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St A Bl m B AT IR AR AT B S A, SRR TER
AT EAL IS, 5] 800~900 CHIMRSE, WA
R4S, fF As. Sb AMFE RN, F~
A= As. Sb. Pb AALIFE; £F As. Sb FEARMNIE
KIG IR THE 1000~1100 °C 74k Sm XA fE 7R A
As. Sb Hil Pb MG MORAMKEIRIRHERE Te
SEAAA, TR A (NaNO;s), Nl Te 5247t
B, IEFEIINGEGR, TR R A TR T 2,
Z L2 Ag Fl Au Rk m . Te 4242014 i) jl
R, HILHE Ag. Au. Te IR ZEREG T2
EO. RRIEAIRIEEFE R, A REMN R As ML
M SRR K, WERERE, HAEHE
WRAT b 2 g 1147135 23,

TRE T ZM Asy Sby Te ft 35 B i B A1) 1 47
BE AR I8 w4 J8 70 2% S8 A 30 5 R S8 7= 0 s e
MZES, SEAREER, nfEeiR bk, R
BH M e ot A AGIE TR AL 22 57, 78 “HCI+
NaCIHEAM ) R, IS SR E L,
TP AL 350~500 mV 3 [ X £ BE AR e HEAT i %
PR, RHEJE As. Sby Te & BHENEWR, #
SREETEMES . BHBETH Te KH _H
Wik, As FZEURSS SVEM R, 28T Sb
KK m s 32 B TR A b A,k
AR AR R B A R0, ghAh, MREEE
WHIFNR BFIARE, 85T 2R afERIER Hik
(. FESR) M —TRIZ 1k (U A A BN —Eh TR TG
BN WA L2 1 A R A, BRI
WAL, E/-HREGRIE . R, 5
e ifims REMEL. Bl EEN &8 TR BT
TEARRIEACEDR m, DU SIS R B 3 7
e FEiatel,

KRICAEHE ST PR AL G b 3 T2 A F
JGE As. Sb. Te iU B NME. PRSI R H 45
MR, SRR A R E S, R RS
(AR R B3, PRZAF TR F 1 S SAVE A 34
FHERYE, ok )E A As. Sby Te 4%
AL, FTERE KR RS B FE R As.
Sb. Te & n R AMBANIERKDH, Au. Ag. Cu %l
ORI 4 8 MR B AERR B b, SEELERBR AR
H As. Sb. Te 55 Au. Ag. Cu ZEMIER0 .

1 LI

1.1 SEIER

S 56 BT A BH AR V8 SR B i ) M T H
RG] . B PHAR IR HOK D G ML T B,
FFLAE 0.25 mm [0 T B 25 Fo o i DK RO e ¢
Yo Y BA B U KL AR R /N SR O RL BE 4 AT A
(LA-960, HORIBA, Japan)i#: {14341, HoPkifz R
H 7.0474 um. HPHARYE R A K AL 3 e AR 7
W U i 9% 3E AT WU %2 (AAS, WFX-320, Beijing
Beifen-Ruili, China), FEALE3 WK 1 . H
TP Au 18 BB, FA R HEH
G % B TR R T RS 61 V4 (ICP-AES, OPTIMA
8000, PerkinElmer, America)it17 7041 H 1 A%,
HRBARR Ve A =i Eh(Sb & &N 34.62%) midR(Ag B &N
8.90%) 4 (Au FEA 561 g/)RERBHIRYE, HAR
1 5 R B

HYRH AR R M R X B R AT ST AU (XRD,
D-MAX/2600, Rigaku, Japan)i# 4TI E, Hf2kJE Cu
K, &EHJIE 40 kV, HHE 150 mA, HffiE%E 5
(°)/min, FHHETEE 10°~90°, FH MDI Jade 6 # 1
SFE B AR VB AAHEAT 20 Hr, DA T R LR 2.

=1 BB EEAL AR
Table 1 Main chemical composition of lead anode slime

(mass fraction, %)

Sb Bi Pb Ag As
34.62 17.08 17.22 8.90 4.92
Cu Te Aub Others
3.19 0.29 561 13.78
1) g/t.

