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A Study of the Recovery of Valuable Materials from Photovoltaic

Ribbon of Spent Solar Module

Woo-Chul Jung

Department of Metallurgical Engineering, The Graduate School,

Pukyoug National University

Abstract

Photovoltaic solar cell is the energy that not produces pollutants
and also not creates any noises and harmful gases, so it is different
from fossil fuel, which is not harmful for the environment.

Moreover, an energy resource is clean and unlimited. That's why
photovoltaic industry is rapidly growing internationally as the life of
general photovoltaic solar cell lasts more than 15 years.

As photovoltaic industry is developing, the amount that spent
photovoltaic solar cell produces is continually and accordingly
increasing. As a result, accumulation amount is expected to reach
around 130,000 ton in 2030.

Although 90% of spent photovoltaic solar cell which all runs out is
recyclable, most of them are shredded and grinded. It indicates that
valued resources are wasting due to landfill and leaving alone.

For these reasons, various investigations of spent photovoltaic solar



cell have been conducted for valued resources's collection and
recycling. However, investigations especially collecting Cu and Ag from
spent photovoltaic solar cell have never tried internationally.

This study is recovery of valuable metals such as Cu and Ag from
photovoltaic ribbon of spent solar cell. First of all, to obtain copper
ribbon and oxide scale, heat treatment by dry process was conducted.
In addition, high purity of copper and silver was obtained from

vacuum distillation and zone melting methods.
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Table. 1 Advantages and Disadvantages of Solar Photovoltaic
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Fig. 3 The structure of Photovoltaic Ribbon
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SEM HV: 10.00kv  SEM MAG: 800 x
Det: BSE

Analyzed by ICP
IM :9.50 |

Element
Cu 87.752
Pb 5.247
Sn 6.150
Nb 0.063
Ag 0.046

Analyzed by EDX

Sn
Pb 31.21
Totals 100.00

Fig. 1 Chemical composition of photovoltaic ribbon analyzed by

ICP and EDX
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)] (e)

.ﬁrgon gas H;gas

(a) Vacuum pump (b)Thermocouple (¢)SiC heater
(d) photovoltaic ribbon (e) Water cooling tube

Fig. 3 equipment drawing of zone melting furnace
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Table. 1 Thermodynamic data of pb and Sn

2Pb + C2igl = 2PbO Pb + 02(g] =PbO2
T deltaG K T deltaH deliss deltaG K
c keal c keal cal/K keal
0.000 -21.304 0000 66 624 —47 445 52 666 1.384E+042
100.000 —55.666 100.000 —£6.469 —46.972 —47.842 1.206E+028
200.000 —82.02! 200.000 -86.221 46,386 ~43.274 8.7TZE+018
300.000 7 3.461E+028 5 -38.663 B.B4BE+D14
400.000 —72.662 S5.918E+023 -33.964 1.067E+011
B00.000 -67.808 1.477E+019 -29.268 1.867E+008
600.000 -63.003 B6.900E+016 -24.594 1.433E+006
700.000 65 247 1.208E+013 -19.969 3.066E+004
800.000 63,643 8.038E+010 -16.382 1.36BE+003
£00.000 -804z 1.371E+009 -10.82: 1.041E+002
1000.000 —5.610 B.601E+007 —6.306 1.208E+001
25n + CR2(g) = 28n0
T dsltaH dsltaS daftaG K T daltaH deltaS daltsG K
c lcal calf’k keal c keal callK lecal
0.000 —134 268 45 427 121 674 1.909E+097 0.000 -138 028 48 440 124 B21 4.364E+099
100.000 —133.974 —45 544 -116.979 3.305E+068 100.000 —135.034 48 430 -119. 8667 1.084E+070
200.000 —183.732 —44 968 112 466 8.869E+061 200.000 —137.868 —49.099 114 837 9.026E+062
300.000 —136 801 -61 283 -107 620 1.006E+041 300.000 —139.32: 82011 -109.5189 B.812E+041
400.000 —136.643 -80.689 -102.422 1.802E+033 400.000 -138.994 -51.473 -104.344 7.BBEE+D33
B800.000 —136.12: -80.110 -or.582 3.386E+027 B800.000 -138.618 -60.983 92X 1.123E+026
600.000 —136.648 -48.633 —£2.400 1.345E+023 600.000 -135.214 54582 -4.183 8.702E+023
70.000 —186.121 —48.960 —£7.476 4.434E+019 700.000 89 -80.002 —£9.130 1.043E+020
800.000 —134 639 —48.391 82 608 6.676E+016 800.000 —137 346 —49 669 24 162 1.8378E+017
§00.000 —133 904 782 a7 3120E+014 §00.000 —136.88% —49.161 -79.216 B.734E+014
1000.000 —119 963 663 —73.288 BB1TE+012 1000.000 —136 417 —48.776 -74.5319 B.736E+012
S50F 800°C
o

