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ICP 455K, FEMEH 24.94% Cu. 9.06% Fe.
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0.47% Cr. 1.88% Pb. 3.76% Sn. 1.81% Mg. 41.63% O
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Table 1 Chemical elements of copper-containing sludge

(mass fraction, %)

Cu Fe Si Zn Ni Al Ca
2494  9.06 0.41 6.29 1.18 2.33 5.75

Cr Pb (0] Sn Mg Cl Other
0.47 1.88  41.63  3.76 1.81 1.18 0.49

TSN XRD EWIE 1 Fow, SHTE TR INRE
fEIE 58404 (JCPDS  01-089—5895) 4 A4, 2k (JCPDS
97-002-7899) UL it K 4 . b4k, i&FH b & H k8
(JCPDS 01-088-0287), %A L5 (JCPDS 00-043-1484),
A 1k 45 (JCPDS  00-037-1497) A1 %4 14 £ (JCPDS
01-089-0510).

v & — ALO;,
o — 7ZnO
o — CuO
v M v — Fe;0,
h > — SnO,
* — CaO
v — CaCO,

B 1 &5 R XRD 1
Fig. 1 XRD pattern of copper-containing sludge
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2 BHIGYER SEM {4 % EDS i
Fig. 2 SEM image(a) and EDS spectra ((b)—(0)) of copper-containing sludge: (a) SEM image; (b) O; (c) Mg; (d) Al; (e) Si; (f) P;
(2) CI; (h) K; (i) Ca; (j) Cr; (q) Fe; (1) Ni; (m) Cu; (n) Zn; (o) Sn
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Fig.3 Experimental flow chart
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Fig. 4 Gibbs free energy of main reactions in carbothermal

reduction process
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Fig. 5 Effect of temperature on Pb, Sn and Zn removal ratios
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Fig. 6 Effect of carbon content on Pb, Sn and Zn removal ratios
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Fig. 7 Effect of reaction time on Pb, Sn and Zn removal ratios

2.1.4  FERARFNEEIEIK B AR R AL 53 B

TEWAMIE E SRS J5 , B Y5 e Hh 3RASBE M A A0
A, I ICP-MS #EAT BHRAIEEE A A B Y 43
M, nZk 2 f1 3 fios.

ICP 4559, 432 EH 72.07% Cu. 15.30%
Fe 1 6.07% Ca. ICP 453K H], FMHKEH 49.04%
ZnO. 11.84% PbO. 2.00% MgO 1 27.74% SnO,. H
AT LR A B R IR S5, S s T R IET . B
PR G R U ER O T AR R o

2 BB
Table 2 Chemical elements of black copper (mass

fraction, %)

Cu Fe Si Ca Mg
72.07 15.30 0.17 6.07 1.24

Ni Al Zn (0] Other
0.45 0.23 0.12 3.91 0.44

F3 BHRERIIA R
Table 3 Chemical eclements of zinc smoke ash (mass

fraction, %)

Zn Pb Mg Sn (0] Other

39.35 10.99 1.20 21.85 25.60 0.21

MRAR ) SEM-EDS 2T an il 8 Faw, FEdh i KHR
Iy NIRRT R Sk . 2T EDS 2047, WTRAE H—
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AEE. TR TE LI, ARSI R &
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A AR R [ VA A

PEMHACRURL TS 8 9 Bs, b ml LU Hif
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W45 EDS B Rurkn, BORL 8. HY. BiAn e
A, 5 ICP-MS 4R —%. tbhh, MERBRL(X I 1)
B EE B, DR X SR S W B N IR B
(ZnySn0y), I HANPKL(IX Ik 2)& A mtbflrsE, X
SERORL X R R4 [ A AL B (ZnO)

22 SWIEEREGEE
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B CuO, b i, DAL PR b 4 & i
T Gk I JFEAEAS Hy BN S A, —
PR IR JFIR AL 1433~1473 K 2 [8], A S256 4% #1318 R
BFEAE 1473 K, WFIC 78R (5 7= fh A S 2 )
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2.2.1 SRR EE R BH AR AR F iR B 5

AL E]) Y 180 min. BURRE N 8%. FC SiO,
BN 6% I JFIREE A 1473 K. i8R 8] 4 20 min 1,
WFFR T NI AE 1473 K & 1623 K KGR A XS
BEAR A A 4 S o S B T AR M e o i 4
KZH, BT AR Se R AR e A A e CuO IS, T
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Ko BRIBE S50, B&ALE 1573 K WA, ik
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WF5E 7 RS AE 120 min 28 200 min 38 EBl A 5 B
FSBARR AR AR & B S . WP 11 R, B AL
6] A\ 120 min 3450 %] 200 min, BAARAR F 4 & 835011
fE, WINPT, Ul E AL TRTE G, 7K
JRIZG A EAEE, AT 180 min KA EP, 4k
SIE KA AT [FAUAE AR A E T, i a2 A58 )5
I (AR R, BRIt B I ) 28 A B TE) A 180 min
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8 R SEM 14 1 EDS

Fig. 8 SEM image(a) and EDS spectra ((b)—(g)) of
black copper: (a) SEM image; (b) O; (c) Al (d) Si;
(e) Ca; (f) Fe; (g) Cu