®2 ARV AL

Table 2 Phase compounds in lead anode slime

Element Form
Sb Sb20s, Sb20s, Sb, AgsSb
Bi Bi, Bi2O3, PbBiO4
Pb Pb, PbBiO4, PbFCI
Ag Ag, AgsSb
As As203, CuoosAss
Cu Cu, Cuo.95As4
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BRI T As 2 E DL =S80 R A fi < Je )
WEYRIE AL Sb EELURFES . T8 — 8k
M= =8 BRI AAFAE; Pb 1 Bi BREA
LRSS, WEIRERE G Ag M Cut
R RS E B AL, (EAERTRH AR JE AT As. Sb
T R &Y.

12 BEZFSH-SHoBMSBHELIZRE
Y ISR 08 2 SR A — P A o it 5 i ) T
WA 1R,

Lead anode slime

Step 1: Washing, drying
and screening

Step 2: Low temperature

selective oxidation ~<— Oxidant lead trioxide

Step 3: As, Sb and Te
removal by vacuum
gasification

— Volatiles

Tellurium recovery

Residue

Ag and Au recovery

1 ETEM IR A FRE A I L 2R R
Fig. 1
gasification volatilization of lead anode slime

Process flowchart for vacuum oxidation-

1.2.1 BRSO R S0 e S 7 12

S BT PR L R . B AR e
W AR BB R ¥ R RS Rk
BN, 2erdr, #hEZS%E 10Pa MUF, FHA
T ) A IR P R TR — s I TR, AR A LR
FEJG ORI — e ], SR T &R A R
I IR Ve i, AR RVER) &8 W B AE I T, B
ZS2PL Asy Sb I Te A FH T RMIMIRR . ST L
WG, APV R R, R iR ER = =R
FTHEHTT, USSR ERE 1 I R A B A B 1)
R B AT AR ST & S A iy o b, AT Rk
ST . HEPH BRSBTS
F4 B 7 B BE(SEM, SU—-5000, Hitachi, Japan)
BEATROR B 73 HT

1.2.2 A7 PbsO4 T &

AT PbsO4 IR T 1 HBE R e 5 AR
ST e B AL AP JC 3K As. Sb il Te e #5E
A, DR PR IE G E Asy Sb F Te ()i
o ARHEFLH PbsOs (1] £ LUE IR It HE A IR
Bl (NHa)2COs FENBLBR A, T 56 75 Bk IR B iE
0.720 mol/L. MNIRE 60 ‘C. WIE L 5:1. N
(64 60 min. FHEEEA 500 r/min (LK 4F T
BEAT AR, SR 5 K R = 0 7E 450 Cili 2 R #% 9 h
Ja 15 3 IS4k =H5(Pbs0s) . FITIS AL JE TR
RS e X SR ERAT 73 b, FoA i AL 5 B4l FEAR =i (Pb
FEN 90.62%) 1] PbsOs( LI 2).

Oxidant lead trioxide

T

L L | T L .
10 20 30 40 50 60 70 80 90
20/(°)

B2 L7 PbsOs 1) XRD %
Fig.2 XRD patterns of oxidant lead trioxide

PDF#, 76-1799

1.2.3  SEIGHHE AP
SEIG 1L (D)~C) T H I RHE KR (1), Ass
Sb. Te iFRZ(R) M 57 4@ ISR () :

=" 100% (1)
my

R="1M 0 100% )
my X W,

p =M 009, 3)
My X W,

X mo NEICET IR S B S m
NEASAFTRE R YR my NE A S AT 5%
BT B s wo AR TG E As. Sb. Te I & 5(%):
wi NERYIF TR As. Sb. Te HIEE%): wma N
Ykl TR Ag(%). Au(g/t)fIEE: wy NIREYIT
TER Ag(%). Au(gh)iIEE.
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2 BEEW-SUELRNESH

2.1 APAMRCEH EAIRIEFZASE

PR FE SN, ATART [ 25 BORES M R A B A 5 K
NSRS, HARSTRE BR8] 35 555 Rl
FHNVRAS B LA R B AN 28 <% =i ]
DL 28 R R ()R, @A, BARGE
WA ZE SR B B A BOR S R . 2850
B B 43 B 8 VAR B B AR i 35 0% . TRLRTZ%
Ak p*iE SIRE T 2AEE R R, Al 55 50—
w3 33 il 2 75 72 (Clausius-Clapeyron Relation) i 17 #
T, KHESB RS EIBAZESRRERE R R
02,

p* _ 1O(AT"+BlgT+CT+D) (4)

X pr AR WM SE: 4. B. C. D #
FRAEZE R A, B AREUE T th SR [32] &3, i
SLERRHAR YR & AR I p e, KT AT SR 2
Hlp T-p*E, Wik 3 B,

