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Oxidative leaching of low-grade copper ore in
ammonia-ammonium sulfate solution with ammonium persulfate
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(1. School of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China;
2. College of Chemistry and Chemical Engineering, Jishou University, Jishou 416000, China)

Abstract: The oxidative leaching of low-grade copper ore was investigated in the ammonia-ammonium sulfate solution
with ammonium persulfate. The effects of different parameters on the leaching of copper, including ammonia-to-
ammonium ion ratio, total ammonia concentration, concentrations of ammonia, ammonium sulfate and ammonium
persulfate, temperature, liquid-to-solid ratio and stirring speed, were investigated. The result shows that the optimal
conditions for the leaching of low-grade copper ore with a copper extraction 87.7% are the particle sizes of 92.8% of
sample finer than 0.045 mm, the concentrations of ammonia, ammonium sulfate and ammonium persulfate are 2.4, 1.8
and 0.100 mol/L, respectively, leaching time 90 min, temperature 30 ‘C, liquid-to-solid ratio (mL/g) 5:1, stirring speed
500 r/min.
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SRR, AR PRI T il LU IR AT S AR
s AR A Ay, R, SR i
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B, HARBEABAIL: S4h, W E TN
WER— M I, Haitn 2 BOR R AER,

BINGOL Z! W5 T S FLAE A S8 A 2~k
MR AR BT IR AT A, eSS T FLAE A (R
—FMHEA - AR PRI EAT . VR
AU T AR E A FE MV i P s B R 4%
PERB) Sy 2A7 Dy, AHIR 2235 B A AR A 2 AL
B B AL R M R R AT . PRk,
W T R L HEE S AL R b 7 PR 8 A 2 5
R IS SRRl U uE SRP S

Z AT HE AL A AT R rh R A
B, IR 115X10° t, & — S s e KA 1 4
W WAPTRIAL 0.75% , SAACEAE T0% L L, 4
HO30% Ao W BRCPE Rk CA R AR R (m(CaO+
MgO)>40%), 4 1)rh FLAEAT FIREFLAE A 1 Lol 7
70% LA b, FA AR (BT 45) o ] 420
WEFL T G PH i A A 78 2 - S A B AR R iR
AT, AR P BB A AR

REED %5 i B 2 EE AL M PR 58 h UG R 1
S, AR PR R I SR A
8,05 +2e — 2807, E*=+2.01V (1

SR A RRWER I, HR R,
LR PR R AL AE S5, AABET S pH HE
Ky K pH EIAZAL T AL o

AR MR it R A IR AR S A L AT
WFFE, EHRER R R T DO BRI EE 0 E A, AR
B RALPI R AL A R A RIE . AR 24
HR R T A 2 B R AR v DU R IR £ SR A

A, AR SR (R A R B R, A AR
b fift R AL A Y i

1 SR

1.1 R ER

Dy FPHIG i A S A TR AT 300 248 K30 o S AR A Y
i INE T ¢ VNS N i @ SR % v S TNy A T
Bt i B R g, RORK ) E RS/ 2 0.015~0.002
mm®%, [H 3 PHE S 7 A8 A B A R T R, RS
A KA B SEELA MKAT T R E . AR5 R
W B4 Tiior I, RIEEWIER 1 . W RERLEE b
T 92.8%M WKL /T 0.045 mm.
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Jiome HHER 2 T4, SRS A A EE 38 T 40 4K

=1 RRERLEZ A

Table 1 Distribution of sample granularity

Granularity/  Distribution/ | Granularity/ Distribution/
mm % mm %
+0.037 52.5 +0.063—-0.074 1.8
+0.037-0.045 40.3 +0.074—-0.100 1.1
+0.045—-0.063 3.6 +0.100 0.7

=2 ORI

Table 2 Chemical analysis of sample (mass fraction, %)

CuO (Cu) CaO MgO Si0,

0.96 (0.77) 29.00 12.92 25.90
Fe,04 ZnO Al,O4 K,O Na,O
2.84 0.11 1.95 1.35 0.07

® — Muscovite
+— Dolomite
o— Calcite

¢ — Quartz

B 1 O FH XRD %
Fig. 1 XRD pattern of sample




1490 A G EE R

2012 4E 5 H

HEIE 40%, TS SRR ED I 0.77%: B
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SEREALAEAT, PR AZBEHIT, 43 5%d T A B4k
i R AR AT R AR AL (LR 3). EDS 2 A1 3 (1)t
Mo ) 5 A L AE AT (CuSiOs) R BEA ™ 7> 72X e
ISR, R EDS 2 f1 3 FRAT M55 5 A AL

