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ABSTRACT 
 

 

This work presents new results of the pre-processing study of the Ni and Co-poor lateritic raw 

material from the reserved deposit Křemže in South Bohemia. The proposed technological 

treatment of the raw material aims to obtaining a concentrate of elements of interest. This step is 
missing in the present Ni and Co extraction from laterites as the entire amount of the mined rock 

is being leached. This work focuses on a possible pre-concentrating of elements of interest and 

facilitating the final metallurgical processes. We carried out experiments involving interconnected 
pre-processing modes, such as magnetic separation, heating of the raw material, oxidation by 

ozone, or use of a low frequency supersound. The experiments showed that an appropriate 

combination of these pre-processing modes can result in a substantial concentration of Ni and Co 
(from 0.4 to 1.05 wt. % Ni and 0.01 to 0.027 wt. % Co). The incorporation of these pre-processing 

modes into the technological method of laterite ore processing can reduce total costs of the raw 

mineral treatment. In addition, it makes it possible to process poorer raw materials whose treatment 

was previously uneconomic.  
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INTRODUCTION 

CURRENT METHODS OF NI AND CO EXTRACTION 

FROM LATERITES 

With the development of new technologies, 

which often require very specific mineral 

commodities, it is becoming increasingly important 

for major global players, including Europe, to have 

certainty of access to these often very specific raw 

materials. Indeed, they are often dominantly, 

sometimes even monopolistically, produced by one or 

a few countries in the world. For this reason, the 

European Commission has decided to change its 

current raw materials strategy and attention is now 

being paid to the study of European deposits and 

resources of so-called EU critical raw materials. Raw 

materials which are of major economic importance to 

Europe, and which are at risk of supply constraints. 

The list is updated regularly at three-yearly intervals, 

with the last update taking place in February 2023 

(European Commission, 2023). 

Although the geological structure of the 

Bohemian Massif is quite diverse, only a small part of 

the raw materials from the CRM-2023 list form 

exclusive deposits with reserves in the Czech 

Republic. Of European importance are mainly 

feldspars, coking coal, lithium, tungsten, and 

manganese, while graphite, fluorite, barite, and 

germanium are of national importance. Other raw 

materials are also potentially promising, but many of 

them are either difficult to treat or their treatability has 

not yet been sufficiently studied, such as cobalt and 

nickel. Cobalt is included in the EU-CRM, while 

nickel is considered a strategic mineral by the 

European Commission. Both cobalt and nickel occur 

in the Czech Republic mainly in laterites of ultrabasic 

rocks. So far, however, only nickel has been the 

subject of deposit-geological research and exploration. 

Cobalt, as a separate commodity, has not been studied 

so far (Ministry of the Environment, 2024). 

Global nickel production has been changing from 

the production based on the nickel sulphide minerals 

into the production based on laterite ore deposits. 

Although nickel and cobalt can be successfully 

extracted from laterite ores using hydrometallurgical 

technologies, pyrometallurgy still represents 

a dominant technology (Dehaine et al., 2021; 

Meshram et al., 2019). Hydrometallurgy usually 

cannot compete with pyrometallurgy as the efficiency 

of the process concerns (Oxley and Barcza, 2013; 

Stanković et al., 2022). High-pressure acid leaching 

(HPAL) is a hydrometallurgical technology of nickel 

extraction from laterites that can compete with 

pyrometallurgy; however, the input and operating 

costs are comparable to pyrometallurgical operations, 

too (Gultom and Sianipar, 2020; Kaya and Topkaya, 

2011). Investors prefer to invest their money into 
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proven technologies such as smelters. Many HPAL 

plants have gone bankrupt or suffered from long start-

up delays, huge, unplanned capital expenditures and 

inability to reach the planned annual production. 

Therefore, the caution of the investors is 

understandable. Hydrometallurgical technology of 

laterite processing should be relatively simple, with 

significantly lower capital and operation costs 

compared to HPAL and pyrometallurgy, with a high 

yield level of Ni and Co (and possibly other valuable 

elements) and reasonable duration of leaching.   

Heap leaching with sulphuric acid mostly 

corresponds to the description above; however, the 

duration of leaching is too long (Watling et al., 2011; 

Oxley et al., 2016). The investigation of the reductive 

biological heap leaching of laterite ores is in the 

beginning and literature data are lacking. The catalytic 

role of bacteria could significantly accelerate the 

leaching process compared to leaching using sulphuric 

acid alone. This could represent the most promising 

approach to the development of a hydrometallurgical 

process for Ni and Co extraction from laterite deposits 

(Stanković et al., 2020). 