Weight change per area, g/cm

0 1 M L 1

0 5 10 15 20 25

Time, hr
Fig. 4 Weight change with respect to temperature of Commercial

photovoltaic ribbon
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Fig. 5 Production process of High purity copper
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sn Ag
el 99554 0.027 0.297 0.071 0.009

Fig. 6 The recovered copper ribbon analyzed by ICP

Fig. 7 Copper after zone-melting treatment
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Table. 2 Result of high purity copper analysis

s|E{0| 534 | P2 Cu Pb Sn Ag Nd &5
1 99.987 0.005 0.004 0.003 0.001 3N

2 99.990 0.003 0.004 0.002 0.001 AN

! 3 99.995 0.002 0.002 0.001 - AN
1 99.568 0.118 0.205 0.065 0.044 2N

1 99.993 0.003 0.004 - - AN

2 99.992 0.002 0.004 0.002 - AN

s 3 99.995 0.002 0.001 0.001 0.001 AN
4 99.607 0.102 0.181 0.071 0.039 2N

1 99.990 0.003 0.004 0.002 0.001 AN

2 99.992 0.001 0.005 0.001 0.001 AN

J 3 99.997 0.001 0.001 - 0.001 AN
1 99.413 0.130 0.305 0.088 0.064 2N

1 99.997 0.001 0.001 0.001 -4 AN

2 99.996 0.002 0.002 - L} AN

10 3 99.998 0.001 0.001 - - AN
1 99.448 0.226 0.218 0.069 0.043 2N

_23_
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Water voporinl

gas in

™~
() (e]

(a)Distilled water (b)Electric furnace (c) photovoltaic ribbon
(d)Thermocouple (e)SIC heater

Fig. 1 Equipment drawing of water vapor oxidation
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Fig. 2 £37] 181382 74 22 arlet 2eg A2 QoA A
£ 7H AgZ AEA Bejslr] gt AR Eoln SIC AR A
A7b 9 712 URES lEaihn YATeR Urols glon U
O Zbzte] wkgplo] M7} Hojort. NFEEIIS S| stol
A

B2 ALgSIgon Fugm 2

dE5E8 & capz €Ol =7 E AY A

(") (a) ® @ O

Gas input

BE BOBO

(a)Crucible (b)Thermocouple (¢)SIC heater
(dVacuum pump (e)Argon gas (fWater cooling tube

Fig. 2 Equipment drawing of Vacuum distillation furnace

_28_



Fig. 3& 1825822 74 8139 AgS namstslr] 93 28822
A SICHAAT HAE g F7o] AL MAlEo] exg A%
2 9o, 5|8 stuRo] #Uo] MA|Eof s|Eo| o]Fo] F}5altt.

g BOE NG MYEHES Agsien Buyel 2eVlS Y

me ox
Mo owx o

ﬂ"
P A

712 7195t AFHE I, Argon gas’t AX|EojQltt. £H =
apol edo] HAR|Eo] lou AY 8 & capz ¥of AlgE

T 4 9o

[alThermocouple

[b)SiC heater

[clWater cooling tube

—

Ar gas

Fig. 3 Equipment drawing of zone melting furnace

_29_



2Cu(s) + 204(g) + 4H,0(g) = 2Cu(OH)2 + Os(g) + 2H20(g)

2Pb(s) + 204(g) + 4H,0(g) = 2Pb(OH)2 + Os(g) + 2H;0(g)

25n(s) + 20s(g) + 4H,0(g) = 2Sn(OH)2 + Oy(g) + 2H,0(g)
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Table. 1 Cu, Pb, Sn of thermodynamical oxidation reaction by

oxygen and water vapor

2Cu + 204g) + 4H:0(g) = 2Pb + 204(g) = 4H0(g) = 28n + 20,(g) + 4H;0lg) =
2Cu{CH)2 = O{g) + 2H:0(g) 2PB(OH)2 + Ox{g) = 2H;0(g) 25n{OH)2 + O4(g) + 2H:0g)
T deltaH deltas deltaG T deltaH deltas deltaG T deltaH deltas deltaG
C . Keal . cal/K . Keal . c Keal cal/k Keal L Keal cal/K Kcal
1] -72759 47725 -59722 1] -129511 | -125.142 -95.329 . 0 -15172 -86.529 -123.085
100 -77.248 -63.351 -53617 100 -133117 | -136334 . -82226 100 -155.35 -97.843 -113.84
200 -78.623 -66.593 -47.115 200 -13683 -145.193 -68.132 200 -150.122 -106791 | -108.594
300 -80.327 -69.837 -403 300 -140663 -152.538 -53235 300 -166.418 -120.996 -97.069
400 -83.17 -74398 -33.089 400 -146934 -162.752 -37378 . 400 -170307 -12725 -34649
500 -86.065 -78409 -25443 500 -150982 -163.357 . -20.316 500 -174.258 -13272 -71645

