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Abstract: Waste light emitting diode (LED)

contains a variety of valuable metal elements, and

the recycling of these elements has attracted wide

attention. In this work, the distribution Lmfmmewf’:“k"“‘"“;j;?nw Characterization
characteristics of valuable elements in LED from %
bulb lamps (L-LED) and SMD 2835 LED (S-

LED) were systematically analyzed. XRD, FTIR,
ICP-OES, and SEM-EDS methods were used to

Crushing-screening

&

N <048 m‘n{/

study the mass composition, phase composition, :
3 3 3 1 3 Metal substrates Resins and chips
types of packaging resin and distribution (o 7o LW e A oy ooy

characteristics of valuable metals in the two LEDs.

Based on these results, the pre—enrichment and separation of valuable elements in LED using mechanical crushing
and screening methods was proposed. The results showed that the lead frames of L-LED and S-LED were pure
copper and brass material, respectively. The packaging resins of the two kinds of LED were phenyl methyl silicone
resin containing hydroxyl group. The main ingredients of the phosphor in the packaging resin of L-LED and S-LED
were Y,Al ,Ga, ,,0,,: Ce*" and Y,Al;0,,: Ce*, respectively. Rare earth elements such as Y, Ce, and Eu existed in the
packaging resins, and metal elements such as Cu, Zn, Ni, W, and Ag existed on the metal substrates of lead frames.
The scattered element Ga was present only in the chips in S-LED, while it was distributed in both the packaging
resin and the chips in L-LED. The components of LED were effectively separated by the processes of mechanical
crushing and screening. After crushing and screening, elements Cu, Zn, Ni, W, and Ag were enriched in the screening
products with particle size >0.6 mm, and elements Ga, Y, Ce were concentrated in the screening products with
particle size <0.6 mm. The pre—treatment process used physical means to enrich and separate valuable elements,
which was conducive to the subsequent recovery and utilization of valuable elements.
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7 OE: RFRASWECED)T S A LZMANEREIGE, XK NBIRIH J =TI 2 E . R RG00T 1k
LT 4T ¥k(L-LED) A1 SMD 2835 LED (S-LED) " H M e & I 70 A4 st o TE4RBA LED & 20440 i 4 I, SR XRD. ICP-
OES fl SEM-EDS 4§43 #t F Bt 78 7 A 4 76 K AE LED & AR i (1 70 AR AIE,  FF48 AR H SR P URRRE B8 — 05 o0 TOUAR B R, 5%
LED " (A M BT P E S0 B . 459K 9], L-LED M S—LED {157 3870 B A AEAR A S AR A 5t . W5 Fh LED 1 265 W g 240 9 &
FREL 2R B R MU IR . L-LED A1 S—LED 3 3W i o 52 ek 18 = TR 43 43 5l 8 YAl Ga, ,,0,,:Ce” AT Y ALO ,:Ce’' . Fit:
TCEY, Ce f Bu ¥ EAEE T AN ST 4 JBI0E Cu, Zn, Ni, WHI Ag F B T LM 4 BN, % T S-LED, M#ucs
GafVAA1E T LED & v 1, 1fii L-LED (1) Ga fEREMR JE A0E v sR 3 o0 Al o S8 I WU AN G35 43 Ab 38, A5 2052 T LED #4441
Y BRIy G, Cu, Zn, Ni, Ag FIW LR &L TRAA KT 0.6 mm 55374, 171 Ga, Y F1 Ce JL & M'& 4 T-RifE /N T

0.6 mm [ 73 = . ZHACEE T2 T BOT A e KT IR R 8, AN TA TR ESM ECR .

X LED; AMonE: 408 B iy
FESES: X705 XEkFRINAD: A

KIC A (LED) & —Fiol F e i i o e Re i &
MR R e deth. S GuHIA f A B, LED HEBA P
BATRE IR TAER K& m, X 75 LED [ B i%
R A R B AU R . B FRE LED R BH P
FE R PRI G K, LED B8 B B P2 M 2012 4E 11 1920 12 7T
WK % 2023 1 6578 12781, AR RN R AR B AR K 1)
LED, A L JR 7040 (1 55 B 20 i 43 o 4 100, 2012
HE A 2025 4, H [E LED /T B 1) 7E - AR 28 M 0.13 12 K
W2 6617425 A LB A B N 157 75 A s 2
47912 1%, 3 LED 4T R H &4 Cu, Pb, Zn, Cr 55 &
& JE X LW i AT RE 2 Tl AR N AR L ) R R i
BTG G R, F LED it 5 Au, Ag, Ga, Ni, W %%
SE SR ARG SR, XA TR SR T Ey
Yo, B B B [ OR AN

JE7F LED AR —FB M T IR 7w, AR
FVE SRS B A o H AR 22 450 SR X oAt
J 3 LED 1) [ USCR FH RD Ak B AT ST B B oK S R
7+ LED 1 S b B A 22, R BRI 6 (02 1H e L 38
(WEEE) [FI Ui #8 4 AL & 7 X 4 3% LED 1 [] U 7 2 50
E o TR JE LED A= 7= K, 78 4 BR & 47 7= 25 1) IR 57
LED H (5 H F 2 —#B 4> Le . 4870, B # K 3% LED ¥
R HIN PR E P 55 F 25 7= i DS B E e, 6T
J% 3+ LED [ =] ySc /5 381 e = B Af (R0 A DSR2 e [RT it
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AR i R 78 LAVEAG % 3% LED F B2 IR M 55 14 , I
FERAH L ) BRI A, DLSEILE 35 LED A T %
{1 e 288 [l AR

3BT LED AT R oh Gt jo R 140 A Fe b 2 T R &
1 4 B R S I AN 42 B USOR) FH R AT 42 . Rebello
ZECINE 16 FiAS[H] 245 LED 4T B o1 1 1 70 3 (R5 ) 2
T EMB SRR & RHAT 1T, R T e
() 25 5 1% . Cenci %506 LED 4T H 4 43 A 4h 5% \LED AT
Bk | BRI HL BR AR (PCBs) & LED A 4 25 44, BIF 92 1 &4
PRI TR M, 45 R W], LED 4T Bk LED AT o 0
EI AR R LED KT BRBT 5 1 50 20 ORI, (E AR
B2y LED B (1) £ , PCBs 1) = A

