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— Separation and purification .

LED products, epitaxial wafers are produced by metal-
organic vapor deposition (MOCVD). With the rapid
development of the LED industry, green and clean

recycling of MOCVD production waste has attracted

Ga,04 /

much attention. In this study, the leaching behavior and

kinetics of Ga and In elements from MOCVD production
waste were studied with sulfuric acid as a leaching agent. The effects of different types of leaching agents, H,SO,
concentration, solid-liquid ratio, leaching temperature and leaching time on the leaching efficiencies of Ga and In
were systemically investigated. It was found that the leaching efficiencies of Ga and In can reach 67.50% and
91.46% under the optimal conditions of H,SO, concentration of 3 mol/L, the solid-liquid ratio of 50 g/L, the
temperature of 80°C, and the reaction of 120 min. The kinetics study showed that the leaching kinetics of Ga and In
in the temperature range of 293.15~333.15 K was by the shrinkage core model, and the leaching process was
controlled by surface chemical reaction and external diffusion mixing. At the same time, the results of XRD and
SEM-EDS also confirmed the agreement with the shrinkage kernel model. The activation energies of Ga and In are
25.7 and 21.7 kJ/mol, respectively, when the leaching temperature was ranged from 293.15 K to 333.15 K. Based on
the kinetics behavior of Ga and In leaching, the feasibility of enhanced roasting—acid leaching process was proposed
and verified. It was found that the leaching efficiencies of Ga and In can be increased from 67.50% and 91.46% to
88.27% and 98.32%, respectively, under the enhanced roasting—acid leaching process. And gallium oxide byproducts
were obtained. The findings from this research are expected to provide technical support and alternative for industrial
recycling of critical metals from MOCVD production waste.
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#  E: ESR, LED DL MR A UF SRR e 2 8 T T - S IR A AT . /Dy LED 7= S o, SR & Jm A HLAAH
VIR (MOCVD)AEF=AME R P A K AR P2 k). B LED AT B R 8, SR, T 15 U MOCVD AE 77 R B 4% 52 it .
AW SRR IR A, AR T MOCVD 477 KRk Ga fl In TT 2K 1032 AT NANR 50 /2. @it g ka2, 1,80,
W, L. 35 RS AR I I A5 S 50 R Ak, 7E HLSO, M E 3 mol/L. VR EL 50 g/L. ¥ 80°C. N2 h itk T
2T, GaBllIn iR H 24N 67.50% F1191.46%. B /12EHE R, #£293.15~333.15 KIRFEJE R A, Ga il In (1932 Hi 3 77 %
FEEWRARIZAERY, 13 H i A A2 3R T Ak 2 e SRR HOR A 45 . (RN, XRD 1 SEM-EDS 45 JABENIE T fF SR Aiizis il . 1
293.15~333.15 K I EVEE N, Ga il In (K32 HIE AL RESY BN 25.7 AT21.7 kl/mol. 15 Ga Ml In 12 AT NIKIBh J124 00 M, 29T
IGAE T MOCVD A7 R Bl BRAL RS R -2 TR n AT . #FFE 8 R, SRR Re—BRIE 1T 2] LUHE Ga F In 932 H %45 31 1
67.50% H191.46% $2 T % 88.27% H198.32%, JFFARH] / FULEKE]™ al o AW I 45 AT A MOCVD A7 IR Tk Ak B EIE PR 12

