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Abstract 

Copper-nickel low grade ore deposits normally have complex mineralogy and process 

behaviour. Implementing an optimum process that is able to recover all the valuable 

minerals efficiently is challenging. One concentration strategy in mineral processing of 

copper-nickel sulphide ores is stage-wise flotation. The first flotation stage concentrates 

mainly copper minerals. The copper middling is re-floated to obtain nickel concentrate.  

During the industrial process of copper-nickel ore, it was observed that significant 

amount of nickel sulphides was lost to the tailings during the nickel flotation. When the 

nickel flotation feed was sampled and tested in laboratory scale, most of the liberated 

nickel sulphides were recovered. On the contrary, when the industrial nickel tailing was 

re-floated in laboratory, most of these nickel sulphides were not recovered. In this work, 

laboratory tests were performed on the ore to investigate the effect of oxygen depleted 

gas in nickel circuit recovery. Mechanical surface cleaning and slimes dispersion with 

dispersant addition before the nickel stage were also tested. 

Pure nitrogen gas flotation results proved that zero oxygen activity is detrimental for 

sulphides recovery during the nickel stage. The 5% oxygen gas achieved higher nickel 

recovery and selectivity than air flotation. Most of the pentlandite lost in the tailings of 

air and depleted oxygen gas were locked. In the fractions finer than 45 µm, the tailing 

of air flotation contained more liberated pentlandite than the 5% oxygen gas.  

Mechanical surface cleaning by short stirred mill applied before the nickel stage 

improved significantly the nickel recovery of every gas flotation, except for the 5% 

oxygen gas. When dispersant was added to the standard laboratory flotation, iron slimes 

were observed in the tailing filtrate.  

Due to the long residence time and high reactivity of sulphides, excessive surface 

oxidation is believed to be the major reason of the nickel flotation impairing. Colloidal 

hydroxide slimes formed during sulphides oxidation may smear on mineral surfaces 

making them hydrophilic. Consequently, the flotation kinetics are slowed down. Short 

attrition grinding to clean mineral surfaces, along with dispersant addition to keep dislodge 

slimes in solution is one remedy. Another solution is applying lower oxygen activity of the 

flotation gas to decelerate the sulphides oxidation and therefore diminish the colloidal 

hydroxide slimes presence. The flotation residence time can be dramatically shortened in 

both cases. Further tests are recommended.  
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1 Introduction 

There are three major sources of nickel: laterite ore deposits, sulphide ore deposits, and 

end-of-life products recycling. Even though laterite ores represent 70% of nickel 

reserves, only 40% of the world’s ore production is extracted by this source  

(Crundwell, 2011). Depending on the geological and mineralogical characteristics, and 

the process applied afterwards, laterites deposits can result in two different products: 

ferronickel and alloys. Sulphide ores have less flexible flowsheets, producing nickel 

concentrates mostly through flotation processes. The nickel concentrate is later 

transformed into nickel matte in metallurgical processes (Crundwell, 2011). Platinum 

group elements (PGE) are usually found as associated minerals or inclusions in nickel 

sulphide minerals, contributing to the overall value of the product. 

Nickel commercialisation is almost entirely done (90%) as alloys. Stainless steel, 

consisting of nickel, iron, and chromium, is the largest portion of the production by 

volume. Nickel is applied in the battery systems to improve their performance and 

reliability (Nickel Institute Organisation, 2017). A more known market is the nickel-

metal hydride (NiMH) rechargeable battery. Most of nickel’s application is due to its 

high resistance to corrosion, workability when manufacturing, strength at high and low 

temperature, and attractiveness by having magnetic and electronic special properties 

(Crundwell, 2011).  

In more developed societies and governments, there is a pressure to align metals 

production with the extinction and mitigation of social and environmental negative 

impacts and waste production. Mineral process optimisation projects seek economic 

benefits but also agree with more sustainable and environmental friendly ideal. The 

work presented here investigate alternatives that may reduce nickel losses during 

copper-nickel sulphide low grade ore processing. With the ore complexity, optimising 

the entire process may be challenging since the optimum process conditions for copper 

minerals may not be the same as for the nickel ones.   
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2 Research Topic and Purpose 

2.1 Statement of the Problem 

In Kevitsa nickel flotation process, it has been observed that more than half of the nickel 

sulphide lost to tailings is liberated. The liberated particles within the flotation size 

range in the tailings corresponded to 11%. When the nickel flotation feed was sampled 

from the industrial process and floated in laboratory scale, most of these nickel 

sulphides were recovered. When nickel tailings from the industrial plant was sampled 

and floated in laboratory scale, the nickel sulphides recovery was problematic. The 

industrial flotation cell volume is 300 m3 in the nickel rougher and scavenger stages, 

resulting in totally 90 minutes’ residence time. The oxygen dissolved in pulp from air 

injection in the flotation cells, added by the fine particles high reactivity, could easily 

accelerate mineral surface oxidation during the nickel flotation process. It is suspected 

that the liberated particles not recovered in the flotation may have been superficially 

oxidised during the nickel rougher and scavenger stages. Therefore, an investigation of 

the nickel flotation performance as a function of different oxygen has activity is 

performed to check whether the oxygen dissolved in pulp affects the nickel sulphides 

recovery. 

2.2 Hypothesis and Objectives  

The hypothesis is that depleted oxygen gas can aid the nickel sulphide recovery by 

moderating the superficial oxidation of these particles. The collector adsorption on the 

nickel sulphide surface is expected to be enhanced and the metal recovery improved. 

The main objective is to evaluate whether using oxygen depleted air could be a method 

for improving nickel sulphide recovery in the flotation process. The second objective 

is to investigate whether minerals recovered to the concentrate vary when the flotation 

gas is different.  
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3 Background 

3.1 Nickel Sulphides 

3.1.1 Mineralogy 

In simple words, a mineral is a natural inorganic solid with well-defined structure and 

composition. Another definition would be “an element or chemical compound that is 

normally crystalline and which has been formed as a result of geological process” 

(Nickel, 1995).   

Nickel can be found in magmatic and lateritic deposits. When in magmatic deposits, 

the sulphide minerals are the economical source of the metal. Due to nickel migration 

in the magma systems, it is normal to find silicates containing nickel as well. Nickel is 

classified as both a chalcophile and a lithophile element (Liu, 2018).  

Nickel sulphide deposits are generally formed as a result of the immiscibility of 

sulphide liquids that separate from mafic and ultramafic magmas (Barnes, 2016). These 

sulphides liquids are concentrated and assembled with other chalcophile elements. It is 

common to find copper, iron and precious metals in the same deposit as nickel 

sulphides. The pure nickel sulphides most ordinarily seen are:  millerite (NiS), vaesite 

(NiS2), polydymite (Ni3S4), and Heazlewoodite (Ni2S3) (Liu, 2018). The main sulphide 

accounted for in nickel concentrates is pentlandite (Ni4.5Fe4.5S8). Chalcopyrite 

(CuFeS2), pyrite (FeS2), and pyrrhotite (Fe0.95S) are the most common sulphides found 

with pentlandite. Platinum, rhodium, and palladium are the usual PGE included or 

associated with pentlandite (Marape, 2012). 

3.1.2 Mineral Surface Characteristics 

To understand the mineral surface chemistry of sulphides, first, it is important to look 

at the crystals chemistry and usual settings. Although it is well known, sulphide 

minerals present a wide crystal chemistry, electrical and magnetic properties, and can 

have interesting stoichiometric composition deviations. The electrical model of a 

sulphide crystal is highly dependent on the deviations caused by their additional metals 

or vacant spots. These events may vary according to the environment conditions that 

the minerals are coming from  (Vaughan, Becker, & Wright, 1997).  
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The surface atoms rearrangements that occurs in different sulphide minerals can be 

unique and require more sophisticated characterisation techniques and understanding. 

The replacement and reconstruction of crystal chemistry may result in different and 

significant atom rearrangement. However, in the case of chalcopyrite and sphalerite, 

and even other copper iron sulphides, it is observed similar rearrangements. One 

example where reconstruction and structural adjustments on mineral surface has been 

observed is pyrrhotite at low temperatures (Becker, 1997). These reconstruction and 

rearrangement events may take place in grinding processes. The limited knowledge of 

the mineral surface state before and after the mineral has been size reduced and exposed 

to attrition during grinding can result in unpredicted surface characteristic and reactivity 

for the following processes, like flotation.  

Sulphide reactivity in aqueous solution is usually high, especially at certain pH and 

redox conditions. At a monolayer scale, most surface of sulphides are not stable in 

oxidising environments. The most basic mechanism of sulphide mineral surface 

oxidation is the extraction of electrons from the sulphur sites. There are two further 

possibilities, either the oxygen takes place into this available spot created as simple 

complex of sulphur and oxygen, or additional oxidation may occur, depending on the 

ambient conditions. The latter consequently creates more complex products and 

elemental sulphur on the mineral surface (Vaughan, Becker, & Wright, 1997). As soon 

as the sulphide surfaces are exposed to oxygen, either in the atmospheric air or water, 

the surfaces start to oxidise. The metal from the mineral surface is released to the 

solution, and then either result in a metal deficient layer or in a metal-hydroxide 

complex when in alkaline conditions. The oxidation rate is important in long residence 

time flotation to check whether the minerals are being oxidised or not during the 

process.  

In Figure 1, the iron from the chalcopyrite surface is released to the solution, and the 

mineral surface is coated with oxygen and hydroxyl complexes.  
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Figure 1: Chalcopyrite oxidised surface scheme (Vaughan, Becker, & Wright, 1997). 

3.2 Froth Flotation 

Froth flotation consists of a physic-chemical process that occurs in between the three-

phase system: solid, liquid and gas. The ideal separation takes place when the 

hydrophobic solid particles collide, attach, and are carried by the gas bubbles to the 

liquid-gas contact surface. Meanwhile, the hydrophilic solid particles depress to the 

bottom, in the liquid phase, as illustrated in Figure 2. 

 

Figure 2: Flotation representation (Wills & Finch, Chapter 12: Froth Flotation, 2016). 
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When the flotation is carried out in mineral processing, the solid and liquid phases, 

usually ore and water, are combined as pulp or slurry. Ideally, the ore is ground down 

to a size, usually between 10 to 200 µm diameters, in which the valuable minerals are 

liberated from the non-valuable ones and offers enough surface area. Given the 

availability and costs, air is usually utilised as the gas bubble sources, which 

corresponds to an average composition of 21% oxygen, 78% nitrogen and less than 1% 

of other gases like carbon dioxide. As published in 1951 (Glueckauf), no major 

variation is observed in the oxygen content of atmosphere when varying time, 

geographical location, seasons, and meteorological conditions. It is well known that the 

same cannot be stated about carbon dioxide. 

To reinforce the divergence between the valuable minerals and the gangue, and to 

improve process performance, reagents are used in flotation. They can be divided into 

collectors, frothers, and modifiers. The collector is a surfactant compound responsible 

for adsorbing on the mineral surface and providing stronger hydrophobicity to aid the 

attachment on the gas bubbles. The frothers act on the bubble liquid interface. It 

decreases the surface tension of the liquid, resulting in smaller size bubbles, formation 

of bubbles, and reduction of bubble rise velocity (Wills & Finch, 2016). The modifiers 

can be applied in different purposes, for instance pH regulators, particle surface 

activators, dispersants, and depressants. 

Flotation is a sensitive process in which there are several ways to implement, control, 

and improve in the ore processing. It is extremely relevant to understand the interactions 

of the three phase interfaces, mineral surface nature, its behaviour in the slurry, and the 

adsorption of chemicals on their surface at the pH, redox and temperature conditions in 

the flotation cell. 

3.2.1 Copper-Nickel Sulphide Flotation 

In the sulphide flotation, the most common to find in industry is process that separates 

the copper and nickel sulphides from non-sulphide gangues (NSG) and from non-

valuable sulphide minerals, like pyrrhotite and pyrite. The flotation can be performed 

towards two strategies: bulk, in which all the valuable-sulphides are floated together in 

a bulk concentrate, or a selective flotation, where each valuable sulphide is floated 

stage-wise. The bulk concentrate can then be separated into the different metal sources 
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in further ore processing or be separated at the smelters. In this case, the advantage is 

simpler process and higher overall metal recoveries from the ore. On the other hand, 

the products are more limited in terms of the costumer willingness and ability to deal 

with it. In the case of stage-wise flotation, there is the disadvantage of risking to have 

more than one concentrate out of specification or non-paying valuable minerals in the 

wrong concentrates. 