ol Argon gasZ 100cc/min U5t F2d== =20
FUsE & 500°ColA EAgsto AdS AlgstRon, U™ +e22
A= AR FAI= 15822 1AIRF, 3AIRE, BARE, 10A|7te.= A
d= A5t 571 Atet $ slad 24 =2 1AZE, 90RPM
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Fig. 4 Crucibles used in vacuum distillation experiments
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Table 22 250 I2 B3 7|42 FO 24 1100°C, 3.67E-020]A4]
Ag7t 7|8tE]o] AEA 227t TheEE &lE 4 ok Pbet Snel
P57] A2 grol xlol7b A WAl ¢gom@ WAl 1000°C, 8.0X107
Torr ~ 3.0X10% Torrz WA Pbe} Sng Halsto] 34 s, G At
stAEIE0A AgS 3]|45t7] s 1100°C, 8.0X107* Torr ~ 1.0X107"

Torrz APS AWstt. 2 FPZ7] 44 ol Afol2 Ea) 22

o)X

Moz 7t 47 BUSRE AN 34Ut sbssitis g a2l

e

Table. 2 The equilibrium vapor constants with respect to

temperature
K Torr
2=(C) T
Cu Pb Sn Ag Cu Pb 5n Ag
800 1.03E-13 3.73E-06 8.52E-07 5.95E-08 7.82E-11 2.83E-03 6.47E-04 4.52E-05
900 7.88E-12 4.84E-03 1.33E-09 B8.57E-07 5.99E-09 3.68E-02 1.01E-02 6.51E-04
1000 3.01E-10 3.45E-04 1.27E-04 7.78E-06 2.28E-07 2.62E-01 9.63E-02 5.91E-03
1100 6.66E-09 1.81E-03 7.35E-04 4.84E-09 3.06E-06 1.37E+00 5.58E-01 3.67E-02
1200 9.58E-08 7.46E-03 | 3.30E-03 2.33E-04 ‘ 7.28E-05 5.67E+00 2.51E+00 1.77E-01
1300 8.08E-07 2.53E-02 1.21E-02 9.11E-04 6.14E-04 1.92E+01 9.20E+00 6.93E-01
1400 4.90E-06 7.33E-02 3.76E-02 3.01E-03 3.72E-03 5.57E+01 2.86E+01 2.29E+00
1500 2.40E-05 1.86E-01 1.02E-01 8.67E-03 1.82E-02 1.42E+02 7.72E+01 6.99E+00
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25714080 ALSE WARY BAE 15g02 nAstAon A7
M2 MehA AY 2 3 2AS SASYch Table 38 500°Co|A
571N S ol8stel RHES 1A1ZL 3AZE 5AIZL, 10417 Az
W2 A0 AIZNE 24 F7F 9 AR FR40 2 UERjYD
LE71AE 2o 5702 | ResloAY AEaE S FaAste] 242
of 257+ ul@ste] LERyolct.

Table. 3 Weight increase of air atmosphere oxidation and H;O

atmosphere oxidation

MBtAIZHhour) | 2RE F50 ¥ f%?' = i & il
2 Bk 2 Bk
il 551179 0.32g . 0.05g
3 891.52g L 0.53g : 0.16g
5 16?3.2;;; ~ “.l o -Oh.-S!Eg —| 0.36g
10 3172 .48g - 1.20g 0.38g
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Fig. 5 Weight increase of air atmosphere oxidation and H;O

atmosphere oxidation
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100 pm

Fig. 6 Coated layer of oxidized photovoltaic ribbon sample

analyzed by SEM
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Fig. 7 Recovered oxide scale weight after ball milling process
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Element Weight %
Cu 98.106
Sn 0.992
Pb 0.716
Nb 0.065
Ag 0.003

Intensity(a.u.)

L @ FrO

40 50 60 70 80
2theta(deg)

Fig. 9 The recovered oxide scale analyzed by XRF, XRD
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At slad Ag9 ks 99.87%(2N)olH Fig. 120 XRDEA 2ot A
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Fig. 12 The recovered Ag analyzed by XRD, AA
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Fig. 13 Ag after zone-melting treatment

Table. 4 Result of high purity Ag analysis

slejolE38l | 7= Ag Pb Sh Cu =c
i 1 99992 | 0003 | 0003 | 0002 AN

2 99.984 | 0007 | 0008 | 0001 3N

3 1 99.995 0.001 0.004 - 4N

2 99.978 | 0009 | 0011 | 0002 3N

. 1 99.997 | 0002 - 0.001 AN

2 99981 | 0012 | 0005 | 0002 3N

- 1 99995 | 0002 | 0001 | 0002 AN

2 99.978 | 0007 | 0009 | 0006 3N
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