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INVESTIGATION OF SOLID RESIDUES OBTAINED AFTER OXIDIZED  
NICKEL ORE LEACHING 

B. D. Khalezov,1  A. S. Gavrilov,2  S. A. Petrova,3  and  S. Yu. Mel’chakov4 UDC 669.243.37 

Leaching residues of oxidized nickel ores is studied.  According to the results of chemical analysis, it is 
found that with 62% extraction of nickel into the solution residues contain, wt.%: 0.58 Ni, 0.016 Co, 
14.35 Fe, 9.08 Mg, 1.96 Al, and 21.16 Si.  With 89% extraction residues contain, wt.%: 0.26 Ni, 
0.001 Co, 6.5 Fe, 9.12 Mg, 1.46 Al, and 26.45 Si.  The grain size composition of leaching residues is 
studied.  It is found that the amount of fine fraction (– 2.5 + 0 mm) in the residues with 89% extraction 
almost doubles compared with the initial ore, and the amount of coarse fraction (– 21.5 + 10 mm) is 
halved.  X-ray phase and X-ray microanalysis methods are used in the work to study residues from 
leaching oxidized nickel ores (ONO).  With extraction of 62% of nickel from ONO nickel is detected 
predominantly in talc, iron oxides, and siliceous iron oxides.  Nickel is not detected in leaching residues 
with 89% recovery.   

Keywords: oxidized nickel ore, antigorite, lizardite, talc, clinochlore, nickel, cobalt, heap leaching, jaro-
site, quartz, iron oxides. 

According to various estimates oxidized nickel ores (ONO) are currently ≈ 70% world reserves of nick-
el [1, 2].  For this type of ore there is typically a relatively low, compared with sulfide copper-nickel ores, nickel 
content, not constant with respect to composition and absence of dissemination of nickel-containing minerals 
within a lump of ore.  In view of the above mentioned features enrichment of ONO is not possible. 

Until recently ONO treatment within Russia has been accomplished by shaft melting.  However, with a drop 
in world price for saleable nickel shaft melting became unprofitable.  In this connection the South Ural Nickel 
and Ural Nickel Plants were closed [3, 4]. 

Hydrometallurgical methods may be used as an alternative to shaft melting in order to process ONO, and 
their use makes it possible to resolve this problem. 

Within the world autoclave and ammonium carbonate technologies have been introduced for processing rich 
ONO.  Agitation nitric, hydrochloric, and sulfuric acid methods have been studied for leaching [5–7].  There is 
information about a lump method for processing ONO [8, 9].  Research is known for obtaining nickel by means 
Alyssum morale special growths, capable of selective accumulation of nickel with subsequent leaching from 
them.  Nonetheless, not one of the published methods has industrial application for processing ONO. 

Previously in [14] a study was made for percolation leaching of oxidized nickel ore of the Serov deposit.  
The object selected for study was iron-magnesium ONO.  Processing of this type of ore by pyrometallurgical 
and  also  hydrometallurgical  methods  was  difficult in view of the high content of iron and magnesium.  Ore with  
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Fig. 1.  Diagram of percolator: 1) ore; 2) percolator body; 3) false bottom; 4) outlet pipe; 5) solution collection vessel. 

Table 1 
Original Ore Solid Residue Grain Size Composition with a Different Degree of  

Nickel Extraction in Percolators 1 and 2 

Original ore 
Amount of solid residue with nickel extraction 

percolator 1 percolator 2 

fraction, mm fraction yield, % 78% 89% 62% 

− 21.5 + 10 36.12 29 18.93 33.34 

– 10 + 5 20.97 25.5 15.87 19.97 

− 5 + 2.5 15.67 18.2 11.85 13.6 

− 2.5 + 0 27.24 27.3 53.5 33.15 

a size of – 21.5 + 0 mm was leached with aqueous solution of sulfuric acid in percolators with a volume of 3800 
(percolator 1) and 7500 cm3  (percolator 2) (Fig. 1) with  T  = 25°C,  S:L = 1.7,  and a pause between irrigation 
of 1–3 days.  As a result of leaching for 440 days in percolator 1 nickel extraction of 89% was achieved, and 
percolator it was 62% in 350 days. 

