H55% 2 M A Vol. 55 No. 2
2026 4 4 H China Nonferrous Metallurgy Apr. 2026
\ VAN ==
BEIZE

51 scagsX ARG, 3G e W, A S AR B A A B R SR T 2R SEL) . A (iR 42,2026, 55(2) :63-74.
GOU Haipeng, PEI Zhongye, CHEN Xuegang, et al. Reduction technology of complex low grade lead—zinc oxide ore[J].

China Nonferrous Metallurgy, 2026, 55(2): 63-74.

5 J G R AL S 8 T 25

%jé‘ﬂ}]’ﬁlly %}i’c&;éz’ F‘Z}:‘f%émljly %}jﬂg’%l’ i#- gl’ 5‘“] %—l
(L AP EBIE TR ARA AT, bt 1000385 2. L7 LA RITAEAT, Jbat 100053)

(i #] KEEARNEET EALMEAL BEREIK ALES ARER BEEMFHE, RAR
FLESBEEANEEEE LT ARG 2k RARF A, O LR T LRI ET & B A
W R R R RE R, AL HE L RIS RAEHFT AR S, R A w ER R
BEIYL,ZAERT RBE JE  ROM B R 5 £ 406 A ROTAE 5 B REANMEBELITHS
LA BB R, AT 44 FactSage # 1 33+ B XRD . SEM-EDS | ICP % 547 F &, 887 T & Rat &2
WA IE A B v B AR AL R AL . R RA R 1 200°C B 20% RO BT 1 h A AE
WAt T, BIER FTE97.40%, 5 3E K F R 47.87%, R T 4B R RIEL L HHANMEE T 4R T
LA LEE T HAASH R, FHIRT 2 BAD S FRALLE A0 B IR IR BT R s A ] T AE et
— L, AR FTRHEG R R, T —F T RAEN-TRFELHES T LR E, LRI Z £

AL 32 R 6 45 R R
[ e |
[hE4325 ] TF812; TF813 [ SCHkbR&#S ]
DOI: 10.19612/j.cnki.cn11-5066/t£.2026.02.007

0 515

W EAE R e s R E R
Fofr, e B i o ot SRR G Y 12. 5%, FR TS ER 2
fF 5 FFA o7 HE R A R 1Y 10. 7%, JE B 3
B EAEE BEE VRS R EERE BT 5T IR R T
KRR FNEAE , K507 ALY EET BE R 19 T & A
MZ8 Tk Eu", S v RE

[k F 3] 2025-12-16 (83T H 1] 2026-01-25

[ B 2026-01-28 [ HAR H 1] 2026-04-01

LS —1E# ] AitEms (1989—) , 55, M TR, ILARACE N 1+ &
TR, FENFEA AR ST,

[ REAT00 ] 5 A 0 R A v D ) 5 e M A T e
S R CE R 7 (2024YFC3907502) 5 75 48 BHL T 8 R
LI« £ 48 1R R AR Y BE S R S TR LA TR FH Se ke R
W57 (202302AB080014) .

B Ak AT RACAL AR5 WA R RIEL R R AR B, A FI 5, AR

[ ] 1672-6103(2026)02-0063-12

THALE RO R AR, & m s IR
HAT MR AR KM 852 SR AR UK B
APUSFEAE R i . 3 E S AL BB o F
5 5B A L VY R AP PR S, 4N 22 B
BYRRET U AR LB TR A
ST EYRRE A .l TRAL R AL BT R B A )
i AP S TR VA (AN = R L2 Y =TI = N A3
A0SR L R B SRR GEREET L T S A B
ViR 5 H =0 7 A S BRI ER R A W) F4 3
AR RERRER G WIS WA AT G R R R
PR T 200 8 8 S A 1 & T I e B A o L 70
PR AR XPPRE AR SRR LR T T
AL 2 BPAR i 7 A R, SR TR T A B
J5 T R R 86. 38% , IMIISUBUR B 2% .
A A L 2 AR 7 S A B JEURER



- 64 - v E R & & 4 BBETE

G 2R )R T 2 TR ) Tk AR st 5%, 76 18 )5 25
T W ZnS 5 CaCO, & A= J2 i A 1 CaS , Bl %
7 CaS £ i I E A 2 10. 82%, 3% S A B 2 I
M LI PR TSR, Ok AN B g R
BEVR R R I fb + 00 fb 45 7 T 20 b P B
12 HE S 4 ] B 5 T Ak B — 2 EU 8] A I 5 7 SR AR
BERT, TR o A VHVRE S B I HL A
RS, S I6 R REFEHE AR A MR 28 T PR 48 bR i 52 )
S A e kB v SR AR B T B TR) A B A HE A
BREM S SR I PG 40 U A e AR L K0 k4 9 R )
MM E, 55 BL5EIR (E e K AL, I AR AL 7 Ak
YRR B IR AL 2R G TROR) T LA 43 KA 31