Step temperature acid leaching (STAL) 

represents the most modern metallurgical technology 

that will be used for Ni and Co extraction from 

laterites in the near future. It is based on heating of the 

input material to an optimum temperature. Leaching at 

given temperature results in an effective 

decomposition of silicates and metal liberation. At the 

same time, the efficiency of the acid during leaching 

increases due to its reaction with sulphates of Fe (the 

largest element in a laterite ore) and Al which releases 

SO3 gas. This gas is subsequently captured and used to 

produce new sulphuric acid; therefore, its overall 

consumption is lower.  The advantage of this method 

is that it can leach metals from all layers of the laterite 

profile (STAL technology, 2026).    

Leaching is a very reliable and efficient method 

that is used on all laterite deposits in the world (Butt 

and Elias, 2003). Whether it is leaching of the limonite 

(Chang et al., 2016) or saprolite (Komnitsas et al., 

2019) layer of the laterite horizon (Fig. 1), the entire 

volume of the extracted rock is always leached. The 

technological pretreatment of lateritic rock in 

a magnetic field before the actual leaching with 

sulphuric acid or bacteria is completely missing in the 

literature. It is based on reduction of the volume of the 

extracted rock and distribution of the elements of 

interest into concentrates based on magnetic 

susceptibility. The solubility of the yielded separates 

at leaching increases after pre-heating to the 

temperature of about 600–800 °C.  

The essence of the technological treatment of the 

rock is to obtain concentrates of the elements of 

interest. This step is lacking in the present extraction 

of Ni and Co from laterites, as the whole volume of 

the mined rock is leached. This work focuses on the 

possible pre-concentration of the elements of interest 

and facilitating and streamlining the final 

metallurgical processes.  

This part of technological investigation of 

material from the Fe, Si-rich upper part of the laterite 

profile from the Křemže surroundings aimed to find 

out how the individual elements of interest, i.e. Cr, 

Mn, Fe, Co, Ni and Zn, behave in the magnetic field 

of different intensities on different parts of magnet 

matrix (coarse, fine). Ideally, the technological works 

should result in acquisition of concentrates of the 

elements of interest, which would then be 

Fig. 1 Scheme of an idealized laterite profile with elemental concentrations in individual zones (Elias, 2002). 
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Table 1 Distribution of particle size fractions from individual localities by percentage.  

 
Křemže laterites mass fraction (%) 

Location < 0.1 0.1 – 0.25 0.25 – 0.5 0.5 – 1.0 1.0 – 2.0 >2.0 sum 

Perk 16.73 10.22 10.98 11.64 17.55 32.88 100 

Červený Kopec 20.06 10.06 13.08 10.96 16.68 29.16 100 

Bohouškovice 15.08 12.45 12.67 12.84 18.20 28.76 100 

 
metallurgically processed. Although this is primarily a 

nickel and cobalt deposit, other metals should also be 

of interest, as well as elements such as cerium (in 

Ce- monazite) and zirconium (in zircon). The use of 

the non-magnetic light fraction (quartz, clay minerals) 

is also envisaged, which, as part of the comprehensive 

use of the raw material, will have applications in the 

construction industry and possibly in agriculture. The 

use of these minerals will be the subject of a follow-

up study. 

In the case that the deposit would be mined, 

which currently appears unfeasible, this upper part 

would be considered as waste material. The trend in 

current and future mineral extraction is a waste-free 

economy. This means that even the poor parts of the 

deposit, which would have been previously classified 

as waste with no further use, are now viewed as raw 

material (Lottermoser, 2011). In this work, 

technological pretreatment of the raw material in 

magnetic field was carried out, as a representative of 

environmentally friendly options to concentrate the 

elements of interest. Subsequent research will include 

the potential use of the remaining raw material.  

In this work, the technological procedures 

performed on the finest fraction resulting from 

crashing and sieving of the whole raw material, i.e. the 

particle size <0.1 mm, are described. This fraction 

makes up 15–20 % of the total volume of the raw 

material (Table 1). 
 

KŘEMŽE NI-LATERITE DEPOSIT 

The Křemže Ni-Co ore deposit is bound to 

serpentinite, which was formed by alteration of the 

original ultrabasic rocks - olivine-pyrogenic 

peridotites and probably pyroxenites. Both Ni, and Co 

are natural components of each serpentinite (Ni from 

0.1 to 0.5 %), as they partly represent Mg2+ in olivine in 

peridotites. Depositional accumulation occurs only by 

supergene processes during lateritic weathering of 

serpentinite. Lateralization produces not only clay 

minerals of the montmorillonite group 

(montmorillonite, β-kerolite, saponite, nontronite), but 

also silicification by cryptocrystalline modifications 

of quartz (which can be a complication for mining), 

iron migration and the so-called "white weathering" - 

chloritization of biotite, formation of magnesite and 

talc (these are not widespread in the Křemže massif).  

