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Fig. 1 Composition diagram of crystalline silicon

photovoltaic modules
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Fig. 2 Experimental flowchart



5 45 B 5 PR S R LY i 5 N R G o A= U R o DS RS DR RO .« 765 -

1.3.1 $RBEERIRE

A BRI HEDT R S 100 mm X 30 mm
R, oK 2 B 75 I P (80 °C, 60 min) BR 2%,
1 kg TS E T A BB G & 5 TR
80 min £ 800 °C .4 10 min; & ZE 760 “C 14
30 min, ZEREE K A% BT, 78 55 5E U ik AR
Sk B SR A L e B LT v H S U AR BE .
1.3.2 #EHBE#HHFEHIARE

s P TR A A 1 T A 7 G, L B A 2 BRI
TR E A faE . WL, B BT
B, P4 R RS B M R 5 T o S 5 AR K
PHOAE IS T 200 °C FN# 20 min 385
BEF L FBRIC AT 6T L R AT BR S

FL Y R S Ak A O G Tt e (B HE B
PRI E T S AR b, U TR 3% 10 °C/min
FHEZE 600 C A1 1 h, Beft L Br EVA; Befir 45
H5 B A RE S R R AT R SRR A, 15 Bk
PERFE] R 75 min FE 3R 525 r/min #F 47 8K S 4b
PR fe 2 A5 LR K

HL A A 32 Y T B8 a5« Sy 25 B8N [ 1 9 o
PRFR L X BRIR A AR 76 [ S 7 il 80 °C LR ;.
FE] 5 ho R VA A E 1.5 mol/L 461F F , &
THEWREAMIE L 10,1 ¢ 15,1 20,1 = 25,
12 30(g/ml)5 A EEHFAT I Z A, 08 B
Jo e AR EL 114 5% i B A 5 S Atk 2 B S L AR i
IO T 27 R TR R A 2 V5 R A 8 %o 42 1 238 ) 5
Wi 33T 3 IEE 3 KB/ Lo (39) IE 38R 5, B A e A
RNZE, IECRE R 5K 1,

1 EXRBERSKE
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Fig.3 Principle of aluminum leaching in citric

acid-hydrogen peroxide system
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Fig. 5 Mass fractions of each element in aluminum frames (a) and remelted aluminum ingots (b)
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Table 2 Comparison of tensile properties between pure

aluminum ingot and re-melted aluminum ingot

FE 5 JERIRBE /MPa HURLIREE/MPa K%/ %
4l R EE 18.974 54 34. 848 81 0.780 01
IR B 30. 347 53 71.887 13 0.333 89

AT B B R B AR #2 30T 80 0o, HLAE IR B Be
Jr A8 HE SR AL B B W7 RS R BOK L R B
DU 5 B BB AR I (AR . ML 2T L E A
B F) A Y PRSI S B RV AR 290 40 0, H AR 5
P B DR g A I U 45 W R AR O,
LR g Wi 2 25 T Al gh
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Fig.7 Metallographic images of re-melted aluminum

ingots
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Fig. 8 Effect of solid mass to liquid volume ratio

on aluminum leaching rate
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Table 3 Orthogonal experiment results

A B

N B
I 2 5 S S MR R e B/ gy
i/ °C 18] /h (mol« L™ 1)
1 1(40) 1(D 1€0.5) 14.73
2 1(40) 2(3) 2(1) 19. 02
3 1(40) 3(5) 3(1.5) 14.73
4 2(60) 2(3) 1€0.5) 33.20
5 2(60) 3(5) 2(1) 51.61
6 2(60) 1D 3(1.5) 41.68
7 3(80) 3(5) 1€0.5) 79.77
8 3(80) 1(1D 2(1) 27.90
9 3(80) 2(3) 3(1.5) 77.33
K, 48. 48 84, 31 127.70
K, 126. 49 129. 55 98.53
K 185.00 146.11 133.74
3 16.16 28. 10 42,57
ko 42.16 43.18 32. 84
ks 61.67 48.70 44. 58
W2 R 45.51 20. 60 11. 74
W A>B>C
B R4 A A3B;Cs
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Fig. 9 FT-IR spectrum of aluminum citrate particles
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Classified Recovery and Reuse of Aluminum from Decommissioned Crystalline
Silicon Photovoltaic Modules
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2. Shanghai Electric SHMP Casting & Forging Co. ,Ltd. ,Shanghai 200245,China;
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Abstract: Aluminum in decommissioned crystalline silicon photovoltaic modules exists in two forms:
aluminum frames and aluminum back-surface fields on solar cells, which have significantly different
recovery routes, Current technologies face bottlenecks such as complex pretreatment and high
environmental load. The classified recovery process was studied. For aluminum frames, temperature-
controlled remelting combined with second-phase strengthening technology was used to produce
recycled aluminum ingots. For aluminum in solar cells, a citric acid-hydrogen peroxide green chelating
leaching system was employed for selective leaching, and the leachate was concentrated, followed by
ethanol anti-solvent precipitation to produce aluminum citrate particles. The results show that the
remelted aluminum ingots have an average grain size of 162.11 pm and a Vickers hardness of
42.4 HV, meeting the requirements of the national standard (GB/T 1196—2023) standard. The
comprehensive processing cost of recycled aluminum is approximately 1.3-2. 0 CNY/kg, with energy
consumption only 4. 86 % that of primary aluminum and carbon emissions only 1/24 that of primary

aluminum. Orthogonal experiments determined the optimal leaching conditions as follows: reaction
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temperature 80 “C, reaction time 5 h, and citric acid concentration 1. 5 mol/L. Under the conditions,
the leaching rate of aluminum reaches 95.15%. FT-IR characterization confirmed that the product is
aluminum citrate, which can be used to prepare crosslinking agents for oilfield profile control and
water shutoff. This process does not require deep pretreatment of aluminum frames, avoids the high
environmental load of traditional strong acid systems, achieves efficient recovery of aluminum in
different forms, and provides a new pathway for the green and large-scale recycling of aluminum from
decommissioned photovoltaic modules.

Key words: decommissioned crystalline silicon photovoltaic modules; remelted aluminum ingots;

citric acid; aluminum; leaching