H 1T, AALED XT Bk i B 4 70 2= 10 077 AR IR
SR KRS RN T WIER & — R K R Bk
LED H M LR IR H, FHE it — 54 B4tk [mch i
JGZ . Murakami ZMF ] F /KN EF LEDRH 24 h f5,
W) E IR T Au, Fe, Ca, Ag, Mn M1 Zn % 4 )& . Bt
J& » R 2 BB B A e W IR T A EAT I PR
SCILT Aul43 . Annoni ZFVN¥ LED B 5 fE A 1.5
mol/L HNO, % tH Ga Fil Cu, #8J5 ] T 7Kk — 512 g
B LA Aue JOEIR G NRAE MR S N 9 a
W& B &Y, BRI A RNRE &8 S AR R
ZE G & B AT 43 B EUC . Zhan S SEAEN,
SR L500°C 454 T 6 LED HEAT FAI#E , X6 A P2 M
TN 43 B o Jo kLB T LA B T 1100°C R
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# 60 min, SLI Ga A In 1 B, (10 26 43 01l 15 93.48%
F195.67%.

LED XT %k 32 Bt 3048 5 A () BRI - 51 R Fn st
B AR LA RS BT LED A7 6B AR AT 22 ol
& &6 E , BRI B S H A A o R
KR EEMRS S RN, XERER T ZEE R, Ha®
HAN TR B R, U1, Zhou Z5M R H B IR A
LED H1i& H Ga i, K I Fe 235 Gase 4+ H', T FAAK T
Galfiz % . Zhan PR B HE 4 T Z U LED H1
(1) Ga, In 1 Au i, & 30 EH T~ F4 ff ke v AR G Atk 2H 23 19 47
15, 5330 Ga Fl In 1) 28 8O A A V859, 177 Au (178 K 3K
TR AT R 35 AR . LED 4T BR &% 204 1 70 & 4 AN
HEAMEEZRY, FIBETETFE RS
24 LED & 204 64T 43 B9, — J7 T ] SE3L H b5 70 R I il
WA, 53— J7 AR AT G A AN o B RO A A i e &
F#t. SR, BRTE T LED ST Bk & AL A e &= 1)
SIATRFHE R TS 46 43 B O VR (AT S AR e /b, 32 B IR IR
TET R 7 LED J& 8 M [ 44 ) , HonT By R 1 BRBE 52 0
PASAE N R BRI B I AR B2 KT .

HXTLED/T BRI E T TS AM TR &
RURRAR IR O ) L, ASHTE T2 38 PR N 23 BT LED T Bk %21
PRI B A TR I A L, 9 LED AT Bk A 76
I VORI AR A Bl B HE S e . 456 LED X BR &4
A TR 225 R RO ZH B R, BB N TR TS B T
%, B M TR ISR 0 E LRI R IR
FURLHE o AHE T LLE L R BRIELAT A 1 LED 4T BR(L-
LED) 1 F il i Bk 4T i) SMD 2835 LED (S-LED)
T FERE G2, 3 LK 4 R LED AT Bk 1 4% At (G 28 it
VR i 550 ) 20 AT A A, R FL 5T 5 2L 1 DR L 3 e AR
NEFRE H &8 & 8 X AT 7R 1E Bk
WFFCI SRR b, 38 T — iR RS 05 o () TRLAL 3 792, A
LED 47T &k o i 4 B & 4& Cu, Zn, Ni, Ag, W, Ga, Y, Ce %
Aoz

2.1 #R5I

AW 5T BT A LED XT B B Rl , — o BRILLT
(B 1 B i 03 A PR 2 =) 4% 0 H SR (19 LED (L-LED), 73
— AT 3 BRIKT (RN SR B A FR A 7])
() SMD 2835 LED (S-LED). X ## LED %)% 1%, 14
IR, 3 SCHR VSR VER RS | 51 R AN B e A
R, a1 FTs . S-LED A B 2615, 1 L-LED JUJ 4%
BEAEERIOAT (0 i B AR, 75 Bk AR A R AT S
IIHT . R AEBRIEAT B BERMT B | G JE A1 5% | AR R

LT O AR S5 AR IR, IR 0 P AR L AE 300°C 1Y
FELAAVER, _Em A, 1R AR AR ) 49 B AL )5 BT LED 4T 2R
T

JIT S 56k ) 0 475 R R TR IR A IR S B IR BN AT
TeoK L WE S B39 o3 Hr i, W T 24 4R Ak 2 il A D
KK A EE T K.

