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Fif2<<0.074 mm ) 5 70.82%, HALFEHRNFE 1.

R1 REZ SRS HER
Table 1  Chemical composition of ocean polymetallic

nodules (mass fraction, %)

Co Ni Cu Mn Fe Mg Ca Al Si

0.17 1.19 093 2452 487 1.76 145 236 6.02

AR I ST R0 R B g AR
(Hy, 4 =99.5%), H/AMN,, 40/ =99.9%), 4
(02, WE(HSOs H7ELE), WEK(H0 4
Hréat).

1.2 REEES SR

& AL (SGQ—4-12), % i 48 1 4 #F 2%
(0S20/40-S), HFRKF, MHAMHPS50-S), SLL
% pH 1H(ST3100). AT R#IH KA B+
B K RERE T S BT BUS AT — R R R
(HZARHF JISM=7900F), X 5F & A7 545 (1 A1 6 7
D8 Advance), X HF&utiiEA(EEARE W S4
Pioneer), J5MHC o 6 FE v (A 535 A i A A%
AR 5TAE /A 7 TAS—-990super).

1.3 REHE

Z & RBAEREAER: WTERENZ &R
¥ 35 g ANEHES, BT S o ATt
T, FIEBEN Ny HEEP NS, B BRT iR R 8
A H fl N AR (RECH 1:1), BBt ajE
KA SIFEBEIRE 100 CLLR, BUHHBURED T
I J5 A0 R 32 B I A SR R A AN 4R IR
P . 1RSI B 20 g iE SRR, IINBRER K
W B 40%H0EUK, R HE L L:S=8:1, il
WHEA 1.3 mol/L, RN 3 h, RHEEAN
90 C; MNITFEHF AR pH A& R pH 254K,
AR R IR R B AR R Y pHL,
PR K pH N 1.5~2.0; 12 R 4h o L ok
Pk, JEUEFT 100 CT8 12 h JEAREUR =, B
P EEH NS BIR H %,

2 ZERGEHRITRANFESH

RKFEZERBEGRE - MZRHEULREEES
A4k, HAPHEM4)E Mn. Fe. Cu. Co. Ni LA
AL FIF HSC6.0 H X £ &8 45 4%
SURJF R ST AT

KVEZ 4 8 45 % 508 J5 ok 2 0T B8 R A6 1 4k 2%
JSSE % G 75 AT 4 ) EH e AR BE 1 O R T

NiO(s)+Ha(2)—H,0(g)+Ni(s)
AG®=—4.18-0.00867T (kJ/mol), T=-209 K (1)

CoO(s)+Hz(g)=—H,0(g)+Co(s)
AG®=-3.67-0.00448T (kJ/mol), T=-546 K (2)

CuO(s)+Ha(g)=H20(g)*+Cu(s)
AG®=-24.29-0.008187 (kJ/mol), T=-2696 K  (3)

3Fe;05(s)+Ha(g)= H20(g)+2Fe;04(s)
AG®=—6.47-0.022T (kJ/mol), T=—21 K (4)

Fe304(s)tHo(g)=H>0(g)+3FeO(s)
AG®=10.62-0.0144T (kJ/mol), T=1011 K (5)

FeO(s)+H,(g)—H,0(g)+Fe(s)
AG®=3.89-0.00325T (kJ/mol), T=1470 K (6)

MnOx(s)+Ha(g)=H,0(g)+MnO(s)
AG®=-29.66-0.01317 (kJ/mol), T=—1991 K (7)

MnO(s)+Ha(g)=—H,O(g)+Mn(s)
AG®=32.01-0.005027 (kJ/mol), T=6650 K (8)

W SRR (D~@) R F R, W 1
FIi7R o ARAE BT UE R % SN R ORI BE T vl 5, 2
& 8 45tz b & A Y B ST R B E A
CuO—Cu >MnO,—MnO > CoO—Co > NiO—Ni >
Fe;03—Fe;040 Hotlt, 28 BEZ /KA MnO,
WEOGEIFE N MnO WEFH B B SREEIIBOL
JEONARIT Cov Niv Fe &JRE A, Fik, itk
P &L J5 RV 2 2 @ G5 A% R H K AR 4 1) 2
CIERgiR

