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Abstract: In this study, a resource attribute evaluation model for hazardous wastes generated from pyrometallurgical copper
smelting process was established. Based on the chemical composition and content of hazardous wastes, the potential resource value
and the recycling difficulty of hazardous wastes were obtained by the model with measuring the resource value (RV) and recycle
ability (RA) of the elements to be recycled from the hazardous copper smelting wastes, thus systematically uncovering the resource
attributes of these hazardous wastes. The model was applied to evaluate the resource attribute of ten kinds of hazardous waste
samples from a pyrometallurgical copper smelting company. The results showed that the resource attribute of arsenic filter cake and
white dust was relatively high with priority to be recycled, followed by sinter, furnace ash and ammonium jarosite. The proposed
model could uncover the resource attributes of hazardous wastes from copper smelting and the priority of recycling sequence of those
hazardous wastes. It could provide a scientific basis for the decision-making of hazardous waste utilization.

Keywords: pyrometallurgical copper smelting; hazardous waste; resource attributes; evaluation model

CLC number: X756

B B 22 R 5 A e v i T B 1 R i )
iz —W, 3z T2 et e, HE s
F AT A7 A0 5 R M SRR Y E T,
RERR LA 809% FH J& 38 i KL R T 2 1,
T — Ik 95%, SRR T 227 A M
A2 UEDE. A I AT SRR BRI A A Y

UgiS HER: 2021 - 03 - 04
HEWMB: EZEE S AT E (2018YFC1900301)

FE IR, Xt A A5 PR BT 3 N A4 (et B 3 ol ™™ 2 J Jip
VEAE SR, T Fr A B 3T T R R G R Y 4
S (2021 4F ) YA 5 015 e BRBE B TG 1 )1 45
AR LU S R AT B B R B R R i 2
T [ KA AT S BT R K R 1) S ] L

KEE RGP Tl Tl 4 AR

EERMNT: B K (1998 —), B, ol MR m: P AE S SRS . E-mail: vito@francesyang.com
BEMEE: XKE(1976 — ), 55, Wit BIBE. #F5907 ) AN 51§45 . E-mail: changhaoliu@126.com
SIAMER: &7 KB 55 XKE, 5 MG 2R MR E M BT (1], SR ORI RLE, 2022, 48(2): 78 — 84.


https://doi.org/10.16803/j.cnki.issn.1004-6216.2022.02.016
https://doi.org/10.16803/j.cnki.issn.1004-6216.2022.02.016

52 3

R A JAEHIG IR T AR R SR E N ST 79

SR A R B AR S OF B, B S A (Mo) |
(Ga) . #1(Pt) FIEK(T) %5 J@ T A0 7 B A 4 8
TUER, XU 4w S S HE BN R 7 247l ke
) FE B A, X I 1) e R LA T R A R
SO UL, KR e R BA B A TR
PEo IEAER, X KA VR R AG ) Ak AR IR AR A
F, IEBCABESE RS0, R 5T 3 B, X kA7 %
AR ) FH 38 T LS B A i 22 0% MR B i 4
PRI, 4 3l KRR v R e R i B AR AR, 2 2 i
I E E S b ) — I AR5, BA T EE
PR SORI R B8 S AR, KRR R 1 2 v i
TR IS I ANRRE, 5 2B R R 4
BTN TSR AR B S T B 25 e,
T3 350G 2 1 0 5 M s 55 4 TS ), 4R 18 02 1Y)
[l AT 5 A R AN 1, AT 71 240 125 1 1) 9 D
LIS PP N A 1 BT R 7 [ A S B P TR P V1 3 3
AR B, 5T AE BB A 2R e 4t 7 16 5 0 U T
POV ASERY, Shy il e 2 B AL A A Dl SR S A1)
SIS/