Residues were obtained in the course of leaching in percolators with a different degree of extraction.   
The residues obtained with respect to composition are similar to those obtained in overseas enterprises.  Howev-
er, in overseas hydrometallurgical enterprises, i.e., Moa Bay, Murrin-Murrin, and Bulong (Australia) solid resi-
dues are not treated, but stored in dumps and tailing stores [1].  This in turn has an unfavorable effect on the eco-
logical situation in the region of mining and processing. 

Solution of the problem of treating solid restudies of ONO leaching will make it possible to increase  
the completeness of use of leached ore and the ecological nature of its treatment.  In view of this a study was 
made in this work of the composition of solid residues from percolation leaching of iron-magnesium oxidized 
nickel ore. 
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Table 2 
Original Ore and Solid Residue Chemical Composition with a Different Degree of  

Nickel Extraction from Ore 

Name 
Ore and solid  

residue weight,  
kg 

Content, wt.% 

Ni Co Mg Cu Al Si Fetot  Mn S Ca 

Percolator 1 

Original ore 3.68 1.19 0.039 18.9 0.008 3.05 17.39 14.83 0.57 0.13 0.66 

Solid residues with 
Ni extraction, %            

56.9 3.55 0.52 0.013 9.67 0.003 1.80 21.41 11.18 0.098 0.80 0.60 

61.7 2.94 0.57 0.009 – – 1.89 – 8.92 0.26 – - 

72 2.90 0.41 – 9.95 – 1.99 – – 0.06 – - 

78 2.74 0.35 0.008 9.03 – 1.77 – 8.85 0.05 – - 

89 1.81 0.26 0.001 9.2 0.005 1.46 26.45 6.50 0.04 0.40 0.32 

Extraction from ore, % 89 99.5 76.3 69.0 68.4 25.6 78.4 96.6 – 75.8 

Percolator 2 

Original ore 7.5 1.19 0.039 18.9 0.008 3.05 17.39 14.83 0.57 0.13 0.66 

Solid residues with 
Ni extraction, %            

20 7.05 0.97 0.024 16.48 – 2.69 – 13.73 – – – 

30 6.63 0.84 – – – – – – 0.25 – – 

52 6.40 0.67 0.017 11.12 – 2.20 – – 0.51 – – 

55 6.28 0.64 – 10.87 – – – – 0.09 – – 

62 6.10 0.58 0.016 9.08 0.0036 1.96 21.16 14.35 0.04 0.69 0.26 

Extraction from ore, % 62 66.7 60.9 63.4 47.7 1 21.3 94.3 – 69.3 

The grain size composition of solid residues was studied with a different degree of nickel extraction.  It was 
concluded that during leaching there is self-refinement of ore (Table 1).  The output of the coarse fraction itself 
– 21.5 + 10 mm with extraction of 89% nickel in percolator 1 decreased by a factor of two, and correspondingly 
there was an increase by a factor of two in the yield of the fine fraction itself – 21.5 + 0 mm.  This affected the 
rate of solution percolation, which at the start of leaching was 1–1/5 m/h, and at the end ≈ 0.2–0.3 m/h. 

The chemical composition is given in Table 2 for solid residues.  With an increase during nickel extraction 
in an amount of 89% into solution in percolator 1 a reduction was observed in the weight of residues by 50.8% 
(from 3.68 to 1.81 kg).  Associated elements were extracted into solution, wt.%: 99.5 Со, 76.3 Mg, 68.4 Al, 
78.4 Fe, 96.6 Mn, 69 Cu.  25.6Si, and 76.9 Ca.  The content of sulfur increased as a result of forming sulfates. 
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Table 4 
Phase Composition and Element Content in Different Phases of ONO Leaching Solid Residues  

in Percolator 2 with 62% Nickel Extraction 

Phases Phase composition 
Element content, wt.% 

Mg Fe Si O Al Ni Cr S 

Iron  
oxides Fe24Si1.09O7.67Al0.32Ni0.36Cr0.9S0.54  – 68.82 3.13 21.99 0.91 1.03 2.58 1.54 

