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1.1 KIEER

S BT R FH 140 SRR A 1 e A I FROER b A 4 4
kB, HREZTTRGBNESE %)WL 1 s, 29
BHL &8N 27.54%, (KTHAGH (w(Pb)>45%); B
BH 5.55%, (KTEREH (w(Bi)>15%), Kk, &Y
KHE T J PR AL R o

R GMALEERYIRI
Table 1 Composition of low-grade lead and bismuth ore

(mass fraction, %)

Pb O Fe S Si Bi
27.54 16.7 14.72 13.98 5.95 5.55

Ca Zn Cu As Sb
5.28 2.97 1.96 0.23 0.08

JFURL XRD B U1 1, Pk 219 PbS
FeS. ZnS. SiO,. CaCOs; LA} PbBi,S, %%

10 20 30 40 50 60 70
26/(°)

1 ARSAALEEREL XRD

Fig. 1 XRD pattern of low-grade lead and bismuth ore

SEIGAE ] Ca0, Si0, M Fe,Os 4k (Fa Btk
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2018 49 A
Table 2 Composition of coal (mass fraction, %)
C Volatile Ash H,O
55.36 27.34 16.8 0.5

1.2 IE&

SIS R N i P (B IERHE . VTF1600X),
VAR RS LR (E AR 90 mm, = 70 mm).
F R K E B TR X B 4R ROk X
(XRF-1800, Shimadzu, HAGHE). FEILRE RS
Hr%H] ICP-AES(IRIS, Interprid III XRS, ZEE#H),
VIR AT X S 26 AT X (SmartLab, HAEI%?).

1.3 ZWHE

S 56 R FH SRS 30 S o e R B0 M Ak 22
AL R R . EAEIRSEES 752 FREL 200 g
Yrkl, MRAEEMESRIFEIAANIMIA S, RMRSE
BN+ . 7E 1250 °C Nl EUE G — @ i ], BUH 4
M, PRIBEHE 45 min. NGRS HHIREUH A H 2=
T B, ARG SHATRREIE N . R
PRSZIG VAN FREL 150 g A0, ARIEE AYRIL J5
P B EIEFIAE R BN R, RS ER
A, 1E 1200 °C R EMHE—E R TE], CRiREE 45
min, XMEMEGEHATHREHFSHRT. TRPBER
i) @ME)HHE:

D, = Wntem X vt x100% (1)
mMe, tol
D, = Whes X Mg 100% )
mMe, tol
D, =1-D, - D, 3)

K wuen NIZTTRAEGETRHESEG my NG
SRR myes NIZTCRAEEFRIRE D EG ms
B RS myeo NEYIRFZITER IS R .
Dy~ DAY Dy 73 M RTCR T L 4 AT
frrEE .

2 GRS

2.1 S|IBESLE
2,11 JEE (] R

[f] 58 S 2 R T U (m(FeO)/m(Si0,)) N 1.3, 45
FE b (m(Ca0)/m(Si0,) N 0.4, i#4A#HF Ny 1.0 L/min,
2 S A (R G R A ECAT N, g5 R 2 B
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Mo M4IEA 20 min AR, ERTEAIEMN, BAH
WE—& )87 ZIR . BB WM 30 min 3 0%E
50 min, VEFHE. BRI EE S H 22.68% 0.67%
1 0.68%IEINZE 30.21%- 1.22%F1 1.29%. &S 4N
M 3.64%5 % 3.08%. X IFEE B EE N, itk
VIR E A SR N AR R 2, RN 8K
B R B N, MAEKEH 23.13%E =
28.96%. 43BEAUN ] 50 min I, YRGS AL, 1B
Wr=w KAV, T RS RS, U
TNAFT ESAR R A A SR, DR R AU (]
N 40 min.

