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Table 1 Main chemical compositions of low grade copper

sulfide concentrate (mass fraction, %)

S Fe Cu Al

39.92 31.31 7.42 1.57

T2 RS AL A YA A

Table 2 Copper occurences in copper sulfide concentrate

Phase state Mass fraction/%
Free copper oxide 0.74
Combine copper oxide 0.1
Secondary copper sulfide 6.08
Primary copper sulfide 0.4

B 1 AN, 2R 8 TR AR, w
BRI & &0 508 31.31%F1 39.92%, 4i& &N
7.42%. HF 2 AL, S IR AE B ) A R e
RV 83.06%, T AMEE A /D ERH HAE . 4
BRI E AR . 28 B RTR R AN, IR R
e SLEBRACERE,  FE KA S R, HERUR B
ITHKIEIS IR T 20

1.2 T Z%ig
AR B “ & AR B -k AR KA
PEBRACERE AL T 2R s & R 1 s

Oxidant Low-grade sulfide
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Schematic flowchart of low grade copper sulfide

deposition” process
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1.3.2  HE ik AR
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PR R E NI I — & & R
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2 FER5VHE

21 SEiuRIE
2.1.1 A EEAIR R R
FERM AR BT R h ™, SR Y



2560 T EA O8RS

20184F12 A

BT R AP SO . BB T I SRR S 1E
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SR SAAPE R ORI RIRANEE, Sy o ki A i

PE[O]e H M FEAU T
Ca(Cl0),+CO,+H,0—=CaCO;+2HCIO 3)
2HCIO—2HCI+0, (4)

ERA-FMEE R T, AR ClIO RS
L, DRSS AR R BT R
2CusFeS,+37C10 +36NH;+H,0+4NH,Cl=

10Cu(NH;),*+2Fe(OH)5+8S0,> +41CI” (5)

2,12 Fkpp e ARG

A G B AU AR Y, A TR — RIS,
FER TRy Hz H T B R 1 4 R B ik
JE, A B B P AN REAS B S N 7E, B HL
WA HAAE— MR #UZ . EHERBEVT, W
SEHRE BT S, MU R = A B T I DT
WP, R — AR, AR ST =
g, SREMEHHMEMIS, HRRAER, 5
JERMHCIL 25 5 SRR ™ AE RIS, T8
B9 255 . HHAURIL, RAMKAHEITR, H
FIF kN RS FR IR ZE AL, I8N T HUZE ST Y
WL RN, P IR B, R m R DR
R T o R R P bk v el s e FELA P St
(R BRTAE), 38 5 B A% % Th0 B8 VR R s AR AL, BRI
R 2 T B VR PR R ZE A A, AT A 28503 53 F AR =
(40 WL B A AL R, F R R A X
E%[S]O

A FE 5N K TR B AR IR H R RO
DA S B ARG 94 B ) S0 v b B R R AR A . E
Cu( 11 )-En-NH;-NH,CI-H,O fik iRk &, Cu®

M Cu' WAL ST REA Cu(NH;),* « Cu(En)' .
Cu(En),” 5. FAMASREm By
Cu(En),*+e=Cu(En) +En (6)
Cu(NH;),*"+e—Cu(NH3), +NH; (7)
Cu(En)"+e=Cu+En (8)
BH AR S5 2 A A 2 R 1
8NH;—6e=N,1+6NH," 9)

22 SMEHRERE

22,1 FUK AR X AR 2 1 5 R
TEFEACEL 4 mol/L FALFI &2 R4 1. JFURRLE

124~250 pum. 3R HIEE] 2 he ¥R 30 ‘CH&AMFF, H5e

AN TR 7O BE SR U P AN [ B o B3R H SR A B, R 56
ZERWER 3 Fim.