PERLRE A ST I FIHT R AR IR
X§iF: MOCVD; 32 8 W shfis

hE 4SS X76; TF843.1 XHERERIRAD: A

—H= Ly

VL 4ESk, K6 W T (LED) L H A5 RE i K 3R
B KU SR Wi N TR R AT (AR AT R AEAT
W T OGIT S = A B 4. 48 Zhu %P4 & , LED
KT T AE 2018 4F =ik 122 44,35 6, Tit £ 2030 4F, LED
59 74% 1T BT 8. LED AT B R I R 64
BEA 1k 5 (GaAs) B B {25 (GaAsP). 42 filf 1k £
(AlGaAs) B (GaN) 5, H A1 GaN & 6 ELN F H B
J7iZ o SR GaN AR 1 R O% — AR BETE RT WL 1
Hh RS H i S R 9 K S AT S R R O HE R
AT A S A 45 B LED AT i 4 56 B, 75 40 3o 4 i 1
B HNE B AR L A B AT A N T .
Hb oo ANE A K T, ZM B B ERa
PLAAHTTIA(MOCVD)H AR & [ GaN AME f1 5 Tk 2 5
JSNE R AR S SR B MOCVD A 77 R R o %K
B 55 R RE BT 6 T (4 70 2R BRI , FL B A
GaAs, GaN I InGaN fJE X AFTE T8 v ™. ARG,
L Tolb 2 OG B 3, A Tl o7 P o R g U 28 g S G A
7= B REY, B4 07 B A B 1) T L A P R AR A R
AR A . RS 1 1 B R BRIt R F At b R
BT EEB NI H 2K 9% 75 3R LU HE A
B KB TR ROE T, 51k T AR5 4. ik, B
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MOCVD A= 7= i RE 1 (15 A 4 Ja 5o £ i 2 6] 5 s 4 I
ref e 4 HAA B RE Lo

MR SR R RSB VR B2 31 7 R B R
UMK PR A R UACER O gl AR 2 e SR  Re A  R R
Hp RO B i E A RS A [l
BRUSOIEE RN —FoBi 2 1 X B, MOCVD # B i
IR FE AR B0 o H HT RIS MOCVD A& 7= 8 R U7 14
FEH KFREMREREEARRN, kikae T 24
FEMOCVD 7= R Rl R H B g T2, % 12
1E 1 2 5 N R GaN, A= L Ga FIN,, 7RI FE N
1100°C %55 7725 0.01~0.1 Pa R 351 18] 9 1 h, B A
R IR 43 ) 93.48% F1195.67%.  BUAR HL 25 #h i 4%
PR T2 RIS R % T S ol R 108 R FE
X B A LR A SR T 2 S PSR . 5
KIEB M, BEE & T8 HA A = 4l
FNPREE A2 55 . Swain ZEPF 7T T 4 B BRI 2 Rl i
MOCVD £ 7= kL, WF 50 R B, R 262 T R B iRIZ
H ELBR R IR H UR B 47, 75 HC1 N 4 mol/L. [H3% bE o 25
/LI FE R 25°C V53 R 400 r/min, SN ()R 1 h 2644
T, Ga il In {3 H 3R AN 40% F1194%. Rk — 25 il vk
PR MR 2R GaN I HH PR (1) 17] 48, Swain Z524R F AR 3Kk
X R EAT TAREE , 1 5 K FH R R IR H Ga il In, HZ
HR 010N 90% AT 1.86%.  H Ak , Chen 25258 F i & 32
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H 175 AL EE MOCVD 2B 77 B, 75 HCLIKR B 0.25 mol/
L. % 7128 1.5 kPa. I B3 & 28 200°C B [8] 9 3 h 26 £
T, Ga HE U A4 98.46%. AR 1M LA L[ 7 ik AR AE 1S
) % w5 1 4 RSO R  (H SR R IR HE ok R 5K 12 % S ok e
OGP ERS . B, 75 Z I R — ot 1% % 8 il v 4
R IREE AU B MOCVD A 72 IR R A 1 42 8 R B
REmEE e T2,

AW TR - MOCVD 2B 72 IR LA S5k ZE 0 5T AN [+
R PEIR A T Lt b, S 8O T W P B8 28 2
B Ji= ). FF0 9T 7R i #2 f MOCVD 4 7
SRR Ga il Iniz AT AR HT T Ga Fl In 3% H 3 112,
i 7 Gafl In JL R LR H L FE 450 3R . AR
H B J1 54T R AT B IR IR AIE T SR R e -TRIR T2
e 2 B Ga Rl In (AT AT 1, SRR B S5 o1 4 )8 BRI AL
[ESCFIZR-& R S T BB R T .