H AT, 78 [ 28 A58 48, 22 AR S 32 B DT 6k
KB (criticality ) F AT [P (recyclability ) 2 477
TN 55 [ W 5 R PR A DG B N 25 34T T 9FE M. iR
WA SR S 7E — 2 A S TR T D, DA R — 4
S T B — b 8} 14 28 5 A AR AR M DA R 3t 1
TR T REMERAFSEN, SUN et all” I Ny, T B2t
S 3 T AT 7 AE T v R PEAE R R TR
il IXEER R R A R A . FEIRAN (E X
TR At 2 1 HE L D R R R R IO B T RS
MAT3E AT 5 AR AR G A, A T T
Wil 20 EEAPE RN XSS 3 AR PR 2E ) BT 5
TRBUEARL, HIRAR 72T 7 vh 4 JE ST RIE R A
MM 1o ZUO et al"™ 35 T J5bA Rk G S Y M X6F
TR R T4 7 v A B T S B 2 Ml R T A
) 1 TR 42 R T R B BEIRAE PR O AT TR
A (BSOS — b ek ER AR A H R L RS T i
RERTRE T, A RS HR AR 2 in T 88 R e
TN Z R 0 R A A AT RSP S AT R
GEIR R PERIAROCH 5T, IFRN R R AR 4 £
IR r A R 7/ AR SR fl p S 32y 7/ BL N e
A A B [ AR A T R sl 2 R R 21,
ZENG et al®™ 5| A G M BRI FI i A7 40 G 0 07 ik
SE T TR AT O I RIEL. FANG et al®!

Ziais 4 Jm OB ANT DS, X i IR e o
JEIH LED W4 mIEP i bty ToF5E. i bid
BIF5E AT A B, 55 T B 5 Dm M AT S A I 5 1 32 3
FARF BRI C IS T —ERHTFICR, HE A
BIFSE J2 EARBUAE ST A 707 ) M TR 0 T
T, A7 R0 B Z A [T R IR PERIT I . JF
L, 1R R BT BER KIE A 16 2 B0 B 5 Mt
FYBIARSCATTE . el L, ASBIESEA B T 5K Ah 24 i
WIFFEI AN KL, X4 B UK 5 v M A 1 1) B AR M)
H, BATE A S R SORI SR S

1 M EBRIR)E AL

ATIGE T, A6 e 6 2 1 B IR R e G
JE it Ad B 1 4 JB OGRS D AR ) — R £
AR RAE . X IRIRE M, MR 2R oo
YR A TS ME, DX TR EE R
ZU AT 2 R %) EE I O T R IR 1 0 TR
. BHEICA T IAT o LA B 54 B A
KSR, BAR S B e EEM 90 & A A
[ (HIXEERFFE 0T G A BRALAL AT . RIS R 5 ok ik
Wi Ve MR fa ATV Z AL Z AR 07200, FR A —
WEERA M A FE TR (A, &5, B A AT,
DL R BT B A i B A T R (AN L 4l AR 4R
A58 DS R R o R QR B R R,
DL 2 W 2 RS B ) T S R = BRI S R R A
HrooZ By AT DR,

PR, 7R SCHE X IR e e I e 5 M 1
B, 8% B AT AR S T L R S O
JE 55 00 R A S B 7, X KRR R T
&I YRR A, WA T RS 2R 4 i LR i 1 A
AU, AR A S R T A RIOT R 1Y
PEIENE (RV) B ] [BDSe: (RA ) Sk 4393 48 7 1 I 1%
FEGEVRM (B S8 o [ SE BB X, AT R 58
R IEE SR JE T . Hod, SRR E (RS
T AE . L UF E B LR XS 3 A~ T8 45; 1l (=]
Wt (RA) L S L5390 . Geithi 2 N Hahn.

1.1 HREMNE

11,1 FME g EMy) BER BT 4l
3 L [PISCRE R T A T ER T AR AR B T A Tk
tho PIL, e R A M EN SR ST
e, WS AP TE ST IR M (B sy . IZ e
B TR 0 RNk T Lt B TR



80 IREE LR R

548 3

M. TSMEMY) 320 (1),
MV = Z MV, €D

P, x 0 & AP A Il i os & 0 A O 5
MV, FE I b R IROT R BT (E D, SRz oT
BT, W&k 1.

1 NEREHIZRETEERNTEN
I MNME EFFEE AR

JLHR MY, El SR,
As 1 12 4.8
Cu 5.4 4.7 0.2
Zn 23 4.5 0.3
Pb 1.8 3.7 0.1
cd 2.4 0.8 7
Sb 5.2 43 4.3
Sn 16.7 4.4 0.8
Fe 0.4 6.2 0.8
Se 19.1 4.5 0.4
Ni 12.4 4.8 0.3
Ti 10.2 3.3 5.4
Ba 0.2 2.9 1.6
Pt 24 816.5 4.9 2.1
Hf 803.4 4.2 1.3
Cr 8.4 6.8 0.9
Mn 1.6 6.1 0.9
Mo 35.8 5.2 0.9
Al 1.6 6.5 0.5
Ga 132.1 32 1.4
Mg 2.8 7.1 4
\% 331.2 3.7 1.6