AR ZE RR Y], ZUKBE /R 0.5 mol/L 3 N4
1 mol/L I}, #3RHIZH 76.36% T & 82.33%; 4k4:
I K EE RV FE 42 2 mol/L Jig , HiiR HY R K e 7 82%
FoAi. SABAH Z5U1eE 7 5 MR bl 20 [m] g Ak
I R B, A ST VR R DA T DY O S R
Cu(NH;)4(OH), L RAFTE, 2L _F A O &
I I i K BE R RN 0.92 mol/L. ASHF 78 ik 56 45 1
HZ R A KRB A . K, AR50 w2 K EE
JRHREEN 1 mol/L.

f 3 nlan, BEEVRELLE 3:1 3hnE 4:1 )5,
BN e — e AR RS I (R A gk g KB 711
J&, R H R ER . BT E S 80R
WARTRIE R, R B RS, AR TG 82l
W, Rk, ARERTCIEFRRIE Lo 401 VR R sk A i
17 Ja 85

3 KRR XTI L A A
Table 3 Influence of ammonia concentrate and liquid-solid

ratio on copper leaching efficiency

Ammonia concentrate/ Liquid-solid ratio/ Copper leaching

(mol-L™" (mL-g™") efficiency/%
0.5 5:1 76.36
0.75 5:1 79.15

1 5:1 82.33
1.5 5:1 81.77
2 5:1 80.32
1 3:1 73.68
1 4:1 82.90
1 6:1 83.33
1 7:1 83.89

222 SRS A A AT B R BT TR R
A

EVRIE HE Y 4:1. [NH3'H,O]=1 mol/L. JFRHkLE
0.124~0.25 mm. ¥ZHEE 2 h, HE 30CEMHT, %
SN R) AR P RN AR A )i it R RO s R ) R
M, RIS LSRR 4 FioR.

HH3% 4 TR, BE A SR B 1.6 mol/L 3 2]
4.8 mol/L, H¥R IR 74.71%HINE 80.35%. Witk
FEUILERF 5T PCB V5 IR T At i R B0, fE 22
TR, GRS IR HA 8 IR 5 R P P e B ) TR K
W S AT S Z R R, JERRIE T R
B R A VR VL TR Y AN TR D A s (A B
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T4 FNWERIE AT B RECHRE H 2R 15 m
Table 4 Influence of ammonium chloride concentration and

stoichiometric oxidant dosage on copper leaching efficiency

NH,4CI concentration/  Stoichiometric ~ Copper leaching
(mol-L ™" oxidant dosage efficiency/%
1.6 1 74.71
2.4 1 77.21
3 1 78.96
4 1 82.90
4.8 1 80.35
3 1.2 80.32
3 1.4 86.02
3 1.6 89
3 1.8 85.33

WEE I IR T4 S iR H M E A 2. 25 1%
JERTAS, ABFFEREAEAREN 3 mol/L 1E N fE
%M.

B3R 4 AN, BEAE SRS B R 2l 1 B8
% 1.4, PR EEEH 78.96%M N E 86.02%; 44 AL
R RH G 1.4 WA 1.8 i, #1IR H R T AR
Ko AU, AHFE H AR G R I DN B0 i3
HER MR 2oy R, X BT JER R R A AR
JRE ) 88.52%, TEJCAE AT JEURE HH (R A ¥ LA
FAiE R, AT B EXR e, #EE
Wpiz BT LRESHEATAL, AT R
o E RN 14,
223 JEURDRLEE AR B[]0 2 HA 28 1) 5

FEVRIE LE Y 4:1. [NH3-H,O]=1 mol/L. &fk%% 3
mol/L. LA & R 1.4, IRF 30 TN, H%
ANTR] JERERL B RIS H B ()6 435t S s, ke 4%
Rk 5 fis.