1 06 rAszV

F '
104 As Gasiﬁqation temjperature
|
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=
(=]
]

600 800 1000 1200 1400 1600
Temperature/K

B3 ES p*RAR

Fig. 3 Relationship between temperature and p*

B 3 A%, As:O3. As. SbyO; HIfETERHE
TR FE IS AN 28 SR I iz K T HoAth 4 S S e, (E
IR E 1073 K & 1173 K EEEEN, Hihd)R
IS A D I AN Z8 SR AR KN IF AR RS pas” >
przo: > pTeOZ* > pre > ppoo. > psb > pBi. S peb. >
DBi,0, > Pag Pcu > Pau s i FHRYE A &5 AR B
FERVERD PN As203> As™>Sby03>TeO, >Te
>PbO>Sb>Bi>Pb>Bi,0;>Ag>Cu>Au. %

& Y R IBIRE A AsrOs. SbaOs. As. Te~ TeOs-
Sb {EZRIHILFEF & Aus Cu. Ag B H THERIEN
SAH, HEMSEIA FEICER As. Sby Te W E S ik .

2.2 Pb:Os ik #E M SRR R N ZFHiE

P PbsO4 7E B MLE R G5 AL S Ag.
Au. Cu & B RLEIICE Asy Sby Te,
KERE WA T E As. Sb. Te. NHIWITEALL
B 748 K ' PbsO4 1B 1 A AL EYBHAR T TH 5 Ag
Au. Cu L& B AP As. Sby Te HITAT
P, WA T R aPbO, + M Me, = cPbO +
dM,,0, +eMe,0, 11 {f] A Gy fERIEAT F 7334,
Pb;O4 ML As. Sb. Te 5 Ag. Au 4 & AL
SV A, GO, W 4 Fis. B 5 s A PbsOs
SR As. Sby Te B A.GO fH .

HE 4 7750, Pb;Os %4k As. Sb. Te 5 Ag.
Au. Cu JE 14 & a4k & P)(Ag. Te AgzSby AuTes
AuSby. CuzAs. CupSb. CupTe)ftI B A, G 571N
T 0, B Pb3O4 A Kf AgoTe. AgiSb. AuTers AuSbas
CuzAs. CuzSb. CwTe H1ff] As. Sb. Te AL
W G5 KB As 034 SbaOs. TeO. [N, HE
5 A1, PbsOs SAALHR As. Sb. Te {1 A,GS IR
/N0, PbsOs EALHT Ag. Au [l A,GSEH KT 0,
KW Pb;04 AI AL As. Sb. Te HLJii, {HHFUIRS
1 Ag. Au TiEw A, PICAF AR S

3 #R57HE

3.1 XfEEsEIg

TS o b B S A S IE R (VO-GV) i
FRESBARLJE T As. Sb. Te HIRKE, EXTHSBAFLIE
BEAT T EAR R A SR (VD) . BRI e
FER SEIGE PRI R FH &N 100 g0 BEASAIRE N
1123 K, fRiE 90 min; L2 EM—SALIE R ST 80
FHAR Ve = FAEN 100 g, AALFIFHEN 100g, H
TAAIRE N 748 K, IS A9 90 min, HAS
AT FE AR IR IS [A] 5 B3 S S S R S B AR TR
XfEesese A5 R 6 Fros.

HiFH e B B S A(VD) R SESR T, As.,
Sb 1 Te HIBLERZE 1A 90.46%. 69.18% #
92.71%; HYBH e B 2 H A A HE K (VO-GV) 3K
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Fig. 4 AanG: values for oxidation reactions of intermetallic compounds by Pbs;O4
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Fig. 5 AanG: values for oxidation reactions of different elements by Pb3O4

B, As.Sb 1 Te FIMLERZE 73514 96.84%-94.21%
F199.93%, BilkHRIIET 90%. HiBHIE B 25 %
WS RIEA T B S SR, As,
Sb Fl Te MIMiPRZ R ERE, JLHZ Sb, &€& T
25.03%, SZHL T % As. Sb Al Te B B0 o

3.2 BERIW

TEAT AR IR BN 100 g HEFAMR IR 5 8L
JRELA 1:1. HAIER 5~10 Pa. FHEHERHA 30
K/min BI&AF T, 3 e B2 A TR R« S8 I 1]
B SARTERE A AR IR 8] Xt % BE B e F it T s
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fifi R BEAT THETL, SEERZERWE 7 Fis.