112 ZERrnhan Nk ZiFEE S5t
JO7 XS FE AR A T R R ) 8 SR R GBSt
FEBG A TE =07 R R 50 SR
PERAOCHETE . Horh, 280 B SR AR 20 R R
TEAL 22 5F R G KA B WML T Z A, i
IV DXL i 1 T DR 3 A A ) AN J R 0 i 11 A 4K
H1, 2x F BUSPRF R e S ILAEN B P IR, I X [
KL = H Y 5 S A M ITER K
TEAIR RG] ABER UE— e Py IR R, s
HARE R R GERHEA T [RSOR I, T LA — A [ 5l

Hi DX Y R R LA v A PR BT Y TR A
I, i T DA A — A [ 8l i X R 0 e
HOE B SO0 SO e i R KU " B TR,
AHIFFE R, BT X L5 v M A R B U M B
€, Wit G| A GBS U K, i BT
7 FUTE [ R e D e 4 T A Dy i BT B AT B W O
e

X GT R EEN S, WREERA B e R
SR, R ATl A B BRI ELRCR, Bt A
TCR BRI BEBUN, WHZA e R AT RE T
BB SO, A TR B U A
(EL)THE, Wa(2)P,

El = Z (A X Q)X ST, €2

K, A, AR s (EROCER i LR, O, Wt
BRI s WREINME, S Mot E i BT
FeHC TR, T A i i 0 AN 2 ROt 1 AR, 25
SRR S e K LA R () R, S AR P Y
SEMA, R, QSRR TR I AR, i R
A BR, DU 7 XU B R, ) b G 3R A AR R XU
(SR) AL, W (3)P,

SRy =|(HE Lo % + (HHIyer) gy
-(1—%)}(1—150@-)-51,- (3)

Ay HHI AR5 I8 R85, FF i =l 4
HRES IR, RO i B iE DR s EoL, h TR
i ISR R, ST e &R | BRI R X T4
TR AL U5 AL (EL) S5 A0 XS (SR;), A8 3C
Z: I SUN et al!'” 5 FANG et al® (1 5 %, BrAH 5%
WP TS R A B S22 3R, WLk 1.

I, RIS IE A Mo R 0 & 5 DL &5
T RN XU B e, DU A IR 1) s A B U A
o e R RICE ot R & EE M (ED
AR XU (SR) TS, W (4 ~ 5)0720

EIsz,-~E1,- 4
SR=in-SRi (5

113 FRMALG AR ES  EAEEE &
HWILE T GMmAE (MV) . G5 E8 v (ED Mt
N XU (SR) i, T3 BEXFaX 3 PR ARt T4 A 15 2 7%
TEANE(RY) o 3K SUN et al'”! 5 FANG et al®”



52 3

R A JAEHIG IR T AR R SR E N ST 81

FIFE PR LG i, 15 B R fa R 1 SR IR MM (E (RY),
W=(6)
RV=(1+MV)BA+ED"(1+SRV -1  (6)

GEVRMNE (R L7 TR T &1 [T > £
bty ke 1 2 5 W2 DL S [ R Kk F ) T B
Dy T AT HA RN, B RV B2t m A
[l WS A PR 1) T8 I8, 4 SHIBURT ) 2 A R 1 SCHFIBOR
1.2 AIEE

fEIE LR ITE IR AIR, 7 Bk TR A1
FE— 5 FRIE, X R 2 P oo 2k R vl e
S22 FNFZR, DTS00 f 2 G U (B S8R, AR
FEH, 51AET EDSCPE A RS20 2, SR 48 7R K T4
REEE AN OC R LY H fhF kA YA HS W)
FNF AR PERE R AT REME . AT [RIU 3 1 255
P GG 2 TR T R
121 SeAin g ShOLEFE AR i T, 3
o N ) B S A3 A e Ak R R 7
FEXFF LR S ST, i BT bR 7 A
H AR dh 2 18] i 25 5 (el B ) 19 2 222 kik
S0 R S I B4 T st e s AR G B N B 24 1 43
g iR s, gt |1, JOEHA a2t
R 24 0 E /Tl A — R IE (9
)RR ICR SRR, I, S KA LR
RS2 PR A, T LA i B Ak S 8 TP 45 T B ()
GG 7= ) 5 AR A — R SEIR (B ) i 22 S A5 51
fo WY AT R IR, WEBA AR
ZAFTT, o B R T B S B [l i vT BE I ek
HR

PRI, A OB 8 R H A IR T R Y o 43 40
() X HEZOGE Tl S (IG,) B FIAT e B o2 M
A HIEAL(D), W (7).