2.1 #RI5IRF

MOCVD A 7= R RHE R E = 22 6 A R 5T A
ml SR, TR AWK 1 Frx . MOCVD 4 7= & KL
XRD B an &l 1 frw , H = ZY)AH N GaN Al In #LJ5 o

1 MOCVD4%.~ERIFHE T RAER
Tablel Element contents in the raw MOCVD production

waste
Element Ga In Al Mg Si
Composition/wt% 70.9 6.56 0.59 0.16 0.08
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2100 |-
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1400 |
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20°

K1 MOCVD 47 B XRD 1
Fig.1 XRD pattern of MOCVD production waste
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22 LEWIKES LS

THZ-82A fE I /KW B8 R (B M T 483 = PH FEL AN B
J7), DF-101S 5 #4 AR 00 A 7 3 b4 (LT T4
1A TR FAT A7), D2010W B 5 45 1 3% (L g Mg B
A ARAX R i) 38 A7 R 28 7], SHB-IIT 2 25 il JE AL (R LT
T LA R A, DHG-9070A H AR KT {546 (i
—E R 3 PR A7), Mettler ML—104 43 87 K (i
=+ Mettler Toledo 2 7)), pH 11 (Fii - Mettler Toledo A ),
8411-30 H 3l % 95 ML (AR YN K A 38 15 4% BR 2 A,
Mili-Q Direct8 i 4l /K & 4t ( 3% [H Millipore 2 ),
COOLPEX i V¥ ff A ( g0z S8 AN B FHE K e A TR 2
A]), Empyrean X # £k fi7 % 4 (XRD, % [H Malvern
PANalytical), JSM—-7610F =4 8 7 i i 55 (SEM, H A H
Tk A AL Z F 45 5T), 5800 HLBOHE & 45 5 7 5 1
RS (ICP-OES , ZHEE A 7).
23 LA
2.3.1 R HISLE

MOCVD 4 7= [ R} 5 A1 15 HA 52 56 35 78 1 IR 7K S8 7%
PR HEAT , B ORI — 28 T 2 1) MOC VD A 7= RN
HEF I AR, 4% 8 — o 00 R B i N R 7, BT TE R K
T PR IR B e K A3 R133 22 4 200 r/min, R, N 1 8 KRR
B iR R i L K AR AT SE . AT
U P42 1R R A T 0 1 3 S DA 1 7 s o 3o v
BRI K s 3 70 505 S0 A A e IR N #4u i
PEFERS PTG = DR B E AT b R TN )
I AURE R 22, SR F FL BN 40 B 25 2R AT 1B, L 22
BN 350 r/min, 57K R IR KT HEE 2 200 r/min BCH
— 350, A PR ST BURE , N EURE B R R 11 3
. SREEHRIG, R VIRAEIE. e G, FIH
ICP-OES il J A 85 B 2 12 5 [ v 8t 1 J5 T A
R T o3 B R A b & 8 & B . v iE— DA
148 BR 2R IRIT TR AR B TR LG e SR
IR BT[] 88 5f 4 J ¥ R I s e o LA, BRI A
MOCVD A= 7= R (3 28 3% (D) THE

C -V +Cx - Vy

T CL V4 Cy Vyrm, Wy,
X, LR, IR H 2(%) » C MR AR %o I 45 i PRk
(g/L), V, NE AR (mL) , Cy B x4 J 1)
WP (/L) Vi N BRI ARFA (mL) » m R 8 5 B RE i B0
o (g)» m, YA I 5T () » Wy SIFE TR & B TR
M 8 & (%).
2.3.2 fE a7 SR

MOCVD A= 7= R 1 R e S 36 7E 5 4 i gk A7, B8
UCRREL— 72 Jii 5 1 MOCVD A2 77 R BN H i, 34 R
2 7 B8 B AN 5] 1 35, BE 6 MOCVD A= 77 B R 3E AT 45 62 o

LR, (1
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HERBER PRI — 2 (O BOHE o 10—
SR B, ISR R KRR PRBERE . 5
W AUR | SRS UE 52 4 RIS R ICP-OES
RSB R PR T R T ARt
53 BT AR o 2 R R B X (1)
i
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3.1 BREIZSHXIIMOCVD A~ EREEH RSN
3.1.1 3B IR