3.2.1 LA AR S B A i ok P 2 e
HAEAAY 90 min, EZ&SALIEE 1123

K, BTSRRI 90 min, B2 AMEE S

BN 698 K. 723 K. 748 K. 773 K. 823 K if, H

VO-GV

100+ VO-GV VO-GV vD ' Y

80
60|
40}

20+

Removal rates of As, Sb, Te/%

0

As Sb

El6 F&EM— BRI SR
Fig. 6 Experimental results of VD method and VO-GV
method
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&7

A S AR As. Sb Al Te (iR 4k 7(a)
FT7R o

AL A 698 K IZMi N4 823 K, As iiF&
M 93.61%IH 5 97.04%; 1E 698 K & 748 K At
TRFEXTAIN, As BEBRZE N 93.61%I5 % 96.84%, 1
T 3.23%, SGIRECK: fE 748 K % 823 K S AL
FEX TN, As BiBRZFIGIN4EN. 7£ 748 K 2 823 K
AR E XN, Te BilRZM 99.18% %2 = &
99.91%, {EMNEALIRE 723 K 146, Te fifk %L &
ZAAk . EALTREE M 698 K #hn 2 748 K, Sb fik&
K 84.57%ME 94.21%, MEEK: FEALIREM
748 K IZWi N A 823 K, Sb ik M 94.21%4 %
90.27%; T N E AT E BH AR, FEIR AT
689.25 K I, PbsO4 JFAA 7 il 4 PbO FI% <, Sb
FBL I % B IF A T AR B i s A7) PbsOs 43
filt, FEACAERIEE FE A PR UE R BRI = 1 BB
K, P 748 K /ENEMEE

00f® s
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96 _/'/

Removal rate of metal/%

941 e
—— Te
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100 | (L—/A A
c,\\°
= 98F
15]
g ././I//.
s
2 96 +
&
=
Z 94t o °*
g —a—Te
(2 —=— As
92 - ——Sb

60 70 80 90 100 110 120
Gasification time/min

AR AAGIRLEE L PR A A IR TR X i o3k ) 52

Fig. 7 Effects of oxidation temperature(a), oxidation time(b), gasification temperature(c) and gasification time(d) on

removal rate of metals
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322 E A R R B o 5

A EAIRE Y 748 K, EASALIRTE 1123 K,
B A SAL AR ] )9 90 min, LA AL E] 43 1)K
30 min. 60 min. 90 min. 120 min, EZEMN—S1k
i BRs2E6 h As. Sb Al Te HIBEER R 40 7(b) s

ALK [E] A 30 min BTG INE 120 min, As.
Sb Fl Te MIMLFRZFAS 2N . As BLBREM
95.26%M % 97.33%, MilEN 2.06%: Sb Mikx%
M 90.81%HINZE 94.45%, & T 3.61%, MEIEE
K Te BiFEF M 99.19%H A 99.91%, il
BAMK. EEAREA 90 min 244K, As. Sb
Al Te FIBEER 220510 96.84% 94.21%F1 99.93%,
Vi B AT 8] RO 7e A, 33— 20 1 A= AR ],
As. Sb fil Te Mt FRFSEmEDN, HOEKEBHK
VEACELFA I, i 90 min (14T BHFR IR A AL 5 iE
Ho
323 FAS AR X BB R s 1 B i

HAEEALIRE N 748 K, EZEALI A 90
min, EZSALRIRE Y 90 min, EASAIERE
YR 1023 K. 1073 K. 1123 K. 1173 K, AR
A 1L EE S 5 2R e B A ok T B

WE 7(c)Frs, SALHREM 1023 K IZ#THE 12
1173 K, As BRI 92.42%4 % 96.98%, F5
T 4.56%; Sb MiEEFM 89.44%I A 94.45%,
B 5.51%, ZBALEE K Te iR M 97.92%14 N &
99.95%, $EiE 1 2.03%. fESALIRE N 1123 K i,
As. Sb Al Te MIBLERZE5 74 96.84%. 94.21%A
99.93%. # Ak m AR, As. Sb Al Te (/i
BRI, HaEmbE Ag SaEist
BRI, BGRERARE, Hathneh e
ACFRAERE, kSR 1123 K A APV AR FE -
3.2.4  EZASALLRIR I TR R R R 1 5