The sulphide flotations are usually carried out in alkaline pH with a sulfhydryl anionic 

collector to enable NSG, pyrite, and pyrrhotite rejection and valuable sulphides 

collection. Xanthate is a thiol collector, with extensive application in sulphide flotation 

due to its low cost and high solubility in alkaline aqueous systems. It has a hydrocarbon 

chain that is coupled to the sulphur atom through an oxygen connexion. A disadvantage 

of the collector is the toxicity when in high concentration in the water process discharge 

(Dong & Xu, 2011). The adsorption of xanthates on sulphide minerals is predominantly 

result of an electron donation of the sulphur, which means, a chemical bond formation, 

characterising a chemisorption. In this case, low temperature may also affect the 

flotation performance by making the interaction between minerals and collectors less 

efficient. It is common to have inert grinding media or autogenous grinding in sulphide 

circuits to avoid surface alterations by grinding media effect on pulp chemistry.  

In the stage-wise flotation of copper and nickel, copper minerals are initially 

concentrated. From the copper tailings, the nickel flotation stage occurs. In order to 

have a selective xanthate flotation when copper and nickel sulphides are in the pulp, it 

is important to have modifiers constraining the pulp conditions that each mineral 

surface interacts with the reagent. After long residence time in the copper circuit, some 

sulphide mineral surfaces remaining in the pulp may be already oxidised. In order to 

have a successful adsorption between nickel mineral sulphides and the xanthate, it is 

important to have fresh nickel mineral surface. One alternative to avoid the oxidation 

of the sulphide mineral surfaces is to limit the oxygen content of the flotation gas.  

In a copper flotation process, that chalcopyrite is aimed to be collected. If the mineral 

is coated due to oxidation, the collectors will have difficulty to adsorb on the mineral, 

since now its surface is less hydrophobic. Likewise, other sulphide minerals are 

expected to go through this oxidation in which the most mobile cation is pushed out to 
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react with the oxygen and hydroxyls ions in solution. This process is named sulphide 

mineral passivation and it is commonly observed in leaching tests. The passivation 

could be elemental sulphur or polysulphide anions formation on the minerals surface 

or these FeO.OH complexes. The passivation is mostly undesirable when the process 

is designed to interact with the bulk mineral (Mikhlin, 2003). There are cases that a 

partial and controlled oxidation of the sulphide minerals may enhance the process. That 

is the case when metals ions released from minerals surfaces may work as activators or 

catalytic agent of a specific reactions. 

3.2.2 Previous Work with Different Flotation Gases 

Investigation of the sulphides flotation performance under different oxygen content has 

been perform by many researchers. Some author compared nitrogen with air to see if 

0% oxygen and 21% oxygen would result in different floatability and selectivity 

between the sulphides. For Clark et. al. (2000), the benefits of nitrogen gas flotation in 

copper ore flotation achieved up to 9.5% more copper recovery than air flotation. 

Copper-zinc and lead-zinc selectivity was investigated respectively by Yuan, Pålsson 

& Forssberg (1996) and Berglund & Forssberg (1989) under nitrogen, 5% oxygen, and 

air flotation. In the former, it was observed that the oxygen content of the gas had minor 

effect on the copper recovery after non-reducing grinding conditions. The 5% oxygen 

showed potential towards better selectivity between copper and zinc when mild steel 

grinding was applied. In the lead and zinc study case it was observed that nitrogen gas 

worked as depressant for sphalerite, improving the selectivity between the metals in the 

lead flotation.  

Kelebek (1993) observed that in a nickel-copper ore, chalcopyrite and pyrrhotite under 

nitrogen flotation resulted in much lower recovery than the air flotation. Pentlandite 

floatability was not affect by the lack of oxygen in pulp. As an overall, in nitrogen 

conditions the floatability decreasing order was pentlandite, chalcopyrite, and 

pyrrhotite. The oxidation during the process did play a role in flotation selectivity of 

nickel copper ore. However, the selectivity between pentlandite and pyrrhotite were 

mainly observed in the first flotation stages.  

Chimbganda et. al. (2013) explored the passivation rate of pentlandite and pyrrhotite to 

investigate the selectivity improvement between these minerals. The pentlandite-
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pyrrhotite low grade ore was conditioned with high air flowrate for at least five minutes 

and then floated. The concept is that the pyrrhotite would be coated with FeO.OH faster 

than pentlandite. With the particles coated, pyrrhotite would be strongly hydrophilic 

and depressed to tailings. The results showed that pentlandite recovery was enhanced 

and the selectivity improved when the ore was submitted to the oxidation pre-treatment.  

In none of these previous studies, the practicality of testing the different gas in a 

laboratory process representative to the industrial scale was done. Hereby, the different 

gases are tested after the copper flotation in attempt to have similar copper middling to 

the industrial site.  The dissolved oxygen in pulp will be controlled by the oxygen 

content of each flotation gas tested in the nickel stage: 0% O2 (nitrogen gas), 5% O2 

(special gas), and 21% O2 (air). 

3.3 Process Mass Balance and Accounting 

Process mass balance in conventional mineral processing ensures mass conservation 

throughout the process. Considering that there is no chemical transformation in the 

process, the sum of the products is equal to the sum of the feed streams, globally and at 

every unit. That is valid for all the components like solids, elements, minerals, and size 

fractions. With the mass balance is possible to track the distribution of the component 

of interest throughout the process. It enables to quantify and analyse the overall or 

single process performance and efficiency. 

In an ideal scenario, since no mass is created at any point of the process, the measured 

values for solids and other components, like chemical assays, would not require 

adjustment to attend the matter conservation law. The error sum from sampling, sample 

preparation, and analytical sources, makes data adjustment and reconciliation 

necessary. In a mass balance that involves multiple components, like in multi-metal 

sulphide processes, these redundant or excess data must be treated as a minimisation 

problem.  

There are four main methodologies applied in mass balance: 2-product formula, node 

imbalance minimisation, two-step least-squares minimisation, and generalized least 

squares minimisation. The selection of the balancing method to be applied depends on 

the data and process complexity, technology, and computer techniques available. Some 
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process simulation and mass balance software even go in depth into other statistical 

error minimisation methods (Wills & Finch, 2015). In this work, the two-step least 

square minimisation was applied using HSC Mass Balance tool from HSC Sim 

Software.  

3.3.1 The Two Step Least Squares Minimisation 

In the two-step least square minimisation, first the solid flowrates are adjusted to 

comply with the mass balance conservation equation. In sequence, the other 

components, chemical assays for example, are adjusted towards the mass conservation 

equation (Wills & Finch, 2015). The solution of these residuals for both mass and 

chemical assays is the one that provides the minimum weighted sum of the residues 

squares, like shown in the following equation (Remes, Tommiska, & Lamberg, 2018). 

𝑊𝑆𝑆𝑄 =  ∑ ∑
(𝑎𝑖𝑗 − 𝑏𝑖𝑗)2

𝑠𝑖𝑗
2

𝑛

𝑖=1

𝑘

𝑗=1

 

In which the streams are represented by j, the number of streams k, and i refers to the n 

components. The measured and balanced values are denoted as a and b, respectively. 

The standard deviation relative to each stream and component is s. 

3.4 Characterisation Methods 

3.4.1 X-ray Fluorescence 

The x-ray fluorescence methodology is an accurate quantitative multi-elementary 

analysis that can be performed in solid and liquid. The principle is that the samples are 

submitted to an energy beam that expels photoelectrons from the atom. This expulsion 

causes rearrangement within the atom to stabilise and producing x-fluorescence 

radiation with characteristic energy for each element. A limitation of the methodology 

is that it does not provide any information of spatial arrangement (Rouzière, Bazin, & 

Daudon, 2016). 

3.4.2 X-ray Diffraction  

The x-ray diffraction (XRD) methodology is a qualitative to semi-quantitative 

technique that identifies crystalline structure and molecules. The principle is that when 

an incident x-ray beam is shot at a sample, it produces a scattered wave that defines a 
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diffraction pattern. These patterns correspond to the atomic lattice inter-planar distance 

of a crystalline structure. The identification of these crystalline structures are usually 

done by comparison between diffracted peaks that is included in the software database 

(Rouzière, Bazin, & Daudon, 2016). 

3.4.3 Particle Size Distribution 

In ore characterisation, particle size can be measure by means of diameter or volume. 

There are several techniques applied like: sieving, sedimentation, laser light scattering, 

coulter electrical sensing and optical image analysis. The first three ones are bulk 

samples characterisation. In this work, sieving will be applied as a direct measurement 

and laser light scattering as the indirect or modelled dependent method.  

Sieving is the most utilised technique in the minerals characterisation, especially 

because it is simple, cheap and it does not require high technology or ability from 

workers. The size range is wide, from mm to μm, but it shows difficulties for fractions 

finer than 45 μm. The method consists of submitting the material to sequential series of 

sieves, decreasing aperture from the top to the bottom. The fractions are calculated by 

weight percentage in relation to the initial mass. The methodology has been applied and 

proved its reliability extensively, but it is time consuming and requires relatively large 

amount of material mass. Quicker and more technological techniques are successfully 

implemented in the mineral size characterisation.  

In the laser diffraction technique, the principle is that when a laser beam passes through 

a particle cloud, it is diffracted. The light scattered angle variation is inversely 

proportional to the particle size. Large particles will have smaller variation in the angle 

in relation to the laser beam whereas small particles will have wider angle of diffraction. 

At the end, the actual data analysed in the laser diffraction is the sum of the scattering 

pattern produced by every particle analysed. The models mostly applied to calculate 

the corresponded size particle of the scattering particle are based on Mie and Fraunhofer 

theory. The first one is a more complex theory, which requires the input of the refractory 

index of the material. The latter represents simpler theory with general assumptions. 

Fraunhofer is limited to particles larger than 1 μm and still questionable for particles 

finer than 50 μm and that it can result in fine overestimation. The result of the laser 

diffraction is reported as volume distribution equivalent to sphere shaped particles 
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(Malvern Instruments, 2012). Comparison between different size methodologies should 

be carefully done adjusting the suitable conversion if necessary.  

3.4.4 Modal Mineralogy 

Process mineralogy has been developed and increasingly applied as an effective tool in 

mineral process optimisation (Lotter, 2011). With the process mineralogy application 

in minerals process it is possible to track minerals instead of elements. The advantage 

is that the process deals directly with minerals behaviour, not elements. Also, the 

element of interest may be distributed into different minerals. These minerals can 

behave differently according to the process applied. Therefore, identifying and 

quantifying the minerals is pertinent when understanding the process and the 

performance deviations, especially when operational parameters are varied (Evans, 

Wightman, Manlapig, & Coulter, 2011).  

The modal mineralogy consists of the identification and quantification of major, minor 

and trace minerals in a sample. It can be calculated by an element to mineral conversion 

(EMC) methodology or a more sophisticated technique resulted from the back-scattered 

electron (BSE) signals of a scanning electron microscope (SEM) device.  

In the first method, the conversion is based on the chemical assay and the chemical 

composition of the minerals present in the sample. The method is non-expensive but 

depends highly on the previous knowledge of the sample mineralogy and mineral 

composition. It may rely on too many assumptions or characterisation methods when 

applied to complex ores  (Whiten, 2007).  

In the SEM methodology, the BSE signals produce a grey-scale image that can be 

treated by advanced image analyses techniques to separate particles and mineral phases.  

The main principle is that each mineral has unique average atomic number that is 

correlated with the reflection intensity. This intensity is translated into the grey scale. 

The mineral identification and quantification depends on the image quality and how 

much similar the average atomic number is for the minerals in the sample. In some 

cases, like pentlandite and chalcopyrite, the atomic number can be very alike, requiring 

additional x-ray analyses to provide a reliable result (Fandrich, Gu, Burrows, & 

Moeller, 2007). The SEM measurement is time and cost consuming. It is common 
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practice to first run SEM to obtain more complete mineralogy information of the 

samples. Then a recipe for EMC is developed and validated by comparing to SEM 

results. The EMC is faster and simpler than SEM to be applied on a routine practice 

and only needs XRF results once the recipe is ready. 

In this work, nickel tailings from the flotation with different gases will be analysed in 

SEM, more precisely QEMSCAN. The pentlandite grade lost will be compared 

between the different tests. The liberation and locking of this mineral of interest is 

obtained. The nickel deportment in the minerals of the tailings will also be an important 

result.  

3.5 Kevitsa New Boliden Mine 

3.5.1 General Overview 

Kevitsa copper-nickel anomaly in Sodankylä, Northern Finland, was discovered by the 

Geological Survey of Finland (GTK) in 1960. After intensive drilling by GTK and 

exploration companies, the mineral resources were not found economical due to low 

metal grade. It was only after discovering a rich PGE zone in the central part of Kevitsa 

intrusion in 2000 and the raise of metals price that the Cu-Ni-PGE deposit became a 

feasible project (Kojonen, 2008).  