32 30
28 Mass loss 125
R A7 =—SlagPb 120 o
8 e —Slag-Bi S
5 20f +—Slag-Cu L5 &
L‘: v—Slag-Zn 2
S 4t 110 =
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Fig. 2 Effect of oxygen injecting time on element contents in

slag

2,12 BREELLRSZ
[i6] 52 S0 A PF N IBAE R 1.0 L/min, 385 A] 40

min, F5EELL N 0.4, HIBAELL 258 0.7. 0.9, 1.1,

3 BRIE HOA RN B A B RE I

Table 3  Effect of m(FeO)/m(SiO,) on composition of slag and alloy

1.3 f1 1.5, PREERAELLR TR AT, 2555k
33 Fos. WTLAEH, BERRELLA 0.7 353 1.3
i, EHRESEMN 16.19%INE] 27.23%, HH7EEH
IR 31.49%38INE] 46.69%, 4kEEH ekttt N
1.5, WS RIEE 23.43%, HCHFE 43.86%.
R A BE A AR AE L 0, v BB S o, [ G
FEBRA, T BN PRI 58, A6 ) T2 i) S AL 5 Sio,
EABENE AR, MR HE DN, 2 ek
B GSHUE R BN Fey04 TN SR I,
B RN, TR 0.4%~0.5% 2 7]
1, HAEEP RN 10%. BT A A i 5 A
i HER SRR, B e S B R LTt S
R, HAEE PRI RN 2.6%~7.4%. HEHEE
EEAN 3.5%, L 50%~60%MIEEE N, ff Al
Bii T EBAR, BEERE LA sk, BAE
ERRELL A T HENEB ARG R, AR S5 HAMA
WICE DB ERREEL Y 1.3 I, RpAnEs7E s b ik 2
o RIE ] 55.86%A1 47.59%. % LRTIA, HEEUZRAEEL
N 1.3,
2,13 ESEELLR N

[i] 72 S8 2 R il S % 1.0 L/min, J8(A] 40
min, ZKfELN 1.3, 7aliEdlEsaE v 0.4, 0.6, 0.8
1.0, FBEEEELX TR SR AIEM, FRNE 4
AE 4 Fws. MEEELCH 04 B, EPEESREIAT
27.23%. BHEESEELCIGE M, BHEEERK, A
H 1) 73 e EE AT N 46.69% % 2 29.12%.  HI T CaO &,
PEEMYD, N CaO e i PR MESE Y PO
(3G B, AT BRI vs r o 00 o o 4 e L ) 38
s ARAE Y R LR A 10.96% 3 i F1) 38.83%. £+
BRIV T IR 23 L 250 N 60% 50% A1 70%.

Mass fraction/%

m(FeO)/m(Si0,) Phase
Pb Cu Bi Zn As Sb
Slag 16.19 0.43 0.27 3.65 0.23 0.11
07 Alloy 68.86 6.85 18.17 0.97 0 0
Slag 17.38 0.47 0.29 3.7 0.16 0.05
09 Alloy 6591 7.15 19.37 1.53 0 0.09
. Slag 23.48 0.5 0.57 3.48 0.21 0.11
Alloy 64.25 7.59 20.43 0.89 0.03 0
3 Slag 27.23 0.45 0.86 3.44 0.27 0.08
Alloy 62.94 7.67 21.31 1.21 0 0.06
s Slag 23.43 0.44 0.75 3.41 0.33 0.09
Alloy 63.83 8.04 21.47 1.33 0.01 0
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2.1.4 RS

G DL E 5230 i e 1 AL e Mk AL L2 Ak n
T BREELE Y 1.3, #5REEEN 0.4, 1@ E AN 200 Lkg.
TEAZSCAE T 500 g fIGa AL BT BHEEAT R S5
AR E SR A S 5B B R, AR
TCER T BBk 5 MK S fiox. T LUEF,

PbCuBiZnAsSb

100 PbCuBiZnAsSb

90

80

70

60

50

40

Element distribution ratio/%

30

PbCuBiZnAsSb

BRI R, RS BIA S 28.29%, B I EE
RE 0.86%, CHIPSEHL T H BRI 785, e
TR AN AR, BRI RLET S
Fes04 45 G T AR IR EY -

2.2 RRIEESCIE
AHELTHY 5 B 45%~50% 1) 4T, AT 58 Ik

PbCuBiZnAsSb PbCuBiZnAsSb

0.9

1.1 1.3 1.5

m(FeO)/m(Si0,)