D:ZDi=ZIOg2(xi/IGi+1) @)

R, Tl it 57 A R A e I Tk T R il A7
JEARTE AT BT BOR SN, Tl s 4l
SRR A — T A SR, R BEAR T T Al 7 Y
Wik = TFR A & Bt mT LA o —
PR, ARG P A o ZR A AR Tl Ay
(25 R, WIBER G iz A A JC R A 5 g IO T
A A TR i, DU 2 GBOB R o IR B
TG R I AT BT A T 3R R A9 Tl
sz, L 2.

®2 NEEBBIZEERRBENEZERMN

JTE X R Y Tl S AL

PIVES Tl (a5 4580% )
As ]
Cu 0.5
Zn 4
Pb 1.5
Cd 0.08
Sb 1.25
Sn 03
Fe 30
Se 0.08
Ni 0.8
Ti 1.5
Ba 30
Pt 5x10°
Hf 1
Cr 10
Mn 15
Mo 0.07
Al 20
Ga 0.075
Mg 15
M 0.04

122 %t T Tk AL s AL A g
SE4 S WLAE IR B AT R . TR R SR,
SV LA 1 R B AR Tl 7 e AR 22, (EL
NEE SIS, ISR AR Y [T B T
PR TCER, (145 0k S 2 v wfE LAl 8 S A ml i, 38
WG AGEH, T LA 7 DA 2E i 2 2k DL
ZER i wive v wey W I B A IR G a2 Y 1541 YN T
R Z G AR AT S T -

R RTE — T2 R R BIR LR, 1948 4F
¥ SHANNON 5| Af5 B, H T RBUEERER
AHREVER, G BR, R R G E R EBE
TRALFREE R, FE T i sk, mT S x) &2 4%
[T 4% 122 B I SO Ty T 21 A o P 2B i e 4
R U SE T N, BT RSO RC  RE A
Ry K —Fh Aty BLa, S it 0, AT SR py AT [al
WePER, geitei(H), WaX(8).,



82 IREE LR R

548 3

n

H:—in‘log2xi (8)

o, x; MG ff BISOT R R B 24, n o
FEIRIT & TCR AL, H a7 A B SE
T
123 TTEDKHGEAFES  ZEE R AL
L GEH IR Al [P B R2 IR R] L, A7 B 0 R B
(EAF SR L Uit RN, AT vk . ek
FR AT T e, DL (9)P0,

5D
RA=— 9
nH 9

U, n ASEIRRER B S LR I, H i
HOCRWRE AT ST, D AREan R 0Z, 5 TR
REE S AT RPN, JE— 7R T 16
PRABAE G IR (A5 B S BLA T REVE, TS IR 42
AR TGRSR R L

2 XBISH

21 HRS5HIEFRE

NS @ OB E VAR AR i B M 1 e
B e FH B S B it 2R 1 3R 1 SRR Al 3
SRAET 10 FEESL, 433100 1 S HE AR EDE . 2 S 4
il VRS L 3 SR AR R L 4 SR B A
BLSSHMRE . 6 SHEMATEE. 7 SN

B8 THRE AT, 9 SRR I KA 10 S
fh K VR o Ak 2F 0 F A RS R R HOICP-
AES Mg,
22 FHEREMESFEBHEENER

WTHT ST, &% DT = Az 9 A i — 4
AR E(RY) R . B8, RIEFR 1 &%
A M ITR TG NE (MY, | &5
(EL) , fL1R7 XU (SR,), LA K 10 B A R FE 5 b 4 )
RN E, 2000 K@) FKX ) g5, 7T
PLAS B AP i T S E (M) | T
(ED FMER XU (SR), W4 3. SR)F, ReE=(6)n]
DI A 5 LA Tatn, BRI E(RY) .