Packaging resin

Chip Bonding wire

Lead frame \ / Silver colloid

Bl1 LEDJTER&itneE
Fig.1 Schematic diagram of LED lamp bead structure
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GI-2 Pt = B AR BEHL (VD R R AR R
A ], IKA A1l basic if B ¥y i AL (48 E IKA /3 ), HH-
VA TG 77458 FF /K M B CHE N 2R AR A3 38 1) 3 A PR A D),
AX124ZH/E 1 KPS W (5 M) H IR A 711, DB
LR (i ) R FR P A A B A R A 7)) , DHG-9070A
LR TR i —1E R A3 A IR A A]), YEX12/
16Q-YC HLFH (il = 3=y A R A F]), JISM-6510LV
4 7 B B (SEM, H A f 7 #k 30 & #), INCA
Feature X-Max 20 8¢ i {X (EDS, % [F 4= HE A 2% A 7)),
Bruker D8 Advance X 5 £k fi7 5 {3 (XRD , £ [ £ & 78 /A
7), Nicolet6700 i HL i 21 4h S 3 AL (FTIR , 35 H Jé /& /)
X %% 22 7)), ICPS-7510 PLUS B & 25 58 TR R 7 &
W REAL(ICP, H A Bide A #]).
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AR TR VE AR BE A 20K LED 4T Bk
AT 4 B R, ASHIT 7T R P R ) B8 LED
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TR R, R T LA R B, 70l FR & SRR i)
JiEE, I8 EDS 0 Hr Hooo &= Akl o bl T4 A
I 3t e it T e AUSCR , AL, 38 LED S5 ot 293 25 3¢
ZEORUE Fr ) R SRR IR I . A A )
M LED H 3 525 H 38 40 B B WA , 480 A8 S22 4 g
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LED H K &84y 4 @ Al H LK i g 52 & 0, 1
Ga F 2 L GaN MEVE Y K AFAE , M LABE F KV i .
PR, A TAE K LED 5 Na,CO, TR A K5 B i GaN 5%
1H i NaGaO,"", 28 J5 il F /K AR, 53 BT Ga S Ho A 4 )@
TR E. N T B IE AgCLITIE R A ik, 18 F HNO, #
A E KM LED, LAsE & 53 Ag 1) & &5, LED VM fi#
Tk FEE I 1) R TR 1 FH B 2 2% SR (3, 18] Fh 4 i 1) S 56 2%
. LED "' Ga, Ag Fl HAth 42 & 70 3 € &= 0 i i) B Ad b
TEWTR : (1) 5 20 FUS-LED 5k M 2 ANERULLT HH 511 L-
LED 435l 5 Na,CO, #% i & Lt A 1:2 R & 5 B T ALO,
e, fE L R T 1200°C R RS RE 1 hs (2) K RN
A, I 80 mL 7K, I B T 80°C 1) HL Fvtie_E 7 10
h;(3) H4 H AR I E 75 5 R ICP 23 #1 Ga S oAt & @ e &
TR KM LED B S 8 H 80 mL IKEHER , T 80°CH
HL AR Y % 30 min, & %5 5 F ICP 43T Ag & &
2.3.2 LED BB R0 73

LED J& Hy 3B i o8 F SR04 T4 e, 4541
AR G R — 2 . AR I & R B AR B A e R
A N A T B T o5 A0 2R T 2 e e o ol i
BUBBAR A4 mT DA 5 LA A0 28 43 B U020, (R e , A 58 R FH
HUBBR B AN G743 1) 7 9255 LED o o kAT 40 55, iF
FURHRAE IR (8] 555 4 LA 53 B R FE RIS 00, 43 A 075 40 77 ot PR
Ji B 2H O TE SR T R A R R SEIR T FR I
0 22.6 g S-LED #¥F ity £E BIF B #3 BEAIL v 43l e 15, 30,
45 K075 s, MELL oy oy RS RR o BE S, F AR S5 (A
A AZORLFE AL R, FH 30 #1140 H (550 F11380 pom) FiAK (AT
53 o N T FRAN R EERE G (R T Z50RI G 28 23 A REALE , %
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3.1.1 LED 4AHZH

LED /] B i R 50 B REATL B 14 i, A8 FH XA 20T 5
Ao W FA AR ZE A%, 285 R U 2(a) s o I 2(a) AT
S—LED 32 2L 1) 42 J& FE A9 34 (Cu, Zn)MPRE, ST
S AR BL S TIORY, 5 & R IR b 1 Ok 2 E iy N
Y,ALO,,, # 5 A& Ce’ FIAE 38 (0 5% 6 #™. S-LED Y
XRD B0 2 B Hot 4 i SiC?. L-LED [ 2(b)]
SCHE ) 4 B B AR N SRR ATRL , SO S AR B A
TiO, , 3 W i 58 Y6k = B3 N & Ga 4R 258
(Y AL ,Ga, ,,0,,:Ce™ ). 41, L-LED ] XRD K]
EEIRT Sn LRI . Sn A8 E K FEE 5, HH
2R LED M54 45 f B AR |-, 1X 2% Sn 5k B 1) @ BRI
§T E4RE LED I B3 R .

(b) L-LED T e Sn x TIiO,
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201°

K2 (a) S-LED #1 (b) L-LED ] XRD 1% 4]
Fig.2 XRD patterns of (a) S-LED and (b) L-LED

3.1.2 LED i 4 %
K FH PR A A A0 AR 0 5 =X 5 PR LED 4T 2k

PRAR Y S48 B BE R AR A0S e =300, & 2045 1 & M
H bR R HETH,L-LED 5 S-LED ] i
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AR T AR T TR SR, FL ORI L R R B
5 LB/ BT PR LED 2 ORI S5 16 A ] , &% 2H A
(B B s A AN A . (EARE R A2, B L-LED AT

*x1
Table 1

BREA 23, PR R AN 0.14 mg; 11
A S-LED AT BRAL & 1A, P 41005 1 5 9 0.25
mg, X Ut B PSS A S5 A8 7 UK.

S-LED # L-LED YR EH K
Mass composition of S-LED and L-LED

S-LED (50 samples)

L-LED (55 samples from 5 bulb lamps)

Material Total mass/g Average mass/g Mass fraction/% Total mass/g Average mass/g Mass fraction/%
LED 0.7506 0.0150 - 1.1306 0.0206 -
Lead frames 0.6328 0.0127 84.31 0.9762 0.0178 86.34
Chips 0.0124 2.5%x10™ 1.65 0.0187 3.4x10™ 1.66
Packaging resins 0.1054 0.0021 14.04 0.1357 0.0025 12.00

3.1.3 LED /T Bk &0 A I G 2 40 A

N T WHE A N TCEAE LED & A4 (40 A, W b
LED 7£ B R 50°C R A, AR PR R T ff 3 25 1
o B J5 R BB A4S0 R AT TR S R AR 7 3 4 i AT TH
F oM AR BB 3 Fron . EFRNLED R A
ME|SiTuEK , vkl HEW ARy TR T E
AP T BRI R R, 254 XRD 0 45 51, Ti 2 28

PATIO, T AFAE . SCAR M BB R I E 2 A
AgFlICut s, Ag & )82 R MERIE , LA R
ST I B A R SCAE AR R A B A A0
L] 3(a) A 3(b) A 2L EARG [ 2 B H 1 DX 3 BT 7, s 2R
JERE R B JG , WIS BLE i 5 & @ AR B S 2. ™
ANLED M58 & 435 9 Agh i . Mot &R Ga 25010
e A UL P AP LED FO8 A 348 GaN #4418