B2 WFEH SEM 4 MMM EDS i

MBI EDS 1 PR SRS
T AEIR AN L] A, (H2 EDS 1 8RR G 3R
B G S EANIL, WTLLACK EDS 1 g Lol
AT Mk, EDS Juam (LR 4)yWikse 7
FH 5 i 6 AT R ) 5 R S

1.2 REEE

RIS E PR G P EIR BB, HUR
FEZEH—> 1000 mL 9 PY 13 BN, P 5 H
TR B . U RS AR BT A —AME T
HUREIR IR IE o T ANEAT ik 2 AT Aa 55
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Fig. 2 SEM images and EDS spectra of samples (white parts, containing copper minerals): (a), (b) Malachite and its analysis of
EDSI; (c), (d) Chrysocolla and its analysis of EDS2; (e), (f) Bornite and it analysis of EDS3
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Table 3 Chemical phase composition of sample
Component w(Cu)/% Distribution/%
Free copper oxide 0.383 49.74
Copper silicates 0.220 28.57
Second copper sulfide 0.160 20.78
Primary copper sulfide 0.007 0.91
Total 0.770 100.00
1.3 KA E

FE SN RGN Z S BRIREL AT I B MR £
JE—5E M) 500 mL #  [RIRINAGIBERE, A P il
JERBEFF IR BIBEAE, R BN SN [7] B
R IS I T A S BRI 5 mL SN, D
P W BT 105 7 M 0 80 10 A0 8 R S 5[] e
5 mL PRSI SO, DAAERR S AR AR TE
SEo SNSEHE, HIEIN B, HIZR K UL IE D,

FuEHETENE, 110 C R 8 he

2 HR5UHE

= HHIE
FUAE AT FIRE 2 40 4% 1 B REM LB s 3 28 (2)
(3)

Cuy(OH),CO5+6NH,OH+2(NH,),S0,—>
2Cu(NH;)3" + 2803 + CO% +2NH] +8H,0 (2)

2.1

CuSi05-H,O+2NH,OH+(NH4),SO4s—>

Cu(NH;)2" +S0? + SiO+4H,0 3)

PARK 2P REILLY & SCOTTRYIHF5T 21
R BIRA , Bi I R R AW A IR IR AR 2
To FURMAN 2521 017 ik 21855 v 3l 8 6 1120
#= 4 B EDS JLEROHT

Table 4 EDS elements analysis of sample

fAERLEE G e . X (4)~(7):

28,03 + 2H,0 0, SO} +3S03" +4H" +05 (4)

SO, +OH™ — SO2” +OH - (5)

OH-+05 —O0,+OH (6)

8O3 +035 —=S0; +0, (7)
WAL S K (4)~(7) PTAFBRE A A R I R 6 4 it

JiRER

28,03 + 2H,0 9, 4S03™ + O, +4H" (8)

S 1% 3(8)F W S,05 ™ E & I AT REAT 4 4y

fift:
28,03 + 4NH;5+2H,0—> 4502~ + O,+4NH," )
PR E 2 S MR 2R S LOYEA T ¥ A v
2CusFeS, + 18.50,+ 36NH; + HyO + 2(NH,),80,—
10Cu(NH;)3* +2Fe(OH); +10S0O3" (10)

PRI, 367 s S 2R (9) AT (10) FT 43 BEA 78 & ik B
P R 11 T R e VB T P e L

CusFeS,+18.55,027 + 55NH;+19H,0+(NH,),S04—>
5Cu(NH,)2" + Fe(OH), + 42502 +37NH;  (11)

2.2 S/AREFEER ELANE SR E X R H R A 2

TE 2B 6 mol/L M. INF[A] 4 h [ b (mL/g)
5:1. VRS 30 'C. HiFEH ALY 500 t/min 5511,
WEFT AR AT 20/ 251 R LG 43 2 11
R, SERLALE 3.