Siliceous  
iron oxides 

Mg0.39Fe6.7Si13.07O10.7Al1.98Ni0.28  1.74 29.11 13.21 46.22 8.50 1.21 – – 

Mg1.35Fe5.15Si4.5O10.49Al0.57Ni0.33S0.17  5.95 23.55 19.81 46.0 2.51 1.44 – 0.75 

Talc 
Mg1.49Fe0.046Si4.74O11,34Al0.16Ni0.16Cr0.06S0.12  7.31 12.49 22.98 54.81 0.75 0.78 0.30 0.59 

Mg4.49Fe1Si4.3O10.22Ni0.14  22.46 4.97 21.4 50.48 – 0.69 – – 

Silicon Mg0.13Fe1.68Si8.39O10.53Al0.12  0.6 7.99 40.19 50.29 0.56 – – 0.37 

Siliceous  
iron oxides 

Mg0.35Fe2.7Si6.22O11.17Al0.18S0.25  1.71 12.24 29.93 53.36 0.86 – – 1.19 

Mg2.37Fe2.0Si4.9O10.47Al0.1S0.1  11.57 9.66 23.75 50.37 4.22 – – 0.43 

Talc Mg3.63Fe0.5Si6.93O9.97  18.8 2.5 30.05 49.27 – – – – 

It should be noted that extraction of iron into solution of percolator 1 was 78.4%.  This is explained by the 
fact that in the initial leaching stages (extraction of nickel ≤ 40%) there was a change in the leaching solution 
from pH 0.5–0.8 and the production solution was with  pH = 1.5. 

During nickel extraction into solution (62%) in percolator 2 the yield of solid residue decreased by 18.7% 
(from 7.5 to 6.1 kg).  Extraction of associated elements into solution comprised, wt.%: 66.7 Со, 60.9 Mg, 
47.7 Al, 21.3 Fe, 94.3 Mg, 63,4 Cu, 1 Si.  69.3 C, + 3.30 S.  In percolator 2 production solution emerged with 
pH 2.5–3 and as a result of hydrolysis of Fe3+  ions and its subsequent precipitation iron extraction from ore was 
21.3% in total.  Mainly this amount of iron was derived from production solution with pH 1–2 in the first and 
second stages of leaching.  At the same time, it is well known that iron in solutions derived from leaching  
ore with  pH = 2.5–3  remains in a dump in the form of insoluble compounds, for example iron hydrox-
ide (Fe(OH)3 ), basic iron sulfate (Fe2(SO4 )3), sodium jarosite (NaFe3(OH)6(SO4 )2 ), or carphosider-
ite (H3O ⋅Fe3(OH)6(SO4 )2) [4, 5]. 

Results of X-ray phase studies of solid residues obtained in an Bruker AXS diffractometer are given in Ta-
ble 3.  Extraction of minerals from ore into solution (in percolators 1 and 2 with nickel extraction of 89 
and 62%) comprised correspondingly, wt.%: quartz 52.4 and 46.2; antigorite and lizardite 82.04 and 60.4, talc 
30.16 and 9.23, actinolite 17.4 and 17.29; clinochlore 45.53 and 56.1.  the most active leaching of lizardite and 
antigorite is observed, which are probably the main sources of nickel, cobalt, and magnesium.It is noted that 
the most complete nickel extraction from ore (72–89%) in percolator 1 is observed with formation of a new 
phase, jarosite. 

The increase in solid ore leaching residue content of iron oxide by factors of 10 and 15 is most marked. This 
occurs because during leaching ores iron oxide from lizardite, antigorite, actinolite, and clinochlore is transferred  
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Table 5 
Phase Composition and Element Content in Different Phases of ONO Leaching Solid Residues  

in Percolator 1 with 62% Nickel Extraction 

Phases Phase composition 
Element content, wt.% 

Mg Fe Si O Al Ca Cr S 

Actinolite Mg2.28Fe2.9Si5.9O8.98Al0.51Cr0.3Ca2.2  9.98 12.4 25.72 38.8 2.21 9.58 1.31 – 

Siliceous  
iron oxides 

Mg0.34Fe6.2Si4.42O11.37Al0.11S0.08  1.52 27.53 19.66 50.49 0.46 – – 0.34 

Mg0.24Fe11.25Si1.81O11.07Al0.02S0.32Cr0.12Ca0.16  0.97 44.16 7.22 43.57 1.65 – 0.49 1.31 