ARSI RO ARG b 7 SR A B R A R e Lk
REEGEE O B, A — 2 LB R ALY RERREE B
T E AL AR 3 R R A [ A 2 T
J& 5 A 7 B AL BT T I R A R B A oY AR
T YA A JE T R 0 oA Kok ) WS
B E A HINEHR T AW, has w8tk
FIH & AR A A AL BT B T 58 R B2 AL LS AR 38 A1
BRI

1 5 R R o S A 0 B

TR T FH Y JEORE R 2 AR T R R
822 7 A AR B B, AR E TR AT A AR
1, B RIZe A0 X SEAT T (XRD) B3, 251
T A 1 E LA N ERINEET (Zng, 16Feq 1.5)
S H (Zn,S1,0,(0H),-H,0) . A48 (PhCO,) . 1=
£1(CaMg(CO,),) FJT 41 (CaCO,) &5 . XA H1 ()
By ERLSE AR T o0 b S5 R LR 2 TSR 3, TR AT
B B AL 2 A T2 R AR R B AR AL A, 43 S
WA SRR 74, 10% A1 15. 47% 5 FERI AL A0 A 3=
SR WRIRBE RE IR BE RN AL EE , 430 o BE AR
1Y 28. 14% .43. 36% f125. 24% .,

B BT FH 9 3 TR 550 Sk JE AR, Mk 43 A s
45 LR XRD 3 43591 DL ¢ 4 FE 2, Jo AR v [
e & 1 K 48. 59% , JK 43 FEELWAH R Si0,.

2 IREB A MR

G i 3 42 B ™ R 2 o 0 D i o
PV I e 3 T e B A K
AR BRI T U DL R AR

1 1 CaMg(CO,),
2 Zn0.7762n0.224s
3 CaCo,

4 PhCO,

5 Zn,Si,0,(OH),-H,0

Intensity

3
3

n

3 5

; 4

554 “45iU i‘leﬁ%‘f 4l 2 3 2 2
10 20 30 40 50 60 70 80 90
200(°)

B1 AR A a B XRD &1
Fig.1 X-ray diffraction pattern of complex low-grade

lead-zinc oxide ore
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Table 1 Analysis results of main components of

complex low—grade lead—zinc oxide ore(mass fraction)

%
JLE S Ph Zn Fe Ge Si K
S 495 5276 1140 1450 0.0045 205 0.14
TR Ca Na Mg Al C Ag¥  Ge¥*
GRO1314 017 360 042 6.12 7973 45
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Table 2  Analysis results of lead—containing phase in

complex low—grade lead-zinc oxide ore
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Table 3 Analysis results of zinc—containing phase in

complex low—grade lead—zinc oxide ore
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Table 4 Industrial analysis of anthracite

PRI REER e  ERS% K% RKAYN% K% HERERE S EY% A% RN R g
il 48.59 431 46.09 5.85 1.01 0.53 1.85 3759
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t «Si0, Table 5 Parameters of rotary kiln reduction test
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Fig.2 X-ray diffraction pattern of anthracite
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Fig.3 Test equipment

W e ik 7 rpod A BRI AR R AR
0.9 L/min, MEAN, EUSE AT LB S5 K 7= A ) B
TR VYR TR Y Ky S IR AR A Al S T
eEs,

R T ARAIE [ 5 78 9 A8 SRR Al R RUAT B 4
AN EREITRERR WRSWERBSH. &
PR 5 BR800 ¢ SR, AR 4l AR L BRI — 5 BT
T 0 CBERY 225 8 B 0 T O kL R BE /N T
3mm) K ZH R A S JE BOA BUE 2E 0]  A
B WL E N 0. 56 v/min. B [0 5% 75 L 5°C/min TR
WA =R T 2 AR R s B AR ER A [
ek mA AR R H B S, BUB P s AR E I

No. 6 20 1 100 1 No. 16 10 1 100 1
No. 7 20 1150 0.5 || No. 17 10 1150 0.5
No. 8 20 1150 1 No. 18 10 1150 1
No. 9 20 1200 0.5 || No. 19 10 1200 0.5
No. 10 20 1200 1 No. 20 10 1200 1

