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Abstract: This paper demonstrates the recovery of valuable metals from shredded Waste Printed
Circuit Boards (WPCBs) by bromine leaching. Effects of sodium bromide concentration, bromine
concentration, leaching time and inorganic acids were investigated. The most critical factors are
sodium concentration and bromine concentration. It was found that more than 95% of copper, silver,
lead, gold and nickel could be dissolved simultaneously under the optimal conditions: 50 g/L
solid/liquid ratio, 1.17 M NaBr, 0.77 M Brz, 2 M HCl, 400 RPM agitation speed and 23.5 °C for 10
hours. The study shows that the dissolution of gold from waste printed circuit boards in a Br>-NaBr
system is controlled by film diffusion and chemical reaction.
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1. Supplementary Materials A: Eh-pH Diagrams
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Figure S1. Eh-pH diagram of Br-Ag-H2O system at 25 °C ([Ag] = 10+ M, [Br] = 0.775M) (Stabcal).
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Figure S2. Eh-pH diagram of Br-Pd-H2O system at 25 °C ([Pd] = 10> M, [Br] = 0.775M) (Stabcal).
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Figure S3. Eh-pH diagram of Br-Cu-H2O system at 25 °C ([Cu] = 10 M, [Br] = 0.775M) (Stabcal).

2. Supplementary Materials B: Kinetic Experimental Results
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Figure S4. Effect of bromine concentration on gold dissolution at 23.5 °C and 400 RPM.
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Figure S5. Reaction orders with bromine during gold dissolution.
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Figure S6. Effect of sodium bromide on gold dissolution at 23.5 °C and 400 RPM.
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Figure S7. Effect of copper on gold dissolution at 23.5 °C and 400 RPM.
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Figure S8. Arrhenius Plot for the gold-bromine leaching system.
3. Supplementary Materials C: Kinetic Model Derivations

3.1. Shrinking Model for Spherical Particles

In a quasi-steady state with a constant atmospheric pressure, with respect to the fluid film
diffusion controlling, the reaction rate of Au can be described as follows:

1 dNAu_ 1 dNAu

—Zx = X (S1)
S dt 4mR?  dt

where S is the surface area of the shredded waste print circuit board particle.

Since dNau = gau - dV = 4mauR2dR

Thus, we have

B X 41pAuR? x 28 = — pAu & -
S dt 4TR? dt 4TR? dt dt (S2)
h(Ceb-Cas)

where Cab represents the bulk concentration of the mixture of bromine and bromide (Brz + 2Br-), and
Cas is the concentration of the mixture of bromine and bromide at the gold surface (Brz + 2Br).

For a diffusion controlling process, Cas = 0.

In a Stroke’s regime,

h=2D/d = D/R (S3)

Equation (52) can be reduced to
a

Rpass- = DCa (S4)
Two boundary conditions:
Condition 1: R=Ro, t=0
Condition2: R=R, t=t
By integrating Equation (C-4),

p [, —RdR =DCa»x [ dt (55)

If tc is defined as t=tc when R=0,

te = (0auR?)/(2CasD) (S6)
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Therefore,
t/te=1- (1_XAu)2/3 (S7)

where Xau=1 - (Mass (unreacted)/MaSS (original)) =1- (R/RO)3
If the reaction is chemically controlling, we have

—1aA L ampAuR? x & = — pau B
s dt 4mR? dt dt
(S8)
=0.196-EXP(-26365/RT) x Cpr2"% x Cnap:?10 x Ccu 04!
Analogous to the two boundaries mentioned above and by integrating Equaion (S8),
1-R/Ro=(0.196-EXP (-26365/RT) % Cp:20% X Cnap:216 X Ccu04!/RoQau)t
If tc is defined as t =tc when R =0,
te = (0auR0)/( 0.196-EXP(-26365/RT)-x Cpi2%% x Cnabr*16 x Ccu™041) (89)
Therefore, at a constant temperature (23.5 °C)
t/tc =1- (1 - )(Au)l/3 (510)

3.2. Shrinking Model for flat plates

In a quasi-steady state with a constant atmospheric pressure, for the diffusion controlling, the
reaction rate of Au can be described as follows:

1_dNAu 1 _dNAu

X = —X
S dt Xy dt
where S is the surface area of the shredded waste print circuit board particle, x and y are the two
dimensions perceptional to the z axis which is the direction of the gold disappearance.
Since dNau = pau x dV = pau x xydz
Thus, we have

(S11)

1 dNAu 1 dNAu 1 dz dz _
— =% = ——=x = ——* pAuxy * — = — pAu — =
Xy dt dt

S dt Xy dt
h(Ceb-Cas)

where Cab represents the bulk concentration of the mixture of bromine and bromide (Br2 + 2Br-),
and Ca:s is the concentration of the mixture of bromine and bromide at the gold surface (Brz + 2Br-).

For a diffusion controlling process, Cas = 0.

Equation (512) can be reduced to

(S12)

az _
pAUE = hCab (513)
Two boundary conditions:
Condition 1: z=z0, t =0
Condition2:z=z,t=t
By integrating Equation (513),
p [’ —dz =hCev [, dt (S14)
If tc is defined as t = tc when z =0,
tc = (pauzo)/(Cash) (S15)
Therefore,
t/te = Xau (S16)

where Xau=1- (Mass (unreacted)/MaSS (original)) =1- (Z/ZO)
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If the reaction is chemically controlling, we have

1, dNAu _ 1

S at Xy

dz
XXypAuXE— — pAu —

= 0.196-EXP(—26365/RT) x Cgr2%% x Cnag**6 x Ccy 04

Analogous to the two boundaries mentioned above and by integrating Equation (517),

1-2z/z0= (k CBrZO'S5 X CNaBrO'16 X CCu_O'41/ZopAu)t

If tc is defined as t =tc when z =0,

tc = (pauzo)/( k Cer2%% x Cnagi*16 x CCu_0'41)
Therefore,

t/te = Xau

70f7

(S17)

(S18)

(S19)

(S20)