K3 (a) S-LED #(b) L-LED [ i34 &

Fig.3 EDS map images of (a) S-LED and (b) L-LED
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BT R %W

25 %

N T 2550 T LED & 404 A I e R o A L
W LED 37 70 s B0 AR VB SO RS i =309 . R
Fi SEM F1EDS %} LED #4144 1) % 35 Fl 7t 2= 2H i AT 43
M, SR 4R 2 3 FoR . BT HURER i o (0 5%
SRy S B AE it i R vh 2 R AR TR BT DA 3 e
g F R A T [ 4(al) RN 4(b D] HEAT SR 43 M. EDS 45 23
BoR, BT C, 0, SifF EE LRI, S-LED fdf H W fig
WA E] Al Ca, Ce, Bu%§ L3 (£ 2), 1fi L-LED H &) 3%
RGN & Al Ga, Eu$ 703 (£ 3). M4 &2 41 XRD

A

K4 S-LED (al~a6)#1L-LED (b1~b6)ZH 4] SEM -

Nl

(al, bl) HEERE: (a2, a3, b2, b3) T4 (a4, bd) 5I4k;

(R 73 B 45 5, S=LED H1 [ AL AT Ce TG & AT RE & ¥ (0.9 )
(Y ,ALO,,: CeIIRAY, 1T Ca Fll Eu JC & W] RE A& 41 (5%
R 5P T LED F A2 F S R 2 Rk o
K 3L [EE P2 A2 0, B DA 3t B IR b o] R 2 A AEAS [R]
K9 HHy . L-LED ) AL Il Ga JC & A 4% (0 680
(Y,Al, Ga, ,,0,,: Ce* )R 73 (K1 2), 11 Eu TG 3R AT BE 2 41
IR IR SR, 753 B I 1K EDS 43 Hr i
AR B Y TCER AR , X AT B2 Ry Si g6 3 (1 1% 1850
Y TG & A A E T T2

(a5, a6, b5, b6) T J
Fig.4 SEM images of the components of S-LED (al~a6) and L-LED (b1~b6): (al, bl) packaging resin; (a2, a3, b2, b3) lead frame;
(a4, b4) bonding wire; (a5, a6, b5, b6) chip

Al LED SCHE AR H 1 C, O AT Si T & A2 IR 1
FER ST, 1 CaFl Ti o2 WS M AR AA IR . ME 2 1)
XRD 45 B0 LLE i, J6E Ti LA TIiO, K A7 AE , JUE Ca
Al RE R BEIS LT YR K 7 (7 CaO)o 1E SCHE SRR ) il it

AT TiO, FIIBE A 4EAF s inRIeY . 9 LED X
4 B FEM A& A Cu, Ag, Ni, W I Fe TR . L1
GBI — R Cu, Ni, Ag S &R EA K, B E &R iE
Bl A &8 LR R . CulZH T S LUK
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&2 S-LED ZLAMFHIEDS SHT4ER
Table 2 Results of EDS analysis for S-LED

Analysis area Elements and contents

(al) Cross section of the packaging resin 55.96wt% C, 39.03wt% O, 0.1wt% Al, 4.17wt% Si, 0.08wt% Ca, 0.35wt% Ce, 0.31wt% Eu
61.09wt% C, 31.78wt% O, 0.37wt% Si, 0.01wt% Ca, 6.75wt% Ti
10.93wt% C, 0.12wt% Fe, 5.78wt% Ni, 0.36wt% Cu, 8.67wt% Zn, 73.80wt% Ag, 0.31wt% W
0.36Wt% Cu, 99.64wt% Ag
59.04wt% C, 0.17wt% Al, 29.72wt% Si, 9.96wt% Ti, 1.10wt% Ag

19.25wt% C, 19.46wt% N, 0.35wt% Al, 4.27wt% Si, 47.46wt% Ga, 9.21wt% Ag

(a2) Reflection cup of the lead frame
(a3) Metal substrate of the lead frame
(a4) Bonding wire
(a5) The back side of chip
(a6) The front side of chip

#*®3 L-LED BAEHHIEDS HHTER
Table 3 Results of EDS analysis for L-LED

Analysis area

Elements and contents

(b1) Cross section of the packaging resin
(b2) Reflection cup of the lead frame
(b3) Metal substrate of the lead frame

(b4) Bonding wire
(b5) The back side of chip
(b6) The front side of chip

53.04wt% C, 40.14wt% O, 0.37wt% Al, 6.05wt% Si, 0.13wt% Ga, 0.28wt% Eu
49.89wt% C, 36.88wt% O, 1.08wt% Si, 0.17wt% Ca, 11.97wt% Ti
12.39wt% C, 0.12wt% Fe, 0.34wt% Ni, 2.66wt% Cu, 82.46wt% Ag, 2.02wt% W

16.10wt% Cu, 83.90wt% Ag

36.91wt% C, 0.13wt% Al, 34.76wt% Si, 26.19wt% Ti, 2.00wt% Ag
21.84wt% C, 26.06wt% N, 0.11wt% Al, 4.82wt% Si, 36.58wt% Ga, 10.06wt% Ag

BB TR R P AE R T ZE 1 Cu Tl RL 2
2l B T (Cu 75 5>99%) , th 0] A2 3 4 A4 o (4 4 &
&)o NiJz T4 5 4 i HRAR R etk FH e BE VRS Ag
JEAUAT CAFR i Y6 2R 1 S S 2, 0 8 it B, I e AR
R SOkt T i R U Sl DeR R T I S o
T Ag M T & B R IRE KR 1 4 # 45 5L R
Ag LR REE A . MAh, BT S-LED 22 1) 4 i B4R
T AT, TR AR 4 8 R AR R I B £ )R Zn 1)
fF1E .