5 JERPRLEE AR H I [R5 4R H 2 1 5 R
Table 5 Influence of particle size and contact time on copper

leaching efficiency

Particle size/um Contact time/h CZ?g::elj:;;;ng
124-250 2 75.04
94—-124 2 86.02

74-94 2 85.28
74 2 87.13
94-124 1 88.34
94-124 2 92.28
94—-124 3 92.74

B 5 AT, BEAEHREE RIEE B 124~250 pm %
/DF 94~124 pm, R HEREEN, H kS
BRRLRE, AR H I E AN R FORLEE A, Xf
LRI ER S REAERR =, LREFHHE, AWk RbRL R
N 94~124 pm {E N B AERLEE 251 -

B S n[%1, fERMIEN 2 h i, 4k $ e
H 92.28% A R H o IEKIZ HI ], IR H 3R 13
KHAR: HBEER B RMEK, 2UKHER =
Hn, AFTR B RBEHT . B, ABFFCIERE 2 h
N IR N R 2

g LRTR 1R, EMEEAIR AR S AR 1)
B T 244 W Lh(L/S)=4:1. [NH;3-H,0]=1 mol/L.
A 3 mol/L. FEALFIS & RE 1.4, JFERPRLE
124~250 pm. = HEFE] 2 hy G 30 C.

224 ZEEFMALR

1E FRRAEAE TR, R T ' AR B AL
TN 256 25 AR SR FRR k5, S5 RN
6 Al 7 AR,

F6 LRt K R IEIRE AL
Table 6 Results of confirmed experiments and circulating

leaching experiments

Confirmed experiment Copper leaching efficiency/%

Experiment-1 91.36
Experiment-2 92.19

Circulating leaching

. . 98.89
experiment for 3 times

&7 OEIARIRIR R B A o
Table 7 Main chemical contents of leachate in circulating
leaching experiment (g/L)

Cu Pb

16.57 0.01

25t 2 REEAFMFRIERE, HREMARRAL
12 AR i 57 Bt A R R A 4952 tH 2R 40 SR 91.36% A1
92.19%; ZAEINZ W 3 KRG, =T E A E
£ 16.57 g/L, Z%Ji Pb #KE 0.01 g/L, BEEFHTE H 2T
157 98.89%.

23 BlomeRFRiKIE

DA F3ARIR MO FEARR, T T R R E e ik
HRR AR RES . 2 IRE T T AN . BRUR <
O REREE « Bk LI B . SR B L RKIREE
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A b IR R S R 2Rk B AR AR TS e FRLIR R
DRI . RIE TE R N RS AR Al
) S R RV R P R S IR
230 WINFRIBARE . BRI A S e

TEHLRAEE 400 A/m* fkoh B IR 5 25 B 80%. &
1 4% 4 mol/L[NH;-H,0]=1.0 mol/L. Z —}% 0.4 mol/L.
[Cu?'1=20 /L 4 MF R, 285 523 I I J R IR A J2E o
IoFI AW BT 8 R R B A F RV T S ) e e A o RS 45
RanfE 2 f1 3 fios.

90 @ 3.8
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70}
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50L L L 12.0
0.02 0.04 0.06 0.08
Concentration/(g+L™")

12 L FERRR R IR FEE X I A0 LI 25 5 MR L s PR 52

2.6

Current efficiency/%
Cell voltage/V

B 2(a) T 501, B BRI EEH 0.02 g/L A&
0.06 g/L, B FLIR KM A N AR 4k 2R3 B ik
[E, HIRACEMHL TR BIRIKEMN 0.02 g/L #in%
0.04 g/L I}, RS EiRoE, L1255V 2,
It R PR B R Ak A, A e /NI R B . E
3al)~(ad) T LAEH, BEEPIRIREE M, IR
S0 RIS S8 LR AT A, B RfE &t
A% % FELRRVER KT IS R 4D T 350 R 9 A FLIR 25K TG H S
SO, B IER EE A 0.06 g/L AF e I R

90 .
© 38
=X

< 80 f

g 322
.2 50
2 70} =
o =
5 126 3
3 60

k\\\\+————*\\\\;

50k - : £ 2.0
0.01 0.03 0.05 0.07

Concentration/(g-L™")