The open pit mine operation and process plant started production in 2012 by First 

Quantum Minerals. The production target was to process 5.5 million tonnes per year 

(mtpa) of run-of-mine (ROM). The mine production capacity was later expanded to 10 

mtpa. Since mid-2016, the deposit has been owned and operated by New Boliden. In 

2017, Boliden processed 7.9 Mt of ore @ 0.25% Ni and 0.42% Cu, producing Ni-PGE 

concentrate and Cu-Au with an operating profit of 893 million SEK. The concentrates 

are mainly sent to New Boliden’s smelter, Harjavalta, in Finland (New Boliden, 2017). 

The resources and reserve are 108.7 Mt @ 0.34% Cu, 0.23% Ni in sulphides, 0.34 ppm 

PGE and 0.10 ppm Au, Table 1. 
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Table 1: Kevitsa Reserves and Resources in 2016 (First Quantum Minerals Ltd, 2016). 

Category Density 

(Kg/m3) 

Tonnes 

(Mt) 

Ni      

(%) 

Nisulphides 

(%) 

Cu     

(%) 

Au 

(ppm) 

Pt   

(ppm) 

Pd 

(ppm) 

Measured 3.17 108.7 0.25 0.23 0.34 0.10 0.21 0.13 

Indicated 3.16 167.0 0.26 0.24 0.34 0.09 0.16 0.11 

Total(M+I) 3.16 275.7 0.26 0.23 0.34 0.09 0.18 0.12 

Inferred 3.16 57.1 0.22 0.20 0.34 0.06 0.12 0.07 

3.5.2 Deposit Geology 

Kevitsa Cu-Ni-PGE deposit is a 2.06 Ga old mafic-ultramafic intrusion, located in the 

Central Lapland Greenstone belt in northern Finland, Figure 3 (Luolavirta K. e., 2018).  

 

Figure 3: Kevitsa geological map (Luolavirta K. H., 2018). 

In Kevitsa, the mafic and ultramafic magma intruded into a volcano-sedimentary rock 

sequence. These host rocks were characterised by ultramafic peridotite rocks like 

olivine and komatiite covered with mica schists and black shales (Luolavirta K. e., 

2018). They were later metamorphosed by hydrothermal fluids resulting in greenschist-

face occurrences (Kojonen, 2008). It is believed that Kevitsa is a result of multiple 

magmatic intrusions mainly marked by 3 stages. The first was distinct by a picritic 

magma, ultramafic with very low silica content, usually associated with olivine. 

Afterwards, a continuous more explosive magma (basaltic) intruded the previous 

chamber inflating it and causing a closed system crystal fractionation. During the third 

and last stage, the metals enrichment was result of the sulphide saturated magmas 

intrusion into the chamber (Luolavirta K. e., 2018).  
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3.5.3 Mineralogy 

The ore types of Kevitsa deposit varies within three hardness classification and high 

and low grades in copper, nickel, and precious metals. Kevitsa flotation feed has less 

than 5% sulphides in mass, in which pyrrhotite has been the majority. Chalcopyrite and 

pentlandite are respectively the main copper and nickel sulphide source (Table 2).  

Table 2: Kevitsa Mineralogy Background (Kevitsa Internal Report Data) 

  Flotation  Feed 

Minerals   2017 2016 2013 

Pyrrhotite/Pentlandite 2,7 5,3 2,9 

Pentlandite 0,75 0,53 0,62 

Violarite 0,00 0,02 0,03 

Ni Silicate/Ni Oxide 0,00 0,02 0,01 

Total Ni Fe Sulphide 0,76 0,57 0,66 

Chalcopyrite/Cubanite 4,04 4,10 5,13 

Chalcopyrite 1,12 0,84 0,64 

Cubanite 0,28 0,20 0,12 

Cu Fe Silicate/Cu Oxide 0,00 0,00 0,01 

Total Cu Fe Sulphide 1,40 1,05 0,77 

Sphalerite 0,00 0,01 0,00 

Pyrrhotite 2,03 2,81 1,77 

Pyrite 0,03 0,07 0,05 

Total Fe Sulphide 2,06 2,88 1,83 

Quartz 0,02 0,08 0,18 

Feldspar 1,51 1,34 1,24 

Mica 1,19 1,06 0,83 

Amphibole 45,75 45,21 50,79 

Diopside 17,95 21,46 16,14 

Orthopyroxene 3,73 2,64 2,76 

Olivine 6,30 6,09 12,09 

Talc 0,24 0,26 0,37 

Serpentine 9,02 7,46 6,50 

Chlorite 5,68 4,77 2,12 

Carbonate 1,20 1,37 NA 

Fe-Oxide 2,52 2,73 2,00 

Fe-Cr-Oxide 0,38 0,67 0,66 

Other 0,29 0,37 1,08 

Total NSG 95,78 95,51 96,75 
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 Pentlandite 84,24 

Violarite 0,07 

Ni Silicate/Ni Oxide 0,23 

Pyrrhotite 0,70 

Amphibole 7,80 

Orthopyroxene 0,53 

Olivine 0,13 

Talc 0,09 

Serpentine 5,63 

Fe-Oxide 0,52 

Fe-Cr-Oxide 0,05 

Other 0,00 

Total 100,00 
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  Chalcopyrite 81,11 

Cubanite 14,63 

Cu Fe Silicate/Cu 

Oxide 0,01 

Amphibole 3,19 

Talc 0,04 

Serpentine 1,03 

Total 100,00 
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3.5.4 Ore Process Plant 

The Kevitsa crushing plant starts with a primary gyratory crusher followed by a double 

deck screen (Figure 4). The coarse (+100 mm) and fine fraction (-25 mm) are sent to 

the autogenous (AG) mill stockpile. The intermediate fraction is split into pebbles bin 

and two parallel secondary and tertiary cone crushers. The crushers discharges are sent 

to the AG feed stockpile. The grinding circuit begins with two parallel AG mills that 

are first discharged onto a 10 mm vibrating screen. The particles coarser than the screen 

aperture are sent to the pebbles bin mentioned previously in the crushing plant. The 

vibrating screen undersize (-10 mm) is split between the hydrocyclone that is in closed 

circuit with the autogenous mill and the pebble mill. The hydrocyclone’s coarse 

fractions are sent back to the AG mills and the fines to the flotation circuit. The pebble 

mill is fed with the -10 mm particles together with the pebbles and it works in a closed 

circuit with a hydrocyclone that sends the fines to the flotation circuit.  

The flotation plant is divided into three main stages, the copper, the nickel, and the 

sulphur flotation. The cooper circuit includes rougher and scavenger stages, and three 

cleaners that recirculate their tailings to the respective previous stage and a final column 

flotation. The Cleaner 1 and the rougher-scavenger tailings from the copper circuit are 

the middling that will be forwarded to the nickel flotation. The nickel flotation is very 

similar to the copper circuit in terms of stages and cell volumes, but it has a different 

regrinding mill and an extra cleaner flotation instead of the column one. The nickel 

middling is floated in rougher and cleaner stages in order to separate the sulphides from 

the non-sulphides gangue (NSG) and differentiate the tailings dam treatment. Figure 4 

illustrates this flotation process. 

In 2017, roughly 40% of the nickel present in the flotation feed was sent to the nickel 

tailings. The final nickel concentrate is normally around 10% nickel grade. The copper 

distribution in the same stream was 14%. In selective flotation is challenging to prepare 

the feed considering all the different stages and optimum size and pulp characteristics. 

Approximately 60% of the nickel sulphides lost to the final tailings of the flotation were 

liberated, and 11% of these nickel sulphides were coarser than 8 µm. This fraction 

would be the main target to be recovered during this work, since they are liberated and 

in the current flotation technique size range applied in Kevitsa. In the industrial scale, 
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the copper rougher flotation takes approximately 30 minutes and the nickel rougher 

flotation another 90 minutes. 

 

Figure 4: Kevitsa flotation process plant flowsheet. 

4 Materials and Methods 

4.1 Ore sampling 

The ore sampling was performed per Kevitsa mine site standards on the CV 4 conveyor 

belt. This stream takes the material from secondary and tertiary crushers to the 

autogenous (AG) mill stockpile as shown in Figure 5. The sample is not entirely 

representative to the industrial feed since it is not the flotation feed directly.  

After sampling, the ore was sealed in four batches of 12 L with roughly 20 kg of ore 

each and transported to Boliden area. The size of the material of the CV4 is usually 

80% passing in 25 mm. The secondary and tertiary crushers closed side setting (CSS) 

are respectively 22 and 12mm. When the sampling was performed, the secondary 

crusher was not in line. Therefore, the CV4 ore was all reduced by the tertiary crusher 

resulting in a material finer than usually, with approximately 20% smaller than 5 mm.  
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Figure 5: Ore sampling point. 

4.2 Sample preparation 

The sample preparation consisted of drying, crushing, sieving, homogenising, and 

splitting the samples (Figure 6). All the material was screened on 3.15 mm aperture. At 

first, only 40 kg of the ore were split into 1 kg bags. Later, the remaining 35 kg were 

split. Before storage, the samples were blown with nitrogen gas, sealed, and maintained 

in low temperature to avoid further oxidation.   

 

Figure 6: Sample Preparation. 
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4.3 Laboratory Flotation Test I 

The flotation standard test mimicking the Kevitsa production process includes grinding, 

copper flotation circuit, and nickel flotation circuit (Figure 7).  

  

Figure 7: Laboratory Flotation test I. 

 

Kevitsa standard laboratory flotation procedure is described in Appendix 10.1. The 

grinding is done in two parallel mills with 1 kg solids at 61% solids each. The grinding 

time was determined as 45 minutes to achieve P70 of 75 µm. The flotation is performed 

in an automated cell from Outotec to ensure standard collection pattern. Main 

difference in the copper and nickel flotation is the collector, respectively, sodium-

diisobutyl dithiophosphinate (DTPINa or Aerophine) and Sodium Isopropyl Xanthate 

(SIPX) (Table 3). The nickel rougher flotation time sums up to 40 minutes. This is a 

long laboratory scale flotation that reflects the long industrial residence time.  

  

Standard 

Flotation: 

always with 

air 

To be tested: 
Air 

Nitrogen 
5% Oxygen gas 
Synthetic Air 
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Table 3: Lab Test I Flotation parameters. 

Flotation Stage Collector Frother Modifier Cell Volume Residence Time 

Cu Rougher Aerophine Nasfroth 
240 

CMC 

NaOH 
8 L 2 + 10 minutes 

Cu Cleaner 1 Aerophine Nasfroth 
240 

CMC 

NaOH 
2 L 1 + 6 minutes 

Cu Cleaner 1 Aerophine Nasfroth 
240 

CMC 

NaOH 

2 L 1 + 6 minutes 

Ni Rougher 1 SIPX Nasfroth 
240 

CMC 8 L 1 + 7.5 minutes 

Ni Rougher 2 - - - 8 L 7.5 minutes 

Ni Rougher 3 SIPX - - 8 L 1 + 12.5 minutes 

Ni Rougher 4 - - - 8 L 12.5 minutes 

Each gas type flotation is performed in triplicates. XRF and QEMSCAN analyses are 

to be performed in the samples as detailed in Table 4. 

Table 4: Laboratory flotation I sample analyses. 

STREAM TESTS (3x) ANALYSES per test 
Bulk Air 5% O

2
 N

2
 Synthetic Air XRF XRD SEM 

Mill Feed X X X X X X  

Cu-CC2 X X X X X X  

 Ni-RC1 X X X X X X  

 Ni-RC2 X X X X X   

Ni-RC3 X X X X X   

Ni-RC4 X X X X X   

Tail X X X X X X X 

4.4 Laboratory Flotation Test II  

In the second batch of tests, there were two types of tests. The first one consists of 

thickening the copper middling to roughly 45% solids at total volume of 4.2 litres. The 

middling is sent to a continuous lab stirred mill with the parameters showed in Table 5. 

The regrinding step aims to polish and clean the minerals surface. The size reduction is 

avoided by providing short grinding time of less than 1 minute. Zirconia spheres of 7 

mm diameter are used. A volume of 2.5 litres of the water previously removed from the 

copper middling is pumped in the mill after the regrinding to clean it. The flotation cell 
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volume of the nickel flotation stage is achieved with this water addition. The nickel 

flotation feed is sampled and analysed, before adding the reagents, conditioning, and 

starting the nickel flotation with the four different gases. Only one test is performed per 

gas type.  

Table 5: Polishing grinding Parameters 

Charge media ratio v/v 50% 
total volume mill ml 1408 

Ceramic Media density kg/m
3 3000 

mass g 2112 
Slurry Feed rate l/min 1.4 

The second type of the test is performed with air flotation with dispersant addition. The 

aim is to clean the nickel sulphide surfaces from potential iron slimes coating. Sodium 

metaphosphate was the dispersant applied under 5000 g/t and 3000 g/t dosage during 

nickel rougher 1 and 3 conditioning, respectively. The analyses performed in the lab 

flotation II samples are presented in Table 6. 