O T TR N 21 Si A C Te R MAEAE , RS I A
JEA SiIC#PEL, 1X 5 XRD HI53#r 45 S AH—%. LED O
HEA M EE LR NG, Ag, AL TIFINZE, JTLCENIM
FER W] Ga A GaN L RAFAE . 5 IR Ag W3
&S, W Ag MR ERE . &/ i ALF

(a) S-LED

Transmittance/%

L 1 L 1 L 1 L 1 L 1 L 1 L
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

TiJo 7] §2 LL AIN BE TiN (1B X A74E . AIN A TIN H1E
2P 2 AR Z , DA GaN ZE AR R 4 i B A K
FIT 7 A R R Bl A 45 ] /00
3.1.4 BEM RIS

K PR AL 20 A 3 O P9 A LED 3 25 4 A5 it 47
AHT. WIS B, Bt LED 1335 4 i 76 W g e fr B
R R B R EATE T R R R AL AR
BAKT 5, 3429/3426 cm™ Ft i/ iYW Wi J& T Si—OH &
[, 2958/2956, 2910/2908, 1259 1785 cm™ 4b 1) W Y
W VA J& - Si—CH, 2[4 7E 1961, 1892 A1 1824 cm ™ 4k
(18 7N PR AT e I 1T 24 35 PR AR 47 iR 2075 78 1595 F1 1431
em™ Kb IR IAT UG 2 1 Si—C JH, 45 4 o C—C B (1 5 3R 30
JIT 51 A2 5% 28 1000~1130 cm™ Ak [ B8 17 55 11 W fig e 2
A PR RE4RFG IR 00 , 35X 5 Si-O-Si 4584 Hh Si-0

(b) L-LED
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K5 BPEERIE AL AR B (a) S-LED; (b) L-LED
Fig.5 Fourier transform infrared spectroscopies of package resins: (a) S-LED; (b) L-LED
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2R IR T MR AR B S , SR ICP X Ff LED 4T Bk i
AWM CERSREIETME . R450H TIHRE R, 5
ik P OE G B RS AT b . BRER WA, S-LED T
B EE LR ICE N Cu, Cafll Zn, L-LED Fr & ) £ 5
&)@ ICE N Cufl Ca. HFHLED H Cufll Zn JL R & BAF
TEZE S, FEE N S & R B R AN . Hod, S-
LED (£ 37 28 th 35 4 1] i L-LED [ 37 22 1 5% F 404 4
BE, X f#19 L-LED "1 ) Cu % & & T S-LED. b4k, L-
LED ] Cu 75 5 0 T SCHRIRE 1 800 , X v e 5 4
JEBAR 1 RS A S8 2 S BRI ZE 5 K. Ni, WH
Fe L3 EEAE T XM EBER Y, T &8 R
PN, 3X = Fh e R AE PRl LED (1 & B G T AN
1M Ni Al Fe (1) & &5 SCRAROE IR BON RS . Ag F
TR T &R ERZ RS 2+ . T L-LED
1 BRI %, T B 2 (AR RIS O i 3 1) S e
b, I L-LED " Ag & & AT B . A LED HH T
Ga 7 ST SCHRIRE ) 8, H L-LED ' Ga & &4
Xif 5 T S-LED, iX % Z 2 H Ga [FRIEAS A Fr s, Bk
K i, Ga o B ANAEAE T S-LED fI5 f5 v, 1 £ L-LED
H, Ga JTC R AMUAFAE T8 7 o, I TEFL % ek A BT oy
fi. PR LED (MY & & 3 76 SC ik i 3E (7 B A
(0.29Wt%~0.68Wt%). H T T B F o (1) 2 St Fh AN
H,Y & RAE—EER.
32 BN RENTMEES B

PB4 4T 45 B ], LED SC 28 & R b b &
Cu, Zn, Ni fl Ag %6 & B0 %, O A & H M4 )8 Ga,

#z4 BWLEDHPENTESE
Table 4 Content of metal elements in the two kinds of LED

Content/wt%

Metallic

Reference [3]
element S-LED L-LED Reference [18]

Tubular lamps ~ Bulb lamps

Cu 37.24  73.68 65.03 59.029 54.647
Ti 5.64 1.70 - 0.058 0.019
A 0.28 0.06 - - -

Ni 0.19 0.27 - 0.082 0.183
Fe 0.08 1.15 - 0.480 0.741
Ag 0.23 0.52 0.12 0.718 0.482
Ga 0.38 0.49 0.17 0.084 0.381
Y 0.66 0.44 0.36 0.290 0.683

Zn 1632 0.15 - - -
Mg 046 023 - - -
Ca 1669 1622 - - -

T35 B B A P U5 45 # J0 R Y, Ce FH Bu 25, ax S 4 1F
WA R B — . SR AR B m R, A
Sy RBERE , 10 85 R 2 8 I 5 e, ER1 e, T 3 3 A e
B 34 P 1 106 4 D JE AR MRS R 2 A e 4, AT
f Cu, Zn, Ni, Ag 55 TU B AE KL L= s 48, 1M Ga, Y,
Ce S ILREM B BT/ NRLE =4

13 L-LED #1 S-LED 45 # #H 8L, Fir LAi% % S-LED
YRR FURT G, DATRI B3 BRF (] 5% LED % 2H A4 73 B9 250
ISR o K5 — 5 B (1) S—LED FE i ZE I BE ML 43 53 3l
15,30, 45 F175 s, L8 LED &4 AF (1) 70 B FEEE .
P 6 it , 4B RER 1] 0 15 s, 0 K& IR R 5
HEEW R B O K e B R [E 6
()], ZHAE 53 B RO AN FR AR . 4RI [A) R 30 s B, 4
JEB AR Sy AR IR e AR 43 B (EATS A B R  a d
PR L[ 6(b)]. BRI AR 45 s, )@ FEHR

Ble AR E R M= P): (a)15s: (b)30s: (c)45s: (d)75s
Fig.6 The crushed products under different crushing times: (a) 15 s; (b) 30's; (c)45s;(d) 75 s
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N T IRNIR FUBRE 5 AN [FURLEE 7= S (TR 3 G 2=
IYARFAE S B B S5 IR A 0 30 140 H kAT 0
4%, FERT I 4 JG O PE i #E 4T SEM R EDS 437, 45 S an
7HR . B4R KT 0.6 mm [ 57 2 7= 9 = 2 4 g AR
IS K B P SR ) B[ P 7@ ) AT 7(b1)]e 4B HE I
()24 30 s B, 4 HEAR R AN S5 W AR 70 0 &, (R & )
FEAR R HAS I B Ca, Si, GaFl Ce Z L &K, XL R F %
FAET AR i o BT [R1A 75 s, & J8 26 4R
SR 4 0 8, B R ER T £ H Cu, Zn, Ag, Ni fl