Lateralization took place in the Tertiary 

(Neogene) under subtropical climate conditions. The 

depth of lateralization varies, with the main bodies 

sporadically exceeding 30 m, rarely exceeding 10 m 

on minor bodies, and fresh serpentinite extending all 

the way to the surface on some minor bodies. 

Nickel is bound in the laterites of the Křemže 

deposit in the form of Ni-hydrosilicates (garnierite, 

pimelite, schuchardite, nepite, rewdinskite, saponite) 

or adsorbed to clay minerals. In contrast, cobalt is 

bound together with Mn oxides and hydroxides in 

asbolane. Thus, from a technological point of view, 

there are two types of raw material: Ni-hydrosilicates 

and Mn oxo-hydroxides. 

At the Křemže deposit, attention has so far been 

paid only to the exploration of Ni ores, exploration for 

cobalt has never been directly focused on (Daler et al., 

1970). A total of 5,641 kt of prospected reserves with 

an average grade of 0.53 % Ni, representing almost 

30 kt of Ni metal, have been recorded at the deposit. 

The Co content was monitored in only part of the 

samples. From the analyses of the ore deposits, the 

Ni:Co ratio is 1:0.039, so we can estimate the amount 

of, Co in the most recently recorded Ni reserves to be 

approximately 1,170 t of metal. 

Similarly, to other world laterite deposits, the 

laterite deposit at Křemže is vertically zoned. On the 

basis of the analysis of the documentation of older 

exploration works, an ideal profile of the laterites has 

been constructed: 1) fresh serpentinite, 2) zone of 

firmly weathered serpentinite, 3) zone of brownish-

green weathering, 4) zone of red weathering, 

5) Quaternary sediments, including displaced 

weathering (Gabriel, 1988). 

The zone of brown-green weathered rock is of 

significance from the deposit-geological point of 

view. It is the strongest layer (up to 30 m) and the most 

important deposit location; Ni concentration occurs 

here. The main component of the weathering consists 

of clay minerals from the montmorillonite group, as 

well as veins of Ni-hydrosilicates, siliciophytes, opals 

and white weathering products - magnesite, talc, 

kacholong, asbestos, β-kerolite, chlorites, etc. 

(Pulzová et al., 1958). 

In the overburden of this position there is a red 

zone, the color of which is indicated by the 

accumulated Fe oxides and hydroxides. This band is 

rich in Si, but poor in most other elements (including 

Ni) that have been transported to lower bands. This 

deposit is weathered to a loose state in places, but the 

use of this deposit is not envisaged in the eventual 

mining of the deposit. However, the bulk fraction of 

this deposit in particular may have exceptional 

potential due to its relatively high Ni, and Co content. 

For this reason, in this paper we study the 

technological treatability of this particular deposit. 



M. Štrba et al. 

 

74 

  

Table 2 Concentrations of selected elements in the bulk rock from Perk, Červený Kopec and Bohouškovice. Three 

independent measurements, their average, standard deviation, and variation coefficient are presented. 

Median of content of selected elements (n=15). 

 
Sample name 

Concentration of selected elements (wt. %) 

Si  Σ var. coef 

Perk – bulk rock 41.6582 1.0025 2.41 

Červený Kopec – bulk rock 37.2926 0.7133 1.91 

Bohouškovice – bulk rock 40.2520 0.5784 1.44  
Cr  Σ var. coef 

Perk – bulk rock 0.0892 0.001181 1.32 

Červený Kopec – bulk rock 0.0924 0.001071 1.16 

Bohouškovice – bulk rock 0.0745 0.000927 1.24  
Mn  Σ var. coef 

Perk – bulk rock 0.0329 0.0001105 3.36 

Červený Kopec – bulk rock 0.0658 0.0001233 1.87 

Bohouškovice – bulk rock 0.0368 0.0001003 2.73  
Fe  Σ var. coef 

Perk – bulk rock 3.1378 0.03665 1.17 

Červený Kopec – bulk rock 4.8543 0.03448 0.71 

Bohouškovice – bulk rock 3.3908 0.02435 0.72  
Co  Σ var. coef 

Perk – bulk rock 0.0041 0.000356 8.68 

Červený Kopec – bulk rock 0.0122 0.000589 4.83 

Bohouškovice – bulk rock 0.0069 0.000510 7.39  
Ni  Σ var. coef 

Perk – bulk rock 0.0398 0.001987 4.99 

Červený Kopec – bulk rock 0.2127 0.003709 1.74 

Bohouškovice – bulk rock 0.0595 0.001780 2.99  
Zn  Σ var. coef 

Perk – bulk rock 0.0074 0.000510 6.89 

Červený Kopec – bulk rock 0.0089 0.000616 6.93 

Bohouškovice – bulk rock 0.0045 0.000245 5.44 

 