Table 6: Laboratory flotation II sample analyses. 

STREAM  TESTS (1x) ANALYSES  

Bulk Air 5% O
2
 N

2
 Synthetic Air Dispersant XRF Malvern 

Mill Feed X X X X X X  

Cu-CC2 X X X X X X  

Ni Flot. Feed X X X X X X X 

 Ni-RC1 X X X X X X X 

 Ni-RC2 X X X X X X  

Ni-RC3 X X X X X X  

Ni-RC4 X X X X X X  

Tail X X X X X X X 
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4.5 Mass Balance and Accounting 

With the dried weight and chemical assay of the products of each flotation test, the 

flotation feed mass is back calculated and the element content taken from the XRF 

performed in each feed sample. The mass balance accounting nickel, copper, iron and 

sulphur is performed by HSC Mass Balance tool included in HSC Sim software. 

Besides the feed and products weights and element content, an estimated value from 

simple individual back calculation is included for nickel flotation feed and a combined 

nickel concentrate.  

The 2-step least squared methodology is apply to minimise the adjustment of the overall 

data. The standard deviation of each element (Figure 8) is estimated by using the 

relative standard deviation of the ratio between the XRF results and the ICP results 

from external laboratory per stream for nickel, copper, and iron. For the sulphur, the 

ratio was taken from the XRF results and Leco total sulphur results from external 

laboratory per stream. The idea behind providing a value for relative standard deviation 

is to have the software indicating whenever a measured element assay is adjusted to a 

value outside of the relative standard deviation window. The external laboratory and 

Boliden assays per element are presented in Appendix 10.4.  

 

Figure 8: Relative Standard Deviation of mass balance components. 

The mass balance is firstly adjusted considering the global streams (Feed, Cu 

concentrate, Ni combined concentrate, Ni tailings). The balanced values were frozen. 

Then, the nickel concentrates 1 to 4 are included and balanced to meet the nickel 

combined concentrate balanced values and frozen. At last, copper middling is included 

and balanced to encounter the sum of the balanced nickel concentrates.  

5% 

9% 

14% 

7% 

24% 
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4.6 X-ray Diffraction Data Treatment 

The XRD analyses were done for 30 minutes covering from 0o to 70o in the following 

flotation products of lab test I: Cu concentrate (Cu-CC2), Ni concentrate 1 (Ni-RC1), 

Ni tailings (Ni-RT). In addition, a flotation feed sample was also analysed.  

The XRD raw data is treated in the High Score Plus software. The first step is the 

background treatment, performed as advised per tutorials. Then, the default parameters 

of K-Alpha 2 strip is done. The peak searching parameters are adjusted to have from 8 

to 12 peaks recognised. The matching of the identified peaks with the 145488 patterns 

database available (CODSep2011) is constrained based on the XRF results of each 

stream considering the elements with content higher than 1% possible at least. 

5 Results  

5.1 Flotation Feed Characterisation 

The flotation feed contained 0.31% Ni as shown in Table 7. This value was very similar 

to the average nickel grade obtained during the 2017 plant assay campaign. The copper, 

iron, and sulphur grades were slightly higher in the laboratory samples, 0.53%, 10.37%, 

and 1.83% respectively.  

Table 7: Flotation feed chemical assay (* Average taken from all flotation feed samples). 

Sample Ni (%) Cu (%) Fe (%) S(%) 

Boliden Lab* 0.3091 0.5252 10.3712 1.8301 

Kevitsa 2017 Assay 0.3033 0.4292 8.9795 1.5632 

The flotation feed target P70 of 75 µm was approximately achieved with 45 minutes 

grinding time. The particle size distribution curves of the laboratory feed and 2017 

assay campaign are plotted in Figure 9. The P70 of the 2017 Industrial Assay and 

laboratory samples were alike. The laboratory curve has a steeper distribution curve, as 

normally observed. 
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Figure 9: Flotation feed particle size distribution (PSD). 

The samples were wet sieved on 45 µm, the coarser and finer fractions were dried. Two 

fractions of the -45 µm were sieved on 20 µm in an ultrasonic bath. The +45 µm fraction 

was sieved in the standard sieve series of the lab. The chemical assays were done for 

every fraction. The raw data is presented in Appendix 10.2. The nickel, sulphur, copper, 

and iron distribution per size fraction in the laboratory samples increased significantly 

as the size fraction reduced (Figure 10). More than half of the Cu and Ni distributions 

were in the -20 µm fraction, representing mostly the Cu and Ni sulphides. The iron 

distribution in this fine fraction was approximately 30%, which refers not only to the 

sulphides mentioned previously but also pyrrhotite. The iron distribution was similar to 

the mass distribution in every fraction, which may be explained by the iron present in 

the NSG. 

  

Figure 10: Flotation feed mass and element distribution per size fraction. 
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5.2 Flotation Laboratory Test I  

5.2.1 General Results 

An average of the triplicate results of each gas flotation type was taken to enable the 

comparison of their performance. The dispersant test results were included in this 

section since it had not been applied to a regrinding stage. The detailed mass balance is 

provided in Appendix 10.3. The pH and dissolved oxygen (DO) were measured by 

pHmeter and a DO probe during the conditioning stages before the flotation (Table 8). 

The average pH of every test was maintained according to the procedure standard. The 

average DO in the conditioning stage after air flotation gas ranged from 7.1 mg/l to 8.7 

mg/l for all tests. After having two nickel flotation stages with each gas, the average 

DO in pulp in the conditioning before rougher 3 was: 8.6 mg/l for air, 0.5 mg/l for 

nitrogen, 2.6 mg/l for 5% oxygen, 9.6 mg/l for synthetic gas, and 8.1 mg/l with the 

dispersant. The low dissolved oxygen equilibrium for the 5% oxygen gas may indicate 

that there is an on-going oxygen consumption during the flotation.  

Table 8: Flotation Lab I Conditions. 

 pH  DO (mg/l) 

Cond. Stage Air Nitrogen 5% Oxygen Synthetic Air Dispersant Air Nitrogen 5% Oxygen Synthetic Air Dispersant 

Cu Rougher 9.7 9.5 9.5 9.5 9.5 8.4 8.1 8.2 8.1 8.1 

Cu Cleaner 1 10.5 10.5 10.5 10.5 10.6 8.4 8.2 8.5 8.3 8.2 

Cu Cleaner 2 11.0 11.0 11.0 11.0 11.0 8.6 8.7 9.0 8.9 7.4 

Ni Rougher 1 10.0 9.9 9.9 9.9 10.0 7.6 7.1 8.1 7.9 7.7 

Ni Rougher 3 9.7 9.7 9.7 9.7 9.7 8.6 0.5 2.6 9.6 8.1 
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The dispersant results were included in this section since there was no size 

transformation in relation to lab test I. The nickel distribution in the copper concentrate 

varied from 7% to 19% even though no parameter was altered in the copper stage (Table 

9). The nickel distribution in the combined nickel concentrate of the 5% oxygen test 

was the highest, 68%. The copper middling of the 5% oxygen test was also the one with 

highest nickel distribution. The lowest nickel recovery in the combined nickel 

concentrate happened with nitrogen flotation, 49%. The combined concentrate of the 

synthetic air had lower nickel distribution than the air test, respectively 56% and 61%. 

The cumulative nickel distribution of the dispersant combined nickel concentrate was 

58%. More than 16% of nickel was collected in the copper concentrate before the 

dispersant test. 

Table 9: Ni distribution per product in Lab Test I. 

Ni Distribution %  

Stream Air Nitrogen 5% Oxygen Synthetic Air Dispersant 

Cu-CC2 11.94 12.18 6.92 19.45 16.48 

Ni-RC1 48.16 41.52 56.94 47.41 47.26 

Ni-RC2 5.24 3.84 5.28 4.33 6.07 

Ni-RC3 4.78 3.36 3.79 3.10 3.57 

Ni-RC4 2.52 0.68 1.85 1.33 1.40 

Final Ni-RT 27.36 38.41 25.21 24.38 25.22 

Sum Ni-RC 1 - 4 60.70 49.41 67.87 56.18 58.30 
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The Cu middling varied significantly between air, dispersant, 5% oxygen and synthetic 

air (Figure 11). This should be taken into consideration when comparing the Ni 

distributions between the tests. The possibility of having just a side displacement of the 

curve caused by the difference in the Cu middling must be first verified. Nitrogen and 

air test had similar Cu middling. The nickel cumulative recoveries achieved the highest 

for every combined concentrate of the 5% oxygen flotation. However, the Cu middling 

of this test was also the one with the highest Ni distribution. The synthetic air was 

displaced to the left side of the air test at lower nickel distribution for all concentrates 

and Cu middling. The lowest recoveries were obtained with nitrogen gas. The standard 

deviation of the triplicate tests for each gas were not overlapping each other best and 

worst result, except for nitrogen and synthetic air. The best nitrogen test among the 

triplicates coincided with the worst results of the synthetic air flotation.  

 

Figure 11: Nickel grade-recovery curve for Lab Test I. 
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The laboratory tests I selectivity between nickel and iron is illustrated in Figure 12. The 

lowest iron and nickel distributions were obtained in the nitrogen flotation. The 5% 

oxygen flotation achieved the highest selectivity, with the highest nickel recovery for 

similar iron distribution to air and synthetic air concentrates. The sum concentrate 1 to 

4 in the dispersant test achieved iron distribution similar the sum the air flotation but 

less nickel. The sideways displacement of the curves resulted by the difference in Ni 

distribution of the Cu middling described in the previous figure is also concerning here. 

 

Figure 12: Ni-Fe selectivity curve for Lab Test I. 
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In the nickel-sulphur selectivity curve the final S distribution of the nitrogen nickel 

concentrate was significantly low, roughly 20% (Figure 13). The highest selectivity 

was achieved with 5% oxygen flotation. The air flotation selectivity regarding nickel 

and sulphur was higher than the synthetic air flotation. The calculated sulphur 

distribution for the nickel flotation feed varied slightly between 74% and 80% for the 

different tests. The highest sulphur distribution of the calculated nickel feed was in 5% 

oxygen flotation. The sum concentrate 1 to 4 in the dispersant test achieved sulphur 

distribution similar the sum the air flotation but less nickel. 

 

Figure 13: Ni-S selectivity curve for Lab Test I. 

5.2.2 Nickel Tailings Characterisation 

The final tailings particle size curves were very similar for air, 5% oxygen, and nitrogen 

tests (Figure 14). The synthetic air tailing was not sieved. 

 

Figure 14: Nickel tailings sieve PSD in Lab Test I. 
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The nitrogen flotation tailings had higher Ni, S, Fe, and Cu grades in every size fraction 

when compared to the other two tests tailings (Figure 15 & Figure 16). The Ni, Cu, and 

Fe grades for the finest fraction, -20 µm, were nearly the same for 5% oxygen and air 

tailings. In the same fraction, the 5% oxygen tailing had lower sulphur content than the 

air tailing. This could be an indication that in the 5% oxygen test, in the tailings finest 

fraction more Ni is associated or sourced in the NSG than the same size fraction of the 

air test tailings. 

  
Figure 15: Nickel tailings Ni (left) and S (right) grade per size in Lab Test I. 

  

Figure 16: Nickel tailings Cu (left) and Fe (right) grade per size in Lab Test I. 
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5.3 Flotation Laboratory Test II  

5.3.1 General Results 

The flotation lab II pH condition were maintained as the standard conditions in all tests 

(Table 10). The DO in pulp was like the values obtained by gas in the flotation lab I, 

except for the synthetic air. After nickel flotation 1 and 2 with nitrogen and 5% oxygen, 

the DO in the rougher 3 conditioning were respectively 0.5 and 2.4. The DO of synthetic 

air was 12.6 mg/l while dispersant and air tests presented respectively 8.1 mg/l and 8.7 

mg/l. This variation was probably due to the inefficient control of the oxygen and 

nitrogen rate mixture in the cell. 

