 50000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 [ 100000 | 100000 | 100000 | 100000
As 2309 1 9.13 69.9 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000
Cd 2309 9.13 1 5.71 28089 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000
Zn 50000 | 69.9 5.71 1 2066 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000
Pb 100000 | 100000 | 28089 | 2066 1 12.1 129 175 206 680 913 1961 2439 100000 | 100000 | 100000
Ag 100000 | 100000 | 100000 | 100000 | 12.1 1 6.69 8.64 10 19.8 35 56.1 78.7 100000 | 19083 | 34130
Al 100000 | 100000 | 100000 | 100000 | 129 6.69 1 1.25 1.65 2.31 4.21 5.5 8.32 100000 | 735 1235
Cu 100000 | 100000 | 100000 | 100000 | 175 8.64 1.25 1 1.3 1.8 3.35 443 6.5 513 870 10000
Sn 100000 | 100000 | 100000 | 100000 | 206 10 1.65 1.3 1 1.3 2.45 3.39 5.19 349 584 5618
Cr 100000 | 100000 | 100000 | 100000 | 680 19.8 2.31 1.8 1.3 1 1.96 2.57 3.89 247 401 3141
Au 100000 | 100000 | 100000 | 100000 | 913 35 421 3.35 2.45 1.96 1 1.28 2.16 90.6 160 754
Fe 100000 | 100000 | 100000 | 100000 | 1961 56.1 5.5 443 3.39 2.57 1.28 1 1.59 61.1 105 443
Pd 100000 | 100000 | 100000 | 100000 | 2439 78.7 8.32 6.5 5.19 3.89 2.16 1.59 1 317 60.2 172
C 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 100000 | 513 349 247 90.6 61.1 31.7 1 1.4 2.18
Rh 100000 | 100000 | 100000 | 100000 | 100000 | 19083 | 735 870 584 401 160 105 60.2 1.4 1 1.48
Pt 100000 | 100000 | 100000 | 100000 | 100000 | 34130 | 1235 10000 | 5618 3141 754 443 172 2.18 1.48 1

Note: The theoretical separation factors are calculated based on the vapor pressure difference of pure metals. They represent practical values for
trace metals separation from abundant metals. For the separation of abundant metals, the values should be corrected according to their activity in

the alloy melt.
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Supplementary Table 4. The separation factors of precious metals.

Rh Pd Ag Au
Rh 1 1.29 9.5 3.1
Pd 1.29 1 12.3 24
Ag 9.5 12.3 1 29.2
Au 3.1 24 29.2 1
0 ggsh NeClOOOODOODOODOOODOO
Supplementary Table 5. The separation factors of precious metals by using NaCl
additives
Rh Pd Ag Au
Rh 1 1.44 3.0 840
Pd 1.44 1 4.33 58.3
Ag 3.0 4.33 1 253
Au 840 58.3 253 1
0ooed NaFO D OO ooooogoon
Supplementary Table 6. The separation factors of precious metals by using NaF
additives
Rh Pd Ag Au
Rh 1 1.52 1.8 146
Pd 1.52 1 1.19 96
Ag 1.8 1.19 1 81
Au 146 96 81 1

gogrd NalD D ODOogoooooooo

Supplementary Table 7. The separation factors of precious metals by using Nal
additives

Rh Pd Ag Au

Rh 1 1.05 1.08 1.59

Pd 1.05 1 1.03 1.51

Ag 1.08 1.03 1 1.48

Au 1.59 1.51 1.48 1
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Supplementary Table 8. Standards for ICP-MS.

L] L] 1]
Standards Elements Concentrations Matrix
O 1AM AR R RICDRO Cal CdM Co 1 Cr1 O] 1001 1 /1
Periodic table mix 1 Al, As, Ba, Be, Bi, B, Ca, Cd, Cs, 10 mg/L 10% HNO:;
Culd GalJ Ind Fe Pb0 LiCJ Mgd Mn[OJ Ni
Cr, Co, Cu, Ga, In, Fe, Pb, Li, Mg,
0 PO KO RbO Sel Sil] Agd NaOJ S0 SO
Mn, Ni, P, K, Rb, Se, Si, Ag, Na,
TeO TIO VO Zn
Sr, S, Te, TL, V, and Zn
00000000 2Aud Ged HO Ird Mo NbO PdO Pt ReJ RhO Rud 1000 O /01
Periodic table mix 2 Au, Ge, Hf, Ir, Mo, Nb, Pd, Pt, Re, 10 mg/L 5% HCI, 1% HF
Sb SnJ Ta TiD WO Zr
Rh, Ru, Sb, Sn, Ta, Ti, W, and Zr
0000D0000D03Scd YD Lad Cel Pr NdO SmO Euld GdO Th(O Dyl 1000/0d
Periodic table mix 3 Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, 10 mg/L 5% HNO;3
Hol ErJd TmO YbO Lu
Tb, Dy, Ho, Er, Tm, Yb and Lu
oa 100000 O /0
Mercury Hg 1000 mg/L 12% HNO:s
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