AR TR TR MOCVD A 77 B Ga, IniR
SRS, £ HOUK N 4 mol/L S B35 Dl 80°C - [ ik
EL M 100 g/L 36 FE3 & A 200 r/min. S 37 8] 4 2 h 4%
f£°F 5 4 % R A T CH,COOH, C,H,0,, HCI, H,S0, fl
HNO, & H A AT 2 H S5, 4 Ran i 2 firos . 4 ik
B, #E H' WK FZ AH [R 1% %% #F &, HCL, HNO,, H,SO,,
CH,0,, CH,COOH %} Ga Fl In {132 H K Vi i . X ]
B MR 1K pK, AH DG, pK B/ INER P Bk 5 , Ga 1 In FR1IR H 26
#E . HCL pK, 55e/M=8), Ga Fl In {132 H R de i, 43
N 41.9% F181.6%; 1fi CH,COOH ] pK, i K (4.75), BR 14
%59, Ga Ml In (192 2 g/ N, 43 1N 5.7% H129.7% . 5k
fiz 3% M 2 HCI>HNO,>H,SO,, HNO, (pK,=-2) I
H,SO, (pK,=-3)] pK, B N #1r , T B H IR H A %
. SRR AR 2 ¥ 6 1,80, Fl HNO, (72 H & L i,
H,SO, I HNO, & t 45 B &K 4= 3y , iX 7] iz 5 MOCVD
A RRL TR A G K. HRH HCLR g 72
XA R MR R, HIg il fE 5 77 4R HCLR 55 5 K
HNO, 12 H i #8 [ #F 7] B8 72 42 NO, UM . Rtk , AR A ¢
PR BN TS A H,SO, 1E AR 7
3.1.2 TR E

100
L . Ga
- = B
o — — —
= — — —
£ 60 — = =
g | = = .=
S 40 - e N e B S AN
553 ~N— |I— |
. =EINE=ENE
20 - — — —
i N NE=ENE=EN=
0 \ EINEINES
CH,COOH CgHgO; H,S0, HNO, HCI

Leaching agent

K2 R MOCVD A7 IRk} b 4 s Hh AR B RS R
Fig.2 Effect of leaching agents on metal leaching rate in
MOCVD production waste

TEE R LGN 100 g/L O FE A 80°C % 1 24 200
r/min. B [ 2 h 26 AR, A FExt G T HLSO, WK X}
Ga-In¥Z H 2152, 25 R a3 fron . B+ H,S0,
SN, Ga Al In 192 H 260 HOUR B 39 0 26 T 51 )5 1
TP, H,SO,KETLE 1~3 mol/L 1261, Ga filIn
(035 H 2R A R T Ak B2 )38 I m 34 m . 3 R R 4
PR T3 mol/L i, BREZ I B AN , Bl A 1= R BE I ik
AT BB T FE T BUR LG HHIE I pH g i e , £
B RN TCVE R AR T o RS BT ERYR B &5 3~5 mol/
LB, Ga fll In {132 HH 2 I8 2P A7, MR IR 24 3 mol/L
i, Ga Fl In¥2 H 253 718 61.78% F1 89.67%. i i [
T A% 4 1 RO TR 2, DRI UG, 08 B R R VR R 3
mol/L.

100

| —o—Ga

—o—1n
80

60 - 2

40 |-

Leaching rate/%

0 | . | . | . |
2 3 4

H,SO, concentration/(mol/L)

[,
1

K3 BRI MOCVD A7 R h < ¥ H R KR
Fig.3 Effect of acid concentration on metal leaching rate
in MOCVD production waste

3.1.3 [El L

TE J S N 80°C e LI ] 4 2 hi B BRI BE M 3
mol/L+ ¥ 3 & 200 r/min ) 2614 K, WF 7 T MR ER 3% H
MOCVD £ 77 kL [ 3 L X Ga, In 37 H R 5200, 12
AR 4 Fros . 45 R R, BN 25 g/L IR
H R AR LR R R B R KT, Ga Al In (97 H 2R 4 53R
68.56% F193% LA I, 3X ] i 22 PRl Oy 24 [ ¥ bE PR RF AE %L
/NG BB, MOCVD A= 72 [ R} 5 B 2 70 43 42 fit , AT
S N HERE . 23 2 1 K R B &8 50 /L i, Ga il In
FRIIR HE 223 531 67.50% F1 91.46% , B 35 5 452 hn ok [ ik
tb,Ga e R 2B NS, In e R IR HREAALL,
X AT e A PR A E B v R EE 464 TS MOCVD A= 77 1% k)
RN AN E 3 R N S IR 7 5/ = e S A
HAFI T A PR R » Jia 65256 [ LR 50 /Lo
3.1.4 B HIRE