Table 10: Flotation Lab II Conditions. 

  pH  DO (mg/l) 

Cond. Stage Air Nitrogen 5% Oxygen Synthetic Air Air Nitrogen 5% Oxygen Synthetic Air 

Cu Rougher 9.5 9.4 9.5 9.5 8.0 7.8 7.5 7.6 

Cu Cleaner 1 10.5 10.5 10.5 10.5 8.3 8.0 8.0 8.2 

Cu Cleaner 2 11.0 11.0 11.0 11.0 8.8 8.7 8.6 8.7 

Ni Rougher 1 9.8 9.9 9.9 9.8 7.9 7.4 7.7 7.6 

Ni Rougher 3 9.6 9.7 9.8 9.8 8.7 0.5 2.4 12.6 
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The nickel distribution per product in lab test II also presented deviation in the copper 

stage, ranging from 6% to 18%, without any parameter variation (Table 11). When the 

Cu middling went through the mill, every gas test had more than 50% nickel recovery 

in the first rougher stage. The combined nickel concentrate that achieved highest nickel 

recovery was air flotation after attrition, 68%. The combined nickel concentrate from 

5% oxygen flotation after attrition was 67%. The nitrogen flotation after attrition had 

the highest nickel distribution in the tailings, 30%. Synthetic air flotation after attrition 

presented the lowest nickel distribution in tailings but also the highest nickel 

distribution in the copper concentrate.  

Table 11: Ni distribution per product in Lab Test II. 

 Ni Distribution % 

Stream Air Nitrogen 5% Oxygen Synthetic Air 

Cu-CC2 6,32 9,09 9,41 18,21 

Ni-RC1 55,00 54,34 55,60 50,32 

Ni-RC2 5,81 3,28 5,66 4,73 

Ni-RC3 4,73 2,78 3,27 2,96 

Ni-RC4 2,42 0,87 2,20 1,43 

Final Ni-RT 25,72 29,63 23,87 22,34 

Sum Ni-RC 1 - 4 67,96 61,27 66,72 59,44 
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The cumulative nickel grade-recovery curve of air and 5% oxygen flotation after 

attrition were very similar (Figure 17). The 5% oxygen final nickel concentrate had 

slightly higher grade than the air test. The calculated nickel distribution of the air 

flotation feed was the highest, 94%. It seems that the synthetic air curve is just displaced 

to the left due to the lower nickel distribution of the Cu middling. The curve presents 

similar profile to the 5% oxygen and air curves. The nickel grade-recovery for nitrogen 

test was the lowest in terms of grade and recovery.  

 

Figure 17: Nickel grade-recovery curve for Lab Test II. 
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The nickel – iron selectivity curves for lab test II were less disparate from each other 

than in lab test I (Figure 18). The most selective tests were air and 5% oxygen after 

attrition. The synthetic air after attrition seemed to be displaced to the left due to the 

lower Ni distribution of the cu middling. 

 

Figure 18: Ni-Fe selectivity curve for Lab Test II. 

The nickel-sulphur selectivity curves for air and 5% oxygen after attrition were almost 

superposed (Figure 19). The nitrogen test recovered the least amount of both nickel and 

sulphur. With nearly the same iron distribution, the nickel concentrate obtained in the 

synthetic air flotation after attrition recovered considerably less nickel than the 5% 

oxygen and air flotation. However, the Cu middling of the synthetic air test presented 

less Ni and S distribution than the others. 

 

Figure 19:  Ni-S selectivity curve for Lab Test II. 
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5.3.2 Nickel Flotation Streams PSD after Stirred Mill 

After passing the copper middling in the attrition in lab test II, the particle size 

distribution of the nickel flotation feed was analyses via Malvern (Figure 20). The 

nickel flotation feed of the dispersant test was included in the analyses to represent 

reference nickel flotation feed without the attrition process. The dispersant nickel 

flotation feed -45 µm fraction was 52% while the other tests had 65% in this fraction. 

The air attrition nickel feed was not sampled.  

 

Figure 20: Particle size distribution of nickel flotation feed lab test II. 
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When the Cu middling was submitted to attrition, the nickel rougher 1 concentrate was 

considerably finer than with dispersant concentrate without attrition mill (Figure 21). 

The nickel rougher 1 concentrate obtained after attrition had at least 85% finer than 45 

µm, and 65% passing in 20 µm. the dispersant flotation without the attrition resulted in 

nickel rougher 1 concentrate with the 65% passing in 45 µm and 46% finer than 20 µm.  

 

Figure 21: Particle size distribution of nickel rougher concentrate 1 of lab test II. 

The tailings PSD analysis in Malvern reinforced that the tailing was coarser when no 

attrition was applied (Figure 22). In the dispersant test, the - 45 µm fraction 

corresponded to 50% of the tailings. In the attrition tests, for every gas flotation this 

fraction was 60% of the tailings.  

 

Figure 22: Particle size distribution of nickel flotation feed lab test II. 
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5.3.3 Nickel Tailings Characterisation 

The PSD sieve of lab test II sieve was consistent with the Malvern analyses. The 

dispersant test was coarser than the tests that had stirred mill before the nickel flotation 

(Figure 23). In sieving, 45% of the dispersant tailings was finer than 45 µm. This 

fraction corresponded to at least 66% of the tailings that had regrinding before the 

nickel stage. The different values between sieve and Malvern results are acceptable. 

These are techniques based on diameter and volume, respectively, as explained in the 

theory section 3.4.3.  

 
Figure 23: Nickel tailings sieve PSD in Lab Test II. 

5.4 Nickel Circuit Results Isolated 
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The flotation with 5% oxygen gas recovered 12% more nickel than the standard 

flotation with air, with or without attrition, in the first 7.5 minutes (Figure 24). As the 
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the dispersant, the improvement was 3%. It increased to 5% after the following 7.5 

minutes of the rougher 2 flotation. This may be caused by low conditioning time when 

the dispersant was added. Probably, the dispersant and the pulp was still conditioning 

during the first rougher flotation. More dispersant was added before rougher 3 and the 

improvement during third and fourth stages decreased, resulting in only 1% 

improvement at the end. The dispersant addition before rougher 3 may be over dosage, 

decreasing the efficiency.   

 

Figure 24: Nickel cumulative recovery ratio comparison between air and 5% oxygen flotation. 
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The curves profile per gas type presented similar shape with and without attrition, 

indicating that the flotation rate in stage 2, 3 and 4 were still very similar. This can be 

seen in nitrogen (red), air (blue), and synthetic air (purple) in Figure 25. The significant 

difference between the curves of the same gas with and without attrition occurs mainly 

in the first rougher nickel recovery. During the following flotation, the curves of same 

gas seem to have similar gradient. The nickel recovery with attrition was much higher 

than the test without it for every gas, except for 5% oxygen.  The flotation rate for 5% 

oxygen with and without attrition (green curves) were practically the same.  An 

explanation for the different behaviour of 5% oxygen flotation was investigated and 

will be presented in the discussion section.  

 

Figure 25: Nickel circuit recovery as the flotation progresses. 
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5.5 Modal Mineralogy Lab Test I 

5.5.1 XRD Results 

The main minerals identified in the flotation feed were pyroxene, amphibole, and 

silicates (Table 12). The flotation feed sulphide grade was lower than the detection limit 

of the XRD. The sulphides identified in every copper concentrate were chalcopyrite, 

cubanite, and pentlandite. The only nickel rougher 1 concentrate with no pyrrhotite 

recognised was in nitrogen flotation. Pentlandite and chalcopyrite were identified in all 

nickel rougher 1 concentrate. Amphibole was identified in air and 5% oxygen nickel 

concentrate. Silicates were present in every nickel concentrate. 

Table 12: XRD Results for Lab Test I. 

Stream 

Test 

Cu Concentrate Ni Concentrate 1 Ni Tailing Feed 

Air Chalcopyrite 

Pentlandite 

Cubanite  

Pyrrhotite  

Pentlandite 

Chalcopyrite 

Pyrrhotite  

Cordierite  

Tremolite 

Diopside   

Cordierite  

Tremolite 

Magnesioferrite 

Quartz 

Diopside 

Cordierite 

Vermiculite 

Plazolite 

Tremolite 

Olivine 
5% 

Oxygen 

Chalcopyrite 

Pentlandite 

Cubanite 

Periclase 

Pentlandite 

Chalcopyrite 

Pyrrhotite 

Vermiculite 

Tremolite 

Diopside 

Cordierite 

Tremolite 

Vermiculite 

Nitrogen Chalcopyrite 

Pentlandite 

Cubanite    

Periclase 

Pentlandite 

Chalcopyrite 

Cordierite 

Magnesioferrite 

Quartz 

Diopside   

Cordierite  

Tremolite     

Plazolite 

Magnesioferrite 

Synthetic 

Air 

Chalcopyrite 

Pentlandite 

Periclase    

Quartz 

Pentlandite 

Chalcopyrite 

Pyrrhotite 

Plazolite 

Cordierite 

Diopside 

Tremolite 

Magnesioferrite 

Pyroxene 

 

  



41 

  

 

 

5.5.2 Flotation Feed Quantified Mineralogy Historical Results 

The modal mineralogy results from Kevitsa Assay Campaign 2017 showed that less 

than 5% of the flotation feed mass were sulphides (Figure 26). Pyrrhotite has 

historically been the most abundant sulphide mineral. Chalcopyrite and cubanite are the 

main copper sulphides sources. Pentlandite is the main nickel sulphide with minor 

quantities of violarite. Pyrite is found in minor amount in the flotation feed.  

 

Figure 26: Kevitsa flotation feed mineralogy history. 

A more descriptive study in nickel deportment of the flotation feed (Figure 27) 

performed in 2017 showed that roughly 15% of the nickel present in the ore is carried 

in NSG minerals. Serpentine and amphibole are the most expressive in nickel content. 

Pyrrhotite has less than 1% nickel in the flotation feed of 2017 industrial assay. 

 
Figure 27: Ni distribution per minerals in the flotation feed. 
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5.5.3 QEMSCAN Results 

The main NSG quantified by QEMSCAN in the tailings from Lab Test I air, 5% 

oxygen, and nitrogen were: amphibole, pyroxenes, chlorite, and olivine (Figure 28). 

Due to the carbon coating equipment failure, it was not possible to include the 

concentrates in the results, as it was planned. 

 
Figure 28: Mineral mass percentage in air, nitrogen and 5% oxygen tail from Lab Test I.  

The sulphide grade of the nitrogen tailings was higher than 4%. The air and 5% oxygen 

tails resulted in respectively 1.4% and 2.0% of sulphides. Pyrrhotite was the major 

contributor in all tests tails. The QEMSCAN analyses applied has limitations to 

differentiate between pyrite and pyrrhotite. Kevitsa historical mineralogy has shown 

that pyrite is in minor quantities in the flotation feed. Most likely, part of the pyrite 

shown in Figure 29 is pyrrhotite.  

 
Figure 29: Sulphide mass percentage in air, nitrogen and 5% oxygen tail from Lab Test I.  
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In the nickel deportment investigation (Figure 30), it was not possible to quantify 

automatically the nickel in the NSG. The nickel grade of the tailings was lower than 

0.1%.. A more time consuming and manual work would be needed to quantity this low 

portion of nickel in the NSG. In all tailings, more than 96% of the nickel was in 

pentlandite. Less than 0.2% of the nickel was in different iron sulphides of cobalt and 

nickel, including pyrrhotite. Nickeline (NiAs) was identified in low amount in nitrogen 

and 5% oxygen. In the 5% oxygen tailings, these minerals were in a few particles that 

presented relatively large surface area according to the size fractions. If it was not due 

to contamination of the sample, it could be an indicator of a better selectively in the 

flotation with low oxygen dissolved in pulp.  

 
Figure 30: Ni deportment in minerals, except for the NSG.  

The 5% oxygen tailings contained only 13% of pentlandite liberated and free. The air 

tailings and nitrogen flotation lost more free/liberated pentladite to the tailings than 5% 

oxygen, respectively 26% and 55%. In the air and 5% oxygen, most of the pentlandite 

lost in the tailings were locked, respectively 60% and 68% (Figure 31). 

 

Figure 31: Pentlandite liberation analyses in Lab test I tailings. 
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The pentlandite locking in the tailings from air and 5% oxygen flotation showed that 

most of the liberated particles lost were in the -20 µm fraction. These particles 

represented more than 50% of pentlandite in the -20 µm of the air tail (Figure 32). In 

the case of 5% oxygen tail, it was approximately 30% of the pentlandite in the -20 µm 

fraction (Figure 33). These fine particles are too fine to be recovered in the flotation 

applied. In air flotation, there are more fine particles that are not recovered. The 

liberated pentlandite between 20 µm and 45 µm in both tests may be related to process 

inefficiency, and/or surface oxidation in the case of air test. The air tailings contained 

20% of the pentlandite between 125 µm and 90 µm already liberated.  

 
Figure 32: Pentlandite locking analyses in Lab Test I air tail. 