METHODS 

Between 13 and 23 kg of lump rock material was 

collected at each site. This input material was crushed 

in two stages on a Retsch BB 300 jaw crusher. This 

was followed by sieving of the crushed rock on sieves 

with sieve opening size of 0.1, 0.25, 0.5, 1.0 and 

2.0 mm, which resulted in six particle size fractions: 

< 0.1 mm, 0.1 – 0.25 mm, 0.25 – 0.5 mm, 0.5 – 

1.0 mm, 1.0 – 2.0 mm and > 2.0 mm. Particle size 

analysis was performed for these fractions (Table 1).  

 

WD-XRF ANALYSIS OF SIEVED SAMPLES 

A Rigaku ZSX Primus IV X-ray fluorescence 

spectrometer was used for WD-XRF analysis.  

The WD-XRF spectrometer works by irradiating the 

sample with incident X-rays. The fluorescence 

emanating from the sample is measured using 

a wavelength dispersive detection system. This uses 

analyzing crystals to split the fluorescence X-rays into 

individual elemental wavelengths. The WD-XRF 

provides a high-resolution, low-background spectrum 

for accurate determination of elemental concentrations 

(Institute of Materials Science, University of 

Connecticut).  

The following international standards were used 

for analyses of sieved samples: Kosov Shale, 

GeoPT44, GeoPT44A, GeoPT40, GeoPT40A, 

DBC- 1, OU 6, OU 1, OU 7, SdaR L2, JB-3, GeoPT28, 

SBC1, ZWC 382, GeoPT46, GeoPT46A, GeoPT52, 

122-CG-2-SBC8 and Geo PT53. 

 
ANALYSIS OF INPUT TECHNOLOGICAL 

FRACTIONS 

First, the concentration of selected elements in 

bulk rocks from all three sites was determined by 

ED- XRF analysis (Table 2).  

Table 2 shows that Si is negatively correlated 

with Fe in all three samples. The material from 

Červený Kopec is the poorest in Si and, conversely, 

the richest in all the metals studied.  

Because of the different concentrations of Fe vs. 

Si, Ni and Co, two types of ore were distinguished. 

Type 1 includes ore from Perk (1a) and Bohouškovice 

(1b), type 2 is represented by ore from Červený Kopec. 

Type 2 is characterized by a high Fe2O3 and MgO 

content (ranging from 4.5-17 %). Compared to the 

previous type, this layer has a higher Ni, Co and Cr 

content and, unlike type 1, these elements are probably 

bound only by Fe and Mn oxohydroxides. 
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Fig. 2 Comparison of powder X-ray diffraction patterns of ore type 2 and ore type 1b (Q – quartz, 

G – goethite/hematite). 

 

Table 3 Concentrations of the selected elements in the sieved fractions compared to the concentrations in the total 

rock for the different ore types. Elevated concentrations (yellow boxes) and more than doubled 

concentrations (orange boxes) are shown in color. 

 

Ore type 
Concentration of selected elements (wt. %) 