& 3 AL, 10 FREE S BEIRAE (RY) BE
0.23 ~ 1.48, (AR 0.43, MFES I RV AR Trh
[ A 0.43 I}, & W12 A6 I& HAT AR XA 8 18 B8 A
HEO, Hi, 15 25 85, 95 H 5 SEEA Y
RV 5 1.48, 1.27, 1.11, 0.81 A1 0.53, ¥J& F
HRIE 0.43, FWIHHIRAN AN AL R

®3 ENERGEMHERHFTEREME (RV) TNER

Fenf MV EI SR
1 2.33 0.62 1.85
2 1.32 1.62 0.93
3 0.72 0.07 0.02
4 0.73 0.2 0.05
5 0.34 1.05 0.3
6 1.12 0.05 0.02
7 1.1 0.1 0.03
8 1.16 2.33 0.3
9 0.84 1.75 0.18
10 0.19 0.6 0.11

VE VSRR ONIIEDE, 2SR AR, SRR
AU, AR AIRBLATEE, ST BRI, 6T R 47
W, RSB, STRERLELD, O RERIMRIK, 105k
LVSLE

F IR [T WS ) T BE A A JEE T i — 2R B A
AP (RA) e o ARFEAR 2 Sl h B A o0
R TP AL ALK 10 M BERE dh P BT R 9 &
i, 2 (7)) BT, AT LIS 2 AERPRE i
i r A B GETTH, LA 4. SRJE, AR (9) T LA
BB JR LA TRbR, RIFE R T etk (RA)

F 4 RICGEHIG RS EEERNE
Bl (RA) STHER

FEih D n H RA
1 14.38 17 1.38 1.23
2 16.94 15 2.39 0.94
3 3.14 11 1.45 0.39
4 3.24 10 1.65 0.39
5 3.33 16 2.52 0.16
6 3.95 15 1.28 0.41
7 3.7 11 1.48 0.46
8 5.58 13 2.93 0.29
9 6.29 14 33 0.27
10 121 11 2.54 0.09

& 4 WAL, 10 FRASEAE & A AT [mNcPE (RA) 1)
LRI 0.09 ~ 1.23, HhEME N 039, L& Y Al [H]
Wtk RA B T-rhalE 0.39 I, FB1iZ 6K B A M
XoF 458 i () AT R, o 1S 2 SRR
RA B4y 51k 1.23 #10.94, &5 T Al 0.39, FHHH



52 3

R A JAEHIG IR T AR R SR E N ST 83

Al AR X B R . TS 645 35 A 4 SR
() RA fEMRI N 0.46. 0.41, 0.39 Fl 0.39, 23 5%
TP A, 156 B X 2 5 P 04 AT [elscbE Ab o 45 K
o 845, 95 S SREM Y RA (HIALT P EME,
FEWHAT TS HEAR X B, Ak, 10 B AL S Y
GeiH YL FEILE 1.28 ~ 3.30 Z I8, Frk i A e &R
BAETE 10 ~ 17 Z 0], 504 T — 358 19 X JE) N o
X, BAORE, XS5 EFE 5 e S 4 A b
HARHBWES . JREAETHRET &R
St B AR R RGN T, FHRI
WRAFIEAS « FRALPE T B 45 A = I e 1 T 2 4440
S, FEANF B A P2 AL P A N R A AN )
LR EEBREMEE,
23 HREBMMNEEHHT

UHT TR, 7R SCHEST 1 KRR R a1 0 R
P VA AR 30 Ao et P2 v R TRT 0 3 Y B R A
E(RY) FIAT I (RA) X 2 A7 T R G e 7 e
RGBT . LA IR 2 AN I, W LAER S
R W R e A LA R (R 3 R A e, DI 1.

1.4 : .
; fERV ! BRV
1.2} : 1-BHIEDE  |rRA BiRA
LOT | 2-Fiffidt e |{ERV | BRV
~ 0.8} : fKRA | fKRA
é T-BEA R
£ s |
N - iT:] N
JE;S 04k - 2N -_/E:‘_EFE_@; ________
® | ammnn 9TRE G
02} e
10-7K Feite
|
L 1l 1 1 L L 1
0 02 04 06 08 1 1.21.41.6
HIFEMERY)

Bl 1 FEAGEDA A f B 5 % R e D 0 PR

P 1 AT, RS R i B B VRAN (B RT AT [
PERCAE— A AR BRGHIN o BXFF, T 2 AR FRE T
Xof B PP B RV 5 RA Z RIS 2R %) 00y 4 4
LR, RIS —2 IRFR 5 RV A RA, 55 “RBRE
MK RV FE RA, 55 =2 FRFRAL RV FMIE R4, 56
DU PR E RV FME RA. & 1 A1, 1 Ske S A
PEDEA 2 SRES PR AR T2E— 4 0R, WX 2 Fh
fEIE R RV IEA RA (4400, PR e HLAT i 1
TR P, R e i, XA R R (K RV M
B RA) B TUS IR (55 RV FUIK RA), W% 45 %
& RV 5 RA ()52 M e g IO . i, 565 g
GRIRE R BREE T | IR R BRI # 2 B Y
TRNE(RY), JUH R Resb o, H RV HTE 10 Fke