9 BRI SEM 1% K EDS i
Fig. 9 SEM image(a) and EDS spectra ((b)—(f)) of zinc smoke ash: (a) SEM image; (b) O; (c)Mg; (d) Zn; (e) Sn; (f) Pb
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Fig. 10 Effect of oxidation temperature on copper content in

anode copper
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Fig. 11 Effect of oxidation time on copper content in anode

copper

2.2.3 BNV TR BE AR AR R s e
MEALIRE N 1573 K. EALEAY 180 min. AL
BN 8% EJRIRE N 1473 Ko &5 8] 4 20 min
i, W7 T Si0, BE N EALE 2% % 8% 7 Bl 4 it T #5-FH
WA R S R . W 12 fros, BEAE Sio, FEA
T 2% E] 8%, BHME & R S, K&
LB, BLEHBE Si0, BR N EIG AN, 47K 4 g P
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MEALIRE N 1573 K EALEAA 180 min. B
WA 8% SiO, FLAEN 8% EJFHIRE N 1473 K
BF, BFFE 7 I8 JRIS [E]ZE 10 min & 25 min Y6 5B R XTHT

Fig. 12 Effect of SiO, dosage on copper content in anode

copper

13 BEARHR AR A B s . anE] 13 Fios, B I R )
[E) A\ 10 min 34 5113 25 min, FHARH 448 & 215D R,
Tt I BE L SR (3 0, 4K CuO, BRI, H
R TEANRER A, I8 R 2 5350 Hy 3N, 4]
FRAHRRR B, S s R, R R AR I 5
i (]9 20 min.
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30 5 ] %o BH AR AR AR Y RS TR

Fig. 13 Effect of reduction time on oxygen content in anode

& 13

copper

2.2.5 JKARIE I BHBR AR ¥ 76 2R B o0 A
SN JFRE SRS 5, A\ SR 15 B K A R
FHARAR . JlIE ICP-MS Al i) 7K v R RH B AR R 2
HE, ERE 4 5 PR,
HE 4 1A, KEEEH 1.11% CuO. 21.04%
Fe,03+ 32.29% Si0,. 28.25% CaO. 0.78% ZnO-. 1.45%
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Table 4 Chemical elements of water quenching slag (mass

fraction, %)

Cu Fe Si Ca Mg

0.89 14.73 15.07 20.18 1.94
Ni Al Zn o Other
1.14 5.25 0.63 39.23 0.94

RS BRI 2 AR
Table 5 Chemical elements of anode copper (mass
fraction, %)

Ni Cu o Other

0.49 98.62 0.14 0.75

B 14 kPG SEM (%% EDS i

NiO. 3.23% MgO F1 9.92%[1) Al,05. HZE 5 741, FH
W1 98.62%% Cu- 0.49% Sn A1 0.14% O. HHI AT
DG A ARG, AR e, gk, 45
RV AR A TN, 1T e 2845 21 (17 5 BH AR
il S IR E] 98.5% LA b, Fi Ay JE SR LR I F A o
22.6  IKEE VIR AL 73 B
14 BoR T /KB RIEAS, 2 DLF i POk

KPR RAFLE . I EDS 20 ATl LLE Y, BRLEA =
W, B, 8R4, JERES AR, W

oo, B HXKEEMT I, SRR TR A
BOREURL, B EWARZEAK, U B KA SR )
JR A AR S 5T

Fig. 14 SEM image(a) and EDS spectra ((b)—(i)) of water quenching slag: (a) SEM image; (b) O; (c) Mg; (d) AL (e) Si; (f) Ca;

() Cr; (h) Mn; (i) Fe
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90.77%- 95.14%1 99.92%, 5 IR 2= N e K
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2) 0BRSS R 8 e T A9 AL IR
BN 1573 K A SiO;, 82 6% NI ] 180
min 1T, BRI T @SR 7RI
TREEN 1473 K IO BIBRE A 8% SIS ]2 20 min
AT, M. BT E AR T BRI B AR AR
FEATIA 98%LL b, R A HL AR ER

3) AHEFUEE G T IR IR AL B A S YR I TSR
Ko GIE s G Gtk e, SCRRAR G R R K A
THRE SR B, BA AN &R rE s
EH R R T 2R GRS TF IR
B, N HG IR I KA RS T OB RS Bk
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Separation and enrichment of valuable metals from
copper-containing sludge treated by carbothermal reduction-low
carbon refining.

GONG Ao', WU Xuan-gao', YU Xiao-qiang', CAO Cai-fang', LIU Mu-dan®*, CHEN Zhi-qiang* >,
TIAN Lei"*, XU Zhi-feng', LIU Yong™*

(1. Institute of Green Metallurgy and Process Intensification, Jiangxi University of Science and Technology,
Ganzhou 341000, China;
2. Guangdong Institute of Resources Comprehensive Utilization, Guangzhou 510000, China;
3. State Key Laboratory of Rare Metals Separation and Comprehensive Utilization, Guangzhou 510000, China;
4. Henan Yuguang Gold and Lead Group Co., Ltd., Jiyuan, 454650, China)

Abstract: This paper proposes an innovative “carbothermal reduction roasting-low carbon redox refining” process for
recovering valuable metals including copper, zinc, nickel, tin and lead from copper-containing sludge. First, valuable
metals are volatilized into the flue gas by carbothermal reduction roasting. At a reduction temperature of 1473 K, a
carbon content of 20%, and for a reaction time of 60 min, the ratio of Pb, Sn and Zn removal reached 90.77%, 95.14%
and 99.92%, respectively. At an oxidation temperature of 1573 K, a SiO, content of 6% and a reaction time of 180 min, a
water quenching slag suitable for building materials was obtained by low-carbon oxidation reduction refining. Finally, at
a reduction temperature of 1473 K, 8% C addition, and a reaction time of 20 min, copper and nickel were enriched on an
anode copper plate and the copper content reached more than 98%, meeting the requirements for copper electrolysis. This
study realizes the full recovery of valuable metals. Compared with the existing copper-containing sludge treatment
process, it has the obvious advantages of short process, low energy consumption, high recovery rate of valuable metals,
economy and environmental protection.

Keywords: copper-containing sludge; carbothermal reduction roasting; black copper; low carbon redox refining; water

quenching slag; anode copper
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