B HE AR TR AR AT A S W AR I B Ak 2 o8 B A BT
LRl

3 IR Ak
3.1 ABIZSEXERESRAERNHMN

] 4 S AN )i J it B i st (] LR I L A5 14
TS BRSO ATV I SR R R R 2
P P14 PR 2 i R K B 7 R A i R R
W MR KR A 1 000°CHY, SE K AR TR
[B) R TR R YA R4 R T =1 050°CHYT,
22 30 min i JFE & AL PR 422 S N B[] X6 A
wn S E R FE AL/ . B I R AR EE LA
W3 Ji B b R W] 4 e AR R A S, &)
RAEIEIG 5 2 S i it A7 il (B 5(a)) o MR
NEEEE S 1 150°C AT 1 200°CH , Bl 4022 AR 0 iy
AP T A (EI5(h)) iz )8 T —
AACIRIAE NG o 8 IR 48 A gt A v, BVl B
TR 2 1 200°C, 25 AR A R BB B 1
BeAEM4 (Kl 6),
3.2 ABIZSHMNERENERETESEN
=AU

IR 5 BT A L | T B8 0 it s [R] 2%



* 66 - BHETZ
55
50F
451
N 40F
M -
=R S
K
30F
a5y / —=— f£1£20%,0.5 h
{ J
ol ® —o— £ H20%, 1 h
1 000 1050 1100 1150 1200 > —
FLNREC (a) B i (b)BH i
a0 BG4 IR B P
55, Fig. 6 The conditions inside the rotary kiln before
|
/ and after the removal of the kiln slag
50F
®6 ARG T ZSHCR M PRy S B TR
451 > 2
S R
;%-40 Table 6 Lead and zinc contents in slag and the
X volatility rates of lead and zinc under different smelting
35r process parameters
—=— f41£10%,0.5 h " "
J Ta\ 2w T\ 5
30} o KIL10%,1h P Zni% Ry /% R, 1%| .. Pbi% Zn/% R,/% R, /%
4 V% J /i z’mi% h /n
1000 1050 fiml?;?g/oc 1150 1200 1”520 970 512 1942) 11" 642 1467 821 286
W A )32
(b) 44 L 10% 2% 679 1215 1.62 18.21| 12* 635 16.24 1655 1.15

B4 AFERGHE T 2SN G R R R AR 2
Fig. 4 The curves of weight loss rates obtained under

different smelting process parameters
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Fig. 7 The influence of different smelting process

parameters on the lead evaporation rate
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parameters on the zinc evaporation rate
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Table 7 Analysis results of the content of C and S in

slag
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8" 20 1150 1 6.85 7.05
100 20 1200 1 6.71 7.30
I5* 10 1100 1 1.33 6.23
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20010 1200 1 0.73 7.35
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Table 8 Analysis results of the content of Ag and Ge C+7n0—7n+CO (8)

in slag
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Fig. 9 The relationship between the standard Gibbs
free energy of each reaction and the reaction

temperature
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Fig. 14 BSE image and EDS mapping of rotary kiln dust
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Table 9 Analysis results of the content of C and S in

slag
LNl TCH 4L
1" 40.63%Ca,26.50%S,18.95%Mg, 13.92%0
2" 28.61%Si1,16.01%Ca, 13.42%A1,37.89%0,4.06%Mg
3" 91.32%Fe,8.68%C

FR10  PhSZETESEELAILR
Table 10 Relationship between the vapor pressure of
PbS and temperature

IR C 852 975 1074 1108 1160 1221 1281

75 JE/KPa 0133 133 798 133 266 532 931

F11 14 AP EDS Rl 4145
Table 11 The EDS point scanning results of different
phases in Fig. 14

Yk JLE Bt R
1" 89.53%7n,10.47%C
2! 81.48%7Zn,9.52%C,9.00%0
4 31.44%0,25.69%A1,24.42%Si , 18.44%C
5 39.56%Ca., 19.17%Mg,25.16%S,16.11%0

ALY T B R IN B (Zng proFe, 50,S) 5 43
fi# 77t 19 PbO | CaO #E — & 2 1 2E 1 PbS Hl CaS.
TE SR AT, ZnO L PhO 5 38 B 551 ik 1 — 2
S5 R RF 28R VBT AR, 2 i TP R A e 3 Ji )
B B, s v i) FeO AT LA 34 J5E 550 i 32 — 25 348 Dy
&8k

