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1 BEZERESZIESR RS R
Table 1 Main metal elements of ocean manganese nodules

(mass fraction, %)

Mn Fe Al Ca Ni Co Cu
16.04 14.70 243 1.44 0.37 0.45 0.26

R2 BRZERBIRD BB AL
Table 2 Main phase and composition of manganese in Marine

manganese nodules

Content of Mass
Component .
manganese/% fraction/%
Manganese dioxide 14.73 91.83
Silicate manganese 0.03 0.19
Ferromanganese 0.76 4.74
Manganese hydroxide 0.52 3.24
Mny 16.04 100

TR, RN 14.73%, S A /D ERARSERY) .
SR DR, SE AN 0.76%. 0.52%F1
0.03%.

1.2 FEIWERE

X FERATHMY (Rigaku-TTR 1I0); %5 fBh 3 b 2%
(TAS-990); £ #UHE 7 In# i P23 (DF-1018); %5
pH FREETH(PHS-3C); ik X N2 (WDF); FL G KT
BRAE(GZX-9070E); 4 ML T 2 B (JSM-6360LV);
HLF R F(ME204E): FUEAR & 26 B 11451 R A6 1
X (PS-6 FLZSA)

1.3 WIS

1) BT

VIR 2 &R T R4 B RN 50 um
AR, SRIGII5I50FE . FREL 30 g S U FERIARET, SR
% 42 B8 — e AV ] B TR G S IO R DU 9 20 v TR 58
o, iR, FETUE IR R SOV — BN A], 2 sON 5 K
Je, UE, THIERANIEE . AR LU R KRS
PRI 0T 4 J = 2 IR 520, Ha SO, R BE(200~400 g/L)+
B (120~220 C). J BB (60~150 min). 7 [ bk
(4:1~10:1 mL/g). JERH ICP 73¥7, JEEL VIR T 15
J&, KM XRD. SEM M EDS F1L. AR AT
TRER IR S0, ERFUER. B BRUCRIZ R EER
ARk, FELAAN RN H 3l 0 22 i i i 72
HEETI PSS

2) R BRI

Frik: HL 200 mL & HWT =L, FRm#

£ 90~95 C, VAN EEEAVEILE A, @
RSN IR SN2 2 mol/L ¥] NaOH V& A 15 Vi £ ri
pH £ 2.0~3.5, XM 2h, BRI EGENERHLR R
kR

BRA: B 200 mL BREKEHCT = HBH, AR
ANFEFTE MnS BEAIIABEE S, [B2h, #R5T MnS
FEX BRI AR, WUTEd g, P E 2% R
TEETOE.

FrEg: HX 200 mL FRA ST =0k, Ik
£ 90 C, HFESECN 10%H) NHHCO, VERZETH 2%
MBI AR AR s pH (R 4.0~4.5, AL
VEL R pH EXT R RCR M, HIUEIE. YRR
MBS BT H &

BRih: LU P204 AU, REALLEH A RR R
SEREN R, 176 pH {EA 1.8+ P204 AR5
N 15%. ML O/A N 1.5:1. BALFRN 60% %1 T
Xof B RS IRV BOEEAT 22 P00 IR A R AT

BLERER PRI SE AL 7EP pH {H 4.5, P204 145
K 15%HHEL O/A M 1:14 B4R RN 60% [ 4614 R 1921,
B RR PR B B REREGIM, F
8 2 mol/L il2, fREFAALL O/A 2y 20:1 FZAF
THMTRE, RO HBIR R AR B BRI
9i .,

3) AR NigsCoo2Mng3(OH), il # 771

098 RO N B 1) NiSO4 MnSO, HHEARL . 4
BREEIR L2 5:2:3, LA 1.6 mol/L & /K AR &7\ 4mol/L
SR DT PP R RS AR IR A
B Nig sC0g2Mng3(OH),, FF#E1T SEM K& XRD AL

2 FER5STHE

2.1 RHEMHIR
21,1 ERERER. B AR R

TETRERIR BE 350 g/L W& L 6:1. 12 HiIf ] 150
min, 32 HEE RN 1200 140, 160, 200, 220 C
AT HHTIR SN, B, B ARAE R 1 pr
No EHE 1 AT BEA RS, SRAENR H AR RFLL
i, 4IREEIAF] 200 CHE, . &2 H RS HIER
96.69%- 95.36%; = H Bl i B AR AN B2,
200 CHMRIR H RN 6.43%. KT EIRES
220 C, B, B, EERHBIEARFAE. ®miR&EE
ARFHERAT MnO, PR 53E, . &, 4
S, AN, BEEL 200 CHE,
TR MREER . MR MRSk R 2T Fe' e
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Fig. 1 Effect of temperature on nickel, cobalt and manganese