Fig. 2 Influence of gelatin(a) and thiourea(b) concentrations on cathode efficiency and cell voltage

3 ASE R ANBR R L T BB AR ) T35

Fig. 3 Surface morphologies of cathode copper at different gelatin((al)—(a4)) and thiourea((b1)—(b4)) concentrations: (al) 0.02 g/L;
(a2) 0.04 g/L; (a3) 0.06 g/L; (a4) 0.08 g/L; (b1) 0.02 g/L; (b2) 0.03 g/L; (b3) 0.05 g/L; (b4) 0.07 g/L
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HH I 2(b)rT N, B BRIRIR AL 0.01 g/L FH &
0.07 g/L, FEHEH 2.42 VIEH FHFZE 2.9 V; A
HLIR AR AERUIRIR FE G 22 0.05 g/L I, 53 KA,
ZJEGE TR, BB 3(b)~bd)ATEH, BEERIRIK
FERIREIN,  BIARAR IS B B B AERIRIR
90.07 g/L B, BRI G, BONFE; |
TEMIREE T, MR IR AR KR N o 25 BTk mr A,
B IRAE UM A 2R PP v St I B 0 1) TS S S i K
TE FEL ARV HR R TS SRR P ) B RS o 7] T A A 8 i
IS4 47 2 1T 4 2 SUBk B, A RIAR TR i T 7 % . 1%
BEHIRIKIE 0.07 /L NEAERIRIKE .

232 BLI 4 IR R

TEHLR AT 400 A/m® kR B J 5 23 B 80%- &
%% 4 mol/L. [NH;-H,0]=1.0 mol/L. [Cu*']=20 g/L.
BIJiE 0.06g/L Bk 0.05 g/L 1FF, H% 4 ik
Xof B A% P YT A5k R B Bl F AR T S s A . XS
SERPE 4 F1 S fR.

SCER[11]HHRIEFR,  Cu(NH,(CH,),NH,),> Bt &4
[Cu(NH;),” i &7 (45 44 3 Fase B IR KR AL (E,
AFHARC AP0 o f i kN, T BAm sl — A i &
PR Y, ORI ot B AR R 98 255 R I AR A 35 L
BRKFEW . P 4 78, 4 Rt T B AR B
MR T A, WK mai#E KARHE AR 1B
PR s 16 L e BE /RN 0.4 mol/L B, ]
W CRIA B R, N 79.27%. B4h, L fER
RS T R Rt . K S FTLVE R, BEE
TR EESE N, BIARAR R T NN BOR R R
[ FE 2 0.6 mol/L I, BAAR W] LATS 218 V-4 BT

FIE DR . 22 LT 40, P RIKRE N
0.4 mol/L BT J5 425256 .

90 3.8
§ 70 b
2 5o le S
= 50 £
B 126 8
8%;____k////~\\\;

10~ . L 12.0

0.2 0.4 0.6 0.8

Concentration/(mol-L™)

B4 2 AT BRI R AR S A B
Fig. 4 Influence of ethylenediamine concentration on cathode

efficiency and cell voltage

B 5 AR EET BINER fE 3

Fig. 5 Surface morphologies of cathode copper at different
ethylenediamine concentrations: (a) 0.2 mol/L; (b) 0.4 mol/L;
(c) 0.6 mol/L; (d) 0.8 mol/L

2.3.3 ki R B ) RS

7 ok b L YR 7 2 B 80% . AL % 4 mol/L .
[NH;3-H,0]=1.0 mol/L. [Cu*]=20 g/L. HJiZ 0.06 g/L.
Bk 0.05 g/L. 2. % 0.4 mol/L 4614 F, %%t Bk
JHK ek FEL UL 2 FEE ISP 0 P VAR 50 3 AR B R F RV TR 55 ) 5 e
B, lgeas a6 fis.