 
Figure 33: Pentlandite locking analyses in Lab Test I 5% Oxygen tail. 
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6 Discussion 

6.1 Oxygen Effect on Nickel Flotation  

All the analyses performed in the flotation results of lab test I proved how inferior the 

nitrogen performance was in comparison with the other tests. The sulphide recovery 

during flotation with 0.5 mg/L DO in pulp is extremely lower than with 2.5 mg/l. The 

presence of oxygen in the pulp is essential to enhance the flotation of all sulphide 

minerals, including nickel ones. The results obtained in these tests diverge from 

Kelebek (1993) findings that pentlandite shows the same floatability with air and 

nitrogen. The concordance between our results and Kelebek may be in the fact that 

chalcopyrite and pyrrhotite had the floatability decreased when in nitrogen. Perhaps the 

association between pentlandite and these other sulphides can explain the divergence 

between these results. Kelebek concluded that pyrrhotite recovery was significantly 

affected when nitrogen was the flotation gas. The explanation was that in oxidising 

pulp, the pyrrhotite floatability is enhanced and carried to the concentrates. It was 

xanthate oxidised into dixanthogen and aids the pyrrhotite floatability by their high 

affinity. When oxygen availability in pulp is reduced, the pyrrhotite is not as 

competitive as the copper and nickel sulphides, being depressed to the tailings.  

The difference between air and depleted oxygen gas flotation is mainly observed in the 

concentrate selectivity. When the flotation was performed with 5% oxygen, the 

concentrate obtained better nickel selectivity towards iron and sulphur distribution. The 

sulphides present in the ore are mostly pyrrhotite (Fe-S), pentlandite (Ni-Fe-S), and 

chalcopyrite (Cu-S). The silicates in the NSG also contain Fe and Ni. For every tailing 

analysed, the highest metal and sulphur grades were in the finest fraction, - 20 µm. 

Although the tailings from 5% oxygen and air presented similar nickel, iron, and copper 

grades in the finest fraction, the sulphur grade of the air tailings fraction was 

considerably higher than the 5% oxygen. Lower NSG grade is expected in the air 

tailings finest fraction than in the 5% oxygen. Since the nickel and iron content was 

almost the same in this fraction, the nickel lost in the 5% oxygen tailings finest fraction 

is more related to silicates than sulphides when compared to the air tailings. This finest 

fraction represents most of liberated nickel sulphides not recovered in 2017 Assay. The 

use of oxygen depleted gas enhanced the recovery of -20 µm nickel sulphides. 
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6.2 Stirred Mill Effect on Nickel Flotation  

When the stirred mill was used before nickel flotation, the performance of air flotation 

was significantly improved. A possible explanation is that the sulphides start to oxidise 

during the copper flotation. Then, in the 5% oxygen test without attrition, less oxygen 

is available in pulp which already slows down the oxidation rate of the sulphides. This 

reduction is enough to prevent most of the particles from being totally oxidised before 

they are recovered to the first nickel concentrate in 5% oxygen test. When the attrition 

is introduced to provide fresh sulphide surface, it does not add any effect to the 5% 

oxygen performance. The particles that were partially oxidised now have fresh surface 

and will be collected the same way they were previously. However, in the case of air 

flotation, the sulphide surfaces being fresh and cleaned when the nickel flotation starts 

is already good enough to have these particles recovered in the first concentrate before 

their complete oxidation even with more oxygen available in pulp. This also shows that 

the 2nd to 4th rougher stages keep the similar recovery rates with and without attrition 

for all tests.  

Probably, the particle surface begin to oxidise during the copper flotation. When the 

nickel flotation stage is performed with air, most of these partially oxidised particles 

have enough time to complete oxidation of their surface. When the 5% oxygen gas is 

applied in the nickel stage, the oxidation rate of these particles is reduced by the lower 

availability of oxygen in pulp. Most of these particles are recovered before they reach 

total oxidation. When the nickel feed passes through attrition and have their surface 

cleaned, the nickel rougher 1 with air recovers most of these particles before they are 

completely oxidised. In the case of 5% oxygen nickel 1 flotation after the stirred mill, 

nothing changes, since before those particles were already not totally oxidised. 

Even though the residence time in the stirred mill was lower than 1 minute, the nickel 

flotation feed was finer than the copper middling that was not submitted to regrinding. 

The nickel rougher 1 concentrates obtained after the regrinding were significantly finer 

than the ones in lab test I. The nickel recovery of flotation air was higher when the 

attrition mill was in the circuit. It is not possible to separate whether this improvement 

was an exclusively effect of surface cleaning or fine-grain sulphides liberation achieved 

with size reduction.  
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6.3 Dispersant Effect on Nickel Flotation 

The dispersant flotation performance was similar to the standard air test flotation result 

in terms of nickel cumulative recovery and grade. The selectivity between nickel and 

iron in the dispersant test was lower than air test for every cumulative concentrate. The 

iron recovery of the dispersant final combined concentrate was higher than the air 

concentrate for lower nickel recovery. The same trend was observed in terms of nickel 

and sulphur selectivity. The concentrates filtering after the flotation was extremely 

slower and more difficult when dispersant was added. Also, a reddish colour was noted 

on the water surface of the tailings filtered from dispersant test (Figure 34). The reddish 

colour indicates colloidal iron hydroxide slimes that were probably removed from 

mineral surfaces, dislodged, and kept in solution with the dispersant. 

 

Figure 34: Fe slimes in the filtered water of tailings in the dispersant test. 

6.4 Carbon Dioxide Effect on Nickel Flotation  

In the first two nickel rougher stages, the synthetic gas recovered more nickel than the 

air flotation. During the two last stages, the recovery of the synthetic air sharply 

decreases. The nickel final cumulative recovery with normal air surpass the synthetic 

one. The control of the separate nitrogen and oxygen gas inputs in the flotation cell was 

not perfect. The DO in pulp in the synthetic air was like the DO in pulp obtained with 

air in the lab test I. The synthetic air test DO in pulp in lab test II was higher than the 

air, 13. Despite the effort of simulating a synthetic air without any carbon dioxide, it 

was observed that due to the use of compressed air tubing, it was not possible to 

guarantee oil free gas in the mixture in any test, which means that in every test it was 

not possible to distinguish the effect of carbon dioxide contamination and impact. 

Therefore, the carbon dioxide effect on nickel flotation is inconclusive.  
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7 Conclusions 

The presence of oxygen in low grade nickel ore proved to be fundamental for high 

performance. The ideal amount of dissolved oxygen in pulp for the optimum nickel 

flotation was not determined. However, the use of depleted oxygen gas in nickel low 

grade ore flotation has resulted in higher recovery and selectivity against other sulphide 

and gangue minerals than by air flotation. This selectivity improvement could bring 

three main production advantages:  

▪ Higher quality nickel concentrates with lower pyrrhotite content;  

▪ Ability to process lower ore quality in terms of higher Pn/Po ratios at similar 

nickel concentrate quality;  

▪ Higher concentrate production at same quality, enhancing the overall sulphide 

recovery.  

The addition of a regrinding stage before the nickel flotation lead to higher nickel 

recovery especially the fine nickel sulphide fractions potentially liberated.  

The carbon dioxide test was inconclusive and did not follow the appropriate cautions 

to have a reliable effect analysis on the nickel recovery.  

The dispersant tested was not effective for enhancing the nickel recovery and 

selectivity.  

The long residence time in the nickel flotation should be deeply investigated whether it 

really benefits the process and its effect towards surface oxidation. Excessive surface 

oxidation of sulphides is probably the main reason impairing the nickel recovery in 

Kevitsa process. This excess oxidation, especially for pyrrhotite, leads to colloidal 

hydroxide slimes formation. These slimes smear on any mineral surfaces making them 

hydrophilic. Thus, the flotation kinetics are slowed down. The remedy can be short 

attrition grinding to freshen surfaces, but then dislodged slimes must be kept in solution 

by dispersant, and maybe lower oxygen activity of the flotation gas. If this is done, the 

flotation residence time can probably be drastically shortened.   
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8 Limitations and Further Recommendation 

The tests were performed on only one ore type. According to Kevitsa staff, it is high 

hardness, and low to average metal grade type. Also, due to the short start-up time, the 

presence of an oxidation zone of more superficial ore should be taken into account. 

Since ore sampled was only one fraction of the circuit feed, some metals and sulphides 

mineral were slightly enriched when compared to industrial assays, but nickel was 

almost the same content.  

The variation of the copper concentrate and nickel rougher 1 concentrate counter 

balanced each other, resulting in more consistent tailings results. The tailings standard 

deviation among the triplicate data of each gas set was lower than the concentrates. The 

ore samples had been kept in a fridge in a sealed bag with nitrogen gas until its usage. 

No oxidation is expected to occur during storage. The time difference between the tests 

is not considered to affect the flotation performance. The variations observed in the 

copper stage may be caused by other external factors like pulp contamination from the 

initial grinding stage.  

The laboratory tests were not representing the entire flotation circuit of the industrial 

plant. The nickel concentrate obtained in laboratory test would be comparable to the 

industrial nickel rougher/scavenger concentrate. 

The oxidation state of the sulphide minerals is another concern when comparing the 

industrial plant and laboratory test. It is expected to have the oxidised nickel sulphides 

as the target particles in the tests performed. The amount of these target particles in the 

process plant is expected to be much higher than in the nickel flotation feed in 

laboratory, especially because there is a high circulation load of cleaner tailings in the 

process. So maybe, in a full process scale, the effect of the gas type change or attrition 

or even just adding dispersant can take greater extent. In addition, the fact that the 

process plant is continuous may also play a role in how the change can have a larger 

benefit, as it is expected to have a higher amount of nickel sulphides available for the 

last rougher cells than the actual presented in the laboratory tests. It could be that in a 

full-scale plant scale the cumulative gains of 6% with the 5% oxygen, 5% with the 

attrition, or the 7% of the attrition and 5% oxygen gas could actually be closer to the 

first two cumulative gains of each one of these tests, respectively: 12%, 7%, and 12%.  
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Further tests, on fresh plant pulps including the recirculating cleaner tailings of the 

nickel circuit is recommended in lab scale regarding 5% oxygen gas and attrition stage. 

If the potential benefits are confirmed, pilot plant tests should be performed as well. 

Also, testing the air, 5% oxygen gas and the dispersant addition on samples freshly 

taken from the nickel flotation feed at the production plant could bring a more realistic 

indication of performance.  

It is recommended that the performance of the last cells in the rougher/scavenger banks 

of the nickel circuit are sampled and analysed in terms of the recovery vs the selectivity. 

This will answer whether those cells are working efficiently to recover the nickel 

sulphides at the end of the total 90 minutes’ flotation or not. During the test with air, 

the flotation rate dropped significantly between the first and last flotation but in the last 

12.5 minutes, 3% of nickel were still recovered. 
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10 Appendices  

10.1 Flotation Standard Procedure 

The first flotation is done in 8 litres cell volume, is agitated at 1800 rpm, and copper 

flotation reagents are added and conditioned for 2 minutes as per the following dosages:  

▪ 35 g/t of depressant Carboxyl Methyl Cellulose (CMC) (1% solution); 

▪ 5 g/t of copper collector sodium-diisobutyl dithiophosphinate (DTPINa), 

commercial name Aerophine 3418A  (1% solution); 

▪  20 g/t of frother Nasfroth 240 (100% solution).  

Afterwards, the air flowrate is opened at 6 L/minutes (0.36 m3/h), and the flotation is 

carried out for 10 minutes. At this point, the concentrate collected would be the rougher 

concentrate (CuRC) and the material that remains in the flotation cell regards the copper 

rougher tailings (CuRT). Instead of having a scavenger stage with the CuRT, Kevitsa 

lab developed an alternative two copper cleaner stages in laboratory scale from the 

CuRC, in order to simulate a realistic amount of copper and nickel in the final copper 

tailings, essential for a representative nickel flotation stage. Therefore, the CuRT is set 

aside, while the CuRC is transferred to a 2 L cell, at 1100 rpm agitation. The pH is 

monitored and adjusted to 10.5 with lime addition. The amount of lime added is 

registered. The reagents are dosed and conditioned for 1 minute as per: 

▪ 5 g/t of depressant Carboxyl Methyl Cellulose (CMC) (1% solution); 

▪ 5 g/t of copper collector Aerophine 3418A (1% solution); 

▪  5 g/t of frother Nasfroth 240 (100% solution).  

The air flowrate is opened at 3 L/minute (0.12 m3/h), and the flotation is carried out for 

6 minutes. This second copper concentrate represents the first copper cleaner 

concentrate (CuCC1), and the material that remains in the flotation cell is the first 

copper cleaner tailings (CuCT1). This tailings is added to the previous one that is 

separated aside in the 6.5 litres cell. The CuCC1 is shifted to a 2 L cell, agitation is 

1100 rpm, and the pH is adjusted to 11 with lime dosage. Again the lime addition is 

registered. At this time, only copper collector and frother are added with the same 
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dosage as the previous flotation and conditioned for 1 minute. Once the airflow is 

opened at 0.12 m3/h, the flotation is performed for 4 minutes. This is the last step of the 

copper flotation. This concentrate is named as the second copper cleaner concentrate 

(CuCC2) while the material that remains in the flotation cell is the second copper 

cleaner tailings (CuCT2). The latter is mixed with the previous tailings is in the 8 l cell 

representing the copper middling stream (CuRT + CuCT1 + CuCT2) that is sent to the 

nickel flotation. Due to the volume of the tailings and the 8 L cell available, it is 

recommended that before adding the cleaners’ tailings to the 8 L cell, the water 

overflow is taken and set aside in a beaker. Then, whenever is necessary to adjust the 

pulp level in the nickel flotation, this set aside water is used instead of fresh income 

water. 

