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A Study on the Separation and Purification of Valuable Metal from Spent Photovoltaic Ribbon in
Solar Module

Sae Kwon Heo

Department of Metallurgical Engineering, The Graduate School,
Pukyoung National University

Abstract

Due to the depletion of fossil fuels and the use of fuels because of the industrial
development, the global warming issues have arisen. Therefore, the new renewable
energy for solving the environmental issues and energy depletion are receiving much
attention. In particular, the photovoltaic energy is the most promising and technically

matured sector in the renewable energy sector.

The importance of the recycling of photovoltaic modules is iIncreasing and many
studies are being conducted on the recovery of the wvaluable resources from the
spent photovoltaic module and the recycling of them worldwide. However, there are
not many studies conducted on the recovery of the valuable metals from the spent
PV ribbon in the photovoltaic module. Therefore, the recovery and recycling of the
valuable metals from the PV ribbon in the spent photovoltaic module is expected to

make great contribution to the localization of the economic resources.

This study is recovery of valuable metals such as copper, tin, and lead from
photovoltaic ribbon in spent solar module by pyrometallurgy method. Photovoltaic
ribbon in the spent solar module was oxidized at the surface therefore heat
treatment was conducted at a high temperature in a reducing gas atmosphere. The
Photovoltaic ribbon is coated with lead and tin alloy on the copper wire. In a
high-temperature reducing atmosphere, lead and tin except copper are melted and
separated copper by melting point difference. The melted and separated coating
layer consists of copper, lead and tin. Under high temperature heat treatment
conditions, lead is separated from the coating layer by vapor deposition method and
separated into high purity lead and copper-tin alloy. As a result, Copper wire, high
purity lead and Copper-—tin alloy are successfully separated and recovered from the

photovoltaic ribbon.
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Figure. 2.1 Basic structure and operation principle of solar cell.
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Figure. 2.2 Type of Solar Cell.
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Figure. 2.3 Components of photovoltaic modules.
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Width Range: 1.00mm to 4.00 mm

8 i Thickness Range:
£ . 0.1mm to 0.25mm
N - 1

AVWG - High Conductivity copper Uniform Solder Coating

Figure. 2.4 Structure of Copper Ribbon Electrode Products.
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Figure. 312 A3dd AlgE Fg & AT JBS 243 Aot}

T8 g A9 Cross—sections A, WHe 4% 78S 443 =

Analvred by EDX

Element Weighe, %6
3 Sn 68.79
Nb 0.063 Pb 3121
Ag 0.046 Totals 100.00

Figure. 3.1 Chemical Analysis of Commercial photovoltaic ribbons.

(Analysis Equipment: EDX, ICP)
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Table 3.1 AA AR&d BYF AFA=ZRH 33 ¢ 2 A=
I Aol ARE¥E KOSBONALS] 2] 2l d= 2
EfUidith B AdAZTEE g e g A59 seAdE 24
A7 Cu 86.526%, Sn 6.939%, Pb 5.999%, Ag 0.944%, Nb 0
T E AFS QAT ol Aol AREHE Y YR A= 94

FF S FAsA

Table 3.1 Chemical composition of ICP analysis of copper ribbon
electrode, (A) KOSBON  photovoltaic ribbons, (B) Actually used

photovoltaic ribbons.

Ao = AR (wt%)

=R
15 Cu Pb Sn Nb Ag
A 87.752 5.247 6.150 0.063 0.046
B 86.526 5.999 6.939 0.005 0.944

32 Alg59 A

321 H¥% AAX=RE 72 I AT 3%

Bl g HAXZRE FE g A5 FFetr] daAe BEd HAd
Aol Aol AAfck Bdd AAANA Fu @R AFe 7 A
oﬂﬁgo] olou:] /ulo] %L% 5L EVAR rﬁoq olr,]_ ]ﬂ@ ij]y,]_ 75

3 EVAL 38 948 &8 E8 233 AAsA Hv, EVA9 2
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T 450TCE 43HA k. mepA] HYd ¥H REZEH Y g8 A=
& 3alk7] AsiA 500C ool dEAwly A Ht ofgle] Table 3.29

A= Cu, Pb, Sn w£¢] &= w& 23 wbgo] 2 AFold A gt

gbsirt, webs] B Hd A e dAEY TN FREHE A

2 e g A% WS AsRe F48 Yz srw

Table 3.1 Gibbs free energy change of oxidation reaction of Cu, Pb, and

Sn with temperature change.

