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Table 1. Conditions required in the sequential extraction of samples. 
Fraction Extracting agent Conditions 
F1. Water soluble Ion-exchange water 6h, shake 
F2. Exchangeable 1M CH3COONH4 6h, shake 
F3. Carbonates 1M CH3COONa under 

pH5 by CH3COOH 
6h, shake 

F4. Oxides 0.2M HONH2 HCl with 
25%(v/v) CH3COOH 

6h, 85 , 
shake 

F5. Organic/sulfides 30% H2O2 under pH2 by 
0.02M HNO3 and 0.02M 
HNO3 

2h, 85 , 
shake 

 30% H2O2 under pH2 by 
0.02M HNO3 

3h, shake 

 1.78M CH3COONa with 
11.1%(v/v) HNO3 

30min, 
shake 

F6. Residual HF(conc), HCL(conc) 
and HNO3(conc) 

Microwave 
digestion 

 
(3)  XAFS  

11
6 Ni K-edge X

XANES SPring-8
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3.  
 (1)  XRD
Table 2. Chemical component of ore, dust and slag. 

Sample Concentration (mass%) 
Al Ca Co Cr Fe Mg Ni 

Nake 
ore 0.65 N/D 0.07 0.70 18.06 14.50 1.97 

Dust 1.20 0.04 0.06 0.44 18.24 8.70 1.95 
Slag 1.07 0.32 0.01 0.84 8.20 20.17 0.07 

Table 3. Main chemical component from XRD. 
Sample Component 

Nake ore (Mg,Fe)3Si2O5(OH)4, CaAl2Si2O8 4H20 
Dust (Mg,Fe)3Si2O5(OH)4, Fe3O4, SiO2 
Slag Mg1.641Fe0.359SiO4, MgNiSi2O6 

Table 2
Ni 1.97% 1.95%

Ni
Co

Fe Mg Fe
Mg Mg

Ni
Mg Fe

Ni Fe
Co

Co  
1.3%-

2.5% Ni 0.05%-0.15% Co (Crundwell et al., 2011)

XRD Table 3
serpentine

Mg3Si2O5(OH)4

(2)   
Ni 70%

Co Cr
Ni Co Cr

Cr
Raous et al., 2013  

Fig. 1 Ni Cr Co
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(3)  XAFS  
XANES Fig. 2

4 Ni

 
XANES XRD

Ni

F1. Water soluble F4. Oxides 
F2. Exchangeable F5. Organic/sulfides 
F3. Carbonates F6. Residual 

Fig. 1 Rate of fractions of sequential extraction of Ni, Cr and 
Co within ore, dust and slag. 
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Fig. 3 4 Ni
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Classen et al. (2009) Life Cycle Inventories of Metals. Final report 
ecoinvent data v2.1, No 10; Crundwell et al (2011) Extractive 
Metallurgy of  Nickel, Cobalt and Platinum-Group Metals, Elsevier; 
Mudd (2010) Ore Geology Reviews 38, 9–26; Raous et al. (2013)  
Geoderna 192, 111-119; Tessier et al. (1979) Anal. Chem. 51, 844–
851; Tsuchida (2008)  Journal of MMIJ 124, 549-553; van 
Hullebusch et al. (2005) Talanta 65, 549-558 

Fig. 2 Ni K-edge XANES spectrum of ore, dust and slag. 

Fig. 3 Material flow of nickel in ferronickel process. 

Fig. 4 Material flow of cobalt in ferronickel process. 
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