AL T2 3 6, (HER PURER 3 Fhe & i AT (]
WePEBA . I, ATEERTIX 3 Bl i A 2 it — 25
WFFERERS [l AT BT AL MR T BB . 28 =%
BRAAE Al AT AT . BB A0 7 A4 2 Bl
HA A BAR A BT PR (6L, 7T [l o s T30 ¢
b TSEI Py A 26 DU R BRI RE il 2 o TSR =5
BR (A RV AR RA) v AT 7K VI — FiRe
RV H RAAEIIAL T o, ZRWIHAEAR 4 BT U 1 e
IS, BICHY DL Rt iR A P g AT AL, AR SCHA Y
R AR R ] U SO TR S B A R R s 14 D
A, P DO e 5 I8 e, I R it — 20 1Y
BT R s 5

3 HitERE

B IR B AE R A B RAL A, X 6 e 2
S A (0 fIRBIRAG BF  Jre 1 22 5% 1A 2R A A= 35 S
SRR A H A SR SCRR 7 S AR SO0k
ARG IR BB SR PP LR AT TIPS, 25
W

ORI T KK R R 18 IR B I P DA A6
B o AL T R A L A R S
TR BB OGB4 il [l 45 45 ¢
PEPEA BT ST, b BT IR (E (RY) KnT [l it
(RA) PRI B, 0 31 R 7 S R PR PR AE B RN
{EL A (DSOS BN (EL A XERE , AT R GE ) 1 78 16
PRI BT E . b, BIRMHE (RV) A5 T 2
1B, 28 0% E SR AN L XUBS: 3 AN FE A, TT e
(RA) AL AL o34, GEdHi 2 Db, il n]
DI G PR i Al 2 L 5 o, RGO E R
1 SR 1 0 R RSO B S, i
PEBHIRALA A BRAAR AR 1

(2) %08 3 [ 25 JCRR A 1 A Ml S8 R A, B
FF 10 FfE i, FEIR IO 22 20 U R IR AT 1
P SRR, BRI, X481 R il 7R 2H A
5034 L BATEC W B 22 5, NI BA AR B9 B
RN 2R G 0T il SR (ELA T [l Pk
SRR R, AT A 88088 79 S IR A i ) B R 1
LS I SE T, I 1] DA e — 2 ) ¢ DR AR i 45
ARIFRAEE T X R IR LG o iR,
AP PRI DE A AR DA S [,
DI BEEEH . IR AN BRI o

(3) ARt gErh, Al fER A B 2 16 PR R il 1) 22
i b, iz HRZREAL JEA TP, N7 JF AN W e 5 3



84 IREE LR R

548 3

ST RAT Ml FE I U P ) B P, T X P
GERILER AT LR B T, UAB /R B lk
7R A AE R A 5 R R A, DT S e ] i
FRAT M A B B IS M P A SR B B 2 A Bl o
WA, HRTAITSE 322 B PEAN (R AT [T e v 5 T
XHEIE R TIRE PER TR, A5 n] it — P [ 58
[l R Y G | [l T 2 AR N R A PP A
B, T R 25 PSRt — AR

& E X H

[1] LI L, PAN D, LI B, et al. Patterns and challenges in the copper
industry in China[J]. Resources, Conservation and Recycling,
2017, 127:1-17.

[2] WANG C, ZUO L, HU P, et al. Evaluation and simulation analysis
of China’s copper security evolution trajectory [J]. Transactions of
Nonferrous Metals Society of China, 2013, 23(8): 2465 — 2474,

(3] . BRI ks )R (1], I PR hE4f, 2014C11): 26 — 29.

[4] NIKOLIC I P, MILO SEVIC I M, MILUIC N N, et al. Cleaner
production and technical effectiveness: Multi-criteria analysis of
copper smelting facilities [J]. Journal of Cleaner Production, 2019,
215: 423 — 432,

(5] v 2t A VA B AT L R A 1 [l e 5 A 5 0] B 22
B, 2018, 26(18): 120.