2Cu + 02(g) = 2Cu0 2Pb + O2(g) = 2PbO 25n +02(g) = 25n0

T deltaH deltaS deltaG T deltaH deltaS deltaG 1L deltaH deltas deltaG

C kcal cal/K kcal C keal cal/K kcal C kcal cal/K kcal

0 -74504 -44552  -62335 0 -104.285 -47.342  -91.354 0 -134.256 -46427 -121574
100 -74.308 -43955 -57.906 100 -104.056 -46.631  -86.655 100 -133974  -45.544 -116.979
200 -73987 -4319 -53.548 200 -103.778 -45974 -82.026 200 -133732  -44968 -112455
300 -73612 -42479 @ -49.265 300 -103.483 -45408 77457 300 -136.901 -51.263 -107.52
400 -73211  -41834  -4505 400 -105494  -48.774  -72.662 400 -136.543  -50.689 -102422
500 -72795  -41258  -40.896 500 -105154  -48.303  -67.808 500 -136124  -5011  -97.382
600 -72.37 -40.742 ' -36.797 600 -104.748 -47.81 -63.003 600 -135.649  -49.533 -924
700 -71943  -40278  -32.746 700 -104.275  -47.298  -58.247 700 -13512  -4896  -87475
800 -71519 -39.864 -28.739 300 -103736  -46.772  -53.543 300 -134539  -48.391 -82.608
Q00 -71108 -39.498 -24772 900 -90.898  -35679 -49.042 900 -133904 -47826 -77.797
1000 -70.721  -39.181  -20.838 1000 -90.025  -34965  -45.51 1000  -119.953 -36.653 -73.288

322 TGAZ °1&% T8 & A9 A3 AF =4

ﬂl

T8 g A5 ZYF s A4d FAHS A% TCGA FA AHE=E
Figure. 3.2 YelWla Qlth. Z® S AstE 98] Abael of=2 32
247y ARRE QLA Tk 271 AAS 98l
drierite(CaSO4)E ZFIA#

o

e e wdste] A

N

}~7

-

g 7y~ ZA(MFC)=

=
Tae nAgstd o, TGA wHg7] o F



starh. 54 sad st eRe Rgs AL cl2ustang F
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Fstel Atsh AWe WA AE FoA WEE ABow =

TGA

a0

MFC (digital controller)

4 L s

Drierite(CaS0,)
- remove humidity

UHP Ar UHP O,

Figure. 3.2 Schematic of TGA device for oxidation experiments.
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Figure. 3.3 Weight change of photovoltaic ribbons with temperature

change.
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Figure. 3.4 SEM cross-section of oxidized photovoltaic ribbon at 500TC

for 2 hours.
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Figure. 3.5 SEM mapping and EDS line profile of oxidized coating layer of

photovoltaic ribbons at 500°C for 2 hours.
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Element Weight%

o 27.03
Cu 2473
Sn 4185
4 2 3 L o
8 ot 1038 a0 Fb 6.40

Element Weight %

el 1272
Cu 4148
Sn 3.02
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E
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o < .
\g 10.25
g
Cu 84.64
g
7] Q-I: PS nn""m o sn .10
W EF b 2.02
18 Sabe 1697 cts Cursor: 0,000
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Figure 3.6 EDS quantitative analysis of oxidized photovoltaic ribbons at

500C for 2 hours.
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Figure. 3.7 Binary equilibrium state diagram of Pb-Sn.
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Al AA T FANA Zh7E ke AbstE <l CuO, PO, SnOE A 3hH
Zyzbe]l 12 1326°C, 1127°C, 830°C=E Cu, Ph, Snel %40 nla A%
ghoh whebA el i Ao FERAY} F-FA IWFS E84S

w57l A AbstdE 29S oA FUAZ vt St Table 3.2
i Cu, Sn, Pb 4F8}E 9] CHy #917]olA %o mE sdukgo 3]~ 2}
Felx] el WstE yeEld Zleo|th Cust Pbe 500C o]t A&l A]
T a&5do=® gl 7EstH, Snel A$ 600C ol oA F&42

= #de] 2 4 Aot

l:L:

[e)
Ae

[

e
12
101'

SEE 1 b = 3l Ey

Table 3.2 Gibbs Free Energy Change of Reduction Reaction with Cu,
Pb, and Sn in CH,; Atmosphere.