leaching efficiency
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ITSEYG, FBORE XL, B AR R, 4
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BRI AT W E R KA K 2 & R A 4
A ) SRR 78 o Heful, 0 RBR BRVE U )RR (1)
R, NPT HIE R (H4R S8 R L
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Fig. 2 Effects of liquid-solid ratio on nickel, cobalt and

manganese leaching efficiency

2.13 WRERIKEXTER. & SR H R AR m
TEURFE 200 C. E L 6:1. 12 HEA] 150 min.
BRERIR EE 2334 200 250, 300, 350 400 g/L %%
PEFIATIR s, g5 R 3 fon. iR RS,
m&mM% AR A S, R
TR R SR TS P T . BRI 3 RT AL, 4R
TR I\ 200 g/L 18 K2 350 g/L, 2. B FRHER
SN 84.20% . 88.26% - 3.99%$ETHE 96.68% -
95.35%- 6.43%; REHEREIFRIK X E. HC o]

RARHAEN, SRR LR 350 g/L AH .
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Fig. 3 Effect of sulfuric acid concentration on nickel, cobalt

and manganese leaching efficiency

2.1.4 JRHEHERHR . A IR R
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Fig. 4 Effects of leaching time on nickel, cobalt and

manganese leaching efficiency
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fRESE4, MR HEEEE 90 min B, . & R
R BIEME, SRR 4R K2 I A, JTRIZH
R RT. Pk, JEIUR AR TR Y 90 mins

TEHE 200 C R LA 6:1. BRERIKE S 350 g/L
PIZ2F TR 90 min, Frf3yE# M XRD ki 5 fr
N mRBRERIR H JEIRE EE RN SiO. Si0, 5
MnO,. B 6 Fi~ AR H T e 1)) SEM 14 )¢ EDS .
MEFIER, 200 C BRARZ, BIKE &R
AR, B BRAERIEAREA A, Mn D IREIERE S
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Fig. 5 XRD pattern of sulfuric acid leaching residue of

10

manganese nodules
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Fig. 6 SEM and EDS images of ore and leaching residues sample: (a) Raw ore, SEM image; (b) 200 C leaching residue, SEM
image; (c) Raw ore, EDS pattern; (d) 200 Cleaching residue, EDS pattern
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e x ARTTERE MR kb kM ks 50008 3 Fi
RN W RSGERF R ¢ iR e,
TERRERIREE N 350 o/L W LN 6:1, 2 HIERE
299 120, 140, 160, 180, 200 C FH¥%4h Tt =12
HZBE I (] ARk S, R 7 R

7

——120C
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Fig. 7
efficiency

Effect of temperature on manganese leaching

BEF AR 3 AR, XEARNRE MRIR R R
IR TR SR REEAT LA, PRt & Rk 3 sl 7
A R RO e 3 U s T R R AR &
AL, HARCRBR? BT 0.98.

F3 MRHBENFRE T 3 FERMEG R
Table 3 Three model fitting coefficients of manganese

leaching efficiency at different temperatures

Fitting coefficient
Temperature/

C Diffusion Chemical Hybrid
control reaction control control

120 0.9853 0.9626 0.9644

140 0.9894 0.9604 0.9742

160 0.9923 0.9589 0.9810

180 0.9928 0.9614 0.9821

200 0.9939 0.9625 0.9845

PA1-2x/3—(1-x)*3 = ke WPIE ] £ 9EAT 21k
A, SRME 8 fR, Fif3 i BRI A/ N S SE
R ko Uink X UT {EE, B4 AR Z
&R PG R SRR IR T R JE 5 3
2, TR 1S B G RIR I FE RSN 10.64
kJ/mol. # U= — MG EEA KT 12.0 kI/mol.
I, 7E120~200 'C, SRR HIEKZ & B s 1%
R TG 3 SR TS A

1-2x/3-(1-x)*3/107

0720 40 60 80 100

Reaction time/min
8 1-2x/3—(1—x)* 5B ¢ 28R
Fig. 8 Relationship between 1-2x/3—(1—x)*'® and¢
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222 BAVESRIR W Eh %

BB AR BEIN (A AR AL 4 SR an ] 10 A0 11 B
Ry FHHIR BRI AE AR AR Aveami 77 FEXT 4R
g i BT A . SRR, 8. BiRBARE
FRIEYE %47, (HE5ES Avrami JTFE. Avrami J7FEZ0
N —In(l-x)=kt ; x AEJBIREER;  MIRHITA,
K 12 f1E 13 Fios s A Aveami 52X B 10 FE]
11 HHATHE S R IREIE S, TSR A ER
FE k {H. #R¥E Arreninus /AiﬁlnkzlnA—%x%;
Phink 5F UTFERE, S5 14 FoR. iHEE R4,
BRI ALRE S B A 38.16 A 27.60 kl/mol. [,
B AR IR BRERIZ AR R T A2 IR A R

ML BB Sy R L g T LUE Y, R 2y
B, AR AR Al X RS BRI
R RGN AR R BN . ZEREE N R
ELL 5-MnO, TERAFLE, E[MnOg]/\ I Z AR L,
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Fig. 10 Effect of temperature on cobalt leaching efficiency
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Fig. 11  Effect of temperature on nickel leaching efficiency
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efficiency
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welg. BHIL, Hoo R EEUA T2y et

TERRGE N AR, LA Co itAE, AL =f e
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2.3 RHERAEL

FETRFE 200 C. WHE L 6:1. BRBRIKEE 350 g/L 4%
R 90 min, TR R &GRS &8 OR
KUk 4 Fra.