HAEEAIRE N 748 K, BEZAALIEN 90
min, EASARE N 1123 K, E5 AR ]
43514 60 min. 75 min. 90 min. 120 min, %S
A B T 6 6 2% e B e o T B2 )

W 7(d) R, FESARTE 60 min 2 120 min
TG, Asy Sb Al Te FIBBRZI1E 90% LA F; As
PR ZE M 95.85% I TN % 97.18%, #2151 1.33%:;
Sb BEERZR M 91.61%F2E =12 94.32%, HElE K 2.71%:;
Te R M 99.25%IE 124 99.91%, & T 0.66%.
TES AL A4 90 min B, As. Sb Al Te f ik %4>

FH 96.84%. 94.21%F1 99.93%, —F CL4FHIE LT
Fik: A SAGT AL A 90 min 34 NZE 120 min, As il
Sb 1t 253 il W i 0.34%0 0.11%, Te it by
JUAEAL, BT LAZERE 90 min HIHTBHFRJE <AL KN

jﬁﬁc

3.3 HHMACEEZSUH-SUKELY

TEAT IR S8R BT R LY 11, JP N Rk
5~10 Pa. FHEHEFA 30 K/min. HEZEILEEAN
748 K. AL ]9 90 min. EZSALIEE N 1123
K. SACARIEIE]) 90 min HISEIR&ME T, HEAA
S BRBR 25 As. Sb A Te [RIIRER 24051 N
96.84%- 94.21%F1 99.93%, FF15 % & & B i 1)
R, B WK 3. #ERY X FHEATHXRD))
FHAHT I X R BERE (EDS)JG 3 20 AT 45 5 2 591l 1 [
8 19 Ffrm s

HHEE 3 "I, R EEITTEN As. Sb.
Te. Pb #1Bi, 148 Ag Ml Au W BE/ER Y+,
As. Sb il Te WIMLERZED 04 96.84%. 94.21%H
99.93%, HPSZEL T JGZ As. Sb Fl Te [ = BB -
e 8 Fior, RV EEYIMA As:05+ SbaOs+
SbsOg~ Sb. BixOs+ PbO #l1 Pb, 15t B4 BH AR Ve J5 K

®=3 BLSERAFA TR T EZ A oy
Table 3 Main chemical composition of volatiles under
optimized conditions (mass fraction, %)
As Sb Te Pb Bi Cu Ag Au
439 30.08 0.27 40.82 8.67 - - -

L. MAA LJ\MA

As,05, PDF#, 36-1490 ‘
Sb,0;, PDF#, 72—1334|

Volatiles

Sb,05, PDF#, 76-1717 ‘

‘ 1 ‘: 'l 1

Sb, PDF#, 85-1324 ‘

| PbO, PDF#, 85-1414 ‘
Pb, PDF#, 04-0686 ‘

o N

1, 1, PhOsPDF# 5271007 ]
10 20 30 40 50 60 70 80 90
20/(°)
B8 mALSI sk T A XRD i
Fig. 8 XRD patterns of volatiles under optimized
conditions
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(b)e)

9 HARSLIFAT TN SEM G KAL) TR 0 A

Fig. 9 SEM images and element scanning distribution of volatiles under optimized conditions: (a) SEM image; (b) O; (c) Cu;
(d) As; (e) Ag; (1) Sb; (g) Te; (h) Au; (i) Pb; (j) Bi



H32 B 1M PR, S PR A AR BERR As. Sb Fl Te 259

H1[1) AgzSb. CuoosAss 5542 & (B L G VIR B AL, LIU Wei-feng, YANG Tian-zu, LIU You-nian, et al. Selection
PLEL As. Sb fl Te HH S IR . R F T of pretreatment process for removing base metals from lead
Cu. Ag F Au S EIMC: As. Te BieE40 i 570 anode slime[J]. The Chinese Journal of Nonferrous Metals,

2013, 23(2): 549-558.

<07 &, FEDHA 2 NS Sby
KONGRS BUARAY XN Bl BRE, £ %, N, % 2R A AR B R Ve

g AN — ks I
Pb » Bi STHAHS O RRAMHAES, Sbe BRI o 3 S R R R, 2012, 43(7):
Pb Al Bi w] LAHLJST MUIRA A P Bl 0S4 2482-2488.
K, w9 FR. YANG Tian-zu, WANG An. LIU Wei-feng, et al. Removing

arsenic from lead anode slime by oxidation under potential
4 éﬁiﬁ control[J]. Journal of Central South University (Science and
Technology), 2012, 43(7): 2482—2488.
[4] RRTF, EEERAE, SR, & miE e K 28 R
A SEIGHE FE[T]. R4z 0E, 2003, 24(4): 26-31.
WU Jun-sheng, LU Yue-hua, ZHOU Yang-ji, et al.