30 s, particle size>0.6 mm

W& TR AN KN 0.45~0.6 mm [R5 23 77 i i b &
ST BB AR RO i A R0 B R B[P 7 (a2) F I 7(b2)]
TE KA T 104 B8l A5 BB R SES B Bk — 20 2 8 R
30 s Ja o O ATO ALK B IR JURE 60 58 5 IR 75 s S, K
WS R, RADSEMIERAE S L%, KiE
/INTF0.45 mm (157 3 72 i 08 R /S (R0 i SR 24
[ 7(a3) FTE 7(b3)]0  SAATH 5 7578 2 0 I, 4 ) 2
BRI /D &A% R AL B 1 KL AR KT 0.6 mm PRI 0 43 7= i
T 465K 22 B0 PR 8 P R i T B T 0454 0.45~0.6 mm Al
K42 /N T 0.45 mm I 2372 o

1w keV

0 2

K7 iiE(a) 30 Ai(b) 75 s & AN RDRLIEE B 237 i (¥) SEM AEDS &
Fig.7 SEM and EDS images of screening products after crushing for (a) 30 and (b) 75 s

TR 30 A1 75 s J5 A [RRLFE i 43 7= il 149 Jo3 = B A1) A
RSo HEHFRT T B 30 s LEK F 75 s, FifE KT 0.6 mm
(R0 7 it (2 153 T 4 e R AR 1) Jot & L A5 El 74.36wt%
B 22 66.71wt% o X J2 B T HE KA AAE BN () 5 ) T 4 J 2k
AR5 W B0 43 B8, AT BAIS T DR RO 7= it w4 I 25
o UL FERT, NKLRE = (0 e AN B R I
JoR o L BE A A B TR R TG . Ak, MRk R
52 T AR B ()38 g b T e

MR () FNQ) THE A BIAS [FPRLEE 37 3 7= A A
TCE R USCR S SRR H 45 R 6 M7 FioR . Cu,
Zn, Ni, WS 0 = A F N & B R EE sy, FEAFET
KBLEE(>0.6 mm) i 73 =) 4 o WERE 30 s J5 (3R 6), Lk
JCE AL F 90% LA Lo Fifi 7 4 J@ JE AR g 1A
Ror B8 X e u R OB =Wy B & A BT, = AR
fEHUE 1200 Eo T EMIRTIR S &8 R 45

&S WFF30F075 sIFARES FF mEIBRE St
Table 5 The mass proportion of screening products after
crushing for 30 and 75 s

Mass proportion/wt%

Particle size
Crushing time 30 s Crushing time 75 s
>0.6 mm 74.36 66.71
0.45~0.6 mm 14.80 18.21
<0.45 mm 10.84 15.08
Loss ratio 0.35 0.80

B, ROk BE PRl f I 2 /D & Ga, Y M Ce Ju 2R, Ho [0l
WCR LN 17%~28%. Ga, Y Fl Ce 5t & F BT
FAB AR R . LS IR TR KR B 4 T NRL
JE(0.45~0.6 mm F1<0.45 mm P 2R ) P2 Wb, & 4 4%
BN 2.0~3.6, [FIE A 66%~T5%. 4B HE I 1] 4E K &
75 s B (K 7), & @R S5 MAREE— 5 4 B, Cu, Zn, Ni,
W Ag (1) 5 R A HURE A He =i SRTTT » o 5 A A I i) F
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FEK, BT R 45 2R AR 45 S AR 1T B R o, A A X
BB IT K B R AT BT R B o BT IS A B8 4 45 N
FE 7 b S =3 0, Rk, wh /R BE 72 P Ga, Y, Ce 1)
[F] e R A4S BN T, [FICR AT IE 63%~79%. 4 7 0
LED /] Bk RS R AL B IS , K =40k B 07 43, 415 Cu, Ni
A Zn 5505 & TRLE KT 0.6 mm R AR
EEMGBUAE] 1.4~1.96%, 1 Ga Ml AgZF e R & &£ TR E
/NT 0.6 mm BN KLY R E RS EAT A 11.1~15.9
5o ZWHE-T 20 A FE IS , Cu, NiFl Zn 25 0 R 0 & S 1%
HE AR T SOk HP R B 32 R AR TSGR A

TR ) 7 BB AE LED KT Bk, ARASHTURAS R 7 A i) 4 e
PR B /D s Ga Al Ag S5 70 3 1 & SR A5 H Mz ik T 3L
R , X R A SCHR H ) LED 28 R e A0 B 5 DK 7>
R B e 2R, S BUINRL YR B KR AR . /R
ekl S e IR A 2L, ELAR IR B o b v T
OF R, BEE PRLE R 25 A, Herh A e R
UL S SR, B YT SE 36 P A I, H A B B AR e I 2
Tt Ga S TR & B A EL (H & S BUNRL R YR R
PR KMESG I, WTIE4S Ga, Y FI Ce 5570 R M RIS 12
& P

*6 W30 s EAFHENF ~mPENTENIE. ERRMEERZH

Table 6 Contents, recovery ratios, and enrichment factors of valuable element in different particle size products after crushing for 30 s

Particle size>0.6 mm

Particle size 0.45~0.6 mm

Particle size<0.45 mm

Flement Content/wt% Rre;?(;/;/t)y Enr;ac:tr(r)lrent Content/wt% Rre;?(zl/izy Enrfi‘:;r;:nt Content/wt% R:;(i);];;)y Enrfi:?:;qrent
Cu 47.28 94.09 1.27 - - - - - -
Zn 21.00 95.34 1.29 - - - - - -
Ni 0.23 91.04 1.21 - - - - - -
W 0.35 90.53 1.25 - - - - - -
Ag 0.28 89.75 1.22 - - - - - -
Ga 0.09 17.31 0.24 0.93 36.08 2.45 1.35 38.26 3.55
Y 0.19 21.19 0.29 1.44 32.09 2.18 2.17 35.55 3.29
Ce 0.01 27.17 0.33 0.06 29.99 2.00 0.10 36.07 3.33