Cr Mn Fe Co Ni Zn 

TYPE 1a 

Bulk rock 
0.0892 0.0329 3.1378 0.0041 0.0398 0.0074 

< 0.1 mm 0.1311 0.0965 4.7556 0.0086 0.0613 0.0036 

0.1 – 0.25 mm 0.1567 0.0444 2.7583 0.0038 0.0368 0.0037 

0.25 – 0.5 mm 0.0888 0.0355 2.5551 0.0024 0.0310 0.0038 

0.5 – 1.0 mm 0.0512 0.0234 2.3972 0.0040 0.0325 0.0024 

1.0 – 2.0 mm 0.0940 0.0158 2.6272 0.0046 0.0372 0.0031 

TYPE 2 

Bulk rock 
0.0924 0.0658 4.8543 0.0122 0.2127 0.0089 

< 0.1 mm 0.1559 0.1312 9.0094 0.0157 0.4023 0.0100 

0.1 – 0.25 mm 0.1906 0.0791 5.8347 0.0078 0.2260 0.0057 

0.25 – 0.5 mm 0.1090 0.0614 4.9088 0.0070 0.1846 0.0051 

0.5 – 1.0 mm 0.0767 0.0454 4.6061 0.0082 0.1612 0.0059 

1.0 – 2.0 mm 0.0760 0.0343 4.2185 0.0093 0.1499 0.0061 

TYPE 1b 

Bulk rock 
0.0745 0.0368 3.3908 0.0069 0.0595 0.0045 

0.1 mm 0.1459 0.1036 5.0597 0.0080 0.1090 0.0120 

0.1 – 0.25 mm  0.1098 0.0490 3.5755 0.0018 0.0738 0.0032 

0.25 – 0.5 mm 0.0632 0.0316 2.9293 0.0019 0.0554 < LOD 

0.5 – 1.0 mm 0.0436 0.0229 2.7130 0.0005 0.0436 0.0028 

1.0 – 2.0 mm 0.0787 0.0184 3.0641 0.0028 0.0491 0.0036 

 
Mineralogical composition of samples was 

studied by powder X-ray diffraction (PXRD). The 

diffraction data were collected using the Bragg–

Brentano geometry on a Bruker D8 Advance 

diffractometer equipped with a Lynx Eye XE detector 

and Soller slits (2.5°) in the primary and secondary 

beams. CoKα radiation was used. The samples were 

milled in McCrone micronizing mill for 7 minutes in 

ethanol.  A side loading technique was used for 

preparation of the samples. Diffraction data were 

collected in the angular range of 4–80° of 2θ with 

a step of 0.015° for 1 s per step. A qualitative phase 

analysis was performed using the DIFFRAC.Eva 

software (Bruker AXS, 2015) and the PDF-2 database 

(Gates-Rector and Blanton, 2019). 

PXRD has revealed quartz as a major phase in 

both samples. Hematite/goethite also was detected in 

ore type 2 sample as a minor phase. Traces of 

kaolinite/chlorite were observed in ore type 1b 

(Fig. 2).   
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WD-XRF analysis of all sieved fractions on both 

ore types followed to confirm the assumption that 

particle size fundamentally affects the distribution of 

the elements of interest. It was confirmed that Cr, Mn, 

Fe, Co, Ni and Zn are concentrated in the two finest 

particle size fractions (Table 3). 

It turns out, that the particle size plays a crucial 

role in metal concentration. The highest concentration, 

in many cases twice as high compared to the bulk rock, 

was determined in two finest fractions (< 0.1 and 

0.1 – 0.25 mm). By contrast, the coarser fractions 

show similar or lower metal concentrations compared 

to the bulk rock. Iron is only enriched relative to the 

bulk rock in the finest fraction, while its 

concentrations in the other fractions are similar or 

lower.  

It was confirmed that sieving to appropriate 

particle size represents a very efficient way of initial 

concentration of certain elements of interest, in this 

case metals. The highest concentrations were 

determined in the finest fraction of < 0.1 mm. This 

fraction was subsequently subjected to further 

technological treatment.  

 
MAGNETIC SEPARATION 

Technological treatment of laterite from the 

Křemže deposit in this study focuses only on the finest 

sieved fraction < 0.1 mm. This fraction is so fine that 

it cannot be effectively separated dry on a magnetic 

belt separator. This is due to the presence of very fine 

particles of non-magnetic minerals which form 

clusters around the magnetic particles and can either 

reduce their magnetic susceptibility or contaminate the 

magnetic fraction.  

Fine material with particle size < 0.1 mm is 

preferably treated wet. Suspension magnetic 

separators are used for this purpose. A Sollau magnetic 

separator, type MX-L, was used for these 

technological tests.  The principle of the separation is 

that from one side, the suspension is fed under 

pressure by a hose to the so-called magnet matrix with 

the help of a pump. The matrix consists of fine metal 

(mostly steel) fibers that are magnetizable in the 

magnetic field. The magnetic minerals from the 

suspension are trapped on the matrix fibers and the 

non-magnetic fraction of the suspension passes 

through a hose from the other side of the matrix, where 

it is subsequently captured. After the separation, the 

matrix is removed from the magnetic field. The 

magnetic fraction is washed out from the matrix by 

water pressure. The process results in two 

suspensions, one containing magnetic minerals and 

the other non-magnetic ones.     

It is advantageous when the magnitude of the 

magnetic induction can be selected. The Sollau 

magnetic separator allows selecting of the magnetic 

induction magnitude from 0.15 to 1.2 T. These 

magnetic induction limits of the Sollau magnetic 

separator, represent well the separation under weak 

and medium magnetic induction. Unfortunately, 

separation at high values of induction (1.9 T) is 

missing in the study because a separator that allowed 

separation at such high values was not available for 

this research. 