3CuO + CH4(g) = 3Cu + CO(g) + 2H20(g) 3PbO + CH4(g) = 3Pb + CO(g) + 2H20(g) 3SnO + CHA(g) = 35n + CO(g) + 2H20(g)

T deltaH deltaS deltaG .t deltaH deltaS deltaG T deltaH deltaS deltaG

C keal cal/K keal C keal cal/K keal C kcal cal/K kcal

0 -12.531 85.886 -35.991 0 3214 90071 7.538 0 77.09% 88.698 52.868
100 -12454  86.158 -44.604 100 32167 90172 -1.48 100 77.044 88.54 44.005
200 -12.677 85.64 -53.198 200 32m 89.807 -10.482 200 76941 88.298 35.163
300 -13.097 84.839 -61.723 300 31.709 89.233 -19.435 300 81.836 98.016 25658
400 -13.666 83.927 -70.162 400 34759 94.337 -28.744 400 81.332 97.21 15.895
500 -14.352 82.979 -78.507 500 34187 93,547 -38139 500 80.642 96.257 6.221
600 -15.128 82.037 -86.758 600 33439 92639 -47.449 600 79.791 95.223 -3353
700 -15.97 81124  -94916 700 32528 91.653 -56.664 700 78.796 94146  -12.822
800 -16.858 80.256  -102.984 800 31468 90.617 -65.778 800 77671 93.047 -22.182
200 -17.765 79447  -110.969 900 1192 73719 -74.564 900 76429 9194 -31.431

1000 -18.665 78711 -118.876 1000 10.292 72.387  -81.868 1000 55183 74.92 -40.202
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Coating layer
(PbO+Sn0)

\ PV Ribbon
Reductive gas (CHs) Off gas

(e

v

(b)

(©

Cu

(a) Electric furnace (b) Reactor (¢) Cooling tube (d) O-ring
(e) Thermocouple (f) Carbon crucible (g) Photovoltaic ribbon
(h) Alumina crucible 1

Melting coating layer down

Figure. 3.8 Heat treatment furnace for separation of copper and coating

layers from photovoltaic ribbons.
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Table 3.3 Copper base material and coating layer recovered under the
conditions of 700C, 800C, 900C reaction temperature, 30min holding

time.

900
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Table 3.4 Copper base material and coating layer recovered under the
conditions of 700C, 800C, 900C reaction temperature, 60min holding

time.

rlo
i

700C

800C

900
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29:9
Table 3.5 Weight change due to reaction temperature and holding time.

A Al E _ R ]
ez dNE AAHEY F L
(min) ] 12 ¥ ) g2 0SS
- 30 4.40 4.47 4.31 0.08 0.08
60 4.61 4.68 4.36 0.22 0.1
—— 30 4.47 4.52 3.83 0.5 0.19
60 4.45 4.47 3.80 0.54 0.13
— 30 450 451 3.54 0.71 0.26
60 4.50 451 3.48 0.74 0.29
1.0
—=—700°C
08| —e— 800 °C
06}
_—
o)
'
£ o04f
K=
2 02F
00}
_02 | 1 |
700 800 900

Temperature of heat treatment(deg.)

Figure. 3.9 Graph of weight change with change of reaction temperature

and holding time condition.
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Figure. 3.10 SEM analysis of recovered copper base material, (A)

cross—section (B) EDS analysis of surface area.