M3 AR 2B BT R AR 0.5~2.0 Z08],
ARSI, il 2 i 2 S I —
I “EBY7, EERE B Y K S i pH
AN, ARITH S Z 0 ST A B, h
R H R N AT R A8 A Nt T 8 K1

Mass fraction/%

Sample No.
Cu Fe S (0] Si Ca Mg C Cl

EDS1 60.89 1.95 26.00 3.89 1.08 6.18

EDS2 45.13 1.60 30.92 21.43 0.71 0.21

EDS3 60.13 10.11 22.08 1.22 1.40 2.94 1.22
Malachite 57.21 36.02 5.4

Chrysocolla (CuSiO;)  45.53 34.40 20.06
Bornite 63.32 11.16 23.92
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1002——1 2 3 4 5 @
90t
80F
< 70t
S
£ 60f
g
2 50r
[
% 407 = — No oxidation
S 301 *— (.05 mol/L Na,S,04
o +— 0.05 mol/L K,S,0,
20r v— 0.05 mol/L (NH,)S,0
10f
O 5 4 3 2 i 0

¢(NH;-H,0)/(mol-L™)
3 ANFEEAF SN R B 1 EE IR BN AR L A A 5
M
Fig. 3 Effect of ammonia/ammonium ion mole ratio on

copper extraction at different oxidants
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BRI 75.9%. 85.5%. 85.9%F1 86.5%; qH:
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TR/ BE IR LA 5:7 I, A AR H AR HH 26 LL i R
wHE 9%UL b, P N LB AT, 322
SEPEHI PO SRR SR A T Al 3 Fhid BiR $h 38R
fRBEH R, AR DOd R L M 8UR L, [
DT INA T TR ), ff e S A R B A A S i
e JE SR I E T EER G 5.7, DAL
P B A SRR, T R B IR B 32 HE e )

eI R % 0.05 mol/L ¥l Lt(mL/g) 5:1. $iik:
T 500 r/miny SVIRLE 30 CRISAE R, PRFFE/H
TR 5.7, WEHCAVE R BRI R I R
(WL 4)o MNP 4 v 32 HH 2R S 2 A B PR S KT
BOK, BEIRFEBARE, BE DZIRERRN, %
HERRIA Y, SRR, AR 20 i
AN g G R L I, B IR 1K
SRR B IR FE ARt 2 AH N B3R, I B8 vt
6 i 2 ANV B R B (R KT s AN 2R B
Bt S8 B[R] ) A TSR, R 60 min Ji5, 4
RHFAWAHE; BZHE 90 min f5, BZIKREN S,
6 17 mol/L I, A H 254 85.5%. 86.5%F
86.6%. MREFEANE AN FEP T % 1, R RN,
INFA] 90 min, JSZAMKEE 6 mol/L, M I G FIAR R Fe v i
4390k 2.4 F1 1.8 mol/L, [R5 DAL B ik P AT
JE SR .
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Fig. 4 Effect of total ammonia concentration on copper

extraction

2.3 HHREEMNEREENFN

PEJ VR 30 °C s W B ] 90 min ¥ [ L (mL/g)
5:1, B4R R BRI I B R VR B 43 ) 2 2.4 1.8 10.050
mol/L [RIZ5AT T, BT T Bt 1 FEE X6 A th 2 15 i,
SERWIE S Bion. B S ATg: R H R BE A R
FERGRTIHE S, M E A 2 400 r/min S5, 10
AT WAk, RIS BRI A U T TR
HOR o PR R 400 r/min I, FEREH 1 AR
WP REZ T UATHIE, Kk, fEEM5
e BEFEEE ) 500 r/min, LAY BR 4R 6 H i
FEIIRE I o
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Fig. 5 Effect of stirring speed on copper extraction

2.4 SRANBRELTRIK E X EIR H R A 20

EEBRER L 0.05 mol/L. i [H t(mL/g) 5:1. $ik:
THIE 500 t/min. JVIRFE 30 CIIZAET, 5ot T
G IR FLHR 0T B A= IR s i, 45 &l 6 .
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Fig. 6 Effects of concentrations of ammonia and ammonium
sulfate on copper extraction: (a) Ammonia concentration;