T ORUAF RS R AR

Table 4 Element content and leaching efficiency in leaching

solution
Element Content/(g-L ") Leaching efficiency/%

Fe 23.33 95.20
Cu 0.39 92.06
Ca 1.76 73.25
Al 4.03 99.90
Ni 0.61 96.69
Co 0.71 95.36
Mn 1.73 6.43

23.1 R

MR Bl Fe S KT 10 g/L, HMORA 3N
BRBILVE B R KR 23 1 Fe’ LL NaFey(SO4)3(OH),
KR E. @) B BRBURR I 72 110 2 I 80 75 7%
X, S PR NI S pH 5HEIH & &85 ik
JERR. J&H pH N 3.5 I, B RRBHES &
N 6 mg/L, BRELRIEF] 99.9%, MW &HIHH I
N 1.0%.

3F62(SO4)3+N32804+ 1 2H20:
2NaFe3(SO4)2(OH)6l+6HZSO4 (4)

x5 LS pH SEMTEEEE TIRERNKR
Table 5 Relationship between pH and concentration of each

metal ion in solution

Concentration/(g'L ")

pH

Fe** Mn?* Co*" Ni?*
0.8 23.3300 1.7270 0.7140 0.6080
2.0 4.5000 1.7250 0.7137 0.6076
2.6 1.1200 1.7230 0.7135 0.6074
3.1 0.1810 1.7210 0.7133 0.6070
35 0.0060 1.7180 0.710 0.6067

232 R HEERH

VR Y Cul AT BLR B AL D DTE R 25 o 7E 25 °C
i, CuS M K,=8.9X107°%, NiS ffJ K,=2.8X 107,
CoS 1 K,=1.8X 107, MnS ] K,=2.8X 107", 4
K, Bt € S AEDTUE RN CoS 81 NiS, {HHT CoS

5 NiS i &5, ARSI MnS AUTiEl. =(5)
BRI R 2 B T FES, 1S By MinS i
RO R DOE R IR, 2 MnS I &R
N 2.0 I, VW 99%I Cut MR 2, BRINHR. A5
PURRIET 1% TERENIFEHIIA MnS 5205
HH MIn® " Y4 BE IS B o

MnS+Cu*'=CuS |+Mn*" (5)
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Fig. 15 Effect of MnS excess coefficient on precipitation rate

of Cu, Ni and Co
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WY pH SRR, Bic RSN, A
T SV N TTTE R, BRIRE AR T NaOH 25 H AT
FIHAR SAET NH A S Nit'y Cor &b 402 H Ak
RO AR R S UE, (6) MR RE R AL A R
HFER. B 16 Fionh pH XHE. 8. 8. BEITERE
Wi, 42855 pH N 4.5 1, 99.5%8# £, 2. .
R RIS /NT 2%
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x
b -
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= L o
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s
z 80T 112 g &
— =]
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Fig. 16 Effect of pH on precipitation rate of Al, Ni, Co and
Mn
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AP+ 3HCO; =—AI(OH);|+3CO,1 (6)

234 AEERES

i P204 HEEHGHHET 2 SOSR AL I RS, 5
B FERERUEN 38.81%, TM4R Bl IA 0.6%
Fedio WA ZEIURA P, A I ZERCR A W
MEEMBHOLF] 8 i), B 98% L 4T 5145
ES PR
2.3.5 BENERIIFEIS KR

R RS A D& Zn, Cr 5440 ER,
T BT IR BE AR A, WU o MG RO ZE IR, 1
WARCP pH N 4.5, B4R B AR AR EGHL
FH, FFETH 2 molV/L HIBRERIFAT AR 4h, 58 =
IR B 2% o