1) s TH S P AR e & Al A 2 SR
J Pb;O4 i FEMEE AL Ag. Au. Cu 5 As. Sb. Te

SR GO SN T AT E HHRE, &5 S HTFH ke Experimental study on arsenic removal from arsenic-rich
E:J%E? /_:h ﬂﬁﬁj}iﬁ’ t ;% ’ L/t\, 1k T !E}l}l BE *&/)ﬂ ﬁ '/f lead anode slime by volatilization roasting in steam
AL S AIE e B R i BT AT . condition[J]. Precious Metals, 2003, 24(4): 26-31.

2) %U)_:ﬁ%%;gﬁ{zy %% T Eé/fﬂ/t_/_:h“: [5] LIN De-qiang, QIU Ke-.qiang. Removal of arseflic and
5 L o % TR 20 TR B T I A SR S, B antlm(?ny from a.node slime l?y vacuum dynamic flash
N N . " . reduction.[J]. Environmental Science & Technology, 2011,

B B AR YR Bt e B A ) i B T 2 ok A AERT AR 45(8): 3361-3366,
5%{{*%”55 = Hﬁj‘j 1:1, k):l 'j‘j J£ 55 5~10 Pa. ﬂ‘/ﬂ%ﬁ [6] LIN De-giang, QIU Ke-giang. Removing arsenic from anode

N 30 K/min, EFEALEEA 748 K. AL (8] slime by vacuum dynamic evaporation and vacuum dynamic
N 90 min. EZZSALIRE N 1123 K. SALARE I 8] flash reduction[J]. Vacuum, 2012, 86(8): 1155—1160.

90 min HISSHATE T\ As. Sb M Te aflibpasyy) U1 7 KO W B EHRTRGERLE
5 06.84%. 94.21%1 99.93% HEA BT DR TREEEH, 2014, 14(1): 71-77.
N . 0~ . 0 . 0o

LI Lei, ZHANG Ren-jie, LIAO Bin, et al. Separation of As
— N P _=
3) JUE As. Sb il Te ZE4H $&ﬁ‘ﬁl¥\4{’ K from As and Sb contained smoke dust by selective

1{‘33%5'3)5)?@‘%7/%%'#’ w‘$5‘i 74}‘”1&“[\%\41{‘#@%3@@ oxidation[J]. The Chinese Journal of Process Engineering,
16, (TR =MocRt— PR RE; HEE 2014, 14(1): 71-77.

Ag. Au 7EIZI RIS, HikES, SRR (8]  ZFIEN. 4RHTBHRR I ok i 47 | mIoR F D20 FE[0].
AR LR R R B B TR R VAR L TR, 2018012:1719.

LI Li-li. Study on recycling process of tellurium in copper

lead anode slime[J]. World Nonferrous Metals, 2018(12):

T R R eI g BERBARSEL AL

17-19.
REFERENCES [91 XIFEHE, S04E. SLentibbIRt Te [EIUAR ST 2
(7. #6 &8 55 & 4, 2016, 44(6): 2225, 38.

[11 & [, ®AR, A, 2 RN E AR B LIU Xiu-ging, WU Wen-hua. Experimental study on
ETER AT RH B e TR B BR AR ER[T]. P E A 4R R, 2015, improvement of tellurium recovery from lead anode slime[J].
25(5): 1394-1402. Rare Metals and Cemented Carbides, 2016, 44(6): 2225,
LI Kuo, XU Rui-dong, HE Shi-wei, et al. Arsenic and 38.
antimony removal from bismuth-rich lead anode slime by [10] LIU Tian-tian, QIU Ke-giang. Removing antimony from
alkaline pressure oxidation leaching[J]. The Chinese Journal waste lead storage batteries alloy by vacuum displacement
of Nonferrous Metals, 2015, 25(5): 1394-1402. reaction technology[J]. Journal of Hazardous Materials, 2018,

2] X%, BRE, XISUE, 55 BERE PR H Ik &R 1 347: 334-340.