Mg1.34Fe3.26Si5.05O9.24Al1.62  10.29 14.41 22.41 40.91 7.23  – – 

Iron oxides Mg0.34Fe15.35Si0.49O11.07Cr0.1  1.32 56.03 1.80 40.50 – – 0.36 – 

Talc 

Mg4.45Fe0.69Si5.17O9.88  22.23 3.38 25.57 48.79 – – – – 

Mg3.18Fe0.9Si6.5O9.91  15.69 4.40 31.70 48.21 – – – – 

Mg3.85Fe0.33Si5.84O9.95Al0.1  19.38 1.64 29.09 49.41 0.48 – – – 

Mg4.34Fe0.29Si4.2O10.55Al0.07  22.66 1.46 21.58 53.93 0.38 – – – 

Mg3.98Fe0.21Si5.31O10.12  20.27 1.05 26.82 51.18 0.68 – – – 

Mg3.77Fe0.32Si5.67O10.16  19.10 1.59 28.48 50.83 – – – – 

into sulfuric acid solutions in the form of sulfates (Fe3SO4 ⋅ nH2O ), which at  pH = 3  hydrolyse with formation 
of iron hydroxide and remains in solid residues.  

Data are given in Table 4 for microanalysis of solid residues of ONO leaching in percolator 2 with extrac-
tion of 52% nickel from ore.  In iron oxides, siliceous oxides of iron and talc the is unleachable nickel (see Ta-
ble 4, positions 1–3) whose content is correspondingly, wt.%: 1.03, 1.21, and 1.44, 0.78, and 0.69. 

It should be noted that the nickel content in ONO talc is 0.46 wt.%, and in solid leaching residues it is 0.78 
and 0.69 wt.%, which probably points to the more complex leaching of nickel from talc.  In other samples (see 
Table 4, positions 4–6) nickel is not detected. 

Results are provided in Table 5 for microanalysis of solid residues leaching ONO in percolator 1 with ex-
traction of 89% nickel from ore.   

The main component of solid residues is quartz (it is detected in six talc phases).  In one phase iron oxides 
were detected, in three phases there was siliceous iron oxide, and in one phase there was actinolite, for which 
presence of calcium is typical up to 9.58 wt.%. 

Nickel was not detected in any of the phases (even in talc) since in using a percolator less nickel extraction 
is achieved, i.e., 89%.   

From results of chemical and X-ray microstructural analyses it has been established that the residue consists 
predominantly of actinolite, iron oxide, and talc.  Subsequently after adding aluminum and calcium oxides solid 
residues may be used as a raw material for preparing cement [13]. 
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CONCLUSIONS 

1.  During leaching of oxidized nickel ore (ONO) to a level of 89% nickel extraction there is a change in  
the grain size composition of solid residues with an increase in fine phase – 21.5 + 0 mm by a factor of two 
compared with the original ONO composition, which is connected with “self grinding” of ore during leaching.  
As a result of this the rate of solution percolation thigh a layer of ore decreases from 1–1.5 to 0.3 m/h, but re-
mains suitable under production conditions. 

2.  It has been established that the main sources of nickel in ONO are lizardite and antigorite minerals. 

3.  Solid residues consist of antigorite, iron oxide, and talc, and subsequently after addition of aluminum ox-
ide, which is obtained during reprocessing of leaching solutions, may be used as a raw material for preparing 
cement. 

4.  According the X-ray microanalysis (XMRA) data ONO in percolator 2 during extraction of 62% Ni 
presence is established of nickel that cannot be leached from iron oxide, siliceous iron oxide, and in talc.  This 
indicates that nickel is most difficult to leach from these minerals. 

5.  Results of XMRA of ONO leaching residues in percolator 1 with extraction 89% nickel from ore did not 
show its presence in any of the phases.  The main component of solid residues is quartz.  It is detected in six 
phases of talc; in one phase iron oxide is detected, in three phases there is siliceous iron oxide, and in one phase 
there is actinolite for which there is typically presence of calcium up to 9.58 wt.%. 
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