L6] < 53, 2K MB, BRIR. H v 45 16 B 8 ) BRI A7 280 () AR 0]
T ETRIRZE A A, 2019, 37(3): 142 — 143,

(7] epr e AR L 0 ] AR 25 PR BT 8. 1 5K f I B 90 45 5 (2021 4F
J) [EB/OL]. (2020-11-27)[2021-02-28]. http://www.mee.gov.cn/
xxgk2018/xxgk/xxgk02/202011/t20201127 810202.html.

(8] e AR LA FIEHS. thAB A R ] [ T Y A By
JA1%[EB/OL]. (2020-05-06)[2021-02-28] . http://www.moj.gov.cn/
Department/content/2020-05/06/592_3248103.html.

(9] 2= %, ¥ PHiE, SR T, 4. B 07 7 B 5 0% s 1 T A
—— TR R 2 R e g A D], Tl 22 0,
2014(7): 44 - 57.

(107 MHHEAS. H v ik P 22 200 [ R R AR IMTBORT R AR 0] A (43 )

CGHREEFRIY), 2020(2): 23 - 26.

[11] JAROSIKOVA A, ETTLER V, MIHALJEVIC M, et al
Characterization and pH-dependent environmental stability of
arsenic trioxide-containing copper smelter flue dust[J]. Journal
of Environmental Management, 2018, 209: 71 — 80.

[12] KRF5 2, SRAH. NBIEHRFRSE As. Sb. Bi. Pb (138 [ 434 [J].
FREA (IR 4, 2015, 44(3): 15— 18.

(131 3R & MW 1A B DR it S8 Al X 2% B i 52 (0]
AR, 2018, 34(2): 32 - 34,

(141 XV, S IE AR A L5 A DS T 208 B il [T, A g
42,2015, 44(5): 44 — 48.

(15 BRANR, YRR, S B R 2% BT 3R 4041 B I WSoR I 5 it e
(1. A L@ MRS T, 2016, 37(3): 103 - 109.

[16] SCHRIJVERS D, HOOL A, BLENGINI G A, et al. A review of

methods and data to determine raw material criticality [J].

Resources, Conservation and Recycling, 2020, 155: 104617.

[17] SUN Z, XIAO Y, AGTERHUIS H, et al. Recycling of metals
from urban mines — a strategic evaluation[J]. Journal of Cleaner
Production, 2016, 112: 2977 — 2987.

[18] ZUO L, WANG C, CORDER G D. Strategic evaluation of
recycling high-tech metals from urban mines in China: An
emerging industrial perspective[J]. Journal of Cleaner
Production, 2019, 208: 697 — 708.

[19] VILLALBA G, SEGARRA M, FERNANDEZ A I, et al. A
proposal for quantifying the recyclability of materials[J].
Resources, Conservation and Recycling, 2002, 37(1): 39 — 53,

[20] FANG S, YAN W, CAO H, et al. Evaluation on end-of-life LEDs
by understanding the criticality and recyclability for metals
recycling[J]. Journal of Cleaner Production, 2018, 182: 624 —
633.

(211 W Bk, R I WA oA € s T LB R AR 5T
[D]. Jbxt: iR, 2014,

[22] ZENG X, LI J. Measuring the recyclability of e-waste: an
innovative method and its implications[J]. Journal of Cleaner
Production, 2016, 131: 156 — 162.

[23] British Geological Survey, Bureau de Recherches Géologiques et
Miniéres, Deloitte Sustainability, et al. Study on the review of the
list of critical raw materials: final report. [R]. Publications Office
of the European Union, 2017.

[24] KIM J, LEE J, KIM B, et al. Raw material criticality assessment
with weighted indicators: An application of fuzzy analytic
hierarchy process[J]. Resources Policy, 2019, 60: 225 — 233.

[25] CALVO G, VALERO A, VALERO A. Thermodynamic
approach to evaluate the criticality of raw materials and its
application through a material flow analysis in Europe[J].
Journal of Industrial Ecology, 2018, 22(4): 839 — 852.

[26] BARANZELLI C, BLAGOEVA D, BLENGINI G A, et al.
Methodology for establishing the EU list of critical raw materials:
guidelines. [M]. European Union, 2017.

(27] BEW e, i), EREVE, S5, S s SR AL R o e e 1],
LT3k, 2017, 36(8): 3066 — 3073.

(28] X4k, 227 [, 1 SCEE, 55, MHR i v S sk ity A5 bR B R
FOTERR T ], A O EREE S TR, 2019, 1002): 19 - 24,

[29] BRIRAE, FAEBE. = B IR Tl ZERTFHF (M. dbsd: ST H AR
*t, 2010.