The pulp is agitated at 1800 rpm throughout the entire nickel flotation, and before it 

starts the pH is adjusted to 9.8 with addition of the pH controller suitable, either 

sulphuric acid or lime. This reagent addition is registered. Then, the nickel reagents are 

added and conditioned for 1 minutes according to the following dosages: 

▪ 5 g/t of depressant Carboxyl Methyl Cellulose (CMC) (1% solution); 

▪ 50 g/t of nickel collector SIPX (1% w/w solution); 

▪ 10 g/t of frother Nasfroth 240 (100% solution).  

The air flow is opened at 0.36 m3/h and the flotation is performed for 7.5 minutes. This 

first concentrate represents the nickel rougher concentrate (NiRC1) and the material 

remaining in the cell is again floated for extra 7.5 minutes. The concentrate is here 

called a second nickel rougher concentrate (NiRC2). The material that remains in the 

cell is dosed with an extra 30 g/t nickel collector SIPX and conditioned for 1 minute. 

In sequence, the air flow is opened and flotation is carried out for 12.5 minutes. This 

concentrate is called nickel rougher concentrate 3 (NiRC3). Once again, the material 

remaining in the cell is floated for an extra 12.5 minutes. Here, the concentrate is named 

nickel rougher concentrate 4 (NiRC4) and the tailings represents the final nickel 

rougher tailings (NiRT). 

At every conditioning stage and reagent addition, the following parameters are 

monitored and registered: pH, redox potential, and dissolved oxygen (DO) in pulp. 
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10.2 Flotation Feed PSD Data 

 

Table 13: Flotation Feed Raw Data. 

Size 
(µm) 

Mean size 
(µm) 

Retained 
(wt.%) 

Assays Content Distribution 

Ni (%) Cu (%) Fe (%) S(%) Ni (%) Cu (%) Fe (%) S(%) Ni (%) Cu (%) Fe (%) S(%) 

180  0.07 - - - - - - - -     

125 152.5 3.63 0.0801 0.1742 7.31 0.5574 0.291 0.632 26.535 2.023 1.0 1.3 2.6 1.5 

90 107.5 15.16 0.1103 0.2374 8.63 0.5725 1.672 3.599 130.831 8.679 5.9 7.2 13.0 6.4 

63 76.5 18.83 0.1501 0.2764 9.45 0.8217 2.826 5.205 177.944 15.473 9.9 10.4 17.7 11.3 

45 54 13.82 0.2228 0.3281 10.28 0.9681 3.079 4.534 142.070 13.379 10.8 9.1 14.2 9.8 

20 32.5 19.50 0.3132 0.5265 10.77 1.409 6.107 10.267 210.015 27.476 21.5 20.5 20.9 20.1 

0 10 28.97 0.4990 0.8883 10.91 2.400 14.456 25.734 316.063 69.528 50.8 51.5 31.5 50.9 

Total  100.00 0.2843 0.4997 10.04 1.37 28.432 49.971 1,003.457 136.558 100.0 100.0 100.0 100.0 
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10.3 Flotation Mass Balance 

10.3.1 Flotation with Air 

Table 14: Laboratory Test I Mass Balance – Flotation with Air. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 1933,81 1924,78 100,00 0,30 0,31 100,00 0,54 0,46 100,00 10,08 10,26 100,00 1,86 1,57 100,00 

Cu-CC2 21,49 21,51 1,12 3,29 3,29 11,94 20,93 22,27 54,41 32,06 32,04 3,49 30,40 31,24 22,17 

Cu middling 1912,31 1903,27 98,88 0,26 0,27 88,06 0,31 0,21 45,59 9,84 10,01 96,51 1,54 1,24 77,83 

Ni-RC1 89,05 89,00 4,62 3,28 3,20 48,16 2,52 2,61 26,42 17,21 16,97 7,65 7,90 8,50 24,96 

Ni-T1   1814,27 94,26   0,13 39,90   0,09 19,18   9,67 88,86   0,88 52,88 

Ni-RC2 23,38 23,38 1,21 1,33 1,33 5,24 0,53 0,53 1,41 23,05 22,94 2,72 8,33 8,51 6,56 

Sum Ni-RC 1 - 2   112,38 5,84   2,81 53,40   2,18 27,83   18,21 10,37   8,50 31,52 

Ni-T2   1790,89 93,04   0,11 34,66   0,09 17,77   9,50 86,14   0,78 46,32 

Ni-RC3 47,72 47,74 2,48 0,59 0,59 4,78 0,27 0,27 1,45 22,52 22,30 5,39 7,26 7,54 11,87 

Sum Ni-RC 1 - 3   160,13 8,32   2,15 58,18   1,61 29,28   19,43 15,76   8,21 43,39 

Ni-T3   1743,14 90,56   0,10 29,88   0,08 16,31   9,15 80,75   0,60 34,45 

Ni-RC4 40,39 40,41 2,10 0,37 0,37 2,52 0,23 0,23 1,07 18,23 18,11 3,71 5,15 5,27 7,02 

Final Ni-RT 1695,09 1702,73 88,46 0,10 0,10 27,36 0,08 0,08 15,25 9,06 8,93 77,04 0,47 0,49 27,42 

Sum Ni-RC 1 - 4  200,54 10,42  1,79 60,70  1,33 30,34  19,16 19,47  7,62 50,41 
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10.3.2 Flotation with Nitrogen 

Table 15: Laboratory Test I Mass Balance – Flotation with Nitrogen. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 1969,85 1961,56 100,00 0,31 0,32 100,00 0,55 0,50 100,00 10,33 10,49 100,00 1,89 1,82 100,00 

Cu-CC2 24,97 24,98 1,27 3,03 3,02 12,18 21,25 22,43 57,09 32,16 32,14 3,90 31,00 31,25 21,86 

Cu middling 1944,87 1936,58 98,73 0,27 0,28 87,82 0,28 0,22 42,91 10,05 10,21 96,10 1,51 1,44 78,14 

Ni-RC1 104,50 104,48 5,33 2,50 2,46 41,52 2,09 2,14 22,81 13,06 13,03 6,62 5,56 5,62 16,43 

Ni-T1   1832,11 93,40   0,16 46,30   0,11 20,10   10,05 89,48   1,20 61,71 

Ni-RC2 49,80 49,81 2,54 0,48 0,48 3,84 0,15 0,15 0,78 8,14 8,13 1,97 1,56 1,57 2,18 

Sum Ni-RC 1 - 2   154,29 7,87   1,82 45,37   1,50 23,59   11,45 8,59   4,31 18,61 

Ni-T2   1782,29 90,86   0,15 42,45   0,11 19,32   10,10 87,51   1,19 59,53 

Ni-RC3 35,79 35,79 1,82 0,58 0,58 3,36 0,12 0,12 0,43 9,85 9,84 1,71 2,04 2,04 2,04 

Sum Ni-RC 1 - 3   190,08 9,69   1,59 48,73   1,24 24,01   11,15 10,30   3,88 20,66 

Ni-T3   1746,50 89,04   0,14 39,09   0,11 18,90   10,11 85,80   1,18 57,48 

Ni-RC4 15,87 15,87 0,81 0,27 0,27 0,68 0,08 0,08 0,14 8,01 8,01 0,62 1,05 1,05 0,47 

Final Ni-RT 1723,60 1730,63 88,23 0,14 0,14 38,41 0,10 0,11 18,76 10,26 10,13 85,18 1,15 1,18 57,02 

Sum Ni-RC 1 - 4  205,95 10,50  1,48 49,41  1,15 24,15  10,91 10,92  3,66 21,12 
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10.3.3 Flotation with 5% Oxygen Gas 
Table 16: Laboratory Test I Mass Balance – Flotation with 5% Oxygen Gas. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 1919,64 1916,59 100,00 0,31 0,32 100,00 0,53 0,49 100,00 10,42 10,37 100,00 1,94 1,76 100,00 

Cu-CC2 20,61 20,60 1,07 2,08 2,07 6,92 23,21 23,97 52,28 32,77 32,78 3,40 31,46 31,98 19,57 

Cu middling 1899,03 1895,99 98,93 0,29 0,30 93,08 0,28 0,24 47,72 10,17 10,12 96,60 1,62 1,43 80,43 

Ni-RC1 132,16 131,87 6,88 2,79 2,66 56,94 2,09 2,13 29,80 14,83 14,85 9,85 6,07 6,34 24,81 

Ni-T1   1764,11 92,04   0,13 36,14   0,10 17,92   9,77 86,75   1,06 55,62 

Ni-RC2 38,46 38,46 2,01 0,85 0,85 5,28 0,33 0,33 1,33 14,04 14,05 2,72 3,49 3,52 4,02 

Sum Ni-RC 1 - 2   170,34 8,89   2,25 62,22   1,73 31,13   14,67 12,57   5,70 28,83 

Ni-T2   1725,65 90,04   0,11 30,86   0,09 16,59   9,68 84,03   1,01 51,60 

Ni-RC3 39,32 39,33 2,05 0,60 0,59 3,79 0,21 0,21 0,87 15,95 15,95 3,16 4,33 4,37 5,10 

Sum Ni-RC 1 - 3   209,67 10,94   1,94 66,01   1,44 32,00   14,91 15,73   5,45 33,93 

Ni-T3   1686,32 87,99   0,10 27,07   0,09 15,73   9,53 80,87   0,93 46,50 

Ni-RC4 24,01 24,02 1,25 0,48 0,48 1,85 0,24 0,24 0,61 19,37 19,37 2,34 5,62 5,66 4,04 

Final Ni-RT 1657,80 1662,31 86,73 0,09 0,09 25,21 0,09 0,09 15,12 9,35 9,39 78,53 0,83 0,86 42,46 

Sum Ni-RC 1 - 4  233,68 12,19  1,79 67,87  1,32 32,60  15,37 18,07  5,47 37,97 
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10.3.4 Flotation with Synthetic Air 
Table 17: Laboratory Test I Mass Balance – Flotation with Synthetic Gas Air. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 2035,29 2026,67 100,00 0,32 0,32 100,00 0,56 0,48 100,00 10,30 10,30 100,00 1,81 1,64 100,00 

Cu-CC2 29,56 29,57 1,46 4,31 4,30 19,45 18,31 19,49 58,64 30,73 30,73 4,35 28,62 29,26 26,09 

Cu middling 2005,73 1997,10 98,54 0,26 0,26 80,55 0,30 0,20 41,36 10,00 10,00 95,65 1,42 1,23 73,91 

Ni-RC1 131,12 131,14 6,47 2,39 2,36 47,41 1,87 1,94 25,83 16,74 16,74 10,51 7,09 7,50 29,64 

Ni-T1   1865,96 92,07   0,12 33,14   0,08 15,53   9,53 85,13   0,79 44,27 

Ni-RC2 42,63 42,64 2,10 0,66 0,66 4,33 0,32 0,32 1,40 16,92 16,92 3,46 4,74 4,79 6,16 

Sum Ni-RC 1 - 2   173,78 8,57   1,95 51,74   1,54 27,24   16,78 13,97   6,83 35,80 

Ni-T2   1823,32 89,97   0,10 28,81   0,08 14,13   9,35 81,68   0,69 38,11 

Ni-RC3 49,53 49,54 2,44 0,41 0,41 3,10 0,22 0,22 1,09 17,10 17,10 4,06 4,57 4,63 6,92 

Sum Ni-RC 1 - 3   223,32 11,02   1,60 54,85   1,25 28,32   16,85 18,03   6,34 42,72 

Ni-T3   1773,78 87,52   0,09 25,71   0,07 13,04   9,14 77,62   0,58 31,19 

Ni-RC4 22,20 22,20 1,10 0,39 0,39 1,33 0,23 0,23 0,52 21,79 21,79 2,32 6,51 6,57 4,40 

Final Ni-RT 1744,70 1751,58 86,43 0,09 0,09 24,38 0,07 0,07 12,52 8,98 8,98 75,30 0,50 0,51 26,79 