(b) Ammonium sulfate concentration

TEBRIRAR R My 1.8 mol/L I, WIFSY T 2 I 5 %) 4
RN R, WE 6. HE 6(a)n]
s AT Ak P v 24 R H IR ) 14 S K T 4
i s 0]y 256 i 2 VA S PR 14 I T 184 00 4 2 IR FERR ARG
B AR G R BE R sk B I 2.0 mol/L B,
92 M S R I B AR s MR R 2.4 FIT3.0
mol/L I, MY 90 min J&, il #5351k 86.5%4
86.7%, —_FHHIRHMEMEAKN. BT mkEE L%
Ry RIS S0 2 MR L 38 A 2.4 mol/L.

PEZ RIS 2.4 mol/L I, WIFFE T AN [RI B PR Bl vk S
PR R I, W 60T, HE 6(b)AT Al
AN R R R FRE R A2 L 2 11 5 1) 5 B AR PR M A
AL, REREAR H I IR, HR R s AR
B FERLARINT, AR H S S I R AR B e
WREHTT 1.8 mol/L I, i H 2 R MR E AR /Ny Y
TR EREE 2 1.8 2.4 A1 3.0 mol/L I, [V 90 min

Jei» BRI N 86.5% 86.7%F1 86.8%. 1ESZBR
PRI FE T, TR R R () e R L FE (AR A K
TR S (PO R (T ARRIRLINS 220 45 (BT 1R, AR Je 41
[ IS5 A VA J Ay 1.8 M1 3.0 mol/L I, 432 H A 22
HA0.3%:; [N BER AR E A 0.05 mol/L, Lk
8N TR AR AR B 1.8 mol/L, W] 20 ek Bk I 4 P e
BTEH . IR ER G5 IS IR MR B IR E N 1.8
mol/L,

ZE TR, TR BRI R IR IR B (1) VR 5 43 I
2.4 F11.8 mol/L.

2.5 IERERSRIRE X RIR H EAIE I

ERARBEREE Y WA 2.4 Al 1.8 mol/L. ¥[#H Eb
(mL/g) 5:1. HEHHESE 500 r/min, 2 VARSE 30 ‘CHIZ
RN, WP T R BRI B AR S (1 5, &5
wiE 7 iR

90
80
. 70F
N
Em—
§w—
»
S 40t
2, = — (0 mol/L
2 30r e —0.025 mol/L
© 20k 4—0.050 mol/L
v—0.100 mol/L
20 20 60 80 100
Time/min

B 7 ORI R A R
Fig. 7 Effect of ammonium persulfate concentration on

copper extraction

B 7 AT 5N AEAS IR BE R I R PR B vl b s i
B AR I (] AR 3G 0 s ARSI EE N, R
HH 236 o T PR A FEE PR3 I T 384 s B R i R e
LA IR b, AR ARG, R
AL FIE RN, AR b (SRR A ) e A A
iR, BRI ER BN I T LA R i B
W, AR R S B R vk B2 N 2] 0.100
mol/L I}, RSB meR i, RNV AR, 45
HORE AR AR 0.100 F1 0.200
mol/L I, % 90 min J&, iz #5351k 87.7%H
87.8%. I, JESRIGHA & I i R Lk 2 0.100
mol/L,
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2.6 RE LEITEIR HER SN

TER - B AR R 5 2 0ok 2.4+ 1.8 Al
0.100 mol/L, #FF# ¥ 500 r/min, S iRE 30 CH
ZAFTR WRFTT I FOO R RS, 4 RN ]
8 Jimo tHIE 8 WI%N: BHWR IS RIMLE, 4EH %
FHIN 0, 321 60 min J5&, ZESREERASA], 5 H%
BEORANIA S 0 b i, AR R bt 50K,
BIVPAL BB R IR GO, AR TR R
W Ee(mL/g) K3 5:1 I, 4RSS b, B2
SEORIT, AR R LTAR . DR, e R S PR
tb(mL/g)h 5:1.