90 3.8
§m-
5 32 2
= | =
£ 50 E
= —_
2 126 8
=
O 301

10 2.0

300 400 500 600 700 800
Current density/(A-m™2)

6 ikt FLIAT R XTI A FEL UL Rk MR FL S ) 52 )

Fig. 6 Influence of pulse current density on cathode current

efficiency and cell voltage
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B P 6 TT A, it B AR bk i L9 45 BE A 300 A/m®
HEINEE 500 A/ m®, AR HL IR AR R T s BIAR HLi
HREWINZ 700 A/ m® I, B H IR AR 1B N &
86.17%, (HIE I FAIHLE; B Fo 7 5 P55 4k 4238 I
1SRG Ry &SN S P I (N R = e o) SN R |
MR I s, AR IR RSN G K ASHIE STk R R AR LK
MR B B 600 A/m? AT S 5L
234 FAEFIZIK IR

TERREE 600 A/m*. ki E i 52 80%-
[Cu®>"1=20 g/L. BAMKZ 0.06 g/L. il 0.05 g/L. 2 %
0.4 mol/L 251~ , B SO0 Sl ol AN Z Ak BE T B AR H
T A8 R Y A% R TR 0 R s e R, e 5 S [
7 s

M 7()rrsn, B SR E TR, FHER
BN 2.70 V A FEAN AL, B B AR
Fhimre SACEIR BRGNS S B T3, WA
R SN o = P P 1T i NS N =
Bl LS EUKTE R IR &, dERR BRI A Fa e M
DA T B B F 3 AR A — s R 3

& 7(b) R, BEAE 2K EE 1.0 mol/L B in %

3.8

L
X
2 70 | -32%
3 20
Q =
: :
5 50) 126 &
=
@]

30 L | , 1 2.0

1 2 3 4
[NH,CI}/(mol-L™)

90 %) 3.8
S
5 70 132 2
=l Q
O o0
2 s
3 g
E f}
g 50t 126 &
j=i
QO

30 L 1.0

1.0 1.5 2.0 2.5
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BB 7 SR XTI AR P AL 285 R Fi e 5

Fig. 7 Influence of concentration of ammonium hydroxide on

cathode efficiency and cell voltage

1.5 mol/L I, BAMK HL R AR BT A4k (HARZEIG N
IKHFE(>1.5 mol/L)iF, B HEMAAE TR, BEHR
KK 1.0 mol/L FHiE % 2.5 mol/L, HliH [k 2k
HKiEH.

ZE E R, B AR S 3 mol/L. KK
FE 1.5 mol/L A A 5641 AT 5 22185
23.5 B LLA AR R R

16 B % 600 A/m?. S AL % 3 mol/L .
[NH; H,0]=1.5 mol/L. HIJiZ 0.06 g/L. %l 0.05 g/L+
L1 0.4 mol/L 2645, B8 ikt o 2% LU AT — 4 4 9
AR FEE T B AW FL A 2850 25 AR 9 M b A T 35 ) 5 e R
e g Rk 8 s

FH P 8(a) Rl A1, B o5 2 Bl 20938 i1 28 90%H
FIAR FL AR T s A e E 20%38 04 60%
I, B H IR SR IR, 2 Ja, B
Gz LN E 60%IT, PR 2 1 S SR 9D,
IF A 0 = T ' T R BT @ JE e

EH ] 8(b)PI i, B BRI 5 20 /L SN &
35 g/L, MM mBCREIGERHAIIE . X2 T i
TR A A B R FE R T v N R IS AR AR ) S I

90 3.8
(a)
X L
< 70
2 32 2
) &
= s
< S0r E
5 3
E 126 O
O 30t
104 : : : 2.0
20 40 60 80
Duty cycle/%
90 3.8
(b)
=
2‘70- 132 2
kD 1)
=2 £
S S
5 G
2 50t 126 &
=
Q
30 L : : 2.0
20 25 30 35