Gas

B3 BhE o o R Be A (K5

Fig. 3 Effects of m(FeO)/m(SiO,) on distribution ratios of elements
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Fig. 4 Effects of m(CaO)/m(Si0,) on distribution ratios of elements
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Table 4 Effect of m(CaO)/m(SiO,) on composition of slag and alloy
Mass fraction/%
m(Ca0)/m(Si0,) Phase
Pb Cu Bi Zn As Sb
Slag 27.23 0.45 0.86 3.44 0.27 0.08
04 Alloy 62.94 7.67 21.31 1.21 0 0.06
Slag 20.24 1.5 0.97 4.62 0.37 0.09
0.6 Alloy 65.38 6.76 20.83 0.34 0.01 0.03
Slag 25.34 0.98 2.23 3.99 0.20 0.10
08 Alloy 63.29 7.42 19.89 1.13 0.03 0.04
Slag 17.33 1.27 0.61 3.9 0.58 0.06
Ho Alloy 68.32 6.99 19.57 1.07 0 0.01

x5 HAMBEPEETREE

Table 5 Elements content in oxidation slag (mass fraction, %)
Pb Cu Bi Zn Fe Si Ca S As Sb
28.29 142 0.86 3.8 18.9911.58 7.11 0.73 0.78 0.23

v A _ZnFeO4
+—PbO
._Pb02
"—Si0,
v— Fe304

10 20 30 40 50 60 70 80
260/(°)
B 5 %A XRD i
Fig. 5 XRD pattern of oxidation slag

an LAY B E AL A R AR B I BN T 30%, HLIE
ik, . BEENM SRS EE S, TEXNEHTIE
JEAR R At — 25 B & @ IR R e R A AT N E
RS, FEERERAELL . PSRELL . B R
FH 5 AA SIS [B] 5% 70 3R 40 Be FR 2 M o
22,1 eI

[i] 72 S50 A% AR iR B[R] 24 60 min, 38 J5 7 FH &2
HIGER 1.0 5, SRt 0.4, WFREEEELST A 1o
FOTBCAR MR o F A g 57 A S O R I8 5
A F PbO. Cu,0. Bi054 As,0; fil Sb,0; %5 4k
B E. RERNE 6 ME 7 s, WTUE
WY ARANER B A . MEEEL N 1.2 B,
BRI ESCRIA ) 80.83% .« Bkt LXK ) B S I AN

K, UEHHARTE IR IR . I ELCR AN ,  HLBE kR
EU AR 3G i FRAR,  IX AT e A2 TR L hn 33 T s
1% 11 Fe;04 F1 ZnFeO, M3 2, K T¥EMIZELEE, 36
THAEE U T, B R R, Mk
LA 1.2 B, BV I 20 BC 2RI B e i 1Y) 67.64%
TN A TE AR A I P S B N KL Bl R L ) 3
I, FRIERIE LA LB N, B2 E] 60% A1
70%. LREFHRE, BUFAERERIEL N 1.2,
222 AR

[i] 52 S50 A% PRI BRI TR] 24 60 min, I8 JR 5 FH &2
MG BN 1.0 1%, BEEHON 1.2, WFRUsRELLa th &
JEATRME . MR 7 FE 7 wH, #5EEEEA 0.4
BhnE] 0.8 BF, M EUSEIGINE] 81.12%; 4RSI N
LR 1.0, R BRI N R 77.46%. H )5
DRI 7E -5 4 L P38 o 2 AR ARG PO SRR IS S 2 2 )
AT RE s (0 A A L 2 T B0 (1 2 EE G
ANFIF4 53 1) o B8 0 B R B o A e b K
BTN 33.18% N 49.97%. FEEEELA 0.4 BEINE
1.0 B, BEEVE I 67.64%35 1% 85.69% .
IR AR LG B 3G AT 48 Si-O K Fe-O-Zn 45 &
WS, R TR T R R . BN EA A
b e BN FECHAY SR N, MRy 0.8
i, FEAVBRERLES P TR RN . EEFEE, R
FFERUSRELLA 0.8,
223 EJFEFIHER#