N T PN SE G EURE R 22 U H R S R AR e
TR FATE 358 FE 2% T BEAT , SR WU 28 24T B HE
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K4 BRI MOCVD A7 IR k)b & iR Hh A 1R i
Fig.4 Effect of solid-liquid ratio on metal leaching rate
in MOCVD production waste

FAR R 350 r/min, 548 R ORI HEE 2 200 1/min 2

80

_ 60 0
S ~
2

E A\
2 40} 2
=

§ Temperature/°C Ga

20 it —0—20 ——50
i —0—30 ——60
—a—40 ——80

O L L L L L L L L L L L L
0 200 40 60 80 100 120

Time/min

3. FEE W EL N 50 g/L #3350 r/min . B R IK
¥4 3 mol/LiZ B 18] 2 h %4 K, W 50 7 MOCVD
AP ERHE AR RS T Ga, In T IR R, Higs
WE S Fis. 45 REW], Gafl In (195 H 3R B S o 3 T 4
T AN BT 38 K, [ B i i 52 AN B 7, Ga A In PRI HH 236
FIT a2 BT 1687 PR IR (BR824 SN B 2 20°C Y, 7%
& @R B P A A1 3K 60 min, 24 B I EHE T2 80°C
I, Ga 76 2 1T 107 B[R] 2 AN AR In o6 25T 4687 BT [R) 407 95K
%10 min. X 7] RESE B FE AR TS AL 2 T B E A W
W2, BUSE o1 ) AR I S RE 2R 1 22, AT 38 PR
LI FEY R TET In (IR H R . R, SR A 1R AR
e MOCVD A 7= KB GaIni2 H , (B2 3 & 3 % &
B IR FE Y[R F 3E BOR HRR B . DR, RIS R IR
R [ B 97 1R R R, OB ERE 80°C o

100
80
X
3 60
IS
2 (b) In
S Temperature/'C
ks /4 —0—20 ——50
20 i —0—30 ——60
—&—40 ——80
O L | L | L | L | L | L |
0 20 40 60 80 100 120

Time/min

BlS ANIFI R ) 464 I MOCVD A= 7= Rk Ga Rl In i3 HH 26 1) 50
Fig.5 Effects of temperature on the leaching rate of Ga and In in MOCVD production waste under different times

32 BAZESH

12 R IR R 5 [ A SRR 2 TR ] R RSB,
TSERGR RN R ISR R A T UL IR (1) 'R H
)38 T ] A RORE 2 T P Y A 120 5 S 47 i 2 T A ke 2
TH1 5 (2) 42t 70 et [ A JORE PR =42 J2 9 1552 e 8 7 T
(3) 13 HH 51 5 [ A JORE £ ST b S R 5 (4) SRS H
W B AR UKL 2R T8 (5) S S0 7 40 e I A R %
TR AR S ZEY B E AR A -

12 FR B BRI P R et DA b AN D IR e B B 1
SNBH ) e KD IR e« B AR TR AL %
il , TG 2 S S AR 29 i il . PRAAR 2
K (2):

XL R i xiea-x) |+ M icaoxy ] = MG
3kM 6De ( ) ( ) krea ( ) - prO
(2)

FERIE TN Bl J7 506 3 2 SR R S o WA 4 % A

RN S5 A% 8 DA T AT HIF 90 o L Hp AR I 7 WAL 4 A% A
Y A 5 A2 [ A R R B0 TE LI, SO ST (1) 3o
AN AZ WA o AR B OB IR N EAT , R 0k
ISANKYL - ANSe iz AN Na 7)) =L S Eou: ) | T TISANR 22 i
RS IR TR T R S L A 20 e A A 3505 TG AL ) ] A o
AT, B SIS AR AN 222 AR PR 2 PR A ORI
FEGLEEAT , T 4 110 ] A FURE [ R /IN IR 8 /N EL 2V K o