Cu concentration/(g-L™")
(B8 k7 LRI B4 PR o IS A P AL 80 A Fh s R 5
Fig. 8 Influence of duty cycle(a) and Cu®* concentration(b)

on cathode efficiency and cell voltage
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BRI, 5 NH3-NH4Cl-Hy0 A K LB AL EL R BTk B A T2 2565

L, A AR AR TR R S 3 Cu®t S SN
o AWFFLERE 2L 90%. HAIRIE 20 g/L Nt tEs
£,
23.6 ZEEHFMSLE

ZR FRTIA, SRR R IR VE SRS AR
AL T 24 1) 7 Bk 0.06 g/L. i
Ik 0.05 g/L, BiAZF] £ —F% 0.4 mol/L; 2) Mk i
R 600 A/m’. [ ASEL 90%; 3) HELRIAL )
[NH,CI]=3 mol/L. [NH;H,0]=1.5 mol/L. [Cu*']=
20 g/L. fEULEAET, BARAERUTR -4 HA &
B R P TR AR ES R 6 h G,
37RO BB A S8 G B R
18.78 g, BLH AR IR AR 87.97%, FE L E RN 3.20 V.
FrfS 8 A 1 XRD . SR & A SEM 1440k
9~11 iR

]

(111)
(@ e

10 20 30 40 50 60 70 80
20/(°)

B9 LRG3 BIAI XRD 1
Fig. 9 XRD pattern of cathode copper layer on cathode under

optimized conditions

B 10 ZRe2AF N BRI A
Fig. 10  Optical photo of cathode copper layer under

optimized conditions

B 1 LA T AR SEM &
Fig. 11 SEM images of copper layer under optimized

conditions: (a) Face side; (b) Cross section
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I 7£ NH;-NH4CI-H,0 & R EMR AT N, 153 T
BRI 4 W I HE(L/S)=4:1. [NH;-H,O]=1 mol/L.
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[NH,CI]=3 mol/L. [NH;-H,0]=1.5 mol/L. [Cu*]=20
g/Lo FERLFAF T REAT RALAL, /53] 7P, St H
HA PR, BB RACE N 87.97%.

3) WA KM TR IR REAT XRD 70 #r 4 R a&
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Oxidation leaching and pulse electro-deposition of
low-grade copper sulfide ore in NH;-NH,CI-H,O system

LI Shu-chao, YANG Jian-guang, CHEN Bing, DING Long, NAN Tian-xiang

(School of Metallurgy and Environmental, Central South University, Changsha 410083, China)

Abstract: The oxidative leaching behaviors of a low grade copper sulfide concentrate in NH;3-NH4CI-H,O were
investigated by using single-factor experiment method. The results show that 98.89% copper can be leached under the
conditions of liquid-solid ratio 4:1, NH3-H,O concentration 1.0 mol/L, ammonium chloride concentration 3.0 mol/L, 1.4
times stoichiometric oxidant dosage, particle size 94—124 um, contact time 2 h and temperature 30°C. In addition, the
optimization experiments of direct pulse copper electro-deposition from this cuprammonia leach solution were carried out.
A flat and metallic luster cathode copper plate with cathode current efficiency 87.97% is obtained under the optimized
conditions NH,Cl concentration 3 mol/L, NH;-H,O concentration 1.5 mol/L, Cu®*" concentration 20 g/L, gelatin
concentration 0.05 g/L, thiourea concentration 0.06 g/L, pulse current density 600 A/m* and duty cycle 90%. XRD
analysis results of the resultant cathode copper show that the copper crystal in the ammonia system grow mainly along
(220) crystal surface, and there is no obvious reflection peak on the other crystal faces, which show that the cathode
copper is analogous to single crystal structure. SEM analysis results show that the surface of the cathode copper is smooth,
compact and without tumor on the surface. The growth of copper on the cathode surface is in one-dimensional direction
perpendicular to the cathode surface.

Key words: low grade copper sulfide concentrate; oxidative ammonia leaching; pulse electrodeposition
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