] 5 SR AR HEERREEL N 1.2, 5RELLA 0.4, IR
I 18] 4 60 min, 2588 J57 55 FH & (4 S5 0 A &2 5 300 H
HEE RN E NSRRI Wik 8 FiE 8
Fior, R EM 0.7 8In#] 1.3 i, 4. HAERLE
FHE TR M 65.42%. 15.35%F1 43.22%1
TINE] 87.17%. 42.72%F1 62.02%. kS48 ik J5E 75
R 1.5, BER AR RSN B 2, TR AR
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Table 6 Effects of m(Fe)/m(SiO,) on composition of slag and lead
Mass fraction/%
m(Fe)/m(Si0O,) Phase Mass/g
Pb Cu Bi Zn As Sb
L0 Slag 69.04 5.44 0.32 0 4.88 0 0
. Crude lead 35.9 91.68 2.01 3.51 0.43 1.55 0.58
- Slag 72.11 5.15 0.46 0 5.11 0.13 0
. Crude lead 37.03 92.64 1.91 3.47 0.27 1.87 0.77
14 Slag 85.32 4.82 0.61 0 4.48 0.07 0
. Crude lead 34.61 92.12 1.39 3.71 0.26 2.04 0.93
L6 Slag 82.9 5.56 0.67 0 4.31 0.12 0
- Crude lead 33.77 92.31 1.19 3.80 0.38 1.92 0.89
100 Pb Cu Bi Zn As Sb Pb Cu Bi Zn As Sb Pb Cu Bi Zn As Sb Pb Cu Bi Zn As Sb
90
80 || |
X
o 70r
g || ||
.5 60
5
2 50+ Z % % 2 z
.-%) —
= 40 — —
5 AV -
£ a0t 2l 2 Z zZ
o | ||
20K | - -
7
10k % z %
0 %
1.0 1.2 1.4 1.6
m(FeO)/m(SiO,)
Gas [[Slag 1 Alloy
El6 BRIEELLXTCER MM
Fig. 6 Effects of m(Fe)/m(SiO,) on distribution ratios of elements
F 7 EHIE LA R HY RS 1 RS
Table 7 Effects of m(CaO)/m(SiO,) on composition of slag and lead
Mass fraction/%
m(Ca0)/m(Si0,) Phase
Pb Cu Bi Zn As Sb
04 Slag 5.15 0.46 0 5.11 0.13 0
' Crude lead 92.64 1.91 3.47 0.27 1.87 0.77
06 Slag 3.38 0.41 0 5.28 0.075 0
' Crude lead 93.05 2.35 3.09 0.35 1.62 0.69
08 Slag 1.88 0.42 0 5.88 0.09 0
' Crude lead 92.49 2.86 3.17 0.35 1.56 0.61
L0 Slag 2.96 0.37 0 5.23 0.14 0
' Crude lead 90.26 2.55 3.30 0.48 1.95 0.80
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100 Pb Cu Bi Zn As Sb Pb Cu Bi Zn As Sb Pb Cu Bi Zn As Sb Pb Cu Bi Zn As Sb
90
80
X
S 70t
3 ||
g 60 | ||
5
2 S0rl A | — ]
2 | o Z % %
e 40 7 ||
E 30k % % % %
o % %
20+ [
% % ]
% % %
1ok % Z % %7
0 2 %
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Gas [[Slag = Alloy
Bl 7 PSS IO R AR R
Fig. 7 Effects of m(CaO)/m(Si0,) on distribution ratios of elements
8 I E A AR Y 4y R SR
Table 8 Effects of reductant dosage on composition of slag and lead
Mass fraction/%
Reductant dosage Phase
Pb Cu Bi Zn As Sb
Slag 11.08 1.14 0 5.38 0.38 0
0.7
Crude lead 91.7 1.08 4.22 0.18 1.67 0.92
Slag 5.15 0.46 0 5.11 0.13 0
1.0
Crude lead 92.64 1.91 3.47 0.27 1.87 0.77
Slag 2.38 0.2 0 5.78 0 0
1.3
Crude lead 92.28 2.27 3.16 0.26 1.81 0.60
Slag 1.9 0.5 0.03 4.03 0.33 0
1.5
Crude lead 92.57 2.67 3.05 0.23 1.17 0.54

B FL R AT BN o 1R PR I SRS 4 5 i AR
TR, SEERMEE ARG B Rl
TR R BRI N, AR 0 2 S A R AE
70%. 248 JEFIFHEM 0.7 #INE] 1.5 i, Ferei A
IBEEM 97.61%FFKE 46.58%. iXF& R ik RS
R B2 S B A N AR, AN TR 1 5 2 R
AR, RFPEREEAHER 1.3,
2.2.4 & JEA] )52