2.4 Nip5C0y,Mn3(OH), B &

Br 45 IR PR . . ELRREIRE BN
11.46. 13.27 f14.87 g/L, HAhZ4FI6E Fe 4 mg/L.
Cu2mg/L. Al2mg/L. Ca4mg/L, Z4f&ERK,
AT H 0 IEARA R T DR A4, Ik B EARA R
F BRI PR L B BLBEREE N 3.8:4.4:1.8,
5 5:2:3 W=JRIEMARIAHEL, B sm. HT T
EONE S, IR AR, LB RO ARHE, R
HBRUIMGE B NiSO4. MnSO,, HHEHL. 4. fHEE
JREEZE 5:2:3, L 1.6 mol/L /K NEEF. 4 mol/L &
A T TE FLE U R DAL ITTE i A R &
Nig.sC0g,Mn3(OH),. B 17 F1 18 ATz 43 7 N AT SRR
XRD %5 SEM &. I 17 wIH, AR
S-Ni(OH), i 458 —%(, Mn 1 Co fRIFHEUR T Ni
PLE, PR, AR TER I 18 i, AiIK
R KN — IERIE Bk, B 19 B ARTIRIA EDS
P, 19 WA, AR B S E SR N 48.34%.

| B-Ni(OH),: 14-0117

) A . l . Ml L na .

10 20 30 40 50 60 70 80
20/(°)

@ 17 Nio(sCOo(zMn0‘3(OH)z B,(] XRD i«ﬂEle
Fig. 17 XRD patterns of Nij sCog,Mng 3(OH),

[10um_

= 18 Niy sCog,Mng 3(OH), i) SEM 1%
Fig. 18 SEM images of NijsCoy,Mng3(OH), at different

magnifications
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Fig. 19 EDS patterns of Niy sCog,Mng3(OH),
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ka2, H5 N prAR el L i J AR — 5.

3 Z5ip

1) K2 842 MRIR A5 25 A
R, RIERERR. M. NS TE, KARKE
UUE VW & A3 B = Ju IE A OB AT IR &
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BE, B DURIRZ &R AL 45 %) & = 0 IEARM ELETIRAA Nip sCoo2Mng3(OH),

2613

NigsCogMng3(OH),. 7RI 200 C. WE LN 6:14
IR FE N 350 g/L 2 HII A4 90 min 2644 R, 4.
By AR R RN 96.69%. 95.36% 6.43%. T
FIR HIEILEEN 10.64 kI/mol, & HIEFE 2 Bdz s
B Ao R RS RE 73 )8 27.60 1 38.16 kJ/mol,
SN Rz IR AR . B S R D IR I 22 ) S
SERLH I A RAR O

2) R FANSRIE R BRI ERIRA . iR S
IKARUTVERRES . P204 ZEHUBRES, k. HANERMIR
HINIEF] 99.9%LA F, FHIILERZFRIER] 98%, FRaAc)E
PR R B BRBURIRIE 0 1146, 13.27
1487 g/L.

3) SR HLTE v & = 0 IERRAP R AT IR . 4531
R, S BREERE AT I A S 5 B-Ni(OH),
it — 2, TSN RN — RN, b2 AT A
NigsC092Mng3(OH)s.

4) ZLZHAERR, SRR, b inE
w1, NIIRZE &R A BRI SR G R AR L T —Fh4x
WIIfR T &
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Preparation of ternary cathode material precursor
Niy5sCo0¢.,Mng3(OH), from seafloor polymetallic nodules

ZHONG Zhi-jie, XU Hui, YANG Xi-yun, WANG Xiao-di, WU Ling-long, CHEN Zhi-xin

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

Abstract: With seafloor polymetallic nodules as raw materials, ternary cathode material precursor NiysCog,Mng;(OH),
was prepared through a process of sulfuric acid leaching-purification-precipitation. In the process of sulfuric acid
leaching, the effects of temperature, liquid-solid ratio, sulfuric acid concentration and leaching time on the leaching
efficiency of nickel, cobalt and manganese were investigated. The leaching kinetics of nickel, cobalt and manganese were
explored. The results show that the leaching efficiencies of nickel and cobalt are greater than 95%, and that for
manganese is only 6.43% under the conditions of temperature of 200 °C, liquid-solid ratio of 6:1, sulfuric acid
concentration of 350 g/L, and leaching time of 90 min. Nickel and cobalt are selective leaching. At 120-200 C, the
leaching process of Mn is controlled by diffusion with apparent activation energy of 10.64 kJ/mol. The leaching processes
of Ni and Co are controlled by both diffusion and chemical reaction with apparent activation energy of 27.60 and 38.16
kJ/mol, respectively. Fe** ion in the leaching liquor is removed using sodium jarosite, copper is removed with manganese
sulfide, and aluminum is precipitated as aluminum hydroxide as well as calcium is extracted by P204. A mixture of pure
nickel sulfate, cobalt sulfate and manganese sulfate is then obtained through solvent extraction. The spherical
Nip5C0p,Mng 3(OH),, ternary cathode material precursor, is prepared by ammonia-sodium hydroxide coprecipitation after
adjusting the molar ratio of nickel sulfate, cobalt sulfate and manganese sulfate.

Key word: ternary precursor; cathode material precursor; seafloor polymetallic nodules; leaching; impurity removal
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