MOCVD 477 R Ry BUE B BRI RORL , [N 6 7
V)2 R, B A S B ) AT 6 4 ] A4 SR £ s 87 HH iz
RN E NI PR N WSt (47 S8 ¥ NS N VAL &
B2 1) AR AR DT o

SN A A% AR 55 AR TR AH OC 1) g LT P A o
AUCT2ST Y AR I T A IO 4 1R RN 2 T A 2 s 428 i 5 L
SN B 73 2R R T R ol =X B) AN (4) s =

X=K,t 3)
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1
1-(1-X)3=k,t 4)
A, kAR E R H H(min™), X 2 &R R E R, NiF

Hi S 18] (min) .

b 2 B IR R B0 IR R 2 18] 1 9% & TR
Arrhenius J7 & A 202

o= Ae E/RT )

o kA RPE Z L, A RTR TR, E, R R
(135 AL RE(KJ/mol) , R 72 JBE /RS 44 %5[8.314 J/(mol < K) ]
3.2.1 AL SRR AR

S R RIELE 2614 F Ga, Ini H B0 F i R
T E A Az ) s LA, S5 R WL 6 FIR 2 i . &5
R, AE293.15~333.15 KU N, X 593 i 18] ¢ 2%
PEXRZR, H Ga L& B RS 0.96, In 1) R T 0.94.
RS BE S DAFR 2 WA R R IR 2 VR AR T S R A%
J5E 42 1] S N 3 2w Bk (min”") B 6 B Ink g AR R
1000/ T R AR ARAE B, &5 SR an B 7 Frs . HEIATAS K H

0.5 |- Temperature/K Kagg 1570.09381 Rggq15=0.982
| o 29315 Kgp3.15=0.08014 R%,; 15=0.972
0.4l © 30315 kg1315=0.05881 R2,,15=0.989
T 0 31315 Ka0315=0.03563 RZ;;15=0.965
0.3 > 32315 Kag3.15=0.0299 R2293v15=0-978
< A 33315 [e)
[ (m]
0.2
0.1
L (a) Ga
0.0 '

Time/min

= H MOCVD A7 Rk Ga A1 In [R5 H s N 2 A
TEALAE 7 ) 24.6 F1118.02 kJ/mol. 478 H & N 52 Ak
1 52 Ak T I, S NI FEAN U R b S B W 3, R
ME A BB AR , — M RIS AL BB E,<12 kJ/mol™*Y,
I, B R IZ HE MOCVD 2B 7= R Ga Al In [ PR 1 40 3%
AT T2 A% UL TR

x2 RO FEERERNMRENE R MIEFRIUEER
Table 2 Fitting results of mass transfer control and surface
chemical reaction control in liquid boundary layer

X=Kt (R*) 1-(1-X)"°=Kt (R
Temperature/K
Ga In Ga In

293.15 0.978 0.981 0.986 0.987
303.15 0.965 0.956 0.976 0.967
313.15 0.989 0.944 0.994 0.959
323.15 0.972 0.963 0.985 0.968
333.15 0.982 0.963 0.992 0.984

Note: R? is correlation coefficient.

0.6 | Ke21570.08815 R?335.15=0.963 (b) In
| kgp315=0.05854 R2,,;,.=0.963
0.5 L kg1315=0.05824 R%;;,.=0.944
P Kagg 15=0.04174 R%3515=0.958
[ Kpg3.15=0.03355 RZ,q, ,5=0.9

0.4

Temperature/K
293.15
303.15
313.15
323.15
333.15

[m]

[ o< > o

Time/min

K6 AFNRE T Ga Ml In LR G RIR 1 F 51R H 18] 8 R A& &

Fig.6 Fitting diagrams of the relationship between leaching rate of Ga and In elements and leaching time at different temperatures

-2.2
24 9
-2.6
o 28F
E L
30 -
32k
3.4 | E.a=24.6 ki/mol R?=0.96
" Ean=18.02 kJ/mol R?=0.92
-3.6 - ‘ | | | |
3.0 3.1 3.2 33 34
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