FASE 1 aT L, 1E 500~1200 CHER, £
GBI B . BRE AT B SR R
NEJE, T MnO, R BERIE Y MnO.
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Fig. 1 Gibbs free energy of equations (1)—(8) at different

temperatures

3 GRS

3.1 ZEREEMETRE
3.1 R E R
ASAESWEIIN 200 mL/min, 7EAFEE
TRIRZ &R 2 h, H% TEFEEREN&IE
JREI A R IR R, A R K 2 .
B 2 AT Y, Bl O SR 7 T, Nis Co.
Cu. Mn & HZEHTHE, 4IREZ N 600 CHf, Ni.
Co. Cu. Mn {2 H Z653 Hil1L 98.88%- 98.61%- 98.21%
H197.75%, B Ttmim L, B HFERAA K. I,
S0 I e R IR B 1B 600 C o

100

90 -
S ——Ni
S 80f ——Co
!él) —a—Cu
:_g —v—Mn
S 70+
i

60 +

400 500 600 700
Temperature/'C

B2 G ENA E R AR R R
Fig. 2 Effect of reduction temperature on leaching rate of

valuable metals

3R ANZ B IBEIZIEN KHZ 600 ‘CHIL
JE SR XRD 1

HE 3 A, 2E&BEREEEE)G, KET
YA 2, HILT R Fe. (FeO)o108(MnO)ggor 1
Mn;NLSi ¥0AH, 1B 2 42 8 S5 120 1 45 46 © 1 i
K.
3.1.2 iR T ) 5

ASME SR ELN 200 mL/min, 7 600 'C T
R 2 & @A AR E], 557 10 R [ X%
A&z s, HERmE 4 i,

HPE 4 Al EH, 2485 E A 60 min i, Ni.
Co. Cu. Mn BHESINIEN 97.65% 96.82%-
96.99%- 97.34%, #t— L IELCIE SR 7] 2 180 min,
Ni. Co. Cu. Mn RFAMAE, NIRIER
PR ER, B JEE A E 90 min.

4— Quartz (a)
v — Feldspar

o — Pyroxene

o — Kaolinite

24— MnO,

10 20 30 40 50 60 70 80

26/(°)
" — (Fe0)q,195(MnO), 50, (b)
e — Fe -
4 — Quartz
v — Feldspar
¢+ — Nephline

*— Mn3Nizsi

20/(°)

3 ZERBAEKLH 600 CEILEYIE XRD i
Fig. 3
polymetallic nodules reduced by hydrogen at 600 ‘C(b)

XRD patterns of polymetallic nodules(a) and
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g 93+ ——Co
!éb —— Cu
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Q
—
87+
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Time/min
B4 SR DA e 3 HH R (1
Fig. 4 Effect of reduction time on leaching rate of

valuable metals
3.1.3 ASMENRN

SAMBEAMEL N 1:1, 7£ 600 CFEEZ
EIBAEXN 2 h, ERTASRRMEN SN EEE
s, HEERaE S s,

HE S &, MESESAER 10 mL/min k-
F+2 50 mL/min i, Ni. Co. Cu. Mn & 55
IEE] 99.40%. 99.14%-. 98.34%- 98.94%, #k&LiY
MEARE, BEFBHAKR, Bk, S0EE
£ 50 mL/min.

ZE E TR R AL, BRI 2 &R i Sk R A A
N ZEBEZHFE 35 g, MBS EIN 50
mL/min, &JEIEE 600 ‘C, ifJEE A 90 min.

TERACHIIE S5 264 R AT IR, Fegs R
2 Fidle

100
— —

. 95)
PN
% —a— Ni
:I) —e—Co
:E 90- ——Cu
Q —v»— Mn
Q
—

85+

80 1 1

40 80 120 160 200
Hydrogen flow/(mL+min™")
B 5 SURIRERA O ER IR R AR
Fig. 5 Effect of hydrogen flow on leaching rate of

valuable metals

*2 ZERAREERBIERE
Table 2 Verification experiment of hydrogen reduction of

polymetallic nodules

Experiment Leaching rate/%
No. Ni Co Cu Mn
1 98.82 98.35 96.96 99.06
2 98.24 99.09 97.18 99.33
3 97.90 98.89 96.26 98.87
Average 98.32 98.78 96.71 99.09

HE 2 v &, ERAFER T2Z%8T, £
& IREEZIEFE R F Niv Cov Cu. Mn ‘PR HE S
BHEF] T 98.32%. 98.78%- 96.71%-+ 99.09%, i
W2 &S EE 5 T2 5