CaMg(CO,),

Zny iFeq S
PhCO,
Zn,8i,0,(OH), H,0
C

4 Z5ig

AL LL 2 B 5 A S SR A B B o R SR
X, R w R R E T L, ZRERR T
ANEE S BN &8 27 A IR B 5 255
FactSage #4 J1 %% 1145 . XRD . SEM-EDS . ICP %5 4> #7
FBt L B T S R R N HLEE = A S
SR, IF B T 5 B R R SR R L 15 2]
PIF EEL58

1) 44 g By b B 3G B LE , mT DA kHE i R
ZAR A 2 22 A AL YRR R SR R N R . R R
NI 1200°C JEH 20% 4544 T, 28 i v R
KK 2 4. 83% B e R FH 47. 81% ; &5 i B
MR AR 2 0. 52%, i RIE L F N 97. 40%.,

2) Gt M ik R R 5 SR KR4 Ge
TCERE N W& ok g AR A AT R
W Ag TR IR SRR MR AAE T 28,
ML R 20% SN EE R 1 200°CHY, 75 i T Ge I
K HEZN 10 ppm, Ag TLE 82174 100 ppm.

3) 2430 JFEE R 1 000°CH, 285 1) 32 B Rk
C.CaS.Ca0 MgO.Zn,Si0, . ZnS . Fe Fl PbS 2 . 4if
JFELBE SR 1 100°CHY, 78 3 A% ZinS (1 RRAE D631 2K
MR L EE K 1 150°CH, Zn,Si0, I ERF IS 2% o
2 M W R EE A 1 200°CH, 2 B R B M C L
CaS.Ca0 MgO .Fe 1 PhS 2541 i

4) T4 BB A 5 PhS Wy AH Y i I A AN, H
APAH BB A GO S R AR — i, BT T PhS i
— RN BB PR R TR R,

® CaS

® [e

® (Ca0/MgO/Ca,SiO,
® PhS

® C

il

Zn Si,0,(OH),-H,0— 2Zn,Si0 +2H,0
CaMg(CO,),—Ca0+Mg0+2C0,
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PbCO,—Pbh0O+CO,

ZnCO,—7Zn0+CO,
PbO+ZnS—PbS+Zn0
PbO+FcS—PhS+FcO
C+Zn0—7Zn+CO

C+0.57n,Si0 +Ca0—Zn+C0+0.5Ca,Si0,
C+ZnS+Ca0—7Zn +CO+CaS
C+PbO—Pb+CO
C+FeO—Fe+CO
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Fig. 15 Schematic diagram of the reaction mechanism of low-grade oxidized lead-zinc ore
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Reduction technology of complex low grade lead-zinc oxide ore
GOU Haipeng', PEI Zhongye*, CHEN Xuegang', XIN Pengfei', XU Liang', LIU Jun'
(1. China ENFI Engineering Corporation, Beijing 100038, China; 2. Norin Mining Limited, Beijing 100053, China)

Abstract: Low-grade oxidized lead-zinc ores are characterized by complex ore structure, low lead and zinc grades,

high oxidation rate, high mud content, and fine particle size. The separation and enrichment of valuable metals via

mineral processing technologies face challenges including high processing costs and low separation efficiency.

Current literature on the processing of such ores still exhibits limitations such as small processing capacity and

difficulty in meeting environmental protection requirements. This paper studied the comprehensive utilisation of a

complex, low-grade, oxidized lead-zinc ore in Yunnan Province. The rotary kiln reduction process was used to

investigate the impact of important smelting parameters, such as reaction temperature, coal ratio and reaction
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time, on the behaviour of volatile metals, such as lead, zinc, germanium and silver, during recovery. Combining
FactSage thermodynamic calculations with XRD, SEM-EDS, ICP, and other analytical methods, the study
revealed the phase evolution rules during the reduction process and the key mechanisms affecting metal
volatilisation efficiency. Under the optimised conditions of 1 200°C and a coal ratio of 20%, the zinc volatilisation
rate reached 97.40%, whereas the lead volatilisation rate was only 47. 87%. Germanium in the raw ore enters
smoke dust via the reduction volatilisation process, whereas silver is primarily present in slag. Phase analysis
indicates that, at high temperatures, the iron and lead sulfide phases are closely combined due to good wettability ,
which significantly inhibits the further volatilization of lead. Further exploration of the preoxidation-reduction
volatilisation combined process could improve the recovery efficiency of lead and enhance the comprehensive
utilisation level of such difficult-to-process resources.

Key words: complex low-grade oxidized lead-zinc ore; rotary kiln; reductive volatilization; zinc volatilization
rate; lead volatilization rate ; thermodynamic calculation; phase analysis
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