Figure. 3.112 800CelAl 1Azt & &g os] ¥ T8 EA
FYZ Z7be] ICP-MS A A ¥oltt, 8 g XA E Pb-Sne=z G4
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Element Weight% Element Weight?
Cu 97.116 Cu 69.024
Pb 0.049 b 2.971
Sn 2,710 sn 27.021
Nb 0.080 Nb 0.067
Ag 0.036 Ag 0.017

Figure. 3.11 ICP analysis results of copper base material and coating

layer recovered by reduction melting.
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Figure. 3.12 Schematic diagram of heat treatment furnace interior and

sample holder.
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Analvzed by ICP

Element Weight (%5)

Zu 55,5
=0 4,85
Pl 009

Analvzed bv ICP

Element Weight (25)

Cu Fidta
=n 16,7
Pl 8.43

Figure. 3.13 Recovered copper wire and coating layer from 100g of

photovoltaic Ribbon.

_38_



Figure. 3.14%= 800C¢ & dAz 3 ZAA duAolA 349 ¢

g e A A9E vEha o g 32 AT Phe & A&

2 vehlon], 99% o9 #=E tehigith o] % Ea Cu, Sn, Pb &

Figure. 3.14 Condensers and deposited lead after heat treatment (a)
before heat treatment, (b) after heat treatment, (c) recovered lead from

condensers.

H Pb Element Weight%

Pb 99.4217

Cu 0.5783
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100
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20
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Figure. 3.15 XRD and XRF analysis results of lead deposited on condensers.
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Figure. 3.16 The XRD pattern of recovered molten coating layer after

the heat treatment.
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Figure. 3.17 Vapor pressure curves of the elements.
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Figure. 3.18 Binary phase diagram of Cu-Pb and Cu-Sn and triple

phase diagram of Cu-Pb-5Sn.
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Figure. 3.17 recovered copper wire after heat treatment at 800C at CHy

atmosphere, (A) an upper end portion, (B) a lower end portion.
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Fig 3.18 Reduction heat treatment furnace with hydraulic vibration

system, (A) a side view, and (B) a top view of the lid.
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Fig 3.19 Heat treatment furnace with air-cooled equipment after heat

treatment.
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Figure. 3.20 Comparison of Copper Ribbon Electrode Results with and
without Vibration during Heat Treatment, (A) No vibration condition

(B) When holding vibration for 90minutes.
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Elemen}e""-.. Cu 'Sn g Pb

Weight. % 93.43 5.60 0.97

Element ﬁ Cu E -E}'r""ﬁ Pb

Weight. % 91.53 6.67 1.81

Figure. 3.22 The upper and lower ends of the recovered copper wire
after the vibration condition after mounting the copper wire support
equipment, (A) Vibration holding for bminutes, (B) Vibration holding for

90minutes.

_53_



e

]

Figure. 3.23& ¢ ¢

el

B

—_
fite)
vzl
X
el
N

w30 A

[e)

HH A=

o

[}

bl

°

o] e A

¥

T2 gl A o

-
1

| 5ulct 103 9

el

el

</

4 H A

=

=

glEo] FElEAe el £%7F 96.27% =

weow, o w2t FYRAge] 7Y == 95.65%% SAHEHUT
R e B

LN

)=}

!

—
fite)

)

o e}

fvze)

i)

B
Ul

!

oH

Oox
.
fite)

o
o

el

i
LO

o

o

~

90 A e} FAA

rel
Sn
L&

o
)

= 91

o~
T

95% ©]
]

kel

Cu 82.5%,

P A gl A Pb7}

o

<
T

el
452

=
A

o

[e=]

A

&,

Lo zqel upat

ju

e Y

Pb 0.79%=

17.2%, Pb 391% % =4 = 3ot

Sn  2.94%,
99.7%%] =

96.27%,

= Aot

fvze)

_ZTI

=

1

_54_



Elem en"[f Cu Sn. Pb

Weight. % 95.65 3.40 0.95

Element m%ﬁ Pb

Weight. % 96.27 2.94 0.79

Figure. 3.23 The upper and lower ends of the recovered copper wire
after the vibration condition after non-continuous vibration after
mounting the copper wire support equipment, (A) Vibration holding for

Sminutes, (B) Vibration holding for 90minutes.
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Figure. 3.24 The chemical composition of the recovered valuable metal

in the heat treatment process with vibration conditions, (A) copper wire,

(B) bronze, (C) deposited lead.
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