[30] SHANNON C. E. A mathematical theory of communication[J].
The Bell System Technical Journal, 1948, 27(3): 379 — 423.

[31] RECHBERGER H. An entropy based method to evaluate
hazardous inorganic substance balances of waste treatment
systems[J]. Waste Management & Research, 2001, 19(2): 186 —
192.

[32] DAHMUS J B, GUTOWSKI T G. What gets recycled: An
information theory based model for product recycling[J].
Environmental Science & Technology, 2007, 41(21) : 7543 —
7550.

(330 220, I B A 2 o 2555 Tl WO A 4 s 1y LT B s B 5
(D]. BHI: BRUIELT R, 2018.

(34] B4, BRARTN. S E e Aol [ B2 7™ £ 49 437 B e s 1t 1AL
U1 AR aBaH S5, 2013, 34(3): 75 - 78.


https://doi.org/10.1016/j.resconrec.2017.07.046
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.3969/j.issn.1674-3709.2014.11.005
https://doi.org/10.1016/j.jclepro.2019.01.109
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
https://doi.org/10.3969/j.issn.1672-6103.2015.03.005
https://doi.org/10.3969/j.issn.1007-967X.2018.02.008
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.1016/j.resconrec.2019.104617
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/S0921-3449(02)00056-3
https://doi.org/10.1016/j.jclepro.2018.01.260
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.resourpol.2019.01.005
https://doi.org/10.1111/jiec.12624
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.3969/j.issn.1004-4345.2013.03.023
https://doi.org/10.1016/j.resconrec.2017.07.046
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.3969/j.issn.1674-3709.2014.11.005
https://doi.org/10.1016/j.jclepro.2019.01.109
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
https://doi.org/10.3969/j.issn.1672-6103.2015.03.005
https://doi.org/10.3969/j.issn.1007-967X.2018.02.008
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.1016/j.resconrec.2019.104617
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/S0921-3449(02)00056-3
https://doi.org/10.1016/j.jclepro.2018.01.260
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.resourpol.2019.01.005
https://doi.org/10.1111/jiec.12624
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.3969/j.issn.1004-4345.2013.03.023
https://doi.org/10.1016/j.resconrec.2017.07.046
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.3969/j.issn.1674-3709.2014.11.005
https://doi.org/10.1016/j.jclepro.2019.01.109
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
https://doi.org/10.3969/j.issn.1672-6103.2015.03.005
https://doi.org/10.3969/j.issn.1007-967X.2018.02.008
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.1016/j.resconrec.2017.07.046
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.1016/S1003-6326(13)62756-9
https://doi.org/10.3969/j.issn.1674-3709.2014.11.005
https://doi.org/10.1016/j.jclepro.2019.01.109
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk02/202011/t20201127_810202.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
http://www.moj.gov.cn/Department/content/2020-05/06/592_3248103.html
https://doi.org/10.3969/j.issn.1672-6103.2015.03.005
https://doi.org/10.3969/j.issn.1007-967X.2018.02.008
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.3969/j.issn.1672-6103.2015.05.013
https://doi.org/10.1016/j.resconrec.2019.104617
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/S0921-3449(02)00056-3
https://doi.org/10.1016/j.jclepro.2018.01.260
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.resourpol.2019.01.005
https://doi.org/10.1111/jiec.12624
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.3969/j.issn.1004-4345.2013.03.023
https://doi.org/10.1016/j.resconrec.2019.104617
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2015.10.116
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/j.jclepro.2018.10.030
https://doi.org/10.1016/S0921-3449(02)00056-3
https://doi.org/10.1016/j.jclepro.2018.01.260
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.jclepro.2016.05.055
https://doi.org/10.1016/j.resourpol.2019.01.005
https://doi.org/10.1111/jiec.12624
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.3969/j.issn.1004-4345.2013.03.023

	1 评价模型的建立
	1.1 资源价值
	1.1.1 市场价值
	1.1.2 经济重要性与供应风险
	1.1.3 资源价值的指标整合

	1.2 可回收性
	1.2.1 品位分级
	1.2.2 统计熵
	1.2.3 可回收性的指标整合


	2 实例分析
	2.1 样品与数据来源
	2.2 资源价值与可回收性评价结果
	2.3 资源属性的综合分析

	3 结论与展望