RT MBS sETEHRENGFS =RPENTENIE. ERERMEEER

Table 7 Contents, recovery ratios, and enrichment factors of valuable element in different particle size products after crushing for 75 s

Particle size>0.6 mm

Particle size 0.45~0.6 mm

Particle size<0.45 mm

BT oty ROV BNt g, Rocovery  Bachment ¢, Resovery - Enichmon
Cu 51.25 91.11 1.38 - - - - - -

Zn 21.99 89.18 1.35 - - - - - -

Ni 0.24 85.91 1.26 - - - - - -

4 0.36 84.60 1.29 - - . - - -

Ag 0.29 81.88 1.26 - - - - - -

Ga 0.03 5.39 0.08 0.80 37.88 2.11 1.04 40.96 2.74

Y 0.12 12.42 0.18 1.14 30.98 1.73 1.63 36.89 2.47

Ce 0.01 15.45 0.33 0.04 25.26 1.33 0.08 37.90 2.67

AT YU RS 574 TSI T LEDAL 4 4 ip

I %050 8, F Cu, Zn, Ni, W F1 Ag & T R & & Tk
Z KT 0.6 mm 53 7= W), Ga, Y f1 Ce S50 R N & 4
THAE /AN T 0.6 mm 70 771 . SCRRARIE 27, >k H
AR I G B R i 1 S VA T SE I LED A oo
RHITE E B, (HAW KL, LED & #Ab B 5,
TE J5 BENUMR R 575 43 3 1 v A0 RN P 451 2k 6 2, S B
Ga, Y F1 Ce JL 3 RIS R LMK o (R , AR 90K FH B 4210
WL B LED 2044 , A RURAK T Rk 2% 48 7 T B i
TR AR, SEIL T A M oo &R T B E AR

AW T N6 BR AT HF ) LED 4T Bk (L-LED) Il SMD
2835 LED (S-LED)#T 7 RAEA 41, W 5T 1 P F LED
T Bk AR J5 R 4 0 RE 2L 2 IR R S K &R
oA & . fEIEAt b, 38 R - T2
M LED AT &k 7 1143 & & £ Cu, Zn, Ni, Ag, W, Ga, Y fll
CeHHMEIBILE BRI T4k

(1) LED KT %k == %2 iy 32 42 L 25 06 i A6 Fr 4, AN
[FZHAF () T R A A3 2 7%« L-LED Ml S-LED 3¢
HRI 4 SR 43 AR AR AN S AR AL R . PR LED 4
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K Ga /3 A T H B g AUC A A 1 4T S-LED, Ga {Y
FAETF A

(3) K F WL R, B — 075 3 7 30 T S B LED A4 1A
oy B KA M LR TS 5. K- J5 , Cu, Zn,
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RLPE 5553 P h s 4R IR 2 AT IE 63%~79%

S0k

(17 ks, sk, dkE S . FE S 6 B R e IR K3 il

[7]. Fifie SRR, 2024, 6: 20-26.
Liu Z Q, Zhang H Y, Zhang X X. Current situation and
suggestions for the development of China's green lighting industry
[J]. Energy Conservation & Environmental Protection, 2024, 6:
20-26.

[2] Tian X, Xie J L, Hu L, et al. Waste LEDs in China: generation
estimation and potential recycling benefits [J].
Conservation and Recycling, 2022, 187: 106640.

[3] Cenci M P, Dal Berto F C, Schneider E L, et al. Assessment of
LED lamps components and materials for a recycling perspective
[J]. Waste Management, 2020, 107: 285-293.

[4] U7t LED A7 Mk & 85 [ 44 5% 5 4 B YE AL I SR A 5T [D]. b
o [ R} 2 e i AR TR T, 2019: 1-7.

Fang S. Fundamental research on gallium—containing solid waste

Resources,

recycling in LED industry [D]. Beijing: Institute of Process
Engineering, Cinese Academy of Science, 2019: 1-7.

[5] Rebello R Z, Lima M T W D C, Yamane L H, et al
Characterization of end-of-life LED lamps for the recovery of
precious metals and rare earth elements [J].
Conservation and Recycling, 2020, 153: 104557.

[6] Murakami H, Nishihama S, Yoshizuka K. Separation and recovery

Resources,

of gold from waste LED using ion exchange method [J].
Hydrometallurgy, 2015, 157: 194-198.

[71  Annoni R, Lange L C, Amaral M C S, et al. Light emitting diode
waste: potential of metals concentration and acid reuse via the
integration of leaching and membrane processes [J]. Journal of
Cleaner Production, 2020, 246: 119057.

[8] Zhan L, Xia F F, Ye Q Y, et al. Novel recycle technology for
recovering rare metals (Ga, In) from waste light-emitting diodes
[J]. Journal of Hazardous Materials, 2015, 299: 388-394.

[97 Li S L, Zhu Y J, Zhuang X N, et al. Research progress on

environment risks and recycling of waste LED [J]. Environmental

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Engineering, 2020, 38(12): 149-156.

Chen G G, Liu X K, Li Z T, et al. Failure-mechanism analysis for
vertical high-power LEDs under external
Microelectronics Reliability, 2015, 55: 2671-2677.
Zhou J Z, Zhu N W, Liu H R, et al. Recovery of gallium from
waste light emitting diodes by oxalic acidic leaching [J].
Resources, Conservation and Recycling, 2019, 146: 366-372.
Vinhal J T, De Oliveira R P, Coleti J L, et al. Characterization of
end-of-life LEDs: mapping critical, valuable and hazardous

pressure  [J].

elements in different devices [J]. Waste Management, 2022, 151:
113-122.

Alim M A, Abdullah M Z, Aziz M S A, et al. Die attachment, wire
bonding, and encapsulation process in LED packaging: a review
[J]. Sensors and Actuators A: Physical, 2021, 329: 112817.

Chang M H, Das D, Varde P V, et al. Light emitting diodes
reliability review [J]. Microelectronics Reliability, 2012, 52:
762-782.