100
90} ) .
80}
< 70t -
RS
5 60F
g
£ sof
(0]
= L
g 40 =— 1]
L e—3:]
8 30 s
201 v—6:1
10 7
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Time/min

8 VR L IR R AR 5%

Fig. 8 Effect of liquid-to-solid ratio on copper extraction

2.7 REIEIR HEMEN

TE2a - T FRFL A IR AL 43 ok 2.4 1.8 F10.100
mol/L, [#H Lh 5:1, HEFEHE 500 r/min (4A1F T, %
ST IR FEXRT R e g, 25 K 9 .

HH ] 9 AT £ il B T 4 s s T] , 50 “CI,
Bt 40 min J5, R HIAIL 86.7%; i 90 min JF,
30, 40 1 50 TR R AA 87.7%. 87.8%FH
87.8%; M, AR T REFE, [FIBS L HEK
TRMPERYE, M RHEE, HBA RS, D
IR FEIEHE 30 ‘CRUE

£S5 EHEK EDS LR

Table S EDS element analysis of leaching residue

°
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5
g
B
g 40 . 20°C
£ 30} «—30C
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20 40 60 80 100
Time/min

9 SRR L AR K

Fig. 9 Effect of temperature on copper extraction

Zrtr PR TR S SR AT 352 H R A PR
N 92.8% KK EE/NT 0.045 mm, & BREREL AT
PR IR 43 9] 2.4+ 1.8 F110.100 mol/L, ¥ H s [i]
990 min, WEJEH 30 °C, LA 5:1, HEHEEEN
500 r/min. {EMGEEAET, AR 2k 87.7%.

2.8 REES

= ) EDS JuE 0HT AT SEM-EDS & 43 i 3
5 A 10 rom o 3 T HE R 2 sl b SR RS R 2
FUIRCILIE 2), (HZ 32 I sk a5 4 S BN [R] (36
o BT EAMMBIFLE, YL A
fifto NFEGIR IR FE EDS2(MLIE 2(d) iR i EDS4
(K 10(b) R S))nT %0, FEFLAEAT %R . 11 10(a)
AT, AL A R A R TR AN R Hh RDRE R 22 4L,
G RE, AT H I AR AR R R LA A TR I
BELIE T AL A R — D s 0 Lo i tH T4 EDS3
(L 2(0)Fi s EDSS(ILE 10(d))v] %1, BEAA™JL
A ER A HH B 10(c) FTAN, R HVE YR 1 BEAE
AL, DA ¥ I ) 2 Tl BAR S BRLRE 5 22 £L
o AR AR I, UESE T BER R AT
AR . R HA I ) 8 R (1 £ 2 D A 4 i
SIHTHISE RN 6 FTa, UESE T BEH Bl B R AR
1, Wil AR

Mass fraction/%

Sample No.
Cu Fe S Si Ca Mg C Al
EDS4 32.08 1.37 0.54 23.43 14.51 4.96 2.82 17.96 0.59
EDSS5 2.63 49.80 8.07 7.48 3.86 8.07 1.57 0.67
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Fig. 10 SEM images and EDS spectra of leaching residue (white parts, containing copper minerals): (a), (b) Leaching residue of

chrysocolla and its analysis of EDS4; (c), (d) Leaching residue of bornite and its analysis of EDS5

6 FRR TS KA AT AL
Table 6 Chemical phase composition of copper in samples

before and after leaching

Before leaching After leaching
Component ., y)/ Distribution/  w(Cu)/ Distribution/
% % % %
Free copper 303 4974 0 0
oxide
Copper 579 28.57 0.101 93.52
silicates
Primary -~ )7 0.91 0.003 278
copper sulfide
Second copper 1oy 5078 0.004 3.70
sulfide
Total 0.770  100.00 0.108 100.00
3 it

1) LERREREL R E A, BT B (M1
P A AR B B T I SRR AT, T

Ve Hn e A A 2 B 5 BT Al SEM-EDS Y
SIHTRM, PN SRR A, B BT
~Ti PR AT

2) KA A AT R B AR S A 2 92.8%
FERAR/NT 0.045 mm, 24 BREREL Rk O R EC IR T 4>
4 2.4, 1.8 A1 0.100 mol/L, ¥ HiHFTA] 4 90 min, i
FEh 30 °C, ¥Etb@mL/g)ly 5:1, BEPEEE A 500
r/min. ERERHAMTY, HlRERHERIE 87.7%.

3) EE-MREAR, fLAEARRAMEMRL,
TEALAE A
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