It is also possible to select particle size of the 

matrix between fine, medium, and coarse. The wet 

magnetic separation should be repeated because the 

suspension is driven under pressure by a pump, and the 

magnetic fraction can be torn down to the non-

magnetic one (Pticen and Zítko, 2018). This contrasts 

with the dry separation, where the material moves in 

a thin layer slowly by a belt.  

 
RESULTS 

The aim of the magnetic separation was to 

determine and describe behavior of the metals of 

interest in low and medium intensity magnetic field. 

Ideally, the separation should yield concentrates of the 

metals in the magnetic or non-magnetic fraction, 

thereby reducing the volume of the raw material 

before subsequent leaching.  The suspension for each 

magnetic separation step was prepared from 50 g of 

ground rock, 1 liter of water  at a temperature of 21 °C 

and 5 ml of water glass (water solution of Na2SiO3), 

which is used to disperse the material in suspension. 

The suspension was mixed for 1 minute before 

separation.  

Magnetic separation was performed on all three 

samples collected. Specifically, the separation was 

performed on a coarse matrix, first in a weak magnetic 

field with a magnetic induction of 0.15 T, and then in 

a medium magnetic field with a magnetic induction of 

1.2 T. Finally, the pre-treated samples heated to 

130 °C for 12 hours were separated in a medium 

magnetic field with a magnetic induction of 1.2 T 

(Fig. 3). This pretreatment was used because it was 

very effective in our other studies (with other ore 

types) for metal release. Both the fractions resulting 

from the separation and the unseparated input material 

were analyzed by ED-XRF.  

Figure 3 shows that majority of metals, 

specifically Cr, Mn, Fe and Zn, concentrate in 

magnetic fractions at high induction. Cobalt, for which 

the highest concentrations are measured in the non-

magnetic fractions, exhibits the opposite behavior. 

A specific behavior is seen for Ni, which apparently 

does not concentrate in any of the fractions. Figure 3 

further shows that the laterites from the different mine 

fields differ slightly in the measured elemental 

concentrations; however, their behavior in the 

magnetic field is the same. For this reason, we show 

further results from ore type 2.  

First, separation of the untreated fraction 

< 0.1 mm was performed at a low magnetic induction 

of 0.15 T. For comparison, the same material was 

separated at the highest magnetic induction of 1.2 T 

achievable on the Sollau magnetic separator (Fig. 4). 

The concentrations of selected elements in the non-

magnetic and magnetic fraction were compared with 

the concentrations in the non-separated input raw 

material.  

 

https://cs.wikipedia.org/wiki/Sod%C3%ADk
https://cs.wikipedia.org/wiki/K%C5%99em%C3%ADk
https://cs.wikipedia.org/wiki/Kysl%C3%ADk
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Fig. 4 Comparison of the concentrations of selected metals in the input laterite ore type 2, fraction 0-100 μm, 

after magnetic separation on a coarse matrix at a weak magnetic induction of 0.15 T and at a medium 

magnetic induction of 1.2 T; NM = non-magnetic fraction, M = magnetic fraction. 

 
In the next step, the fraction below 0.05 mm was 

removed by wet sieving from the fraction < 0.1 mm. 

After that, it was magnetically separated first on a fine 

and then on a coarse matrix (Fig. 5).  

In the last step before the actual magnetic 

separation, technological pretreatment of the raw 

material of <0.1 mm particle size, so-called 

exfoliation, was carried out. The exfoliation of the 

crushed or ground rock was aimed at releasing 

minerals of interest which occur in intergrowths with 

other minerals. The more finely ground the rock is, the 

less intergrowth it contains. Nevertheless, they are 

present and can influence, among other things, also 

magnetic properties of minerals of interest. Distilled 

water (Tyurnina et al., 2020), or a mixture of water and 

organic solvent (Beneš et al., 2016), can be used for 

ultrasonic exfoliation.   

For the experiment investigating the efficiency of 

ultrasound exfoliation, a total of 150 g of laterite ore 

type 2, ground to a particle size < 0.1 mm, was used. 

The 150 grams were divided into 5 parts of 30 grams 

each, and each of the 5 parts was mixed in 1 l of 

distilled water. Each part was successively placed in 

an ultrasonic cell and exposed to hard ultrasound at 

a frequency of 20 kHz and power of 100 W for 3, 6, 9, 

12 and 15 minutes. 

After different duration of exposure to 

ultrasound, each part was separated in suspension 

using a Sollau magnetic separator on a fine matrix at 

a weak magnetic induction of 0.5 T. In addition, 

laterite ore untreated by ultrasound (input material) 

was also separated. All suspensions for magnetic 

separation contained 30 g of laterite, 1 l of distilled 

water and 5 ml of water glass. The aim of the 

experiment was to demonstrate that the percentage of 

the magnetic fraction increases with the increasing 

duration of exposure to ultrasound (Table 4).  