Maarefvand M, Sheibani S, Rashchi F. Recovery of gallium from
waste LEDs by oxidation and
Hydrometallurgy, 2020, 191: 105230.
Zhu P, Ma Y, Wang Y J, et al. Separation and recovery of materials

subsequent leaching [J].

from the waste light emitting diode (LED) modules by solvent
method [J]. Journal of Material Cycles and Waste Management,
2020, 22: 1184-1195.

Swain B, Mishra C, Lee C G, et al. Valorization of GaN based
metal-organic chemical vapor deposition dust a semiconductor
power device industry waste through mechanochemical oxidation
and leaching: a sustainable green process [J]. Environmental
Research, 2015, 140: 704-713.

Cenci M P, Dal Berto F C, Camargo P S S, et al. Separation and
concentration of valuable and critical materials from wasted LEDs
by physical processes [J]. Waste Management, 2021, 120:
136-145.

ETE, BT, SR, & T IRFEW R IR AL FIUR [1]. T
REIAR, 2007, 13(1): 33-37.

Wang M H, Meng B, Guo Q J, et al. Current status of waste
electricaland electronic equipments reutilization [J]. China Powder
Science and Technology, 2007, 13(1): 33-37.

Xz, RIERIK, F62 48 . HLT R T AL B BRI ST LR D). )@
MRS 41, 2014, 42(2): 44-49.

Liu Y, Liu J X, Guo X Y. Progress of electronic waste treatment
[J]. Metal Materials and Metallurgy Engineering, 2014, 42(2):
44-49.

o' o, MILEE, ik, 45 JICPUEFX PCT 2 LED J 5% 32
BEBA R ARt vk BE A RZ I [T]. W0 Tk, 2019, 47(4): 131-134.
Jiang Z Q, Yang H X, Li W D, et al. Effect of compound
antioxidants on the anti—discoloration property of LED reflector
material based on PCT [J]. China Plastics Industry, 2019, 47(4):
131-134.

He M T, Jia I N, Zhao J J, et al. Glass—ceramic phosphors for solid
state lighting: a review [J]. Ceramics International, 2021, 47:
2963-2980.

Hamidnia M, Luo Y, Wang X D. Application of micro/nano
technology for thermal management of high power LED packaging
—a review [J]. Applied Thermal Engineering, 2018, 145: 637-651.
Peng Y, Sun Q L, Liu J X, et al. Fabrication of stacked color
converter for high—-power WLEDs with ultra-high color rendering
[J]. Journal of Alloys and Compounds, 2021, 850: 156811.

Shih Y C, Kim G, You J P, et al. Optical interaction between LED



620

o TR

L %25 %

[26]

[27]

[28]

[29]

[30]

[31]

[32]

backside reflectors and die attach adhesives [J]. IEEE Photonics
Technology Letters, 2016, 28(13): 1446-1449.

Wang R F, Zhou L Y, Wang Y L. Luminescent properties of
MMgP,0.: Eu’" (M=Ca, Sr, Ba) phosphor [J]. Journal of Rare
Earths, 2011, 29(11): 1045-1048.

Shao B H, Li Q Y, Ma X X, et al. A potential red—emitting
phosphor Na, Zr,Si, P, .0,,; Eu"" for WLEDs with excellent
thermal stability, color purity and high quantum efficiency [J].
Journal of Luminescence, 2022, 247: 118912.

Niranatlumpong P, Koiprasert H. Improved corrosion resistance of
thermally sprayed coating via surface grinding and electroplating
techniques [J]. Surface and Coatings Technology, 2006, 201(3/4):
737-743.

Liu X G, Li Z C, Liu S. Low thermal-resistance silicon—based
IEEE
Transactions on Components, Packaging and Manufacturing
Technology, 2015, 5(10): 1387-1392.

Zhang Y M, Wang J F, Cai D M, et al. Progress on GaN single
crystal substrate grown by hydride vapor phase epitaxy [J]. Journal
of Synthetic Crystals, 2020, 49(11): 1970-1983.

Jinno D, Otsuki S, Sugimori S, et al. Characterization and

substrate for light-emitting diode packaging [J].

optimization of sputtered AIN buffer layer on R-plane sapphire
substrate to improve the crystalline quality of nonpolar a—plane
GaN [J]. Journal of Crystal Growth, 2017, 480: 90-95.

Ataser T, Demir D, Bilgili A K, et al. Mosaic defects of AIN buffer
layers in GaN/AIN/4H-SiC epitaxial structure [J]. Journal of

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Polytechnic, 2020, 24(2): 511-516.

Moram M A, Kappers M J, Barber Z H, et al. Growth of low
dislocation density GaN using transition metal nitride masking
layers [J]. Journal of Crystal Growth, 2007, 298: 268-271.

Uchida Y, Ito K, Tsukimoto S, et al. Epitaxial growth of GaN
layers on metallic TiN buffer layers [J]. Journal of Electronic
Materials, 2006, 35(10): 1806-1811.

Yang Z Z, Han S, Zhang R, et al. Effects of silphenylene units on
the thermal stability of silicone resins [J]. Polymer Degradation
and Stability, 2011, 96(12): 2145-2151.

Xie J, Sun H J, Zhang X Z, et al. Carborane-containing solvent—
free liquid silicone resin: synthesis, characterization, and high—
temperature adhesive properties [J]. Phosphorus, Sulfur, and
Silicon and the Related Elements, 2015, 190(3): 277-291.

Tian H, Ma Q S. Effects of exterior gas pressure on the structure
and properties of highly porous SiOC ceramics derived from
silicone resin [J]. Materials Letters, 2012, 66: 13-15.

Wu C B, Jin Y H, Li W, et al. Synthesis and characterization of a
silicone resin with silphenylene units in Si—O-Si backbones II [J].
High Performance Polymers, 2010, 22(8): 959-973.

ZETNE . PR LED a5 b i 0 2% (1 55T 70 23 B 5 [l WS HOR A
7 [D]. i BigEE Tk K2, 2021: 25-37.

Li S L. Resource potential analysis and recycling technology
research of valuable metals in waste LED devices [D]. Shanghai:
Shanghai Second Polytechnic University, 2021: 25-37.