TiA BT 2R R[] o E A GRS k, 2013, 23(2): [11] CHOOG T, CHUAH T G, ROBIAH Y, et al. Arsenic toxicity,

549-558. health hazards and removal techniques from water: An



260

hEA ORI

202241 H

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

overview[J]. Desalination, 2007, 217(1/3): 139—-166.

e N RILHIE ARG, ERERIEY 432021 4
JR )[EB/OL]. [2021-03-21]. http://mee.gov.cn/xxgk2018/
xxgk/xxgk02/202011/t20201127 810202.html.

Ministry of Ecology and Environment of People’s Republic
of China. National Hazardous Wastes List (2021) [EB/OL].
[2021-03—-21].  http://www.mee.gov.cn/gkml/hbb/bl/201606/
t20160621 354852.htm.

GB 18597—2001. f&[&KYIW 4715 YedzlbruE[S]. g
N BHLFNE AR A RS, 2002.

GB 18597—2001. Pollution control standard for hazardous
waste storage[S]. Ministry of Ecology and Environment of
People’s Republic of China, 2002.

AN HaaM]. Kb Pk H R, 2004
PENG Rong-qiu. Lead metallurgy[M]. Changsha: Central
South University Press, 2004.

SR, BUARENA SM]. Kib: gk AL, 2013.
ZHANG Yue-ru. Modern lead metallurgy[M]. Changsha:
Central South University Press, 2013.

P, WKIRE, 5, 5. BHRUE KR AL B AR
JE[)]. Wi 4 )8 SR A 42, 2010, 38(3): 63-67.

LI Wei-feng, ZHANG Xiao-guo, GUO Xue-yi, et al. The
latest development of pyrometallurgical technology for
processing anode slime[J]. Rare Metals and Cemented
Carbides, 2010, 38(3): 63—67.

FEluib. HYBENYE B AR WGE F A AR R 2
PEFSRER[D]. Kb R, 2011

WANG Guang-zhong. Production practice of oxygen
enriched bottom blowing reduction smelting oxidation
refining process for lead anode slime[D]. Changsha: Central
South University, 2011.

TrerA, R, EWRRH, . m S Ak i i S
R B TAVARES[I]. 5718, 2020, 29(4): 111-115, 136.
FANG Hong-sheng, LI Hui-ying, WANG Xiao-yang, et al.
Pilot test of arsenic removal and comprehensive recovery
from high As, Sn and Pb bearing anode slime[J]. Mining and
Metallurgy, 2020, 29(4): 111115, 136.

HE Yun-long, XU Rui-dong, HE Shi-we, et al. Alkaline
pressure oxidative leaching of bismuth-rich and arsenic-rich
lead anode slime[J]. International Journal of Minerals,
Metallurgy, and Materials, 2019, 26(6): 689—700.

SHU Yan-xiang, CAO Hua-zhen, WU Lian-kui, et al. The
comprehensive utilization of oxidative hydrochloric acid
leaching of anode slime bearing fluorine, arsenic and
antimony[J]. Hydrometallurgy, 2019, 183: 106—111.

HE Yun-long, XU Rui-dong, HE Shi-wei, et al. ¢p—pH

diagram of As-N-Na-H>O system for arsenic removal during

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

alkaline pressure oxidation leaching of lead anode slime[J].
Transactions of Nonferrous Metals Society of China, 2017,
27(3): 676-685.

CAO Hua-zhen, CHEN Jin-zhong, YUAN Hai-jun, et al.
Preparation of pure SbCl; from lead anode slime bearing
high antimony and low silver[J]. Transactions of Nonferrous
Metals Society of China, 2010, 20(12): 2397-2403.

JEHERE, A, B, A e E DI EY S EF
M]. db5t: fh2ETl HRR AL, 2018.

ZHOU Lian-bi, ZHU Yi-bin, SHAO Li-nan. Comprehensive
utilization of nonferrous metal industrial waste[M]. Beijing:
Chemical Industry Press, 2018.

MAKUEI F M, SENANAYAKE G. Extraction of tellurium
from lead and copper bearing feed materials and interim
metallurgical short Minerals
Engineering, 2018, 115: 79-87.

XU Zhi-peng, GUO Xue-yi, LI Dong, et al. Optimization of

products — A review[J].

tellurium and antimony extraction from residue generated in
alkaline sulfide leaching of tellurium-bearing alkaline
skimming slag using central composite design[J]. Mining,
Metallurgy & Exploration 2020, 37(2): 493—505.

TR, AT B o [ (0 LR [D]. B B
TR, 2012,

ZHANG Dian-bin. Recovery of tellurium from tellurium
alkali residue[D]. Kunming: Kunming University of Science
and Technology, 2012.