From Table 6 it follows, that the hypothesis that 

laterite can be exfoliated by ultrasound was confirmed, 

as shown by the increasing yield of magnetic fraction 
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Fig. 5 Comparison of concentrations of selected metals in input laterite ore type 2, fraction 0-50 μm, after 

magnetic separation on fine and coarse matrix at a medium magnetic induction of 1.2 T; C = coarse 

matrix, F = fine matrix, NM = non-magnetic fraction, M = magnetic fraction. 

 
Table 4 Correlation of magnetic fraction content with the length of ultrasound exposure of laterite with particle 

size <0.1 mm. 

 
U/S 20 kHz (min) laterite (g) mag. fraction (g) mag. fraction (%) 

0' (input) 30 1.925 6.42 

3' 30 2.052 6.84 

6' 30 3.249 10.83 

9' 30 3.447 11.49 

12' 30 3.587 11.96 

15' 30 3.617 12.06 

 
with longer exposition in ultrasound cell. This 

correlation is shown graphically in Figure 6.   

In addition to degradation by exposure to 

ultrasound at a frequency of 20 kHz for 15 minutes, 

the sample was degraded by heating to 130 °C for 

12 hours and by exposure to ozone (O3) for ten 

minutes. A comparison of these three methods of 

degradation is shown in Figure 7. 

DISCUSSION 

After the first part of the magnetic separation 

(Fig. 4) in weak field (0.15 T) and then medium field 

(1.2 T), a strong Cr enrichment compared to the input 

raw material can be observed in both magnetic 

fractions (0.5008 and 0.7015 wt. %, respectively). By 

contrast, non-magnetic fractions are slightly depleted 

compared to the input (0.0820 wt. % and 
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Fig. 6 Increasing yield of the magnetic fraction with increasing length of laterite exposure to ultrasound. Ore 

type 2, fraction 0-100 μm. 

 

Fig. 7 Comparison of concentrations of selected metals in the feedstock of type 2 laterite ore, fraction 0-100 μm, 

after magnetic separation on fine and coarse matrix at a medium magnetic induction of 1.2 T after 

degradation by heating, ozone, and ultrasound; C = coarse matrix, F = fine matrix, NM = non-magnetic 

fraction, M = magnetic fraction. 
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0.0709 wt. %, respectively). Manganese shows similar 

behavior, however, there is much larger difference in 

concentration between magnetic fraction at weak 

induction (0.1350 wt. %) and medium induction 

(0.4478 wt. %). Iron has a slightly higher 

concentration in the non-magnetic fraction at weak 

induction than in the input (7.4240 wt. % and 

7.2464 wt. %, respectively). Conversely, Zn is 

concentrated much better in the magnetic fraction at 

weak induction (0.1293 wt. %) compared to medium 

induction (0.0538 wt. %). Behavior of Ni and Co is 

very specific.  As for Ni, there was no concentration in 

either non-magnetic or magnetic fraction. Its 

distribution is uniform within the fractions. It is very 

weakly concentrated in the non-magnetic fraction, but 

this is of no technological use (Rodrigues et al., 2017; 

Zhu et al., 2019). This behavior can be explained by 

the fact that Ni occurs in two types of minerals – 

limonite and smectite (Xiao et al., 2020; Marzoughi 

and Pickles, 2024). The former concentrates in the 

magnetic fraction, while the latter concentrates in 

the non-magnetic one. Cobalt represents the only of 

the investigated metals that concentrates in non-

magnetic fraction. At weak induction, it was detected 

in the magnetic fraction, while at medium induction all 

Co was already concentrated in the non-magnetic 

fraction (Wang et al., 2026).   

The second part of the magnetic separation was 

performed on material with a particle size  

< 0.050 mm (Mweene et al., 2024). In addition to the 

coarse matrix, the material was also separated on the 

fine matrix (Fig. 5). After the experience from the first 

part of the separation, only high induction was 

selected. For Cr, more than two-fold enrichment in the 

magnetic fraction from the coarse matrix 

(0.6897 wt. %) than from the fine matrix 

(0.3205 wt. %) can be observed.  Similar trend is 

exhibited by Zn (0.0656 wt. % and 0.0295 wt. %, 

respectively). On the other hand, Fe and Ni show 

significant enrichment in magnetic fraction on the fine 

matrix. Both elements reached the highest measured 

concentrations in this fraction, specifically, 

22.0281 wt. % Fe and 1.0497 wt. % Ni compared to 

the input concentration of 6.4352 wt. % and 

0.3960 wt. %, respectively. In the case of Mn, the 

measured concentrations in the magnetic fraction for 

fine and coarse matrix are very similar (0.4952 wt. % 

and 0.5150 wt. %, respectively). Cobalt, as in the first 

part of the magnetic separation, is concentrated in non-

magnetic fraction for both matrices.  