Sum Ni-RC 1 - 4  245,52 12,11  1,49 56,18  1,15 28,84  17,30 20,34  6,36 47,12 
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10.3.5 Flotation with Attrition and Air 
Table 18: Laboratory Test II Mass Balance – Flotation with Air after Attrition. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 2002,30 1957,50 100,00 0,28 0,29 100,00 0,50 0,47 100,00 9,97 10,05 100,00 1,81 1,65 100,00 

Cu-CC2 21,86 21,89 1,12 1,66 1,65 6,32 22,05 22,78 54,56 31,45 31,44 3,50 30,44 30,97 21,05 

Cu middling 1980,44 1935,60 98,88 0,27 0,28 93,68 0,26 0,21 45,44 9,73 9,81 96,50 1,50 1,31 78,95 

Ni-RC1 101,18 101,33 5,18 3,21 3,11 55,00 2,80 2,87 31,76 16,52 16,48 8,49 7,97 8,49 26,72 

Ni-T1   1834,27 93,70   0,12 38,68   0,07 13,68   9,44 88,01   0,92 52,22 

Ni-RC2 33,83 33,87 1,73 0,98 0,98 5,81 0,34 0,34 1,27 20,73 20,71 3,56 6,94 7,08 7,44 

Sum Ni-RC 1 - 2   135,20 6,91   2,57 60,81   2,23 33,03   17,54 12,05   8,14 34,17 

Ni-T2   1800,40 91,97   0,10 32,87   0,06 12,41   9,23 84,45   0,80 44,78 

Ni-RC3 53,69 53,80 2,75 0,50 0,50 4,73 0,23 0,23 1,35 24,67 24,62 6,73 8,53 8,84 14,77 

Sum Ni-RC 1 - 3   189,01 9,66   1,98 65,54   1,66 34,38   19,55 18,78   8,34 48,93 

Ni-T3   1746,60 89,23   0,09 28,14   0,06 11,06   8,75 77,72   0,55 30,01 

Ni-RC4 42,10 42,17 2,15 0,33 0,33 2,42 0,18 0,18 0,85 19,88 19,85 4,26 5,67 5,78 7,57 

Final Ni-RT 1671,50 1704,43 87,07 0,09 0,09 25,72 0,05 0,05 10,21 8,53 8,48 73,46 0,42 0,42 22,44 

Sum Ni-RC 1 - 4  231,18 11,81  1,68 67,96  1,39 35,23  19,61 23,04  7,87 56,50 
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10.3.6 Flotation with Attrition and Nitrogen 
Table 19: Laboratory Test II Mass Balance – Flotation with Nitrogen after Attrition. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 2003,18 1960,36 100,00 0,29 0,30 100,00 0,52 0,46 100,00 10,10 10,05 100,00 1,80 1,72 100,00 

Cu-CC2 21,65 21,69 1,11 2,44 2,44 9,09 21,59 22,61 53,82 31,67 31,68 3,49 29,88 30,12 19,39 

Cu middling 1907,82 1938,66 98,89 0,27 0,27 90,91 0,22 0,22 46,18 10,41 9,80 96,51 1,39 1,40 80,61 

Ni-RC1 138,02 138,53 7,07 2,31 2,28 54,34 2,10 2,16 32,89 13,28 13,29 9,35 5,32 5,39 22,15 

Ni-T1   1800,13 91,83   0,12 36,57   0,07 13,29   9,53 87,16   1,09 58,45 

Ni-RC2 46,60 46,67 2,38 0,41 0,41 3,28 0,15 0,15 0,77 8,34 8,34 1,98 1,50 1,50 2,08 

Sum Ni-RC 1 - 2   185,20 9,45   1,81 57,62   1,66 33,66   12,04 11,33   4,41 24,24 

Ni-T2   1753,47 89,45   0,11 33,28   0,07 12,52   9,57 85,19   1,08 56,37 

Ni-RC3 48,97 49,05 2,50 0,33 0,33 2,78 0,08 0,08 0,45 8,80 8,80 2,19 1,60 1,60 2,33 

Sum Ni-RC 1 - 3   234,24 11,95   1,50 60,40   1,33 34,11   11,36 13,52   3,82 26,57 

Ni-T3   1704,42 86,94   0,10 30,51   0,06 12,07   9,59 82,99   1,07 54,04 

Ni-RC4 23,82 23,84 1,22 0,21 0,21 0,87 0,07 0,07 0,18 7,69 7,69 0,93 1,02 1,02 0,72 

Final Ni-RT 1651,19 1680,58 85,73 0,10 0,10 29,63 0,06 0,06 11,89 9,57 9,62 82,06 1,05 1,07 53,31 

Sum Ni-RC 1 - 4  258,08 13,16  1,38 61,27  1,21 34,28  11,02 14,45  3,56 27,29 

 

  



63 

  

 

 

10.3.7 Flotation with Attrition and 5% Oxygen Gas 
Table 20: Laboratory Test II Mass Balance – Flotation with 5% Oxygen Gas after Attrition. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 2047,31 1987,05 100,00 0,30 0,31 100,00 0,51 0,49 100,00 10,25 10,29 100,00 1,78 1,62 100,00 

Cu-CC2 24,04 24,07 1,21 2,41 2,40 9,41 21,17 21,69 53,88 31,43 31,43 3,70 29,36 29,91 22,42 

Cu middling 1942,35 1962,98 98,79 0,28 0,28 90,59 0,23 0,23 46,12 9,91 10,03 96,30 1,47 1,27 77,58 

Ni-RC1 104,37 104,63 5,27 3,39 3,26 55,60 2,78 2,83 30,52 17,91 17,89 9,15 8,68 9,26 30,15 

Ni-T1   1858,35 93,52   0,12 34,99   0,08 15,60   9,59 87,15   0,82 47,43 

Ni-RC2 40,73 40,81 2,05 0,85 0,85 5,66 0,33 0,33 1,39 20,25 20,24 4,04 6,37 6,49 8,25 

Sum Ni-RC 1 - 2   145,44 7,32   2,58 61,26   2,13 31,91   18,55 13,19   8,48 38,40 

Ni-T2   1817,54 91,47   0,10 29,33   0,08 14,22   9,35 83,11   0,69 39,18 

Ni-RC3 39,23 39,31 1,98 0,51 0,51 3,27 0,23 0,23 0,94 23,84 23,82 4,58 7,00 7,14 8,74 

Sum Ni-RC 1 - 3   184,74 9,30   2,14 64,52   1,72 32,84   19,67 17,77   8,20 47,14 

Ni-T3   1778,23 89,49   0,09 26,07   0,07 13,28   9,03 78,53   0,55 30,45 

Ni-RC4 44,19 44,29 2,23 0,30 0,30 2,20 0,17 0,17 0,80 19,46 19,45 4,21 5,51 5,61 7,73 

Final Ni-RT 1690,75 1733,94 87,26 0,09 0,08 23,87 0,07 0,07 12,48 8,79 8,77 74,32 0,41 0,42 22,71 

Sum Ni-RC 1 - 4  229,04 11,53  1,79 66,72  1,42 33,64  19,63 21,98  7,70 54,87 
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10.3.8 Flotation with Attrition and Synthetic Air 
Table 21: Laboratory Test II Mass Balance – Flotation with Synthetic Air after Attrition. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 2031,05 1952,07 100,00 0,30 0,32 100,00 0,52 0,50 100,00 10,29 10,38 100,00 1,80 1,70 100,00 

Cu-CC2 28,79 28,80 1,48 4,06 4,00 18,21 19,80 20,33 60,55 32,05 32,04 4,55 29,63 30,00 25,97 

Cu middling 1922,35 1923,28 98,52 0,26 0,27 81,79 0,20 0,20 39,45 10,27 10,06 95,45 1,58 1,28 74,03 

Ni-RC1 103,08 103,39 5,30 3,26 3,08 50,32 2,45 2,48 26,56 21,15 21,08 10,76 10,09 10,49 32,62 

Ni-T1   1819,89 93,23   0,11 31,46   0,07 12,89   9,43 84,69   0,76 41,41 

Ni-RC2 42,74 42,85 2,20 0,70 0,70 4,73 0,29 0,29 1,27 24,45 24,41 5,16 8,36 8,47 10,92 

Sum Ni-RC 1 - 2   146,24 7,49   2,38 55,05   1,84 27,83   22,06 15,92   9,90 43,54 

Ni-T2   1777,03 91,03   0,10 26,74   0,06 11,61   9,07 79,53   0,57 30,49 

Ni-RC3 46,77 46,92 2,40 0,40 0,40 2,96 0,23 0,23 1,09 23,72 23,68 5,48 7,28 7,37 10,40 

Sum Ni-RC 1 - 3   193,16 9,90   1,90 58,01   1,45 28,93   22,45 21,40   9,29 53,94 

Ni-T3   1730,12 88,63   0,09 23,77   0,06 10,52   8,67 74,05   0,39 20,09 

Ni-RC4 29,26 29,32 1,50 0,31 0,31 1,43 0,22 0,22 0,65 18,08 18,07 2,61 5,09 5,12 4,51 

Final Ni-RT 1645,65 1700,80 87,13 0,08 0,08 22,34 0,06 0,06 9,86 8,57 8,51 71,43 0,30 0,30 15,58 

Sum Ni-RC 1 - 4  222,48 11,40  1,69 59,44  1,29 29,58  21,87 24,01  8,74 58,45 
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10.3.9 Flotation with Dispersant and Air 
Table 22: Laboratory Test II Mass Balance – Flotation with Air after adding Dispersant. 

Stream 
Total solids 

g Meas. 
Total solids 

g Bal. 
Total solids 

Rec % 
Ni % 

Meas. 
Ni % 
Bal. 

Ni Rec 
% 

Cu % 
Meas. 

Cu % 
Bal. 

Cu Rec 
% 

Fe % 
Meas. 

Fe % 
Bal. 

Fe Rec 
% 

S % 
Meas. 

S % 
Bal. 

S Rec 
% 

Flotation Feed 2055,76 2004,04 100,00 0,28 0,31 100,00 0,48 0,45 100,00 10,34 10,29 100,00 1,74 1,77 100,00 

Cu-CC2 29,24 29,22 1,46 3,52 3,47 16,48 18,84 19,54 62,92 30,62 30,63 4,34 30,02 29,90 24,65 

Cu middling 1957,49 1974,83 98,54 0,25 0,26 83,52 0,19 0,17 37,08 10,11 9,99 95,66 1,34 1,35 75,35 

Ni-RC1 90,96 90,87 4,53 3,42 3,20 47,26 1,97 2,00 20,08 21,44 21,47 9,46 10,38 10,26 26,30 

Ni-T1   1883,96 94,01   0,12 36,27   0,08 17,00   9,44 86,21   0,92 49,05 

Ni-RC2 36,51 36,55 1,82 1,03 1,02 6,07 0,42 0,42 1,69 26,88 26,90 4,77 10,28 10,23 10,55 

Sum Ni-RC 1 - 2   127,42 6,36   2,57 53,33   1,55 21,77   23,03 14,22   10,25 36,85 

Ni-T2   1847,40 92,18   0,10 30,20   0,08 15,31   9,09 81,44   0,74 38,49 

Ni-RC3 43,06 43,14 2,15 0,51 0,51 3,57 0,23 0,23 1,09 22,61 22,62 4,73 8,35 8,31 10,11 

Sum Ni-RC 1 - 3   170,56 8,51   2,05 56,90   1,22 22,86   22,92 18,95   9,76 46,97 

Ni-T3   1804,26 90,03   0,09 26,62   0,07 14,22   8,77 76,71   0,56 28,38 

Ni-RC4 22,69 22,71 1,13 0,38 0,38 1,40 0,25 0,25 0,63 22,08 22,09 2,43 7,70 7,68 4,92 

Final Ni-RT 1740,01 1781,55 88,90 0,09 0,09 25,22 0,07 0,07 13,59 8,57 8,60 74,28 0,47 0,47 23,46 

Sum Ni-RC 1 - 4  193,28 9,64  1,85 58,30  1,10 23,49  22,83 21,39  9,51 51,89 
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10.4 X-ray Fluorescence Analyses versus External Laboratory Analyses  

10.4.1 Nickel Assays 

 

Figure 35: Nickel assay external lab cross check. 

10.4.2 Copper Assays 

 

Figure 36: Copper assay external lab cross check. 
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10.4.3 Iron Assays 

 

Figure 37: Iron assay external lab cross check. 

10.4.4 Sulphur Assays 

 

Figure 38: Sulphur assay external lab cross check. 

Air - CuCC2

N2 - CuCC2
5%O2 - CuCC2

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35

B
o

li
d

en
 R

es
u

lt
s

External Lab Results

Fe Analyses

Air - CuCC2

N2 - CuCC2
5%O2 - CuCC2

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35

B
o

li
d

en
 R

es
u

lt
s

External Lab Results

S Analyses