WEE, #50R, % 9. SR ANEE AR AR
PIPIAET]. HEA 4 JE SR, 2005, 15(8): 1278-1282.

ZHENG Guo-qu, HUANG Rong-bin, PAN Yong. Phases of
antimony trichloride  solution  containing  fluorine
neutralization hydrolysis products[J]. The Chinese Journal of
Nonferrous Metals, 2005, 15(8): 1278—1282.

X, XIFY, VAR, & B SEHE AL AR ik
B EKRERED]. PEAE BLEFI, 2019, 2902):
396-403.

LIU Wei-feng, LIU Hao-nan, SUN Bai-qi, et al. Selectively
separating base metals from noble antimony by chlorination
leaching with controlling potential[J]. The Chinese Journal
of Nonferrous Metals, 2019, 29(2): 396—403.

HEE, Uk, B, SBR[,
B4 & 24 4), 2006, 16(9): 1628—1633.

ZHENG Guo-qu, ZHI Bo, CHEN Jin-zhong. Hydrolysis
process of antimony pentachloride[J]. The Chinese Journal
of Nonferrous Metals, 2006, 16(9): 1628—1633.

BAKE, B . AESBEMERETREM]. b5t i
& Tk Hi A, 2000.

DAI YANG Bin.

Yong-nian, Vacuum metallurgy of



H32 B 1M

PEK, & BRI

RS AIE RN As. Sb Al Te

261

[31]

[32]

nonferrous materials|M].
Press, 2000.

PR AP S m e R & S BT [D). B
EHL TR, 2015.

YI Jia-fei. Vacuum distillation of complex copper alloy

Beijing: Metallurgical Industry

containing arsenic and antimony[D]. Kunming: Kunming
University of Science and Technology, 2015.
BoKAE, B . AREBESBEEM]. et maETl

[33]

[34]

nonferrous metals|[M]. Beijing: Metallurgical Industry Press,
2009.

AR, REWEAL M. dbat: R 4E Tk AR, 2006.
GUO Han-jie. Physical Chemistry of Metallurgy[M]. Beijing:
Metallurgical Industry Press, 2006.

WA, R, SEHITEN I S E s T M), B
a8 LAk H AR, 2002.

YE Da-lun, HU Jian-hua. Handbook of practical inorganic

HARAL, 2000.
DAI Yong-nian,

thermodynamic data[M].

YANG Bin. Vacuum metallurgy of Press, 2002.

Arsenic, antimony and tellurium removal from lead anode slime by
vacuum oxidation-gasification volatilization

Y1 Jia-fei'2, CHENG Ke-ke"2, ZHA Guo-zheng' 2, FAN Kai'2, KONG Xiang-feng" 23,
YANG Bin" 23, LIU Da-chun"?3, XU Bao-qiang" >3

(1. National Engineering Laboratory of Vacuum Metallurgy,
Kunming University of Science and Technology, Kunming 650093, China;
2. Faulty of Metallurgical and Energy Engineering,
Kunming University of Science and Technology, Kunming 650093, China;
3. State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization,
Kunming University of Science and Technology, Kunming 650093, China)

Abstract: Lead anode slime (LAS) contains amount of harmful elements As, Sb, and Te. In order to remove these
three elements green and efficiently, an innovative process of “vacuum oxidation-gasification volatilization arsenic
antimony tellurium” was proposed. Lead trioxide (PbsO4) obtained by calcination of waste lead paste carbonation
desulfurization product at 450 “C for 9 h was used as oxidant to remove As, Sb, and Te from LAS. The effects of
vacuum oxidation temperature, oxidation time, gasification temperature and gasification time on the removal of As,
Sb, and Te from LAS were investigated. The results show that the removal rates of As, Sb and Te are 96.84%,
94.21% and 99.93%, respectively, under the following conditions of mass ratio of lead anode slime to oxidant 1:1,
system pressure 5—10 Pa, heating rate 30 K/min, vacuum oxidation temperature 748 K, oxidation time 90 min,
vacuum gasification temperature 1123 K and gasification holding time 90 min. The elements As, Sb and Te enter
the volatiles in the form of elemental and low valent oxides, and the precious metals Ag and Au do not lose in this
process, which realizes the efficient removal of As, Sb and Te.

Key words: lead anode slime; As; Sb; Te; selective oxidation; removal; green and efficient process
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