The last part of the magnetic separation focused 

exclusively on the behavior of Co and Ni, which 

showed different trends than the remaining metals. In 

contrast to the previous separations, the input material 

was pretreated. Addition of this technological step 

aimed at liberation of Ni from the smectite structure 

by its degradation. To degrade the smectite, heating to 

130 °C for 12 hours, exposure to ozone for 10 minutes, 

and exposure to hard ultrasound at a frequency of 

20 Hz for 5 minutes were used (Fig. 7). Both coarse 

and fine matrices were used for ozone and ultrasonic 

pretreatment, while only fine matrix was employed for 

thermal degradation. Cobalt was detected in the heat-

degraded sample in the non-magnetic fraction, where 

its concentration increased to 0.0164 wt. % compared 

to the input (0.0108 wt. %). Better results were 

observed for ozone and ultrasonic pretreatment, where 

concentrations of 0.0274 wt. % and 0.0251 wt. % Co, 

respectively, were measured in the non-magnetic 

fractions. Concentrations only slightly elevated 

compared to the input raw material were measured in 

the magnetic fraction on the fine matrix (0.0126 wt. % 

and 0.0147 wt. %, respectively). No Co was detected 

in the magnetic fraction on the coarse matrix. For Ni, 

similar to Co, it showed that thermal degradation does 

not result in significant enrichment. The input, 

magnetic and non-magnetic fractions have similar Ni 

concentrations of about 0.4 wt. %. Better results are 

observed for the material treated by ozone, where Ni 

concentrated in magnetic fraction on the fine matrix 

(0.5389 wt. %) and very slightly on the coarse matrix 

(0.4401 wt. %) compared to the input (0.4023 wt. %).  

The ultrasound-treated sample exhibits the same trend: 

higher Ni concentration in the magnetic fraction was 

measured on fine matrix (0.6277 wt. %) and slightly 

lower on the coarse matrix (0.4294 wt. %) compared 

to the ozone pretreatment.  

It turns out that to obtain a concentrate of 

selected metals, it is better to use a high magnetic 

induction than a low one. For some elements, such as 

Fe or Ni, the use of a fine matrix, or a combination of 

coarse and fine matrices within a single separation, 

appears to be advantageous.  All metals, except Co and 

Ni, are significantly concentrated in the fine matrix. 

By contrast, cobalt is concentrated exclusively in the 

non-magnetic fraction when separated on the coarse 

matrix. Part of Co is torn down into the magnetic 

fraction on the fine matrix. For Ni, it turned out to be 

advantageous to perform smectite degradation on the 

input material. After degradation, Ni concentrates 

primarily in the magnetic fraction (more on the fine 

matrix than on the course one), yet it occurs in 

a relatively high concentration (similar to the input) in 

the non-magnetic fraction. 
 

CONCLUSION 

The results of technological pretreatment and 

tests show that the particle size plays a fundamental 

role in the initial concentration of the metals of 

interest. Unfortunately, no universal technology based 

on magnetic separation which would lead to the 

enrichment of all metals at once has been found.  

Nickel in particular is very difficult to concentrate in 

both the non-magnetic and magnetic fractions due to 

its occurrence in two different types of minerals. 

Conversely, cobalt was successfully concentrated in 

the non-magnetic fraction, both with and without 

pretreatment. For further research, it would be 

interesting to perform magnetic separation of the fine 

fraction below 0.1 mm in suspension on a magnet 

which allows a higher magnetic induction than 1.2 T. 

Especially in the case of Ni, much higher 
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concentrations than presented in this work could be 

achieved. Even so, the magnetic separation results 

show the possibility of pretreatment of the finest 

fraction of laterite ore depleted of Ni, Co and other 

metals. It has been shown that it is possible to insert 

economically and environmentally friendly 

technological pretreatments before the actual 

metallurgical processes, which can help to concentrate 

the elements of interest and thus reduce the resulting 

volume of metallurgically processed ore. At the same 

time, they are in line with the strategy of processing 

the entire volume of the raw material, as they are 

intended to use all the fractions generated by these 

pretreatments. 

The current processing of laterite ore lacks 

effective pretreatment of the material. There are also 

no studies available that address ore pretreatment. This 

study reveals the possibility of using some specific 

technological steps prior to the actual metallurgy, such 

as particle sorting and magnetic separation. 
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