] 58 S AR N 1.2, A5REEL N 0.8, IBJE
AR EAEICER 1.3 5, BEEJEREXE R

7

BRI, ZRINE 10 Fra). BEEE IR b
30 min 3 HIZ 90 min, HMTEBCEH 90.83%IE K%
94.20% .« £ 1) BRI BN UK, e BLICR N 73.05%,
BAKH 29.36%, HIRESHEE R K. 4id
JRESE] N 60 min B, FRE) E YR E] 99.60%. EE
LR B B ] G KTT FEA, ORI SRR TR R, B
(R R ™™ FE o ORI 36 %) B AT 26 s S B [ AR 4K % B
BEK, FEHIAE RIS 8] 4 60 min 5 A1) T8 /s it Bk
MR P . SR8, AR Rk E
I JE[A] 9 60 mine
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Fig. 8 Effects of reductant dosage (i.e. mass ratio of reductive coal dosage to theoretical coal dosage) on distribution ratios of

elements

O LI X 76 R EMCR KI5

Table 9 Effects of reduction time on direct recovery ratios of elements

Direct recovery ratio/%

Time/min
Pb Cu Bi Zn* As-Lead Sb-Lead
30 90.83 51.41 76.26 85.41 9.16 61.04
60 93.34 49.58 99.60 84.38 49.31 87.26
90 94.20 73.05 94.20 82.60 76.51 82.83
120 93.10 29.36 56.94 78.89 39.53 53.15

* According to distribution ratio of zinc in slag

3 Zhip

1) Bttt T2 &4 BEE 200
L/kg, BREEHN 1.3, HREHCN 04, BT EEMT,
T PR RN R A TN 27.23%A11 0.86%. HY Bk il
BRSO A AL TE T A T T B 46.69%
7.37%+ 10.93%- 55.12%- 55.86%%1 47.59%, iBid %,
AE IR CID LB T #4055

2) WFEISERE T E4M T BN 1.2,
FERELE N 0.8, IEJEAHE NI RN 1.3 £, &J5n
[ 60 min. ffE T E&MT, EEE P, B, 8.
B, BAEE S BTN 1.88%. 0.22%. 0%. 4.44%.
0.09%1 0%, . B 4. 8. BPAEE B R 9 A

93.34%- 99.60%- 49.58%. 84.38%. 49.31%F!l 87.26%,
A TR A A ek 1R .
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Elements behavior in bath smelting of
low-grade lead-bismuth material

YANG Tian-zu', XIAO Hui', CHEN Lin"% CHEN Wei', LIU Wei-feng', ZHANG Du-chao'

(1. School of Metallurgy and Environment, Central South University, Changsha 410083, China;
2.Hunan Jinwang Bismuth Industry Co., Ltd., R & D center of post-doctoral research station, Chenzhou 423000, China)

Abstract: The high impurity content of low grade complex material proposes great influence on bath smelting process
parameters as well as product quality. The oxidation smelting of low-grade lead-bismuth materials and reduction smelting
of the oxidized slag were studied experimentally. The effects of various factors on elements distribution behaviors in the
smelting process was investigated. The results show that the optimum process conditions of oxidation smelting process
are as follows: 200 L/kg oxygen to raw material, m(FeO)/m(SiO,) of 1.3, m(CaO)/m(SiO,) of 0.4. Under the optimum
condition, the distribution ratios of Pb, Bi, Cu, Zn, As and Sb in the oxidized slag are 46.69%, 7.37%, 10.93%, 55.12%,
55.86% and 47.59%, respectively. At the reduction smelting step, the optimum smelting conditions are as follows:
m(FeO)/m(Si0,) of 1.2, m(Ca0)/m(Si0,) of 0.8, 1.3 times of the theoretical reducing coal consumption, reducing time 60
min. Under the optimum conditions, the direct recoveries of Pb, Bi, Cu, As and Sb can reach 93.34%, 99.60%, 49.58%,
84.38%, 49.31% and 87.25%, respectively.

Key words: lead; bismuth; low-grade complex material; bath smelting; element distribution
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