3.2 ZERERSTEMRY
32,1 IRHZ AT pH 2R

Y — s ik J5ok), 7EIR R L:S=8:1, i
F 80 °C, WAl 3 h, BEIKIIANE AN R 2 40%[H)
N, HEIR A pH M EMEER LR
M, H25 50 6 P,

HE 6 ATEH, BEERHZ S pH FH, Nis
Co. Cu. Mn Mg HRIZH K M2 H pH N
1.86~2.65 Iff, Ni. Co. Mn. Cu 3% H 43 ik 98%.
98%- 97%F1 98%LL by MEAEEIR A pH &
325 /4, Ni. Co. Mn ZHERBHAK, H Cu
R R N AEE 94% 4. Rk, RH& S pH %
HI7E 1.5~2.5.

100+
_ 90t
X
2
2 80 ——Co
'§ —a— Cu
5] —v— Mn
= 70t
60 L L L 1
1.5 2.0 2.5 3.0 3.5 4.0
pH

6 R pH XA Hr @R AR K
Fig. 6 Effect of leaching pH on leaching rate of valuable

metals
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3.2.2 IR HEIE L R

BB RRL, 76 80 C. WHEKIMAERN
W BT 40%- R HINA A 3 hy BHRZ R pH N
2.0~2.5 AT, B8R R Lo &8 @R %

TR, HEARAITR 3.

R"3OMRE LA SRR AR R
Table 3 Effect of liquid-solid ratio on leaching rate of

valuable metals

Liquid-solid Leaching rate/%
ratio Ni Co Cu Mn
4:1 99.11 98.63 97.61 99.03
6:1 98.12 97.94 96.23 98.86
8:1 98.63 98.09 97.84 98.55

3 3 AW, & N E E LS X &
SRR LA K, Niv Cov Mn BRFFE 98%
PAE, CufE97%AAi. HJE, TESCIRIEfEd R,
M L:S=4:1 B, B REEM, T IEEERE,
RltE, 7EfEeeseitid fE, LiS iEF 6:1~8:1 NH.
3.2.3 BRI

W—E L5k, 7EME L L:S=8:1. VI
] 3 hy RUEUKIMAE AN FEBTE K] 40%. 2% 5 pH
9 2.0~2.5 BIFFAET, R IR & &EE H
R, HAERWE 7 s,

HE 7 A, BERHBEEZSH 50 CHER
60 ‘CH, Niv Co~ Cu. Mn {2 H R 73 HlliE 3] 98.56%-
98.24%- 97.94%- 98.30%; Z4kLEF S, Niv Co.

99+
S 96 -
g 9t ~a
=
§ —v— Mn
— 90}

87+

50 60 70 80
Temperature/'C

7RI <68 R AR R R
Fig. 7 Effect of leaching temperature on leaching rate of

valuable metals

Cu. Mn BHEBHAK. HE, ERBIEEKT
70 ‘CHF, A RIS, N ORIER G 1 % it
JETERE, R HIREIESRE 80 ‘CHE.
3.2.4  XUEIK I 520

W —m ik JFE R, 7R L:S=6:1. &
80 CIZHITIE] 3 h &85 pH N 2.0~2.5 AT,
HERAKIMNEXN &S JRE R, HER
Wi 8 fror.

99 + %__.

96
é
8 —=—Ni
£ ——Co
.DED = ——Cu
g —— Mn
— 90+

87r

1 1

10 15 20 25 30 35 40
Amount of H,0,/%

B8 XUE/KINAEXA 48R 2 1 50
Fig. 8 Effect of amount of H,O, on leaching rate of

valuable metals

HE 8 AT, TERIGKMET, BEAEKIMAE
Xf Niv Co. Mn & H A K, X Cu KR H
MR WK R 10% B2 32%0, 477
H R 86.52% LT 97.69%.
325 HAREXEKRE

FRBWEKHED R, FEIIRR THASR
B XK IR I8 ROR

B — &R ik, 7EWRE L L:S=6:1. ¥
80 ‘C. 2 BT A 6 hy 255 pH N 1.5~2.0 AT,
T HAIMER S SRR R, R
TE 4.

T4 FAURENANEEIR TR
Table 4 Effect of oxygen flow on leaching rate of

valuable metals

Oxygen flow/ Leaching rate/%
(mL-min"") Ni Co Cu Mn
150 96.31 95.98 90.45 98.98
250 99.09 98.35 94.97 98.58
350 98.63 98.09 95.03 98.55
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HE 4 n[HH, MEASMER 150 mL/min
#MZ 250 mL/min i, Ni. Co. Cu. Mn &%
S IEE] 99.09%- 98.35%- 94.97%-. 98.58%; 4k
SINESRE, SR HBTUAR, K,
AAIREIERE 250 mL/min NE .

3.2.6  RHEE R0

B —emid ik, 7EME b L:S=6:1. &
80 ‘C. FSE 250 mL/min. &5 pH A 1.5~2.0
M2, % TR X% 4R R R
m, Ha R 9 frs.

99} F
T
3 | 7
5
293 ——Ni
'§ —e— Co
3 90} _;&‘L

87}

2 4 6 8 10

Time/h
9 R AR A i g iR R I
Fig. 9 Effect of leaching time on leaching rate of valuable

metals

HE 9 WEH, BEERHNEEKE 2 h 80
%6 h, EFEEAF Niv Cov Cu. Mn KR H iR
FHEE 99.09%- 98.35%. 94.97%. 98.58%; #k4k:
SEAIR HH I 1) % 2 & iR AR A R BRI, R
IFA] 6 6 h N

gk bR, &R E R IAE H 2%
Jy: WAL L:S=6:1, B HIREE 80 'C, B HIE 6,
B2 pH E 1.5~2.0, F/SUiE 250 mL/min.

LA KA P AT IR AR, HLg5 2871
T3 5. RS AR, ERRREFAT, Ni
Co. Cu. Mn 2 HHTFH0 518 99.17%- 98.59%-
94.43%. 99.20%, 15t % & @ 4% Sk R IR
T4,

BB WHR AT XRD YIAH M, a5 R
WK 10 fos. HE 10 iPEH, 2 HES EZEYME
NAEE AT, Fraa 0 e @ YA 4
2%, ULHIIE R T & B I AOR H .

x5 RMKIERKS

Table S Result of leaching verification experiment

Experiment Leaching rate/%
No. Ni Co Cu Mn
1 99.56  98.57  94.67  99.17
2 99.59  98.71  93.60  99.11
3 98.35 98,50  95.03  99.32
Average 99.17 9859 9443 99.20
¢ = — Gypsum
® — Quartz
4+ — Fledspar

20/(%)

10 =& XRD i
Fig. 10 XRD pattern of leaching slag

4 Z5ip

1) @R AR AL )5 -FRIR T 2mT PLSEHLR
HZEREZTEANERBIEMIR .

2) Z& AL R I T Z %40 iR
WA 600 °C, if s} (A 90min, ZHSWE 50
mL/min.

3) ZEBAREEERNIARE N T 2N &
HRE L 6:1, R HEE 80 C, R 6h, &
H 28 pH fH 1.5~2.0, S E 250 mL/min. E1%
MALZAE R, Niv Co. Cu. Mn 1R H F 5 5k
99.09%-. 98.35%-. 94.97%. 98.58%.
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Novel process of treating ocean polymetallic nodules by
low temperature hydrogen reduction-acid leaching

ZHOU Xiao-zhou, PENG Jun, SHEN Yu-jun, HUANG Zong-peng, CAI Yun-zhuo, ZHONG Shan

(Institute of Mineral Resources Development and Utilization Technology,
Changsha Research Institute of Mining and Metallurgy Co., Ltd., Changsha 410012, China)

Abstract: The ocean polymetallic nodule is a kind of complex polymetallic oxide that is difficult to concentrate. A
new technology of low temperature hydrogen reduction-acid leaching was studied. Firstly, the effects of hydrogen
reduction temperature, time and hydrogen flow rate on the oxidation reduction of each valuable metal were
investigated. The optimal reduction process conditions were obtained at reduction temperature of 600 C, time of
90 min, and hydrogen flow rate of 50 mL/min. Under these conditions, the leaching process of reduced materials
under optimized conditions was studied, and the effects of leaching temperature, leaching time, liquid-solid ratio,
pH value, dosages of H,O, and O, on the leaching of valuable metals were investigated. The results show that,
under the conditions of liquid-solid ratio 6:1, temperature 80 ‘C, leaching time 6 h, pH 1.5-2.0 and oxygen flow
rate 250 mL/min, the leaching rates of Ni, Co, Cu and Mn reach 99.09%, 98.35%, 94.97% and 98.58%,
respectively, which realize the efficient leaching of valuable metals from polymetallic nodules.
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